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Preface

In the current Special Issue, we present a collection of articles that delve into the sedimentary
environments, including depositional and diagenetic controls, geochemistry, and economic potentiality
of sedimentary deposits worldwide. The published papers of this Special Issue also fill in some
of the knowledge gaps of sedimentology, such as ice scour depositional settings and speleothem
biomineralization processes, from very ancient carbonate to modern clastic sedimentary distribution
patterns in seashore environments. As we reflect on the wealth of insights presented in this Special
Issue, it is evident that the study of sedimentary geology remains a dynamic and multifaceted field
ripe for future exploration. By continuing to unravel the complexities of such environments and
addressing key knowledge gaps, we can better understand past environmental changes, decipher

geological evolution, and inform future research endeavors.

George Kontakiotis, Angelos G. Maravelis, and Avraam Zelilidis
Guest Editors
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1. Introduction

Sedimentary rocks represent a vital component of the Earth’s geological framework,
playing a significant role in the Earth’s surface morphology, as well as in paleoenvironmen-
tal reconstructions. Over the last few decades, apart from their geological significance, the
diverse and dynamic nature of sedimentary deposits has intrigued academic researchers
and industrial companies striving to obtain sustainable resource management applications,
particularly in construction [1] and hydrocarbon exploration and production [2], highlight-
ing their economic potential. Despite considerable progress in sedimentary geology, several
knowledge gaps persist, necessitating a more comprehensive examination of both carbonate
and clastic sedimentary systems. Through an interdisciplinary approach, drawing upon
cutting-edge research and the latest methodological advancements and insights in this
dynamic field, this Special Issue addresses gaps in the research and fosters interdisciplinary
collaboration between the scientific and industrial communities. By focusing on the pale-
oenvironmental conditions and clarifying the interplay between the depositional processes,
diagenetic alterations, and inherent geochemical signatures, researchers can unravel the
complex history of sedimentary successions and discern the driving factors behind their
evolution. Depositional characteristics provide invaluable insights into the environmental
conditions and sedimentary processes that govern the formation of sedimentary rocks [3],
particularly the decipherment of sedimentary facies and structures, bedding patterns, and
fossil assemblages in carbonate and/or clastic formations, which can serve as archives of
past climates, tectonic events, and biological evolution [4-8]. Geochemical indicators such
as isotopes and trace and major elements are extremely sensitive to paleoenvironmental
reconstructions [9-12], and therefore, their application is essential in the context of geo-
chemical and mineralogical investigations. Diagenetic processes such as dolomitization,
compaction, cementation, and dissolution can modify the original mineralogy, texture,
and porosity of sediments, thereby influencing their reservoir properties and hydrocarbon
potential [13-18]. In this regard, the addition of the geological time dimension through
the integration of sedimentological and sequence stratigraphic data and related correla-
tions offers crucial information for potential reservoir characterization and exploration
strategies [19,20].

2. An Overview of Published Articles

The Special Issue “Recent Advances in Sedimentology” of the Journal of Marine Science
and Engineering comprises a selection of ten peer-reviewed research articles, half of which
are presented in Session S1, “Evolving techniques in the study of sediments” from the 16th
International Congress of the Geological Society of Greece that was held in Patras, Greece,
from 17 to 19 October 2022. This session was organized by the Hellenic Committee of
Sedimentology of the Geological Society of Greece and focused on the presentation of recent
results of sedimentological research in Greece. The other five scientific articles published in
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the current Special Issue represent important sedimentary geology-related topics beyond
Greece, such as different sedimentary basins within the Kara Sea, the Mediterranean Sea,
and the Proto-Tethys Ocean. Although each of them focuses on a particular topic and often
a particular region, they mark the recent advances in this discipline and, taken together,
are valuable for realizing the complexity of the conceptual framework of sedimentology.
Overall, based on their fundamental principles to advance cutting-edge methodologies,
all these contributions improve the state of the art of their corresponding sub-disciplines
by facilitating comprehension and fostering a deeper appreciation of the complexities
inherent within described sedimentary sequences, offering further diverse perspectives
and challenges.

Bilal et al. (Contribution 1) offer an in-depth exploration of the sedimentological and
diagenetic processes of the Eocene carbonate deposits of the Ceno-Tethys Ocean employing
a multi-proxy approach, which involves field observations, sedimentological microfacies
characterization, paleontological, petrographic, and scanning electron microscopy analyses.
This study provides valuable insights into the complex history of Early-Middle Eocene
Margalla Hill Limestone and Chogali Formation across the eastern margin of the Upper
Indus Basin in Pakistan, shedding light on the depositional diagenetic stages and highlight-
ing the reservoir characteristics of these carbonates for possible hydrocarbon exploration in
the future.

The research by Kanellopoulos et al. (Contribution 2) examines the biodiversity
and biomineralization processes in caves. The authors are particularly focused on those
recorded in the hot spring environment of the Aedipsos area (NW Euboea Island, Greece).
This study presents a comprehensive analysis through the mineralogical composition
of speleothems and the cyanobacteria biomineralization processes, highlighting the im-
portance of the geo-micro-biological study of such deposits, particularly in the extreme
environments of hot springs.

Moving forward, Moforis et al. (Contribution 3) present a comprehensive, integrated
sedimentological analysis of the pelagic carbonates of the Ionian zone (Epirus, western
Greece), including lithostratigraphic determination, microfacies analysis, depositional
environments, and the diagenetic history of Senonian and Microbreccious Limestone
Formations in the Gardiki section. This study also provides valuable biostratigraphic and
paleoecological insights across the Late Cretaceous—Early Paleocene Transition, highlighting
any gradual or sudden foraminiferal extinctions and the related evolutionary and/or
ecological crises that occurred globally during that time. Moreover, it provides a basis for
the further evaluation of the hydrocarbon potential in western continental Greece, which
contains proven reserves and is of crucial economic and strategic importance.

The fourth contribution by Lapietra et al. deals with the geomorphological, sedimen-
tological, and geophysical characterization of two Apulian sandy beaches (Torre Guaceto
and Le Dune beach), which are representative of the coastal dynamics of a large sector
of the central/northern Mediterranean Sea involving the southern Adriatic Sea and the
northern Ionian Sea. The authors propose a potential procedure for monitoring the mor-
phosedimentary processes of sandy beaches by analyzing the textural and compositional
characteristics of sand and quantifying the volumes involved in the coastal dynamics.

Zhang et al. (Contribution 5) investigate the effects of mud supply and hydrodynamic
conditions on the sedimentary distribution of estuaries. In this study, the effects of mud
concentration, mud transport properties, fluvial discharge, and tidal amplitude on the
sedimentary characteristics of an estuary are systematically analyzed using sedimentary
dynamic numerical simulation. The results indicate that the sedimentary dynamic numeri-
cal simulation can provide insights into an efficient quantitative method for analyzing the
effects of mud components on the sediment processes of estuaries.

Zelilidis et al. (Contribution 6) provide insights into the depositional conditions of
the Messinian evaporites on Zakynthos Island, highlighting the significance of their origin,
thickness, and distribution for the sealing capacity in hydrocarbon exploration targets
within the Mediterranean Sea.
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Ali et al. (Contribution 7) offer an in-depth exploration of the Proto-Tethys Ocean
during the Cambrian period on the northern margin of the Indian Plate, employing a
multi-proxy approach involving sedimentological and petrographic characteristics of the
Abbottabad Formation in the Muzaffarabad area, Upper Indus Basin, Pakistan. The detailed
litho- and petrofacies characterization, along with the elemental analysis and sedimento-
logical hierarchy of the dolomitic facies, offer valuable contributions to our understanding
of carbonate systems worldwide.

Mehmood et al. (Contribution 8) performed a study on the Maastrichtian Pab For-
mation in the Rakhi Gorge, Eastern Sulaiman Ranges, Pakistan, which represents part of
the eastern Tethys. The paleoenvironment and sequence stratigraphy were studied in the
Cretaceous fluvio-deltaic sandstone succession through lithofacies analysis and associated
architectural elements.

Qureshi et al. (Contribution 9) investigate the sedimentary processes, depositional ar-
chitecture, and reservoir rock potential of the Mid-Triassic mixed siliciclastic and carbonate
succession of the Tredian Formation in the Salt and Trans-Indus Ranges. The depositional
environment was reconstructed based on lithofacies characterization, while the paragenetic
sequence was determined based on petrographic and SEM observations.

The paper by Kokin et al. (Contribution 10) presents an application of the 21°Pb dating
of the largest ice scour in the Baydaratskaya Bay area (Kara Sea). This method of dating
using the study of ice-scouring processes has become very important in recent times due to
climate change. In this regard, the authors consider that the studied ice scour was formed
no later than the end of the Little Ice Age. Such findings on the sedimentation chronology
in ice scours help to establish the periods of active ice scouring on the glaciated continental
margins and supplement knowledge about sedimentation on the Arctic shelf.

Conflicts of Interest: The authors declare no conflicts of interest.

List of Contributions

1. Bilal, A,; Yang, R.; Mughal, M.S ; Janjuhah, H.T.; Zaheer, M.; Kontakiotis, G. Sedimen-
tology and Diagenesis of the Early-Middle Eocene Carbonate Deposits of the Ceno-
Tethys Ocean. |. Mar. Sci. Eng. 2022, 10, 1794. https://doi.org/10.3390/jmse10111794

2. Kanellopoulos, C.; Lamprinou, V,; Politi, A.; Voudouris, P; Iliopoulos, I.; Kokkaliari, M.;
Moforis, L.; Economou-Amilli, A. Speleothems and Biomineralization Processes in
Hot Spring Environment: The Case of Aedipsos (Edipsos), Euboea (Evia) Island,
Greece. |. Mar. Sci. Eng. 2022, 10, 1909. https:/ /doi.org/10.3390/jmse10121909

3. Moforis, L.; Kontakiotis, G.; Janjuhah, H.T.; Zambetakis-Lekkas, A.; Galanakis, D.;
Paschos, P.; Kanellopoulos, C.; Sboras, S.; Besiou, E.; Karakitsios, V.; et al. Sedimentary
and Diagenetic Controls across the Cretaceous—Paleogene Transition: New Pale-
oenvironmental Insights of the External Ionian Zone from the Pelagic Carbonates
of the Gardiki Section (Epirus, Western Greece). J. Mar. Sci. Eng. 2022, 10, 1948.
https:/ /doi.org/10.3390/jmse10121948

4.  Lapietra, L; Lisco, S.; Capozzoli, L.; De Giosa, F.; Mastronuzzi, G.; Mele, D.; Milli, S.;
Romano, G.; Sabatier, E; Scardino, G.; et al. A Potential Beach Monitoring Based on
Integrated Methods. J. Mar. Sci. Eng. 2022, 10, 1949. https:/ /doi.org/10.3390/jmse101
21949

5. Zhang, Q.; Tang, M.; Lu, S.; Liu, X.; Xiong, S. Effects of Mud Supply and Hydro-
dynamic Conditions on the Sedimentary Distribution of Estuaries: Insights from
Sediment Dynamic Numerical Simulation. J. Mar. Sci. Eng. 2023, 11, 174. https:
//doi.org/10.3390/jmse11010174

6.  Zelilidis, A.; Bourli, N.; Andriopoulos, K.; Georgoulas, E.; Peridis, S.; Asimakopoulos, D.;
Maravelis, A.G. Unraveling the Origin of the Messinian? Evaporites in Zakynthos
Island, Ionian Sea: Implications for the Sealing Capacity in the Mediterranean Sea.
J. Mar. Sci. Eng. 2023, 11, 271. https:/ /doi.org/10.3390/jmse11020271



J. Mar. Sci. Eng. 2024, 12, 1935

7. Ali, SK; Lashari, R.A.; Sahito, A.G.; Kontakiotis, G.; Janjuhah, H.T.; Mughal, M.S.;
Bilal, A.; Mehmood, T.; Majeed, K.U. Sedimentological and Petrographical Charac-
terization of the Cambrian Abbottabad Formation in Kamsar Section, Muzaffarabad
Area: Implications for Proto-Tethys Ocean Evolution. . Mar. Sci. Eng. 2023, 11, 526.
https:/ /doi.org/10.3390/jmse11030526

8. Mehmood, M.; Naseem, A.A.; Saleem, M.; Rehman, J.u.; Kontakiotis, G.; Janjuhah, H.T.;
Khan, E.U.; Antonarakou, A.; Khan, I.; Rehman, A.u.; et al. Sedimentary Facies,
Architectural Elements, and Depositional Environments of the Maastrichtian Pab
Formation in the Rakhi Gorge, Eastern Sulaiman Ranges, Pakistan. |. Mar. Sci. Eng.
2023, 11, 726. https:/ /doi.org/10.3390/jmse11040726

9. Qureshi, K.A; Arif, M,; Basit, A.; Ahmad, S.; Janjuhah, H.T.; Kontakiotis, G. Sedimen-
tological Controls on the Reservoir Characteristics of the Mid-Triassic Tredian Formation
in the Salt and Trans-Indus Surghar Ranges, Pakistan: Integration of Outcrop, Petro-
graphic, and SEM Analyses. |. Mar. Sci. Eng. 2023, 11, 1019. https:/ /doi.org/10.3390/
jmse11051019

10. Kokin, O.; Usyagina, I.; Meshcheriakov, N.; Ananiev, R.; Arkhipov, V.; Kirillova, A.;
Mazneyv, S.; Nikiforov, S.; Sorokhtin, N. Pb-210 Dating of Ice Scour in the Kara Sea.
J. Mar. Sci. Eng. 2023, 11, 1404. https:/ /doi.org/10.3390 /jmse11071404

References

1.

10.

11.

12.

13.

14.

15.

Kamran, A.; Ali, L.; Ahmed, W.; Zoreen, S.; Jehan, S.; Janjuhah, H.T.; Vasilatos, C.; Kontakiotis, G. Aggregate Evaluation
and Geochemical Investigation of Limestone for Construction Industries in Pakistan: An Approach for Sustainable Economic
Development. Sustainability 2022, 14, 10812. [CrossRef]

Burchette Trevor, P. Carbonate rocks and petroleum reservoirs: A geological perspective from the industry. Geol. Soc. Lond. Spec.
Publ. 2012, 370, 17-37. [CrossRef]

Dunham, RJ. Classification of Carbonate Rocks According to Depositional Texture. Classif. Carbonate Rocks—A Symp. 1962, 1,
108-121.

Ghazi, S.; Mountney, N.P. Facies and architectural element analysis of a meandering fluvial succession: The Permian Warchha
Sandstone, Salt Range, Pakistan. Sediment. Geol. 2009, 221, 99-126. [CrossRef]

Ahmad, S.; Khan, S. Improved diagnosis of the carbonate reservoirs: A case study from the Potwar Basin, northwest Pakistan.
Carbonates Evaporites 2024, 39, 44. [CrossRef]

Fliigel, E.; Munnecke, A. Microfacies of Carbonate Rocks: Analysis, Interpretation and Application; Springer: Berlin/Heidelberg,
Germany, 2010; Volume 976.

El-Kahtany, K.; Farouk, S.; Ahmad, E; Tanner, L.; Mohammed, 1.Q. Facies associations and stratigraphic sequence of the Dhruma
Formation (Middle Jurassic) at its type locality, Khashm adh Dhibi, Saudi Arabia. Carbonates Evaporites 2024, 39, 9. [CrossRef]
Chen, Z.-Q.; Hu, X.; Montanez, L.P.; Ogg, ].G. Sedimentology as a Key to Understanding Earth and Life Processes. Earth-Sci. Rev.
2019, 189, 1-5. [CrossRef]

Rehman, S.U.; Munawar, M.].; Shah, M.M.; Ahsan, N.; Kashif, M.; Janjuhah, H.T.; Lianou, V.; Kontakiotis, G. Diagenetic Evolution
of Upper Cretaceous Kawagarh Carbonates from Attock Hazara Fold and Thrust Belt, Pakistan. Minerals 2023, 13, 1438. [CrossRef]
Cao, J.; Wu, M,; Chen, Y.; Hu, K; Bian, L.; Wang, L.; Zhang, Y. Trace and rare earth element geochemistry of Jurassic mudstones in
the northern Qaidam Basin, northwest China. Geochemistry 2012, 72, 245-252. [CrossRef]

Li, Q.; Wu, S.; Xia, D.; You, X.; Zhang, H.; Lu, H. Major and trace element geochemistry of the lacustrine organic-rich shales from
the Upper Triassic Chang 7 Member in the southwestern Ordos Basin, China: Implications for paleoenvironment and organic
matter accumulation. Mar. Pet. Geol. 2020, 111, 852-867. [CrossRef]

Guo, W.; Mosenfelder, ]J.L.; Goddard, W.A.; Eiler, ].M. Isotopic fractionations associated with phosphoric acid digestion of
carbonate minerals: Insights from first-principles theoretical modeling and clumped isotope measurements. Geochin. Cosmochim.
Acta 2009, 73, 7203-7225. [CrossRef]

Gomez-Rivas, E.; Martin-Martin, J.D.; Bons, P.D.; Koehn, D.; Griera, A.; Travé, A.; Llorens, M.-G.; Humphrey, E.; Neilson, J.
Stylolites and stylolite networks as primary controls on the geometry and distribution of carbonate diagenetic alterations. Mar.
Pet. Geol. 2022, 136, 105444. [CrossRef]

Janjuhah, H.T,; Alansari, A.; Santha, PR. Interrelationship Between Facies Association, Diagenetic Alteration and Reservoir
Properties Evolution in the Middle Miocene Carbonate Build Up, Central Luconia, Offshore Sarawak, Malaysia. Arab. ]. Sci. Eng.
2019, 44, 341-356. [CrossRef]

Janjuhah, H.T.; Kontakiotis, G.; Wahid, A.; Khan, D.M.; Zarkogiannis, S.D.; Antonarakou, A. Integrated Porosity Classification
and Quantification Scheme for Enhanced Carbonate Reservoir Quality: Implications from the Miocene Malaysian Carbonates.
J. Mar. Sci. Eng. 2021, 9, 1410. [CrossRef]



J. Mar. Sci. Eng. 2024, 12, 1935

16.

17.

18.

19.

20.

Morad, S.; Al-Aasm, 1.S.; Nader, FH.; Ceriani, A.; Gasparrini, M.; Mansurbeg, H. Impact of diagenesis on the spatial and temporal
distribution of reservoir quality in the Jurassic Arab D and C members, offshore Abu Dhabi oilfield, United Arab Emirates.
GeoArabia 2012, 17, 17-56. [CrossRef]

Umar, M.; Friis, H.; Khan, A.S.; Kassi, A.M.; Kasi, A.K. The effects of diagenesis on the reservoir characters in sandstones of the
Late Cretaceous Pab Formation, Kirthar Fold Belt, southern Pakistan. J. Asian Earth Sci. 2011, 40, 622-635. [CrossRef]

Janjuhah, H.T.; Alansari, A.; Gamez Vintaned, J.A. Quantification of microporosity and its effect on permeability and acoustic
velocity in Miocene carbonates, Central Luconia, offshore Sarawak, Malaysia. J. Pet. Sci. Eng. 2019, 175, 108-119. [CrossRef]
Wadood, B.; Khan, S.; Li, H.; Liu, Y.; Ahmad, S.; Jiao, X. Sequence Stratigraphic Framework of the Jurassic Samana Suk Carbonate
Formation, North Pakistan: Implications for Reservoir Potential. Arab. |. Sci. Eng. 2021, 46, 525-542. [CrossRef]

Wadood, B.; Aziz, M.; Ali, J.; Khan, N.; Wadood, J.; Khan, A.; Shafig, M.; Ullah, M. Depositional, diagenetic, and sequence
stratigraphic constrains on reservoir characterization: A case study of middle Jurassic Samana Suk Formation, western Salt Range,
Pakistan. J. Sediment. Environ. 2021, 6, 131-147. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



Journal of
Marine Science

and Engineering

Article

Sedimentology and Diagenesis of the Early-Middle Eocene
Carbonate Deposits of the Ceno-Tethys Ocean

Ahmer Bilal !, Renchao Yang 1'?*, Muhammad Saleem Mughal 3, Hammad Tariq Janjuhah %*,
Muhammad Zaheer ® and George Kontakiotis 5

Citation: Bilal, A.; Yang, R.; Mughal,
M.S.; Janjuhah, H.T.; Zaheer, M.;
Kontakiotis, G. Sedimentology and
Diagenesis of the Early-Middle
Eocene Carbonate Deposits of the
Ceno-Tethys Ocean. J. Mar. Sci. Eng.
2022, 10, 1794. https://doi.org/
10.3390/jmse10111794

Academic Editor: Janos Kovacs

Received: 18 October 2022
Accepted: 17 November 2022
Published: 21 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Shandong Provincial Key Laboratory of Depositional Mineralization & Sedimentary Minerals, Shandong
University of Science and Technology, Qingdao 266590, China

Laboratory for Marine Mineral Resources, Qingdao National Laboratory for Marine Science and Technology,
Qingdao 266071, China

Institute of Geology, University of Azad Jammu and Kashmir, Muzaffarabad 13100, Pakistan

Department of Geology, Shaheed Benazir Bhutto University, Sheringal 18050, Pakistan

Department of Historical Geology-Paleontology, Faculty of Geology and Geoenvironment, School of Earth
Sciences, National and Kapodistrian University of Athens, Panepistimiopolis, Zografou, 15784 Athens, Greece
*  Correspondence: r.yang@sdust.edu.cn (R.Y.); hammad@sbbu.edu.pk (H.TJ.)

Abstract: An integrated study based on field observation, petrography, and scanning electron
microscopy (SEM) on the Early-Middle Eocene carbonate rocks has been carried out, which were
deposited in the Ceno-Tethys Ocean. The study area of the Yadgaar Section lies on the eastern margin
of the Upper Indus Basin, Pakistan. The Early-Middle Eocene Margalla Hill Limestone and Chorgali
Formation act as reservoir rocks in other parts of the basin and are also present in the Yadgaar
Section. The lack of comprehensive study in this area makes these reservoir rocks highly attractive
for sedimentological evaluations and future exploration of hydrocarbons. The Early-Middle Eocene
carbonate rocks are divided into nine microfacies: dolomicritic foraminiferal mudstone-wackestone
microfacies (EMI); green algae dominated, mixed foraminiferal wackestone—packstone microfacies
(EMII); ostracod, green algae and gypsum dominating mudstone-wackestone microfacies (EMIII);
algae and mixed foraminiferal wackestone-packstone microfacies (EMIV); Nummulites dominating
mudstone-wackestone microfacies (EMV); algal limestone mudstone microfacies (EMVI); Assilina
bed wackestone—packstone microfacies (EMVII); micritized larger benthic foraminiferal wackestone—
packstone microfacies (EMVIII); and algal limestone, mudstone microfacies (EMIX). The transgressive-
regressive environment in the Ceno-Tethys Ocean leads to the deposition of these microfacies in the
platform interior, open marine platform, platform edge, platform margin reef, toe of the slope apron,
arid-humid platform interior, platform edge, open marine platform interior, and restricted marine
platform interior, respectively. Initial post-depositional diagenetic stages are identified from the
base to the top of the strata by their respective cement types, i.e., the base-lower middle part of the
strata demonstrates an eogenetic sub-stage with the appearance of drusy cement, the middle section
indicates a mesogenetic sub-stage by the appearance of blocky cement, while the top portion again
reveals an eogenetic sub-stage of diagenesis by the presence of drusy and blocky types of cement.
The ascending-descending hierarchy of cement generations is directly proportional to the grade of
diagenesis from the base to the top of the carbonate strata. Variable diagenetic effects on the various
microfacies also increase the secondary porosity range and enhance the reservoir characteristics of the
Formations. The presence of foraminifera microfossils determined that these carbonate formations
date from the Early-Middle Eocene.

Keywords: cement generation; diagenesis; gypsum; hydrocarbons; microfacies; source rock

1. Introduction

In the Eocene age, carbonate strata were deposited on the shallow carbonate platform
due to the complex lagoonal conditions of the Ceno-Tethys Ocean. Green and coralline
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algae, along with benthic foraminifera from Tethyan deposits, are worldwide proven to
be excellent indicators of paleoenvironmental settings [1]. A high abundance of benthic
foraminiferas in shallow marine Tethyan rocks indicates high temperature after the Pa-
leocene Eocene thermal maximum (PETM) or middle Eocene Climatic Optimum [2,3].
Assilina beds and Alveolina-rich microfacies in early Lutetian are an indicator of a hyper-
thermal event in shallow marine platform deposits of this time of the Tethys Ocean [1,4].
Micritic carbonate strata represent these deposits with shallow shelf carbonate ramp and
inner platform settings in the Tethys Ocean [5].

The rocks of the Upper Indus Basin’s (UIB) geology range in age from Precambrian
to recent [6,7]. However, in the Yadgaar Section, only the Cambrian to Miocene rock
sequence is exposed [8]. Sandstone and carbonate strata of Paleocene—Eocene rocks are
unconformably overlain by Cambrian-aged dolomite of the Abbottabad Formation. The
sandstone sequence is represented by the early Paleocene Hangu Formation, while the
late Paleocene carbonate rocks are represented by the Lockhart Limestone and Patala For-
mation [9]. The Patala Formation and Lockhart Limestone’s upper and lower contacts,
respectively, are marked as unconformable. Many researchers worked on Eocene Tethyan
deposits regionally [1-3,10-12]. The Early-Middle Eocene nodular to fused nodular carbon-
ate deposits of Pakistan are represented by the Margalla Hill Limestone and the Chorgali
Formation, respectively. The Kohat, Potwar, Abbottabad, and Murree regions are further
UIB locations where these deposits were observed. This comprehensive petrological inves-
tigation demonstrates a variance in microfauna and depositional settings between those
zones and the targeted area, despite the limited aspects of research in those areas [13-17].
These rocks are present in the study area of the Yadgaar section of the UIB. However, only
a few researchers in the UIB and surrounding areas have focused on these rocks and their
coeval strata. These previous researchers targeted only individual Formations and their
limited aspects [13-16,18-21]. These deposits are unconformably underlain by sandstone
rocks of the Eocene-Oligocene-aged Kuldana Formation. The Kuldana Formation is finally
overlain unconformably by the Murree Formation in the study area [8,17].

A comprehensive petrological, paleontological, and sedimentological study of Early—
Middle Eocene rocks in the Yadgaar Section of the UIB is still missing to unfold microfacies
variations, depositional settings, and post-depositional diagenetic stages and their effect on
their reservoir characteristics for possible hydrocarbon exploration in the future (Figure 1).
The goal of the current study is to carry out a combined and comprehensive evaluation of
Early-Middle Eocene rocks to determine their age, depositional environment, diagenetic
stages and tectonic settings of the area during and after the deposition of these rocks by
detailed petrographical, sedimentological, paleontological, and mineralogical instigations.
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Figure 1. (a) Inset shows the regional location of Indus Basin in Pakistan with the dotted purple line;
(b) study area of the Yadgaar Section in the UIB.

2. Material and Methods
2.1. Fieldwork

Fieldwork involved identification of Early-Middle Eocene Margalla Hill Limestone
and the Chorgali Formation’s upper and lower contacts and recognition of outcrop litho-
facies (Figure 1). For the petrographic evaluation, 44 representative fresh rock samples
were collected from the outcrop of Margalla Hill Limestone (Table 1) and 32 samples from
the Chorgali Formation (Table 2). The Jacob’s Staff technique was used to measure the
thickness of the section, which was used to help determine the lithology of the section.
In the lab of the Institute of Geology at the University of Azad Jammu and Kashmir, thin
sections were prepared.

Table 1. Modal mineralogical composition of the Early-Middle Eocene carbonate rocks of Yadgaar
Section. (CM-carbonaceous material).
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Table 2. Modal mineralogical composition of the Early-Middle Eocene carbonate rocks of Yadgaar
Section.
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Table 2. Cont.
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2.2. Petrography

A petrographic study of limestone samples collected from the Early-Middle Eocene
rocks of the Yadgaar Section (Figure 2; Table 1) was carried out in the mineralogy/ petrology
laboratory of the University of Azad Jammu and Kashmir. A LEICA-DM 750P polarized
microscope and a LEICA-S6D stereo zoom microscope were used to find out the modal
mineralogy, bioclast identification, and microfacies division from these thin sections. A
LEICA-EC3 camera was used to acquire photomicrographs of fossils and other microscopic
features.

2.3. Scanning Electron Microscopy (SEM)

Limestone and shale samples were studied under a scanning electron microscope
(SEM) manufactured by JEOL Japan at the Hi-Tech Laboratory of the University of Azad
Jammu and Kashmir. Rock samples were placed on a stud for sputter coating with platinum.
The JFC-1600 auto fine coater (JEOL, Japan) was used to make the coating, which makes the
image results of the non-conducting material the clearest to study. SEM analysis was carried
out to examine the cement types and generations, which was further used to interpret the
grade of diagenesis. This helped us figure out more about how the Margalla Hill Limestone
and Chorgali Formation in the study area could be used as a reservoir.

10
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Figure 2. (a) Litholog of the Early-Middle Eocene carbonate rocks from the Yadgaar Section; (b) mi-
crofossils identified from the studied section. MD, Mudstone; FN, Fused nodular limestone; WS,
Wackestone; NL, Nodular limestone; PS, Packstone; LS, Limestone; SH, Shales.

3. Results and Discussion

A shallow carbonate shelf existed in the Ceno-Tethys Ocean’s margins during the
Early-Middle Eocene. This led to the deposition of micritic and well-developed nodular to
fused nodular limestone rocks in the area (Figures 2 and 3). The resultant Margalla Hill
Limestone and the Chorgali Formation were economically highly important as they are
proven reservoirs in the other areas of the UIB.

Micrite
Dolomite

Gypsum

&, Percent of Composition

Pyrite

® Pyrite  ® Calcite =™ Gypsum CM ®Dolomite ™ Bioclasts ™ Micrite

Figure 3. Graphic representation of Table 1. CM, carbonaceous material.
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3.1. Lithofacies of the Early—Middle Eocene Carbonate Rocks

In the Yadgaar Section of the UIB, Early-Middle Eocene carbonate sequences have
been divided into two stratigraphic units, i.e., the Margalla Hill Limestone and the Chorgali
Formation. These Formations are dominantly comprised of nodular limestone in the lower
part and limestone with shale intercalations in the upper part. Limestone interbedded with
shale in the upper part ranges from 0.07 to 0.3 m in thickness (Figure 2). Dark brown-black
colored shale exhibits carbonaceous material in its upper part. Based on the lithological
variations in the field, nine lithofacies were identified.

An erosional unconformable lower contact of the Margalla Hill Limestone has been
marked with the underlying Patala Formation. The first lithofacies is comprised of a 3-m-
thick limestone bed and a 2-m-thick limestone bed that has intercalation of shale (Figure 4a).
Light grey-bluish colored limestone is strongly compacted and hard. Shales were observed
with limestone beds, and they are thin, ranging from 0.01 to 0.03 m. This lithofacies is 5 m
in thickness. The second nodular limestone lithofacies is comprised of four beds of equally
thick nodular limestone (Figure 4b). Each bed is 1.5 m in thickness; however, the fourth
bed is a little deformed in the type section. Color variation is not marked and is found to
be similar to the first lithofacies. The total thickness of this lithofacies is 4.5 m. The third
marine nodular limestone lithofacies is light blue—dark dull colored and thick-bedded. The
size of the nodules gradually increases from 0.07 to 0.15 m. Calcite veins (Figure 4c) are
frequently observed in the outcrops. A high amount of carbonaceous material is clearly
observed and distinguished in outcrops by a dull black color (Figure 4d). The thickness of
this lithofacies is 30 m in the Yadgaar Section.

——

Figure 4. Photomicrographs showing (a) lower erosional unconformable contact of Patala Formation
(PF) and Margalla Hill Limestone (MHL); (b) second nodular lithofacies; (c) calcite veins in third
lithofacies; (d) carbonaceous material in third lithofacies; (e) massive nodular lithofacies; (f) nodular
limestone; (g) contact between fifth and sixth lithofacies; (h) limestone and shale alteration lithofacies;
and (I) upper erosional contact between Chorgali Formation (CF) and Kuldana Formation (KF).
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The fourth lithofacies is a light brown color, nodular, and thick-bedded. The dis-
tinguishing feature of this microfacies is the decrease in carbonaceous content and the
appearance of a light brown rusty colored limestone. Nodule sizes have also started to
decrease in outcrops. The thickness of this lithofacies is also 30 m. The fifth lithofacies is a
dark-light bluish grey colored, thick-bedded nodular lithofacies (Figure 4e). The rusting
color starts to decrease, while the light-dark blue color starts to increase towards the top
of the lithofacies. Carbonaceous content also starts to increase in this lithofacies. The
distinguishing feature of this microfacies is the increasing concentration and maximum
size of the nodules. The individual nodule size is 0.12 x 0.20 m in width and height,
respectively. This lithofacies is 20 m in thickness. The sixth lithofacies is also nodular on
top but medium-small bedded (Figure 4f,g). Carbonaceous content is found to decrease
and the thickness of this lithofacies is 20 m. The upper contact is marked planar with the
Chorgali Formation in the study area.

The seventh lithofacies is dark grey in color and medium bedded in the study area.
Fossils were not found in any outcrops of this lithofacies. In the study area, thin shales
are found interbedded with limestone. This lithofacies is 5 m inches in thickness. The
eighth lithofacies is a dark grey colored limestone with interbedded shale (Figure 4h). This
lithofacies is highly fossiliferous and fossils are exposed on surfaces and observable with
a hand lens. This lithofacies is 15 m in thickness. Above this, there is another difference
between these middle Eocene rocks and the deltaic limestone facies of the late Eocene—
Oligocene Kuldana Formation (Figure 4I).

3.2. Microfacies Characterization

Early-Middle Eocene rocks are comprised of nodular limestone beds and shales in the
Yadgaar section. A gradual transition from light bluish grey to dark grey is observed while
moving from the base towards the top. Limestone beds are nodular and medium-thick
bedded from base to center, while medium-thin bedded and fused nodules are found in
the upper most part of the section. Large benthic foraminifers are frequently observed
throughout the samples. Shales can be observed in a minor amount at the base; however, a
considerable amount of shale with interbedded limestone is present in its upper most part.
As compared to the light grey shale at the base, the color of the shale is much darker at the
top due to the presence of carbonaceous material.

A petrographic study of the Early-Middle Eocene carbonate rocks revealed that
micrite and bioclasts are the dominant constituents. However, dolomite, carbonaceous
material, pyrite, spar, and hematite are unequally distributed throughout the Formation.
Gypsum is also found throughout the section in an almost equal but minor amount.
Furthermore, chert is noted only in the upper stratigraphic unit (Chorgali Formation) in
minor amounts. Dunham’s classification is used to categorize the limestone samples studied
under thin sections. This reveals different rock types of Early-Middle Eocene carbonate
strata from base to top as: mudstone-wackestone, wackestone-packstone, packstone—
wackestone, mudstone-wackestone, mudstone, wackestone—packstone, wackestone, and
mudstone, respectively. Detailed petrographic studies indicate different grain sizes, textural
compositions, and fossil types. The average grain size in the Formation is 0.02 mm, while
the bioclast sizes range from 0.1 to 30 mm in length in these strata.

Different types of rocks are categorized on the basis of the Dunham [22] classification
scheme. Nine different microfacies were categorized on the basis of biofacies (differences
in fossil types) and these different rock types: (1) dolomicritic foraminiferal mudstone—
wackestone microfacies (EMI); (2) green algae dominated, mixed foraminiferal wackestone—
packstone microfacies (EMII); (3) ostracod, green algae and gypsum dominating mudstone-
wackestone microfacies (EMIII); (4) algae and mixed foraminiferal wacke—packstone mi-
crofacies (EMIV); (5) Nummulites dominating mudstone-wackestone microfacies (EMV);
(6) algal limestone, mudstone microfacies (EMVI); (7) Assilina bed wackestone—packstone
microfacies (EMVII); (8) micritized large benthic foraminiferal wackestone microfacies
(EMVIII); and (9) algal limestone, mudstone microfacies (EMIX).
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3.2.1. Dolomicritic Foraminiferal Mudstone-Wackstone Microfacies (EMI)

On the basis of detailed petrographic evaluations, this microfacies is subdivided into
two subfacies, as follows.

Dolomicritic Mudstone-Wackstone Subfacies

The first subfacies (Dolomicritic mudstone-wackestone subfacies) is dominantly com-
prised of dolomicritic limestone rock bodies with an average grain size of 0.05 mm. Micrite
is partly to completely dolomitized in this microfacies. Bioclasts (with an average of 10%)
are partly to completely micritized. The few identified fossils are Discocyclina ranikotenesis
(Figure 5a), Elazigina dienii, Fabiania spp. (Figure 5a), Lockhartia spp. (Figure 5b), Pelatispira
and Rotalia trochidiformis (Figure 5c). Deep water agglutinated arenaceous foraminifera,
Kathina namalensis, are also present, as well as a rare amount of Nummulite spp. A consider-
able amount of hematite (with an average of 6%) and pyrite (with an average of 4%) can
also be observed in this subfacies. Spar (with an average of 3%) and carbonaceous material
(with an average of 2%) are found in a minor amount. Four samples from the bottom of the
Margalla Hill Limestone represent this subfacies (YMG1-YMG4).

Figure 5. Photomicrographs showing (a) Discocyclina spp. on the right and Fabiania spp. on the left;
(b) Lockhartia spp.; (c) Rotalia trochidiformis; (d) Acervulinidae spp. on the left and Rotalia trochodiformis
on the right; (e) Distichoplax biserialis (coralline algae); (f) echinoid spine (Echinothrix); (g) Quingue-
loculina granulocostata and calcified algae (Vermiporella); (h) Ranikothalia nuttalli; and (I) spatangoid
spine algae.

Mixed Foraminiferal Wackstone Subfacies

This micritic wackestone subfacies is dominantly comprised of bioclasts (with an
average of 40%). Bioclasts are found partly micritized in thin sections. Fossils identified
are: Assilina spp., Acervulinidae spp. (Eocene) (Figure 5d), coralline algae, Discocyclina
spp., Distichoplax biserialis (Figure 5e), echinoid spine (Echinothrix) (Figure 5f), Eorupertia
spp., green algae, Heterostegina, Lockhartia ramanae ten dam, Lockhartia daviesi, Lockhartia
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tipper, Operculina spp., Orbitolites spp., Milliolidae (Quincoloculina), Quinqueloculina car-
inata d’Orbigny, Quinqueloculina granulocostata (Figure 5g), calcified algae (Vermiporella)
(Figure 5g), Ranikothalia nuttalli (Figure 5h), Rotalia trochidiformis and spatangoid spine
algae (Figure 5I). Micrite is found as the second dominant constituent (with an average of
29%). Multiple cross-cutting and parallel calcite veins can also be seen with an average of
8% in this subfacies. Spar and hematite are observed with an average of 6% each, while
dolomite and carbonaceous material are present with an average of 5% and 2%, respectively.
Gypsum starts to appear in a minor amount (with an average of 1%) in this subfacies. This
microfacies is represented by four thin sections (YMG5-YMGS).

Interpretation: This dolomicritic limestone is dominantly comprised of unimodal-
shaped crystals. Dolomite crystals range in shape from subhedral to anhedral. Crystal
boundaries have planar contact with each other. These shapes and textures revealed
the rock Formation was subjected to low temperature (between 50-100 °C). Under low
temperatures and constant Mg-rich fluid supply conditions, medium-grained subhedral—-
anhedral dolomite crystals are developed [23-26]. Medium—coarse crystals of dolomite
can be observed sometimes in bioclasts. This resulted from the recrystallization of al-
ready formed dolomite, which eventually caused damage to the original depositional
texture [27]. Rotfalia spp. indicate a middle-Cuisian (early Ypresian) age [10]. An echinoid
spine (Echinothrix) is identified in this microfacies. The echinoids largely influenced the
coral reef’s ecology [28-30]. After diagenesis of the shells of echinoderms, the high mag-
nesium calcite ratio may be altered into low magnesium calcite. Echinoderms indicate
deposition on a carbonate platform in a warm shelf setting where they are present with
coral reefs, eventually facilitating carbonate mud production [31]. Discocyclina spp. and
Pellatispira spp. suggest a depositional site on a deeper portion of the carbonate plat-
form [32]. Descycladacean algae, such as Vermiporella, have not previously been reported in
Eocene shelf carbonates [33]. The presence of Vermiporella and other calcified green algae
indicates a photic and oxygenated zone in a shallow marine environment. Coralline red
algae and other foraminifera, such as Ranikothalia spp., Assilina spp., Milliolidae, Lockhartia
spp., Orbitolites spp., and Rotalia spp., indicate a relatively deep position of deposition on
a carbonate platform [10]. This microfacies is found to be equivalent to FZ8 (restricted
marine platform) of Fliigel and Munnecke [34].

3.2.2. Green Algae Dominated, Mixed Foraminiferal Wackstone—-Packstone Microfacies (EMII)

The second microfacies (green algae dominated, mixed foraminiferal wackestone—
packstone microfacies (EMII) is recognized by the frequent abundance of calcispheres
(Vermiporella) (Figure 6a), Cocoarota orali Inan, Dascycladacean green algae (Figure 6a),
phylloid algae (Figure 6a), red algae (Figure 6b), Salpingoporella melitae Radoici¢, Spatangoid
spine, and a high amount of Gymmnocodiacea green algae (Figure 6¢). On the top portion of
this microfacies, red algae (holothurian ossicles) start to appear in a minor amount. Other
foraminifers are frequently observed and identified as: Assilina leymeriei, Heterostegina spp.,
Holothurian spicules (ossicles) (Figure 6d), Idalina grelaudae (Middle Eocene milliolidae)
(Figure 6d), Lockhartia haimei, Lockhartia prehaimei (Figure 6e), Lockhartia retiata, ostracod
(Figure 6f), Phylloid (Figure 6g), Gymnocodiacea (Figure 6g), Pellatispira spp. (Figure 6h),
Rotalia trochidiformis (Leutitian age), Saccammina grzybowskii (Eocene foram) (Figure 6])
and Textularia. Crinoidea and echinoid spine are also observed. These bioclasts formed
a predominant portion (with an average 50%) of this microfacies. Micrite, spar, and
dolomite can be found with an average of 23%, 9%, and 6%, respectively. Hematite,
carbonaceous material, pyrite, and gypsum gradually increase from base towards the top of
this microfacies with averages of 2-3%, 1-2%, 2%, and 1-2%, respectively. Calcite is absent
in the base and appears from the middle to the top of the microfacies with an average of
2% (Table 3). This microfacies is represented by four thin section samples (YMG9-YMG20).
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Figure 6. Photomicrographs showing (a) phylloid, dascycladacean and calcispheres algae; (b) mixed
red and green algae; (¢) Gymnocodiacea; (d) holothurian spicules (ossicles) and Idalina grelaudae
(Middle Eocene milliolid); (e) Lockhartia praehaimei; (f) ostracod and green algae; (g) phylloid and

gymnocodiacea green algae; (h) Pellatispira spp. and phylloid algae; and (I) Saccammina grzybowskii

(Eocene foram).

Table 3. An average mineralogical composition of the Early-Middle Eocene carbonate microfacies of

Yadgaar Section.
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: & g = g = B 2 3 - 5 A
g <7
EMI 4 20 25 2 3 6 - 0.5 35 4 FZ8
EMII 11.5 25 55 1 2.5 3 - 2 7 2 FzZ7
EMIIT 4 57 19 2.5 1 6.5 - 1 8 1 Fz6-FZ5
EMIV 6.5 26 53 2 3 5 - 0.5 3 1 FZ5
EMV - 62 11 2 3.5 4 - 1 15 1 FZ3
FZ9A-
EMVI - 21 3 19 4 7.2 1 2 38 7 FZ9B
EMVII 4 7 53 15 2 3 0.5 2 14 - FZ6-FZ7
EMVIIL 8 19 33 22 3 0.5 1 6 17 3 FZ7-F7Z8
EMIX - 38 3 19 1 0 3.5 1 20 107 FZ8

Interpretation: This microfacies displays a wide range of mixed bioclasts, from green
algae species to larger foraminifers. Green algae (calcispheres, Dascycladacean, echinoid
spine, Gymnocodiacea, and phylloidal green algae) are identified in this microfacies. These
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green algae indicate a very shallow depth, normally 5-15 m on a carbonate platform.
The wide range of these algae indicates a highly oxygenated environment and a photic
zone [8,35-37]. Some larger foraminiferans and broken ostracod shells, Lockartia spp.,
milliolid, and Rotalia spp., may be reworked from adjacent microfacies due to high energy
wave action and deposited in this microfacies as a mixture of bioclasts. This microfacies is
equivalent to FZ7 (open marine platform) [34].

3.2.3. Ostracod, Green Algae, and Gypsum Dominating Mudstone-Wackstone Microfacies (EMIII)
This microfacies is subdivided into three subfacies, listed as follows.

Ostracod, Coralline Algae, and Green Algae Dominated Mudstone-Wackstone Subfacies

This subfacies is identified by a frequent abundance of ostracods and green algae.
However, fossils are partly or completely micritized and often replaced by hematite. Micrite
is the dominant constituent of this subfacies (with an average of 61%). The abundance
of bioclasts appeared comparatively low (with an average 15%). Microfossils identified
are Boueina marondei, bryozoans, coralline algae (Sporolithon spp.) (Figure 7a), Idalina
grelaudae (Middle Eocene milliolid) (Figure 6a), Discocyclina spp., echinoid spine, green
algae (Dascycladacean, Salpingoporellamelitae Radoi¢i¢), Fabiania spp., filamentous shells
of bivalves (Figure 7b), Heterostegina spp., Lockhartia prehaimei, Lockhartia haimei, nummulites,
Ocoarota orali Inan, ostracod (Figure 7c), Assilina spp. (Figure 7d), Quinqueloculina and Rotalia
spp. Dolomite starts to increase in this subfacies (with an average 7%). Hematite, spar,
carbonaceous matter, pyrite, gypsum (Figure 7e), and calcite can be observed in minor
amounts with an average of 1-6%. Four samples represent this subfacies (YMG21-YMG24).

GBS

Figure 7. Photomicrographs showing (a) coralline algae and Idalina grelaudae (Middle Eocene milli-
olid); (b) filamentous shells of bivalves; (c) an ostracod; (d) Assilina spp.; (e) gypsum; (f) unidentified
algal fossil; (g) algae; (h) Calcispheres green algae and Spatangoid spine algae; and (I) Dasycladacean
green alga (Cymopolia elongata).

Gypsum Dominating Low Fossiliferous Mudstone-Wackstone Subfacies

This subfacies is identified on the basis of well-developed gypsum crystals (with
an average of 2%). Micrite is found frequently, with an average of 53%. Small-sized
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fossils are micritized and are observed at an average of 12%. Assilina spp., Austrotrillina
eocenica, broken red algae, Calcarina spp., Entogonia formosa, Idalina grelaudae (Middle Eocene
milliolid), Lockhartia praehaimei, Lockhartia spp., unidentified algal fossil (Figure 7f), Ocoarota
orali Inan, Pellatispira madaraszi, and Ranikothalia spp. Dolomite crystals start to appear
considerably, with an average of 16%. Hematite is identified in the highest amounts, with
an average of 9% in this subfacies. Spar, carbonaceous material, and pyrite can be observed
in 5%, 2-3%, and 1%, respectively (Table 3). This subfacies is represented by four samples
(YMG25-YMG28).

Green Algae Dominated Wackstone Subfacies

This subfacies is mainly comprised of green algae (Figure 7g), such as calcified al-
gae (Vermiporella), spatangoid spine algae, calcisphere green algae (Figure 7h), and das-
cycladacean green algae (Cymopolia elongate) (Figure 7I). Other fossils are Fabiania spp.,
Lockhartia spp., Lockhartia spp., Rotalia trochomoferous, ostracods, and spatangoid spines.
Fossils are highly micritized and species identification is hard. Micrite and bioclasts formed
the dominant portions of the thin sections with an average of 57% and 30%, respectively.
Hematite and spar are found in 5% and 3%, respectively. Carbonaceous material, pyrite,
and calcite are observed in 3%, 1%, and 1%, respectively. This subfacies is represented by
four thin sections (YMG29-YMG32).

Interpretation: Selective dolomite patches can be observed in the thin sections of
this microfacies. Most bioclasts are observed to be prone to selective dolomitization.
This type of dolomitization is associated with fine-grained, micritized allochem particles
and their hard parts [23,38]. This may cause a lowering of the porosity values [39,40].
Coralline red algae’s stratigraphic range is widely distributed and is mostly found in
shallow water [41]. The co-existence of coralline algae and large benthic foraminiferans
may indicate a 40-45 m (medium) water depth on a carbonate platform [42—44]. Corals are
found in shallower areas as compared to sponges. They are found in association with marl
or silty sandy environments with an abundance of benthic foraminiferans [45]. Corals and
sponges are found in closely related environments adjacent to each other but with different
environments ranging from shallow to moderately deep environments. Deep sea settings
with high sea level rise may be indicated by the presence of these red coralline algae [46].
The presence of Pellatispira, Heterostegina spp., and Discocyclina spp. suggests a deeper
depositional environment in a carbonate platform [32]. This microfacies is equivalent to
FZ6 (platform margin) and FZ5 (upper slope reefs and platform-margin reefs) [34].

3.2.4. Algae and Mixed Foraminiferal Wackstone-Packstone Microfacies (EMIV)

This microfacies is subdivided into two subfacies, as follows.

Mixed Foraminiferal Micritized Packstone Microfacies

This subfacies is comprised of highly micritized bioclasts. However, the size and
abundance of fossils are relatively larger than the adjacent subfacies. The bioclasts en-
countered in this subfacies were Alveolina spp. (Figure 8a)., Assilina spp., Austrotrillina
eocenica (Figure 8b), Operculina subsalsa (Figure 8b), crinoid ossicles, echinoid spines, green
algae (Gymnocodiacea, phylloid algae, and spatangoid spines) (Figure 8c), Eocene sponge
(Figure 8c), Idalina grelaudae (middle Eocene milliolid) (Figure 8d), Lockhartia haimei, Lock-
hartia prehamei (Figure 8e), Lockhartia tipper (Figure 8e), the milliolid (Quinqueloculina),
ostracods, Rotalia trochidiformis, and spatangoid spines. Bioclasts are dominant in the
thin sections and their average distribution is about 56%. Micrite, spar, and hematite
are observed as 22%, 9%, and 5%, respectively. Dolomite, carbonaceous material, and
calcite are found in 2%, 2%, and 1%, respectively. Four samples represent this subfacies
(YMG33-YMGS36).
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Figure 8. Photomicrographs showing (a) Alveolina spp.; (b) Austrotrillina eocenica on the right and
Operculina subsalsa on the left; (¢) Gymnocodacea in the bottom, ostracods in the top left, and sponge
in the middle right; (d) Idalina grelaudae (Middle Eocene milliolid); (e) Lockhartia prehaimei on the right
and Lockhartia tipperi on the left; (f) Dascycladacean green alga and Cymopolia elongata on top; (g) high
concentration of green algae; (h) Fabiania spp.; and (I) Rotalia trochidiformis and echinoid spine.

Mixed Green Algae and Broken Bioclastic Wackstone—-Packstone Subfacies

This subfacies is identified on the basis of the special appearance of a mixture of
fossils. This mixture is dominantly comprised of green algae and broken clasts of other
large fossils (with an average 50%). Fossils identified are green algae (Dascycladacean,
Cymopolia elongate, Gymnocodiacea, echinoid spines) (Figure 8f,g), Assilina spp., Eocene
sponge, Fabiania spp. (Figure 8h), Rotalia trochidiformis (Figure 81), Idalina grelaudae (Middle
Eocene milliolid), unidentified algal fossils, Lockhartia prehaimei, Lockhartia tipper, Lockhartia
retiata, Orbitolites spp., ostracods, and sponges (Figure 8I). Micrite is found as the second-
most abundant behind fossil fragments, with an average 30% in this subfacies. Pyrite,
hematite, spar, dolomite, carbonaceous material, and calcite are 5%, 4%, 3%, 2%, and 1%,
respectively. Four samples represent this subfacies (YMG37-YMGA40).

Interpretation: Selective dolomitization in packstone—grainstone may facilitate disso-
lution, which can enhance porosity and reservoir characteristics [23,47]. Selective dolomi-
tization can be observed in this microfacies. Autochthonous sponges from the Eocene
sequence of the Yadgaar section have been reported for the first time. Most of these Eocene
sponges are in broken fragments. The skeletons of sponges seem to be micritized, which
indicates a diagenetic effect (neomorphism) on them. The association of sponges with coral
indicates a relatively deep shelf area. However, the absence of coral and the appearance
of sponges are indicative of shallower water depth [45]. Furthermore, broken sponge
pieces indicate a moderate-high energy upper slope outer platform environment [48]. This
also indicates a deep environment; however, the depth was not enough to provide a fully
reduced paleogeographic constraint [45]. Ostracods characterize cold marine and deep
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environments [49]. This microfacies represent a wide facies belt and is equivalent to FZ5
(upper slope reefs and platform-margin reefs) of Fliigel and Munnecke [34].

3.2.5. Nummulites Dominating Mudstone-Wackstone Microfacies (EMV)

This mudstone-wackestone microfacies is dominantly comprised of micrite material
(with an average 62%). Bioclasts are partly to completely micritized (with an average 11%).
Fossils identified are Assilina spp. (Figure 9a), gastropods and geopetal infillings (Figure 9b),
Lockhartia spp., Nummulites spp. (Figure 9¢,d), Operculina spp. (Figure 9e), Ranikothalia
spp., and Rotalia trochidiformis (Figure 9f). Dolomitization is often found in the form of
dolomite patches (Figure 9g) in the thin sections (with an average of 15%). Alteration of
blocky cement into dolomite has been observed (Figure 9h). The changing of micrite into
dolomite is obviously seen in this microfacies (Figure 91). Carbonaceous material (with
an average of 2%) and hematite (with an average of 4%) have commonly replaced fossils.
Pyrite, gypsum, and calcite can also be seen with averages of 4%, 1%, and 1%, respectively
(Table 3). This microfacies is represented by four samples (YMG41-YMG44).

Figure 9. Photomicrographs showing (a) Assilina spp.; (b) gastropods and geopetal infillings; (c,d)
Nummulites spp.; (e) Operculina spp.; (f) Rotalia trochodeformis on the left and Lockhartia tipperi on the
right; (g) a dolomite patch; (h) blocky cement changing into dolomite; and (I) micrite changing into
dolomite.

Interpretation: Gastropods indicate normal salinity and a shallow-marine shelf en-
vironment. The presence of Nummulites spp. characterize a subtidal environment and
depth ranges from 20 to 130 m with the precipitation of lime mud [50]. Operculina spp.
indicated the 6-15 m depth but typically dominates in the zone of 30-54 m. This also
signifies the presence of a depositional site in low energy and medium light intensity in a
reef slope [51]. Sometimes these types of deposits resulted from turbidites. Operculina spp.
are identified in this microfacies. Benthic foraminifera, such as Assilina spp., Operculina
spp., and Ranikothalia spp., indicate a depositional site in a lagoon, reef setting, or inner
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ramp environment in the Tethys ocean [52,53]. These Early-Middle Eocene microfossils
found in this microfacies indicate close association with reefs in a lagoon environment.
This microfacies is equivalent to FZ3 (toe-of-slope apron deep shelf margin) of Fliigel and
Munnecke [34].

3.2.6. Algal Limestone and Mudstone Microfacies (EMVI)

This microfacies is uniquely identifiable by the appearance of algal limestone. Al-
gae and other bioclasts are completely micritized and unidentifiable. Micrite is further
dolomitized (Figure 10a) in this microfacies. Dolomite is observed at an average of 38%,
while micrite forms 21% of the thin sections. Carbonaceous material is also found at an
average of 20% in this microfacies. Cross-cutting calcite veins (7%) and pyrite cubes (1%)
are also present. Hematite, bioclasts, gypsum (Figure 10b), pyrite (Figure 10c), and chert
(Figure 10d) can be observed with averages of 7%, 3%, 2%, and 1%, respectively (Table 3).
This microfacies is represented by four samples (YCF1-YCF4).

Figure 10. Photomicrographs showing (a) dolomitized bioclast and gypsum; (b) gypsum, hematite
and micrite; (c) gypsum and pyrite; and (d) chert.

Interpretation: Gypsum (an evaporitic sulfate mineral) is often found in lagoon
conditions associated with methane hydrate settings [54,55]. Fibrous gypsum is comprised
of two main forms, a) satin spar and b) selenite [56], and is found in shallow marine
limestone and shale. In evaporitic conditions where carbonate rocks react with acid sulfate,
they will precipitate gypsum [57]. Gypsum is also formed by the oxidation of iron sulfide
(pyrite). Recent studies have revealed a direct relationship between methane hydrate
sediments, gypsum, and pyrite. The sulfate—-methane transition zone often facilitates the
precipitation of authigenic gypsum [56]. The coexistence of both gypsum and pyrite is
tricky to explain, depending on whether the conditions are anoxic or oxic. By the activity
of sulfide oxidizers, oxidized pyrite is converted into sulfate in oxic conditions, resulting in
the formation of gypsum. In a sedimentary environment, these settings are called marine
methane hydrate settings [58]. The connection between methane-bearing sediments and
mineralization is still unclear. Gypsum is largely found to be associated with methane
hydrate settings in the southwest African Margin, the Bay of Bangal, the South China Sea,
and the eastern North Pacific Ocean [55]. However, in anoxic conditions, the process is
reversed where sulfate-reducing bacteria convert the gypsum into pyrite [59]. Gypsum
precipitation likely largely occurred after considerable and rapid evaporation, and this was
presumably linked with a reduction in the size of the lake. However, the lake’s bottom was
still anoxic, which facilitated pyrite precipitation [54]. Sulfide/sulfate anions and Ca/Fe
cations in the solution can precipitate gypsum and pyrite [56]. The pyrite and gypsum
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phases are tightly associated. In fresh and shallow waters, larger benthic foraminifera
are absent. Their presence occurs only in relatively deep waters [60]. This microfacies
is equivalent to FZ9A (arid near-coast evaporitic platforms) to FZ9B (humid near-coast
brackish regions) of Fliigel and Munnecke [34].

3.2.7. Assilina Bed Wackstone—Packstone Microfacies (EMVII)

In this microfacies, Assilina spp. are more abundant than the other microfossils. The
size and abundance of fossils is highest among all the microfacies (with an average of 53%).
This microfacies is also comprised of a high amount of carbonaceous material, with an aver-
age of 15%. Micritization and dolomitization effects are also seen in thin sections. Dolomite
can be found with an average of 14%, while micrite can be observed with an average of 7%.
Stylolites are frequently observed in parallel to the bioclasts. Fossils are mostly Assilina spp.
and nummulites (Figure 11a—c), while some coralline algae (Figure 11d), unidentified algal
fragments., Discocyclina ranikotenesis (Figure 11e), Discocycilna zindaperensis (Figure 11f,g),
coralline algae, and Rotalia trochidiformis (Figure 11h,I) can be identified. Hematite, spar,
gypsum, pyrite, and chert are found with averages of 3%, 4%, 2%, 2%, and <1%, respectively
(Table 3). This microfacies is represented by eight samples (YCF5-YCF12).

Figure 11. Photomicrographs showing (a) Assilina in the center to the right and Nummulites spp. on
top; (b,c) Assilina spp.; (d) Coralline algae; (e) Discocyclina ranokotenesis in the center and Assilina spp.
on the right; (f,g) Discocyclina zindaperensis in the center; and (h,I) Rotalia trochodiformis.

Interpretation: A high abundance of Assilina spp. (preferably called the Assilina
bed) may indicate a highly favorable salinity range and environmental depth for the
continuation of species reproduction [61]. This can cause a high abundance of Assilina
species in the microfacies. Larger foraminifera and Orthophragminids, especially Discocyclina
spp., along with Nummulites spp. and Assilina spp., indicate deposition in the photic zone
of carbonate ramp settings [61,62]. This microfacies is equivalent to FZ6 (platform-edge and
platform sand shoals) to FZ7 (platform interior—-normal marine (open marine)) of Fliigel
and Munnecke [34].
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3.2.8. Micritized Large Benthic Foraminiferal Wackstone Microfacies (EMVIII)

This is a highly micritized microfacies in which large bioclasts are almost completely
micritized. Micritization is intense enough to make the species unidentifiable (Figure 12a).
However, very few bioclasts can be recognized in the middle-top portion as Alveolina spp.
(Figure 12b-d), Assilina spp., Nummulites spp. and Assilina spp. (Figure 12e,f), Azzarolina
daviesi, Lockhartia spp., milliolid, Operculina spp., ostracods, and Rotalia spp. (Figure 12g).
Bioclasts are abundantly found with an average of 32% in this microfacies. Dolomite and
carbonaceous material are also found in large quantities, with averages of 17% and 13%,
respectively. Micrite, spar, gypsum, calcite, pyrite, and chert (Figure 12h) were observed
in 19%, 8%, 4%, 3%, 2%, and 1%, respectively (Table 3). Bioclasts are found to be replaced
by carbonaceous material (Figure 12I). This microfacies is represented by four samples
(YCF13-YCF24).

Figure 12. Photomicrographs showing (a) micritized bioclasts; (b,c) Alveolina spp., (d) Nummulites
on the left and Alveolina spp. on the right; (e) Assilina spp. on the left and Nummulites spp. on
the right; (f) micritized Assilina spp.; (g) Rotalia trochodiformis; (h) carbonaceous material and chert
replacing bioclast; and (I) Nummulites is replaced by carbonaceous material.

Interpretation: The presence of Alveolina spp., Nummulites spp., and Assilina spp. with
moderate energy conditions, indicates inner ramp settings but with a slight increase in
depth relative to where the previous microfacies were likely deposited [61]. Nummulites spp.
are normally found in relatively deep settings [60]. This association of microfauna is found
in the distal inner ramp area. This is a high energy, current-dominated environment close
to fair weather wave base (FWWB). Operculina spp. along with Nummulites spp. are also
indicative of an increase in water depth [61]. The large quantity of Nummulites indicates
distal inner ramp to mid-ramp environments. This indicates a high-energy environment
close to FWWB. This microfacies is equivalent to FZ7 (platform interior-normal marine—
open marine) to FZ8 (platform interior-restricted) of Fliigel and Munnecke [34].
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3.2.9. Algal Limestone and Mudstone Microfacies (EMIX)

The top microfacies of the Early-Middle Eocene carbonate sequence of the Yadgaar
section is comprised of algal limestone (Figure 13a). Micrite is the dominant constituent
with an average of 38%. Fossils are partly to completely micritized as we move towards
the upper contact of the microfacies (with an average of 19%). Only very few Alveolina
spp. (Figure 13a), green algae (Figure 13b), Lockhartia spp., Nummulites spp. (Figure 13c),
milliolids and ostracods (Figure 13d) can be distinguished in this thin section study. The
majority of fossils are completely micritized and unidentifiable. Dolomite crystals are
abundantly found in this microfacies with an average of 20%. Calcite, bioclasts, chert
(Figure 13e-h), gypsum, pyrite (Figure 13e-h), and hematite (Figure 13I) were observed
with averages of 13%, 3%, 4%, 1%, 1% and <1%, respectively (Table 3). This microfacies is
represented by four samples (YCF25-YCE32).

Figure 13. Photomicrographs showing (a) algal limestone and Alveolina spp.; (b) broken clasts of
green algae; (c) Nummulites spp.; (d) an ostracod; (e) chert in calcite vein; (f-h) pyrite cubes in black;
and (I) a hematite vein.

Interpretation: Alveolina spp. is compatible with a variegated salinity-temperature
range and indicates inner ramp settings [63]. On a carbonate platform, it is distributed over
a wide shallow water platform area <35 m [64]. This area is specifically just below the fair
weather wave base in a high energy environment [65]. However, Alveolina spp. can also
be found at a depth of up to 60 m in the fore-reef of a deep lagoon environment [66]. In
the Eocene, Alveolina spp. associated with milliolids is typical of shallow water vegetative
substrate in a sandy/sea grass environment [60,67-69]. This can be confirmed by the
presence of chert in this microfacies, which comes from high water wave action. This
indicates inner ramp settings (Figure 13e). The presence of Alveolina spp. in this upper-
most microfacies indicates a Bartonian age and deposition in a deeper portion of the shallow
marine platform [32]. This microfacies is equivalent to FZ8 (platform interior-restricted) of
Fliigel and Munnecke [34].

24



J. Mar. Sci. Eng. 2022, 10, 1794

3.3. Depositional Environment

The Yadgaar Section lies on the margins of the Ceno-Tethys Ocean. A comprehensive
study of Paleocene-Oligocene rocks of the Yadgaar Section can reveal the depositional envi-
ronment of rocks during the mature development and the closing stage of the Ceno-Tethys
Ocean. These rock formations include Lockhart Limestone of Late-Paleocene, Margalla Hill
Limestone, and Chorgali Formations of Early-Middle Eocene, as well as Kuldana Formation
of Middle Eocene-Early Oligocene age. A petrological study of the Late Paleocene Lockhart
Limestone reveals its depositional environment as a shallow shelf carbonate platform,
typically from the platform margin to the toe of the slope and slope areas [9]. This study
indicated that shallow marine platform carbonates were deposited in the final phase of
transgression—regression events during the Early-Middle Eocene age. These deposits are
represented by the Margalla Hill Limestone and the Chorgali Formation in the UIB [8]. De-
tailed microfacies studies based on the textural and benthonic foraminiferans revealed their
depositional environments on the carbonate platform (Figure 14). Early-Middle Eocene
carbonates were categorized as EM-I-IX, belonging to the restricted-marine platform, open-
marine platform, platform-edge and platform sand shoals, toe of slope and slope, arid
near-coast evaporitic platforms, humid near-coast brackish regions, platform-edge and
platform sand shoals, open-marine platform, open-marine platform, restricted-marine
platform, and restricted-marine platform areas, respectively. These microfacies are found
to be equivalent to the FZ8, FZ7, FZ6-5, FZ5, FZ3, FZ9A-FZ9B, FZ6-7, FZ7-FZ8 and FZ8
(Figure 14b) microfacies of Fliigel and Munnecke [34]. The closing stage of the Ceno-Tethys
Ocean is marked by the deposition of the Middle Eocene—Early Oligocene Kuldana For-
mation. A detailed study on the Kuldana Formation indicated a transitional environment
from deltaic to continental because of the presence of limestone lenses in the base and
sandstone/shale alternations in the Yadgaar Section [8].
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Figure 14. (a) Figure illustrating a generalized carbonate platform with associated environments.
The rectangle corresponds to (b). (b) Depositional model of Early-Middle Eocene carbonate rock
microfacies on specific zones of the carbonate platform [34].
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3.4. Reservoir Characterization
3.4.1. Diagenetic Impact

Early-Middle Eocene carbonate rocks are comprised of well-developed to fused nodu-
lar limestone and shales in the Yadgaar Section. To understand diagenetic effects on the
carbonate Formations, eight samples of limestone and four samples of shale were collected
from the base, middle, and top of the section for SEM analysis (Figure 15a—f). Light grey
colored nodular limestone beds are present in the base and middle portions, while fused
nodular limestone and shale are present in the top portion of the deposits in the study area
deposits.

Figure 15. SEM image of shale and limestone samples from Early-Middle Eocene strata. (a,b) Images
of the samples obtained from the base of the section; (c,d) Images of the samples taken from the
middle of the Margalla Hill Limestone; (e,f) Images denote samples obtained from top of Margalla
Hill Limestone. Yellow arrows denote calcite crystals, indigo blue arrows denote dolomite crystals,
orange-brown arrows denote drusy cement, white arrows denote blocky cement, sky blue arrows
denote rim cement, light grey arrows with a red outline denote compacted illite, indigo arrows with
a red outline denote montmorillonite clay, and black arrows with red outline denote chert grains
as found by Prothero and Schwab [70]. Moreover, green arrows denote a fibrous column of calcite,
light pink arrows denote mosaic (drusy) dolomite cement, silver arrows with a black outline denote
granular cement, and dark purple arrows denote dog tooth calcite crystals as found by Fliigel and
Munnecke [34].

SEM evaluations of the limestone (Figure 15a) and shale (Figure 15b) revealed the
presence of first-generation drusy cement dominating throughout the Early-Middle Eocene
deposits. In the Early-Middle Eocene deposits (Margalla Hill Limestone), first-generation
cement is recognized by the presence of drusy cement. This shows the presence of the
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first stage of post-depositional diagenesis (eogenetic) in the deposits. However, as shown
in Figure 2, a minor occurrence of second and third generation cement was observed by
the presence of blocky and rim cements, respectively. This demonstrates that mesogenetic
and telogenetic diagenesis occurred here. The top section is comprised of middle Eocene
strata (Chorgali Formation) (Figure 2), which possess an abundance of second-generation
cements by the presence of blocky cement in the base, which starts to decrease towards the
middle of the stratigraphic sequence. Meanwhile, first generation drusy cement again starts
to increase towards the top of the section. In the middle Eocene strata, third generation rim
cements are rarely found in the middle portion of the carbonate deposits.

Based on these results, our study found a greater abundance of cementation and other
alterations that occurred during eogenesis compared to during later stages of diagenesis.
However, in the middle part of the section (Figure 2), the grade of diagenesis slightly
increased, which is revealed by the presence of mesogenetic and telogenetic cements of
the-post depositional diagenesis. The minor presence of smectite, calcite crystals, chert,
compacted illite, compacted montmorillonite, dog tooth calcite, dolomite, fibrous column
of calcite, granular cement, montmorillonite clay, mosaic drusy dolomite, and radiaxial
fibrous cement can also be observed in the SEM analysis (Figure 16).

08 Jul 2022

Figure 16. SEM image of shales and limestone samples from the Middle Eocene Chorgali Formation.
(a,b) Images of the samples obtained from the base of the Chorgali Formation; (c,d) Images of the
samples taken from the middle of the Chorgali Formation; (e,f) Images denote samples obtained from
top of the Chorgali Formation. Refer to the caption of Figure 15 above for an explanation of the arrow
colors.
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3.4.2. Porosity Types and Reservoir Characteristics

From the base to top in Figure 17, the first microfacies (EMI) possesses a dominant pres-
ence of channel (Ch) type porosity along with little occurrence of channel (Ch), vuggy (Vg),
and fenestral (Fe) pore types (Figure 17a). Image ] software’s image threshold enhancement
technique calculates the presence of 10% porosity in this microfacies (Figure 17a). The
second microfacies (EMII) is composed of nearly equal amounts of vuggy (Vg), fractured
(Fr), and moldic (Md) porosity (Figure 17b). The porosity calculated in this microfacies
is 8%. The third microfacies (EMIII) is comprised of only fracture (Fr) and shelter (Sh) type
porosities (Figure 17c). The calculated porosity in this microfacies is 10%. Vuggy (Vg) and
fenestral (Fe) type porosities are also observed in the fourth microfacies EMIV (Figure 17d).
The calculated porosity in this microfacies is 5%.

Figure 17. The image threshold enhancement technique in Image ] software calculates porosity
and reveals pore type for all microfacies of the Early-Middle Eocene rocks. (a—I) EMI, EMII, EMIII,
EMLV, EMV, EMVI, EMVII, EMVIII, and EMVIX, respectively. Abbreviations of the porosity types
shown in the figures: Fe, Fenestral; Ia, Intraparticle; Sh, Shelter; Vg, Vuggy; Ch, Channel; Gf, Growth
Framework; Md, Moldic; and Fr, Fracture pore types.

An increase in porosity values has been noted as moving towards EMV (Figure 17e).
The average porosity value for this microfacies was determined to be 10% (Figure 9¢,d).
This microfacies shows that vuggy (Vg) and growth framework (Gf) porosities are most
common (Figures 9c and 16e), while fracture (Fr) porosity is less common. EMVI depicted
only the growth framework (Gf) type of porosity, with a porosity value of 7% (Figure 17f).
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In EMVI]I, the highest amount of porosity (15%) has been noted (Figure 17g). Frequent
amounts of channel (Ch) and fracture (Fr) types of porosities can be observed clearly. The
eighth microfacies (EMVIII) also displayed a higher porosity value of 11% (Figure 17h).
However, only the channel (Ch) type porosity is observed in this microfacies. At the top of
the Early-Middle Eocene carbonate rocks, strata comprising the ninth microfacies (EMIX)
display channel (Ch), fenestral (Fe), and vuggy (Vg) types of porosities. This microfacies
possesses 9% porosity (Figure 17I). The calculated average porosity from all microfacies of
the Early-Middle Eocene carbonate strata in the Yadgaar Section is 7.4%.

Fracture and moldic types of porosities reveal the presence of early diagenetic effects
such as the eogenetic alterations. They possess a low porosity but a high permeability
range in shelf carbonate rocks, meaning they are of high reservoir quality [71,72]. Vuggy,
fracture, and moldic porosities reflected within these sediments indicate they are favorable
strata in terms of reservoir potential [72,73]. Fenestral porosity is associated with meteoric
diagenesis. It can coexist with microfacies related to packstone, dolomitization, and dolo-
mudstone [72]. The quality of a reservoir mainly depends on permeability, which is
enhanced by the processes of dolomitization and de-dolomitization [74]. Channel type
porosity is dominantly observed in thin sections of most microfacies. This type of porosity
is likely to increase the permeability and reservoir quality. It is developed due to chemical
dissolution in high energy conditions associated with diagenetic compaction [71,72,74].
Diagenetic features including fractures, channels, and dissolution are indications of tectonic
forces exerted on the rocks after their formation [9,26,38,75]. In general, petrological
observations, fracture, channel, growth framework, and moldic type porosities highly
facilitate interconnecting pores, creating high permeability. The occurrence of all these
types of porosities in the Early-Middle Eocene carbonate rocks of the Yadgaar Section is a
positive signature of high reservoir quality.

4. Conclusions

On the basis of field, petrographic, and SEM analysis, we have drawn the following
conclusions. Early-Middle Eocene carbonate deposits of the Margalla Hill Limestone and
the Chorgali Formation are found in the Yadgaar Section. Field observation and petro-
graphic studies revealed nine microfacies (EMI-EMIX) within these deposits. Detailed
paleontological and petrological studies indicate that these microfacies are deposited in the
restricted marine (platform interior), open marine platform, platform edge, platform mar-
gin reef, toe of the slope apron, arid-humid platform interior, platform edge, open marine
platform interior, and restricted marine platform interior, respectively, of the Ceno-Tethys
Ocean. Benthic foraminifera microfossils revealed that these microfacies were deposited
in the Early-Middle Eocene period in the Ceno-Tethys Ocean. Microfossils, including
algae and foraminifera, as well as the presence of gypsum crystals, indicate shallow ma-
rine methane hydrate settings in complex lagoon conditions. Most of the microfacies
(EMI-EMVI) from the base to upper-middle of the section were deposited in the shallow
marine, oxygenated, and photic zone, while the top three microfacies (EMVII-EMIX) were
deposited in a relatively deeper portion of the carbonate platform with normal salinity.
SEM analysis indicated a dominant presence of first generation drusy cement throughout
these lower-middle Eocene limestones and shales. This phenomenon indicates an early
grade of post-depositional diagenesis (eogenetic) effects on these deposits. However, a
minor amount of blocky (second generation) and rim (third generation) types of cement
are also observed in the middle of the section, which indicates mesogenetic and telogenetic
diagenesis alterations, respectively. It can be observed that these post-depositional diage-
netic stages are directly proportional to the cement generations. Petrological observations
reveal fracture, channel, growth framework, and moldic types of porosities, which pro-
vide favorable conditions for producing high permeability. Regional tectonic stresses also
enhance the development of diagenetic features. Moreover, the diagenetic changes, pore
types, and porosity values have considerably enhanced the reservoir characteristics of these
carbonate rocks. On the basis of fossils such as Acervulinidae spp., Eocene sponge, Milliolid
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spp. (Idalina grelaudae), Rotalia spp., and Saccammina grzybowskii, the relative chronological
age of these carbonate deposits is suggested as Early-Middle Eocene.
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Abstract: Caves with hot springs and speleothem deposits are infrequent environments of high
scientific interest due to their unique environmental conditions. The selected site is a small open
cave with a hot spring and stalactites in the Aedipsos area (NW Euboea Island, Greece), which was
studied through an interdisciplinary approach. The mineralogical composition of the speleothems
was determined by optical microscopy, XRD, and SEM-EDS microanalysis, and identification of the
Cyanobacteria species was made based on morphological characteristics. The main mineral phase in
the studied samples is calcite, with several trace elements (i.e., up to 0.48 wt.% NayO, up to 0.73 wt.%
MgO, up to 4.19 wt.% SO3, up to 0.16 wt.% SrO and up to 2.21 wt.% Yb,O3) in the mineral-chemistry
composition. The dominant facies are lamination and shrubs, which are the most common among the
facies of the thermogenic travertines of the area. Based on the studied stalactites, twenty-nine different
Cyanobacteria species were identified, belonging to the following orders: Synechococcales (28%),
Oscillatoriales (27%), Chroococcales (21%) and Nostocales (21%), and Spirulinales (3%). Among them,
thermophilic species (Spirulina subtilissima) and limestone substrate species (Chroococcus lithophilus,
Leptolyngbya perforans, and Leptolyngbya ercegovicii) were identified. The identified Cyanobacteria
were found to participate in biomineralization processes. The most characteristic biomineralization
activity is made by the endolithic Cyanobacteria destroying calcite crystals in the outer layer. In a few
cases, calcified cyanobacterial sheaths were detected. The presence of filamentous Cyanobacteria,
along with extracellular polymeric substance (EPS), creates a dense net resulting in the retention of
calcium carbonate crystals.

Keywords: stalactite; speleothem; biomineralization; facies; mineralogy; hot spring; Cyanobacteria

1. Introduction

The speleothems, i.e., stalactites and stalagmites, representing secondary mineral
deposits, could have been created by biogenic and abiogenic processes. In the abiogenic
case, the mineral precipitation is due to supersaturation of the solution due to pH changes,
outgassing, and evaporation. In the case of microorganisms contribution, biomineralization
processes might occur ([1] and references within). The microorganisms can biologically
mediate mineral formation in several ways, either directly by creating minerals (external
or internal) or passively by accelerating the deposition, by encrustation or extracellu-
lar polymeric substance (EPS), or by changing the ambient conditions such as pH [2].
The microorganisms contributing to speleothem formation are mainly Archaea, Algae,
and Bacteria, including Cyanobacteria. Multicellular organisms, such as fungi, lichens,
and mosses, can also contribute. The most common cave-inhabitant microorganisms are

J. Mar. Sci. Eng. 2022, 10, 1909. https://doi.org/10.3390/jmse10121909 34

https:/ /www.mdpi.com/journal/jmse



J. Mar. Sci. Eng. 2022, 10, 1909

chemolithoautotrophic or chemoheterotrophic, i.e., non-photosynthetic [3]. Photosynthetic
microorganisms usually inhabit the cave entrance, where sunlight is reaching. However,
some Cyanobacteria species, even if in general they are photosynthetic species, can adjust
to the darkness and become heterotrophic, such as Fisherella, Calothrix, Geitleria calcarea, and
Scytonema julianum [4-6]. The adjustment of the photosynthetic Cyanobacteria is important,
as they can play a key role in speleogenetic processes since they can contribute to the
dissolution or precipitation of the minerals.

Biodiversity in caves and biomineralization processes are subjects that only recently
started to be studied and intercorrelated. Caves represent natural laboratories where
microbe—-mineral interactions under extreme conditions can be studied [7]. In Greece,
several studies concerning speleothems and speleothems-climatic changes have been con-
ducted (e.g., [8-11]). Moreover, studies concerning only biodiversity have taken place in
the last years (e.g., [12-19]).

This paper aims to study stalactites in a hot spring cave in the Aedipsos area (Eu-
boea Island, Greece) and the involved geomicrobiological processes. The mineralogical
composition and mineral chemistry, the environmental conditions, and the Cyanobacteria
species diversity will be assessed to evaluate the biomineralization processes of calcium
carbonate minerals.

2. Geological Setting

The study site is located at NNW edge of Aedipsos (NW Euboea Island, Greece).
The geological formations of the area belong to the Pelagonian geotectonic unit of the
Hellenides [20-22], and the main geological formations are: a metamorphic crystalline
basement (pre-middle to middle Carboniferous age), basic volcanoclastic complex series
(Permian-Triassic age), shallow marine carbonate and clastic rocks (middle Triassic age)
with volcanic rocks intercalations [23,24], alluvial deposits and thermogenic travertine
depositions (Figure 1).
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Figure 1. Geological map of the Aedipos area, NW of Euboea (AF = Aedipsos Fault; modified after
Kanellopoulos et al. [25]). The sampling site is marked with a black dot. The geographical coordinates
are in EGSA 87.
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Several hot springs occur at the NW Euboea island, mainly in the Aedipsos area, which
belongs to seawater-dominated, tectonically controlled, and volcanic-related geothermal
systems [25-27]. The Lichades volcanic center, composed by trachyandesite lava, is located
several kilometers away; it was dated to 0.5 Ma old (K-Ar method; [28]).

The temperature in the hot springs at Aedipsos reaches up to 84 °C, and the hydrother-
mal fluids are of sodium-chloride type. Among others, pH is almost neutral, and the
springs present chemical similarities [25,27]. They are interpreted as deep-old geothermal
fluids migrating from deep basement bedrocks with volcanic origin affinities.

The Aedipsos hot springs commonly deposit thermogenic travertine [27,29-32]. In
addition, they present macro- and micro-facies [27,30,31], with bio-mineralization processes
resulting in the creation of hybrid travertines [27,29,33-35], i.e., biotic and abiotic contributions.

3. Materials and Methods

Samples were extracted from stalactites from a small open cave with a hot spring
at the base. During the sampling process, sterile metal tweezers and chisels were used.
The unstable water parameters of the hot spring (i.e., temperature, salinity, and pH) were
measured in situ once, during sampling, using portable apparatus.

From each sampling site, two sub-samples were collected. The first one was incu-
bated into sterile transparent vials in the field. The second sub-sample was stored in a
formaldehyde solution (2.5%). Enriched cultures were obtained in flasks and Petri dishes
with BG11 and BG 11 culture media [36]. Cultures were maintained in an incubator
(Sanyo, Gallenkamp, Cambridge, UK) under stable conditions and a natural diurnal cycle
(north-facing window) at room temperature.

The samples were studied under an optical microscope and a stereo-microscope. For
species identification, the classical and recent literature was used ([37—40] and references
within) at the Faculty of Biology, National and Kapodistrian University of Athens.

The mineralogical study was conducted on polished sections studied under an optical
microscope and powders using X-ray diffraction (Bruker D8 Advanced Diffractometer, us-
ing Ni filtered Cu-K« radiation, operating at 40 kV and 40 mA and employing a Bruker Lynx
Eye fast detector; Bruker-AXS, Billerica, MA, USA). The XRD results were evaluated using
the DIFFRACplus EVA software (Bruker-AXS, Billerica, MA, USA) and the ICDD Powder
Diffraction File (2006 version) at the Department of Geology, University of Patras. Selected
dehydrated samples in an alcohol series (30-100%), critical point dried, gold-coated, and
were studied under SEM (Jeol JSM 5600; JEOL USA, Inc., Peabody, MA, USA) at the Fac-
ulty of Geology and Geoenvironment, National and Kapodistrian University of Athens.
SEM-EDS analyses were carried out using a Jeol JSM-IT500 SEM instrument (JEOL USA,
Inc., Peabody, MA, USA) equipped with an Oxford 100 Ultramax analytical device (Oxford
Instruments, Abingdon, UK) at the Hellenic Survey of Geology & Mineral Exploration.

The ArcGIS software was used to modify the geological map presented by
Kanellopoulos et al. [25].

4. Results
4.1. Sampling Sites Description

In Aedipsos, several hot springs occur; very few of them are located inside small caves.
The study site is a small open cave with a hot spring at the base (Figure 2). As it was verified
from the thermal photos, hot-water circulation occurs at the cave walls (including the roof).
The hot spring temperature, just below the stalactites, was 49.2 °C, the pH was 6.05, and
the salinity was 20%o.. Samples of the stalactites were collected above the hot spring.
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Figure 2. (A) Overview of the study site. (B-E) Paired views of normal images (B,D) and correspond-
ing thermal images (C,E). A column shows the temperature scale (°C) on the right side of the thermal
pictures. (B,C) Photo of the stalactites where the samples were collected. (D,E) Overview of the hot
spring at the bottom of the cave and some stalactites at the top.

4.2. Mineralogy and Facies

According to XRD analyses and optical microscopy, the main mineral phase of sta-
lactites is calcite (Figure 3). Based on SEM-EDS microanalyses, the calcite contains up to
0.48 wt.% NaO, up to 0.73 wt.% MgO, up to 4.19 wt.% SO3, up to 0.16 wt.% SrO and up to
2.21 wt.% Yb,O3 (Table 1).
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Figure 3. Evaluated XRD pattern.

Table 1. Representative microanalyses of calcite.

No. I II 111 v A% VI VII VII IX X
Na,O 0.34 0.32 0.31 0.24 - 0.19 0.22 0.28 0.34 0.48
MgO 0.59 0.59 0.71 0.31 0.5 0.71 0.51 0.6 0.61 0.53
SO3 3.54 2.79 2.33 3.13 0.73 1.95 2.61 2.3 419 2.71
CaO 51.5 52.41 53.66 52.38 53.54 52.59 52.77 53.11 52.72 51.92
SrO - - - 0.16 - - 0.16 - - -
Yb,03 1.79 2.04 2.08 1.87 2.21 1.92 2.05 1.97 2 1.9
Total 57.76 58.16 59.09 58.09 56.98 57.36 58.31 58.27 59.86 57.54

The studied samples display mainly lamination (Figures 4A and 5A) and shrub
(Figure 5B) facies. The laminas could be from a few micrometers to a few millimeters
thick. The laminas usually consist of micritic crystals and alternate with the next laminae,
which is similar in mineralogical composition but differs in crystal size and density. Some
laminas consist of shrubs (Figure 5B) with thicknesses up to ca. 1 mm. These are stubby,
dense crystalline masses of calcite crystals that expand upward by irregular branching.

In a few cases, diatoms are trapped in thin laminas consisting of non-dense mi-
critic crystals (Figure 5C,D). Moreover, in several cases, zones parallel to the lamination
(Figure 2C) or nest areas were identified where traces of endolithic Cyanobacteria were
present, i.e., holes and grooves, occur.

4.3. Cyanobacteria Microflora

In Figure 6, the Cyanobacteria orders are presented based on the latest classification
system [41]. As it can be seen, Synechococcales and Oscillatoriales dominate with 28% and
27%, respectively. The orders Chroococcales and Nostocales follow with 21%, and finally,
Spirulinales are also present with only 3%.

By studying the fresh and cultured material, a total of twenty-nine (29) different
Cyanobacteria species, plus diatoms, were identified (Table 2; Figure 7). Among them, typi-
cal thermophilic species were found, such as Spirulina subtilissima (Figure 7L). Chroococcus
lithophilus, Leptolyngbya perforans, and Leptolyngbya ercegovicii (Figure 7F) are also present,
which are typical limestone substrate Cyanobacteria species.
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Figure 4. Back-scattered electron images (BSEI) of (A) laminated stalactite from Aedipsos; (B-D) are
false color BSEI results of the mapping, displaying the distribution of (B) Ca (green), (C) S (red), and
(D) Yb (yellow).

Table 2. Identified Cyanobacteria species.

Anabaena cf. iyengarii Bharadwaja 1935

Brasilonema cf. angustatum M.A.Vaccarino & J.R.Johansen 2012

Chroococcus cf. mediocris N.L.Gardner 1927

Chroococcus lithophilus Ercegovic 1925

Chroococcus occidentalis (N.L.Gardner) Komarek & Komarkova-Legnerova 2007
Chroococcus subnudus (Hansgirg) G.Cronberg & J.Komarek 1994

Cyanocohniella calida ] Kastovsky, E.Berrendero, ].Hladil & J.R.Johansen 2014
Gloeocapsa gelatinosa Kiitzing 1843

Jaaginema thermale Anagnostidis 2001

Kamptonema formosum (Bory ex Gomont) Strunecky, Komaérek & J.Smarda 2014
Leptolyngbya ercegovicii (Cado) Anagnostidis & Komarek 1988

Leptolyngbya foveolara (Gomont) Anagnostidis & Komarek 1988

Leptolyngbya perforans (Geitler) Anagnostidis & Komarek 1988

Leptolyngbya sp.C

Nostoc punctiforme Hariot 1891

Nostoc sp.B

Nostoc sp.C

Nostocaceae

Oscillatoria crassa (C.B.Rao) Anagnostidis 2001

Oscillatoria sp.B

Oscillatoria subbrevis Schmidle 1901

Oxynema acuminatum (Gomont) Chatchawan, Komarek, Strunecky, Smarda & Peerapornpisal 2012
Phormidium acidophilum J.J.Copeland 1936

Phormidium cf. abronema Skuja, 1901

Phormidium molischii (Vouk) Anagnostidis & Komarek 1988

Pseudanabaena galeata Bocher 1949

Schizothrix cf. lardacea Gomont 1892

Schizothrix sp.A

Diatoms
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Figure 5. Back-scattered electron images (BSEI) presenting (A) laminated facies of stalactite, (B) lam-
inae with shrubs that expand upward by irregular branching, (C) laminae consisting of micritic
crystals of calcite and into it diatoms are trapped, (D) false color BSEI, derived from the correspond-
ing black and white BSEI (see (C)), displaying the distribution of Ca (purple), S (yellow) and Si
(orange) where the diatoms are distinct, (E,F) holes and grooves in calcite crystals, suggesting the
presence of endolithic Cyanobacteria.

Oscillatoriales
27% Synechococcales

28%

Spiri:
plru""ales 3%
3

Nostocales
21% Chroococcales
21%

Figure 6. Pie diagrams presenting the percentage of each Cyanobacteria order.
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Figure 7. Cyanobacterial microflora under an optical microscope. (A) 9- Brasilonema cf. angustatum
(Scale bar: 50 pm), (B) Chroococcus cf. mediocris (Scale bar: 50 um), (C) Chroococcus subnudus (Scale
bar: 20 um), (D) Jaaginema thermale (Scale bar: 20 um), (E) Kamptonema formosum (Scale bar: 20 pm),
(F) Leptolyngbya ercegovicii (Scale bar: 10 um), (G) Nostoc punctiforme (Scale bar: 20 um), (H) Oscillatoria
crassa (Scale bar: 10 um), (I) Oscillatoria subbrevis (Scale bar: 40 um), (J) Oxynema acuminatum (Scale
bar: 50 um), (K) Phormidium cf. abronema (Scale bar: 20 um), (L) Spirulina subtilissima (Scale bar: 10 pum).

5. Discussion
5.1. Mineralogical Characterization and Facies

The main mineral phase of the studied samples is calcite (Figure 3), which is the most
stable and common CaCOj3 polymorph found in speleothems [42]. Calcite is also the most
typical main mineral phase in thermogenic travertines. However, the hot spring travertine
deposits of Aedipsos have as main mineral phases either calcite, calcite, and aragonite
or only aragonite [27,29,30]. In the case of speleothems, it was suggested that aragonite
precipitates when the water has Mg/Ca ratios >1 (usually in dolomitic settings [42,43]).
However, the Mg/Ca ratio in the study site is less than one [25]; additionally, based on the
geological setting of the area, no dolomite occurrences have been testified nearby.

Based on SEM-EDS observations and microanalyses, the calcite, except for CaCOy3,
contains several trace elements, i.e.,, Na, Mg, S, Sr, and Yb (Table 1). The incorporation
of Mg?* and Sr?* into calcite has been well documented (e.g., [44]). However, it is worth
mentioning that high-Mg calcites are usually observed in marine organisms [45]. The
Aedipsos hot springs have high Na-Cl content and are characterized as seawater-dominated
areas [25]. The incorporation of rare earths elements (REE), including Yb%* in calcite, takes
place by adsorption onto calcite surfaces [46]. In the studied samples, the Yb presented
equal distribution (Figure 4D) and reached 2.21 wt.% Yb,O3. Although the presence of
Yb-calcite in speleothems is not common, its presence in the studied samples could be
explained because they are not typical speleothems but hot-spring related, and the Yb
could be attributed to the hydrothermal fluid. The presence of sulfate-containing calcite
has been recently proved. A characteristic example comes from LaDuke Yellowstone hot
spring, USA [47]. Okumura et al. [47], based on XPS, XRD, and TEM analysis, verified
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that sulfur was the principal foreign element in synthetic and natural (from LaDuke hot
spring, USA) calcite crystals, with a mean atomic ratio of S/Ca around 5%; the chemical
form of sulfur was proven to be sulfate (SO, *). Sulfate is usually incorporated at the
carbonate site of the calcite structure (structurally substitute [48,49]). In the studied samples
of Aedipsos, the distribution of the S presented equal distribution (Figure 4C) and reached
up to 4.19 wt.% SOs.

The studied samples were found to display mainly lamination (Figures 4A and 5A)
and shrub (Figure 5B) facies. These two facies are the most common among the thermogenic
travertine deposition of Aedipsos [30,33,34]. Moreover, lamination is the most characteristic
facies among the speleothems [42].

In a few cases, diatoms are trapped in thin laminas, consisting of not-dense micritic
crystals (Figure 5C,D). Similar structures were described in previous studies in the ther-
mogenetic travertine of Aedipsos, and they were attributed to EPS dense net resulting in
the retention of calcium carbonate crystals and diatoms [33,34]. Moreover, in several cases,
zones parallel to the lamination (Figure 2C) or nest areas were identified, where traces of
endolithic Cyanobacteria presence, i.e., holes and grooves, occur.

5.2. Cyanobacteria Diversity

The dominant orders of Cyanobacteria are Synechococcales and Oscillatoriales, while
Chroococcales, Nostocales, and Spirulinales follow. Kanellopoulos et al. [32] studied the
diversity of cyanobacterial microflora of NW Euboea Island hot spring depositions. Based
on their results, the summarized cyanobacterial microflora of Aedipsos hot springs is
dominated by the orders Oscillatoriales (35.7%) and Synechococcales (31.4%), followed by
Chroococcales (15.9%), Spirulinales (10.1%), and Nostocales (6.6%), with Chroococcidiopsi-
dales (0.3%) barely present. Thus, in speleothems, the dominant orders are the same as in
most of the hot springs of Aedipsos, i.e., Synechococcales and Oscillatoriales. In addition,
the Nostocales and Chroococcales are more abound in the speleothems. The Spirulinales
are significantly decreased, and Chroococcidiopsidales are totally absent.

It is very interesting that in the same study [33], the cyanobacterial microflora of the
hot spring of the cave and the drainage channel depositions were also studied. In the
case of the cave hot spring (T = 49.2 °C, Sal = 20%., pH = 6.05, only limited access to
sunlight), only two orders were identified, i.e., Oscillatoriales (71%) and Synechococcales
(29%). While in the samples from the drainage channel, where there is full access to sunlight
(T =43.1-37.2 °C, Sal = 27-24%., pH = 6.5-6.27), the Oscillatoriales (50-29%) is dominant,
followed by Chroococcales (25-12%), Synechococcales (21-19%), Spirulinales (19-11%),
Nostocales (11%-not identified), and Chroococcidiopsidales (3%-not identified). Thus, the
speleothems present several similarities, but at the same time, also distinct differences
concerning the cyanobacterial microflora of the cave hot spring and the drainage channel.

Based on fresh and cultured material, a total number of twenty-nine (29) different
Cyanobacteria species, plus diatoms, were identified. By comparing these results with
recent extensive studies on the Cyanobacteria diversity of Aedipsos hot spring depositions
and the pioneer species [33,34], ca. 32% of the identified Cyanobacteria species presented
here, do not appear in the Aedipsos travertine deposits (i.e., Anabaena cf. iyengarii, Chroococ-
cus lithophilus, Chroococcus subnudus, Jaaginema thermale, Oscillatoria subbrevis, Phormidium
molischii, Pseudanabaena galeata, Schizothrix cf. lardacea and Schizothrix sp.A) indicating the
peculiarity of the specific environment.

5.3. Biomineralization Processes

Cyanobacteria biomineralization processes were identified in the outer layer of the
samples (Figure 8). The presence of endolithic cyanobacteria is detrimental for the calcite
crystals, i.e., they bore holes and dig channels in the crystals (Figure 8C-E). These structures
could be a result of secretion of acidic substances or EPS.
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Figure 8. Biomineralizing processes by Cyanobacteria under SEM. (A) Vertical cut section surface of
stalactite. (B) Detailed view of the outer periphery of stalactite, presenting fluvial crust with char-
acteristic zoning and filaments of the endolithic Leptolyngbya perforans and L. ercegoviccii destroying
the stalactite; whereas the upper zone is covered by granular epilithic species such as Chroococcus
lithophilus. (C,D) Calcite crystals with distinct holes and dig channels are occupied by filamentous
Cyanobacteria. (E) Filamentous Cyanobacteria of the endolithic Leptolyngbya perforans are coming out
of calcite crystal (blue arrow) and calcified sheaths of Cyanobacteria filaments (red arrow). (F) Cal-
cified sheaths of Cyanobacteria filaments by micritic calcium carbonate crystals. (G) Retention of
calcium carbonate crystals by filamentous Cyanobacteria. (H) EPS along with filaments.

In some cases, calcified cyanobacterial sheaths were observed in micritic crystals
(Figure 8F). The occurrence of sheath structure could be related to oxygenic photosyn-
thesis, i.e., increase in the pH in the cell vicinity leading to carbonate oversaturation and
precipitation [50,51], or could be related to the presence of nucleating molecules [52].

In some cases, filamentous Cyanobacteria, along with EPS, create a dense net resulting
in the retention of calcium carbonate crystals (Figure 8G,H).

The above-mentioned biomineralization processes are similar to other biomineraliza-
tion processes identified and are described recently in the thermogenic travertine deposits
of Aedipsos [33,34]. Although, the intensity of the destructive biomineralization processes
of the endolithic cyanobacteria are characteristic for the speleothems.

6. Conclusions

Speleothems are secondary mineral deposits formed under extreme conditions. In
the present study, samples were collected from a cave environment where a hot spring is
spouting in the Aedipsos area (NW Euboea Island, Greece).

The main mineral phase of the samples is calcite, with several trace elements, i.e., up
to 0.48 wt.% NaO, up to 0.73 wt.% MgO, up to 4.19 wt.% SO3, up to 0.16 wt.% SrO and up
to 2.21 wt.% Yb,Oj3. The main faces of the studied stalactites are lamination and shrubs,
representing the most common among the faces of the thermogenic travertines of the area.

In the outer stalactite layers, thirty (30) different Cyanobacteria species were identified
belonging to the orders Synechococcales (28%), Oscillatoriales (27%), Chroococcales (21%)
and Nostocales (21%), and also, Spirulinales (3%). Among the identified taxa, thermophilic
species (Spirulina subtilissima) and limestone substrate species (Chroococcus lithophilus, Lep-
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tolyngbya perforans and Leptolyngbya ercegovicii) occurred. The ca. 32% of the identified
Cyanobacteria species presented here were not found in the Aedipsos travertine deposits.

Based mainly on SEM observations, biomineralization processes were observed in
the outer layer of the sample. Similar biomineralization processes were also documented
recently in the thermogenic travertine deposits of Aedipsos. The most characteristic biomin-
eralization process of the speleothems is the high-intensity distraction of calcite crystals by
endolithic Cyanobacteria. Additionally, in rare cases, calcified cyanobacterial sheaths were
found, as well as the presence of filamentous Cyanobacteria and EPS, which create a dense
net resulting in the retention of calcium carbonate crystals.

This study highlighted the importance of the geomicrobiological study of speleothems,
especially in the extreme environments of hot springs. These sites can be considered as
natural labs of unique conditions. Further research ought to be conducted in the area,
including additional study sites and DNA metagenomic analysis, in order to fully outline
biodiversity in these extreme environments, and the related biomineralization processes.
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Abstract: Field investigation, biostratigraphic, paleoecological, and sedimentary microfacies analyses,
as well as diagenetic processes characterization, were carried out in the Epirus region (Western Ionian
Basin) to define the depositional environments and further decipher the diagenetic history of the
Late Cretaceous—Early Paleocene carbonate succession in western continental Greece. Planktonic
foraminiferal biostratigraphy of the studied carbonates revealed that the investigated part of the
Gardiki section covers the Cretaceous-Paleogene (K-Pg) transition, partly reflecting the Senonian
limestone and calciturbidites formations of the Ionian zone stratigraphy. Litho-and bio-facies analyses
allowed for the recognition of three distinct depositional facies: (a) the latest Maastrichtian pelagic
biomicrite mudstone with in situ planktonic foraminifera, radiolarians, and filaments, (b) a pelagic
biomicrite packstone with abundant planktonic foraminifera at the K-Pg boundary, and (c) an early
Paleocene pelagic biomicrite wackestone with veins, micritized radiolarians, and mixed planktonic
fauna in terms of in situ and reworked (aberrant or broken) planktonic foraminifera. The documented
sedimentary facies characterize a relatively low to medium energy deep environment, representing
the transition from the deep basin to the deep shelf and the toe of the slope crossing the K-Pg bound-
ary. Micropaleontological and paleoecological analyses of the samples demonstrate that primary
productivity collapse is a key proximate cause of this extinction event. Additional petrographic
analyses showed that the petrophysical behavior and reservoir characteristics of the study deposits
are controlled by the depositional environment (marine, meteoric, and burial diagenetic) and fur-
ther influenced by diagenetic processes such as micritization, compaction, cementation, dissolution,
and fracturing.

Keywords: microfacies analysis; Senonian limestone formation; siliceous nodules; diagenetic processes;
slope-to-basin pelagic carbonates; Ionian calciturbidites; hydrocarbon reservoirs; K-T foraminiferal

extinction; stratigraphic correlations; paleoenvironmental reconstruction

1. Introduction

Carbonate systems are a major component of the Earth system since they host more
than 25% of the marine life [1], play an essential role in the global carbon cycle, and thus
the regulation of atmospheric CO, concentration [2], and further represent major reservoir
rocks for water and hydrocarbon resources [3-5]. Furthermore, marine biogenic carbonates
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are among the most important archives of the climate [6,7], since their biotic constituents
reflect changes in ocean chemistry and associated hydroclimate parameters (e.g., sea surface
temperature and salinity; [8-10]). In particular, deeply buried carbonate successions in
foreland basinal settings overlain by thick siliciclastic sediments are prospective targets
for hydrocarbon and geothermal exploration [11]. Therefore, prediction and investiga-
tion of carbonate distributions through space and time represents a challenging scientific
issue [6,12], which is critical for carbonate reservoir studies and the understanding of past
and future climate changes at both a regional and global scales.

During the Late Cretaceous—Early Paleocene, the Mediterranean Tethys (Neo-Tethys)
Ocean was characterized by the dominance of carbonate sedimentation, as witnessed by a
spread of pelagic marine carbonates in the deeper parts of the basin (including the slope
deposits in the platform margins) and shallow limestones and dolomites in the platform
belts [13-16]. These carbonate sediments show different biotic associations, sedimentary
facies, and stratigraphic architectures depending on the variable environmental conditions
across the entire basin. During that time, within the tectonostratigraphic regime of western
Greece, the carbonate deposits of the Ionian basin provide an excellent example of the
evolution of depositional sequences ranging from deep basin to rimmed carbonate shelf
settings. Moreover, the role of biogenic silica in the formation of Late Cretaceous—Early
Paleocene pelagic carbonates is critical [17] and gives a great economic and strategic
importance to these deposits [18-20]. They have been considered the main reservoir
successions and exploration targets for oil and gas in western Greece [19-24]. Due to
their increasing importance as reservoir rocks, the investigation of carbonate-derived thin
sections gave substantial impetus to facies analysis development, making parallel progress
in related topics such as sequence stratigraphy and sedimentology. However, the Late
Cretaceous to early Eocene evolution of this setting, including the nature and distribution
of these deposits, along with their depositional mechanism and diagenetic processes, are
still poorly constrained.

In the present study, we investigate the depositional and diagenetic processes as
well as the microfacies types of the Late Cretaceous—Early Paleocene carbonates of the
Gardiki section, which is in the Epirus region (western Ionian basin, Ioannina, Greece).
This study defines, for the first time, the Cretaceous—Paleogene (K-Pg) boundary deposi-
tional evolution in this area, based mainly on litho-stratigraphic, reservoir petrophysical,
and diagenetic characteristics in the external Ionian domain, considered as a significant
hydrocarbon prolific basin in Western Greece [20-22,25]. This was accomplished by exten-
sive sedimentological and microfacies analyses of the carbonate succession, considering
the synthetic paleoenvironmental reconstruction of the area. Finally, this work has fur-
ther implications for regional geology and a better understanding of the Ionian basin in
Western Greece.

2. Study Area
2.1. Regional Geological Setting

Western Greece is dominated by the external zones of the Hellinides fold-and-thrust
belt, divided into three tectonostratigraphic zones, namely the pre-Apulian, Ionian, and
Gavrovo-Tripolis zones. At a regional scale, this Alpine belt records the initiation, devel-
opment, and final destruction of the southeastern margin of the Tethys Ocean and the
consequent continent-continent collision between the Apulian and the Pelagonian micro-
continents to the east [26,27]. On a local scale, the various sub-basins of the Hellenic Tethys
margin have been inverted to produce the main Hellenic thrust sheet folded zones [28-30].
The Ionian zone, bounded westwards by the Ionian thrust and eastwards by the Gavrovo
thrust, extends from Albania to the north, forms most of the Epirus region and parts of the
Ionian islands, and continues southwards to Central Greece, Crete, and the Dodecanese
(Figure 1). According to Aubouin [31] and Igrs-Ifp [32], the Ionian basin was subdivided
into the Internal, Middle, and External sub-basins.
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Figure 1. Geological map of the external Hellinides in Western Greece, illustrating the principal
tectonostratigraphic zones: Pre-Apulian, Ionian, Gavrovo-Tripolis, and Pindos. The white square
shows the location of the study section in external Ionian domain. Legend interpretations are
presented in the inset.

2.2. Tectonostratigraphic Evolution of the Ionian Basin

The tectonostratigraphic evolution of the Ionian basin is reflected by the deposition of
three distinct stratigraphic sequences indicative of different tectonic regimes. According to
Karakitsios [22], these sequences are: the pre-rift, syn-rift, and post-rift (Figure 2).

The oldest formation known in the pre-rift sequence is represented by the Lower to
Middle Triassic evaporites, with a thickness greater than 2000 m, composed of anhydrites,
gypsum, and halite, usually with interbeds of limestone and dolomite. The sequence is
completed by the Late Ladinian-Rhaetian Foustapidima limestone [33] and by the overlying
shallow water limestone of the Pantokrator formation of the Lower Jurassic (Hettangian to
Sinemurian) age [34,35].
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Figure 2. Synthetic lithostratigraphic column of the Ionian zone modified after [32], along with the
correspondence of study section stratigraphy, as depicted in the enlarged view at the right, in which
the position of the different litho-phases characteristic of the Cretaceous-Paleogene transition (corre-
sponding to Figure 4a—c) is also highlighted. The colors in the lithostratigraphic column are consistent
with the relevant colors of the International Chronostratigraphic Chart (v2020/01). (1) Shales and
sandstones; (2) limestones with rare cherty intercalations, occasionally microbreccious; (3) pelagic
limestones with clastic platform elements; (4) pelagic limestones with cherts; (5) cherty beds with
shale and marl intercalations; (6) pelagic limestones with cherty nodules and marls; (7) pelagic lime-
stones with bivalves; (8) pelagic, nodular red limestones with ammonites; (9) marly limestones and
laminated marls; (10) conglomerates-breccias and marls with ammonites; (11) pelagic limestones with
rare cherty intercalations; (12) external platform limestones with brachiopods and small ammonites in
upper part; (13) platform limestones; (14) thin-bedded black limestones; (15) evaporites; (16) shales.

The syn-rift sequence begins with the Lower Jurassic (Pliensbachian) pelagic Siniais
limestones and their lateral equivalent Louros limestones [36], overlain by Ammonitico
Rosso and Limestones with filaments, laterally replaced and overlain by Posidonia beds [37].
The boundary between the Pantokrator and Siniais limestones is gradational. These for-
mations correspond to the general deepening of the Ionian domain with the formation
of the Ionian Basin. The structural differentiation separated the initial basin into smaller
paleogeographic units with a half-graben geometry and remarkable different basin depths;
in most cases, these units do not exceed 5 km across [37,38].
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The post-rift sequence begins with the Lower Cretaceous (Berriasian-Turonian) pelagic
Vigla limestones, whose deposition was synchronous throughout the Ionian Basin [35,39] and
the laterally equivalent Vigla shales. The Vigla limestones cover the syn-rift structures [35],
and in some cases, directly overlie the pre-rift units. Consequently, the base of the Vigla
limestones formation represents the break-up unconformity of the post-rift sequence in
the Ionian Basin. The Senonian limestones overlie the Vigla Formation and comprise two
facies: (a) limestones with Globotruncanidae, and (b) microbrecciated intervals with lime-
stones and rudist fragments within a calcareous cement containing pelagic fauna [20,21,23].
During the Paleocene-Eocene, the erosion of the Cretaceous carbonates from the adjacent
Gavrovo (to the East) and Apulian platforms (to the West) provided the Ionian Basin with
microbreccia or brecciated materials, known as Microbreccious limestones [19,20].

The Late Mesozoic to Eocene carbonate succession passes upwards to the flysch
synorogenic sedimentation (siliciclastic turbidites), which began at the Eocene-Oligocene
boundary and revealed progressively diminishing thicknesses from the internal to the
external areas [34,35]. Until the Early Miocene, the basin was filled with submarine fan
deposits in response to the movement of Pindos thrust, the compressional structures, and
the deformation of the external Hellenides. As a result, it migrated westwards, uplifted the
entire Hellenides orogenic belt, and developed a foreland basin at the edge of the Apulian
microcontinent.

2.3. Senonian and Microbreccious Limestone Formations

In the present study, we exclusively focus on the K-Pg pelagic deposits of the Ionian
basin consisted partly of the Senonian and microbreccious limestones (red box in Figure 2).
These formations comprise of pelagic limestones with variable clastic platform elements
(e.g., fragments of rudists and fine-grained microbrecciated intervals) and corresponds to a
period of basinal sedimentation with significant variations of its lithological characteristics
and sedimentary facies from the external (western) to the internal (eastern) parts of the
Ionian basin [19,20] during the Late Cretaceous—Early Paleocene. According to Skourtsis-
Coroneou et al. [40], their heterogeneity could be attributed to the presence of clastic
limestones (e.g., floatstones-rudstones with a micritic matrix, biomicritic intercalations
and rare cherty nodules) in the most external Ionian sub-basins, bioclastic wackestone to
packstone intercalated with biomicrites in the middle sub-basins, and massive microbreccia
containing rudists and coral fragments in the internal ones. Notably, the facies distribution
of the Senonian reflects the separation of the Ionian Basin into a central area (the middle
and outer parts of the Ionian Zone), characterized by deeper water sedimentation and
two surrounding talus slopes issued from the western Gavrovo and Apulian platforms
which provided the clastic carbonate material that was transported by turbidity currents
into the Ionian basin [37]. Stratigraphically, although in some places these calciturbidites can
be intercalated with the uppermost horizons of the underlying Vigla Limestone formation,
in general they comfortably overlay the lower Cretaceous Vigla limestones and shales.

3. Materials and Methods

A total of 90 samples were collected from the Gardiki section (lat: 39°20'22.09” N,
long: 20°33'5.63" E) in Epirus (western Greece), corresponding to the passage from the
Late Cretaceous to the Paleocene. The fieldwork was conducted in October 2019, including
field logging, measuring, and sampling, as well as additional observations made on the
lithostratigraphic properties of the carbonates (i.e., color, lithological and textural variations,
bed thickness, syn- and post-depositional features). The sampling resolution was variable
along the section depending on the outcrop conditions, thickness, and lateral extent of each
carbonate unit. For samples B1 up to B39, the sampling resolution was 2.5 m, while for the
rest of the samples (B40-B90) it was 0.2 m.

All selected samples were analyzed for microfacies (lithofacies and biofacies) and dia-
genetic characteristics to determine their precise age, paleoenvironmental depositional con-
ditions, and diagenetic history. Thin sections were prepared both in the Historical Geology-
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Paleontology Laboratory (National and Kapodistrian University of Athens; NKUA) and at
the Hellenic Survey of Geology and Mineral Exploration (H.S.G.M.E.), biostratigraphically
and sedimentologically studied under a polarized LEICA DM LP microscope, and photos
were performed with OLYMPUS UC30 Microscope Digital Camera. All thin sections (90 in
total) were examined to determining different types of diagenetic processes performed on
these deposits, and finally to evaluate the diagenetic history of the study formations.

The microfacies’ definition and textural characters analysis of the carbonate rocks
were defined according to Dunham [41] classification scheme, which were later modified
by Embry and Klovan [42] and Fliigel [43], based on the Standard Microfacies Types (SMF)
in the Facies Zone (FZ) of the rimmed carbonate platform model. Depositional paleoen-
vironments were reconstructed based on the observed sedimentological characteristics
during fieldwork and interpreted sedimentary facies analysis, and through comparison
with additional outcropped data known from the existing literature on time equivalent
deposits of the Ionian basin [18-20,44,45], as well as other environmental studies [46-54].

4. Results
4.1. Description of the Section and Field Observations

Figure 3 illustrates the location of the study part of Gardiki section, regarding the K-Pg
carbonates in Epirus area.
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Figure 3. (a) General view of the study area based on the existing geological map. The red box
indicates the study section. (b) Referenced map with the study lithostratigraphic units of the Ionian
zone, as depicted in Figure 1. Geological data modified after [55].
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The study part of Gardiki section consists of Late Cretaceous—Early Paleocene pelagic
deposits, such as pelagic limestones and radiolarian chert horizons. The Senonian limestone
formation in this area is mainly characterized by light-grey-to-yellowish limestones with
abundant planktonic foraminifera, and more rare radiolarians. At the base of the section,
thin-to-medium-bedded carbonate deposits are evident in rhythmic alternations with
centimeter- to decimeter-thick cherts (Figure 4a). In the middle part of the section, the
limestones become even thinner (Figure 4b), with the decrease in their thickness to be
more evident when approaching the K-Pg boundary. Moreover, onwards up to the top
of the section, the siliceous intervals occur very rarely as scarce thin chert intercalations
(up to 5 cm thickness) and/or lenses within the dominant pelagic limestone unit. At the
upper part of the section, a more uniform massive bioclastic limestone succession appears
(Figure 4c). The lithology of this part of the section is described as solid, thick-bedded
limestones that can be easily separated from the underlain medium-to-thin-bedded ones.

In the uppermost part of the section, reddish-to-brownish chert horizons, both nodular
and bedded siliceous concretions, were observed. The siliceous nodules differ in size (up
to 35 cm in diameter) and color (red to black), and appear in a variety of shapes, mostly
sub-spherical, elongated-to-flattened, or mushroom ones (Figure 5a—c).

It is remarkable that all observed siliceous nodules are characterized by two or three
distinct colors from the rim to the core, such as black to the periphery, rusty red brown to
light red in the main body, and a thin blackish layer at the interior. This development in
levels is probably due to differential mineralogic (quartz, moganite, chalcedony) and/or
biogenic source (diatoms, radiolarian, or siliceous sponges) composition. The acute red
color should be indicative of the advancement of certification, while the thin black layer
at the interior and exterior is possibly related to diagenetic processes. Under such circum-
stances, the calcium carbonate can be replaced by waters rich in silica flowing through
the rock and form diagenetic siliceous beds. Cherts formed in this way usually occurs
as nodules within the carbonate succession, like the dark-colored nodules (Figure 5a), or
thin siliceous beds as ribbon cherts (Figure 5b), mushroom-shaped masses (Figure 5c),
lenses, or even the irregular in structure and size siliceous layers reported here. During
field investigation, bedding parallel stylolites were also observed, which possess dissolu-
tion induced open longitudinal vugs and cavity-filling carbonate cement. Such features
probably created during the nodules development and potentially act as a conduit for fluid
(even for hydrocarbons) migration along their amplitude. Their presence should further
reflect prolific source rocks through the reservoir properties (i.e., secondary porosity and
permeability increase) increase of the hosted deposits through the fracturing.

4.2. Biostratigraphy and Paleoecology

The biostratigraphic analysis based on planktonic foraminifera showed that the study
part of Gardiki section covers the boundary between the Late Cretaceous (Maastrichtian)
and Early Paleocene (Danian) time span, exhibiting a well-preserved transition across the
boundary. The age determination is in accordance with the geological map concerning the
Ionian rock exposures in the Epirus area [55].

As described in detail in Table 1, the base of the section has a latest Maastrichtian age
revealed by the presence of Globotruncaniids and Heterohelicids in samples B1-B10. The
middle part of the section (samples B11-B32) corresponds to the K-Pg boundary based
on the coexistence of Globotruncana stuarti de Lapparent [56], Globotruncana aegyptiaca
Nakkady [57], and Globigerinidae (Figure 7). Upwards up to the top (samples B33-B90),
Globigeriniids are consistency present in higher abundance, while some Globotruncaniids
co-exist. However, the latter has a sporadic and highly variable presence and reveals a
strong proliferation of altered tests (i.e., broken, dissolved) or aberrant forms, which are
generally smaller in size within the Danian samples (samples B33-B90). In accordance
with previous studies related to Danian reworking [58,59], such stratigraphic and size
distribution peculiarities after the K-Pg boundary evidence that the Maastrichtian spec-
imens are probably reworked. We note that additional stable isotopes on these species
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and subsequent comparison of the isotopic values obtained below and above the K-Pg
boundary will ensure if these species are in fact reworked or real Cretaceous survivors.
However, such geochemical analyses could be considered as motivational for future work.

Figure 4. Outcrop images showing the different parts of Gardiki section corresponding to the
Cretaceous—Paleogene transition. (a) Alterations of thin-to-medium-bedded limestones and cherts of
Late Maastrichtian age, (b) Thin-bedded pelagic limestones corresponding to the K-Pg boundary,
(c) Massive bioclastic limestone succession of early Paleocene age.
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Figure 5. Reddish to brownish chert horizons. Siliceous nodules appear in a variety of shapes, mostly
(a) sub-spherical, (b) elongated-to-flattened, or (c) mushroom types.

Table 1. Detailed description of the analyzed samples (thin sections), where depositional facies,
lithology, formation, age, and depositional environments are presented.

. Figures Depositional
. . Facies : i L Energy Chrono-
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4.3. Sedimentary Microfacies Analysis

Within the Senonian limestone formation, we observed three distinct microfacies:
(a) a pelagic biomicrite mudstone to wackestone with sparce planktonic foraminifera,
radiolarians and filaments, which correspond to thin-to-medium-bedded deposits, (b) a
pelagic biomicrite wackestone—packstone with abundant in situ planktonic foraminifera
(both carenate and non-carenate forms), representing the thin-bedded bioclastic limestones
of the K-Pg boundary, and (c) a pelagic biomicrite wackestone with both in situ and altered
planktonic foraminifera and calcite veins of the massive carbonate unit (Figure 6).

4.4. Diagenetic Pathways and Processes

Diagenesis begins at the sediment-water interface, even if most of the changes oc-
cur after burial. Several distinct diagenetic characteristics were recognized in the K-Pg
deposits based on sedimentological analysis. A specific diagenetic alteration condition was
indicated by the diagenetic characteristics, which have a long-term effect on sedimentary
rock. Micritization, compaction, cementation, dissolution, and fractures are all prevalent
diagenetic processes. Micritization, cementation, compaction (physical and chemical), dis-
solution, and dolomitization are among the shallow diagenetic processes (Figure 8) [60-62].
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According to the evolution of the environment, these processes display a distinct set of
modification conditions. The next section explains the many diagenetic processes that
affected the studied carbonates.

Figure 6. Thin section photomicrograph depicts the co-existence of Globotruncana stuarti de
Lapparent [56], Globotruncana aegyptiaca Nakkady [57], and Globigerinidae determining the K-
Pg boundary.

4.4.1. Micritization

The micrite envelopes provide evidence of simultaneous alteration and deposition [63—66].
In general, the micritized skeletal components survive disintegration and act as a surface for
late precipitation (Figure 8a). Micrite envelopes are present in all portions of the investigated
carbonate samples. The presence of bioclasts in the examined samples indicates a high level
of microbial micritization (Figure 8a,b,d). Figure 7a,d show that a micrite envelope covers
the grains in the early stages of micritization, whereas other grains have an uneven internal
structure and calcite cement filling (Figure 8a). Allochems may be protected from further
deterioration by micritization, which has no direct impact on reservoir quality.

4.4.2. Cementation

According to sedimentological features, multiple generations of calcite cement were
observed with a modest input of dolomite. The predominant cement type seen was equant
calcite spar, which filled interstitial pore spaces, skeletal chambers, and certain pore types
(Figure 8b,e,f). In the observation of the epitaxial overgrowth cement (Figure 8e), it is crucial
to remark that in certain samples, the overgrowth reaches a length of up to 100 microns.
Calcites ranging in size from silty to fine crystalline equants that partly or fully filled
fractures (Figure 8c). Additionally, porous, small to medium crystalline, and euhedral
dolomite cement fill pore spaces and fractures to a significant extent (Figure 8c,d).
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500 ym

Figure 7. Main microfacies types recognized: (a) Pelagic biomicrite mudstone with planktonic
foraminifera, radiolarians, and filaments, (b) Pelagic wackestone-packstone with in situ planktonic
foraminifera, (c) Pelagic biomicrite wackestone with altered planktonic foraminifera and/or radiolarians.

4.4.3. Dissolution

Dissolution has been defined as the leaching of metastable bioclasts due to the pres-
ence of meteoric water by Budd [67], Morse and Arvidson [68], Lambert et al. [69], Tucker
and Wright [70], and Janjuhah et al. [71]. The study rocks are characterized by secondary
pore spaces, such as moldic and vuggy pores, developed by dissolution. High-magnesium
calcite (HMC) replaces aragonite in the process of dissolution because of the minerals’ solu-
bility [72,73]. They also show the most fabric-selective dissolving, with a little proportion
originating from non-fabric dissolution (Figure 8a,b,e,f). Late-stage porosity development is
indicated by the dissolution that is often seen (Figure 8a,b,e,f). Moldy, vuggy, and fractured
porosity are all associated with dissolution (Figure 8a,b,d—f).
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Figure 8. Petrographic analysis showing the different diagenetic processes in carbonate samples
collected from Gardiki section (Epirus, Western Greece), (a) high micritization, vuggy pores, and
syntactical overgrowth cement, (b) micritization, Junctions Equant spars of marine moldic pores,
(c) micritization, late stage of diagenesis-fractured filled with calcite cement, (d) early stage of micrite
envelop, late stage of open fracture, (e) epitaxial overgrowth cement, moldic pores, (f) moldic pores,
grain-grain contact (physical compaction), (g) coarse pale brown neomorphic spar replacement of
aragonite shell, (h) and stylolites filled with organic-rich mud.

4.4.4. Fracturing

Reservoir quality has improved dramatically due to repeated tectonic stress releases
throughout time. Using thin sections, the effectiveness, orientations, and cross-cutting
relationships of carbonate fractures can be examined. Their widths vary from a few
micrometers to a few centimeters, and their orientations shift from vertical to horizontal.
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Vertical to sub-vertical fractures dominate the early set, and each fracture is either partly
or completely calcite-cement-filled (Figure 8c,d). In contrast, horizontal to sub-horizontal
fractures cross-cut the earlier set in the late set. Most of them lack cementation, which
improves the reservoirs’ quality (Figure 8c,d). Fractures occurred in the burial environment
because dissolution seams were generally earlier than the time of formation of the fractures.

4.4.5. Neomorphism

Diagenesis begins immediately upon deposition and continues at all levels until
metamorphism takes over. Burial may also be expressed in terms of temperature, pressure,
and fluid composition, as well as physical and chemical changes, such as neomorphism.
Certain carbonate samples exhibit neomorphism, as seen by the replacement of lime
mudstone with finer crystalline calcite spars and the substitution of low magnesium calcite
(LMC) for aragonite or high magnesium calcite (HMC) in shell fragments, altering the
original texture and structure (Figure 8a,g). Recrystallization of the skeletal particles, either
partially or completely, results in aggradation neomorphism (Figure 8g). This process
is aided by the presence of calcite with a high magnesium content, which most likely
accumulates in the shells of skeletal components until they reach their stable phase under
meteorological circumstances [74]. This investigation demonstrated subaerial diagenesis,
since numerous skeletal grains have micrite envelopes and exhibit evidence of aggradation
neomorphism (Figure 8a).

4.4.6. Compaction

Grain fracture and porosity are reduced because of compaction. Compaction may be
caused by mechanical stress, but the chemical reactions are highly dependent on tempera-
ture, pressure, and water concentration in the pore space [75]. Compaction may decrease
porosity by more than 40% in certain circumstances and is more effective than cementation
in reducing porosity [5,76]. The Gardiki carbonates have been affected by both mechani-
cal and chemical compactions. The sediment overburden caused concave-convex grain
interactions, which resulted in grain form distortion and breakage (Figure 8e,f).

5. Discussion
5.1. Depositional Conditions and Paleoenvironmental Implications during the K-Pg Transition

The described sedimentary facies distribution reflects a relatively deep environment
with some internal differentiations in terms of the environmental deposition and energy
conditions (Figure 9). In the Gardiki section of Epirus area, the Senonian post-rift sequence
of Ionian basin contains the pelagic biomicrite mudstone (SMF 1-3), whose deposition char-
acterizes a low-energy, deep, basinal environment (FZ1). Even though radiolarians were
rarer compared to the planktonic foraminifera in these deposits, the presence of small-sized
filaments within the micritic matrix also denotes a relatively deep, low-energy environment.
The passage from mixed carbonate-silicious (alterations of limestones and cherts) to almost
carbonate material (thin-bedded limestones with sparsely observed siliceous horizons or
nodules) during the latest Maastrichtian is indicative of slightly shallower depositional
environments close enough to the carbonate compensation depth, such as those of the
deep shelf (FZ2). Biomicrite wackestone—packstone with abundant planktonic foraminifera
(Globoruncaniids and Globigeriniids; SMF 2-3) characterizes the deposits across the K-Pg
boundary. The Early Paleocene massive limestones include in situ bioclastic packstone
enriched mostly on planktonic foraminifera (both in situ and reworked) or radiolarians
(SMF 3). The micritized nature of the radiolarians (SMF10), where evident, along with
some broken foraminifera (SMF 4), indicates a medium-energy environment, possibly
due to their transportation to the basin margin. Such carbonate systems can be usually
accumulated in relatively deep parts of the basin, such as the toe of the slope (FZ3-4), and
can be further shed from shelf margins.
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Figure 9. Depositional distribution model for Gardiki section based on microfacies analysis.

Overall, the main depositional facies observed were characterized by pelagic biomi-
crite mudstone with some planktonic foraminifera, radiolarians, and/or filaments at the
base (latest Maastrichtian), packstone with abundant planktonic foraminifera at the mid-
dle, and wackestone up to the top of the succession (early Paleocene), implying that the
depositional environments across the K-Pg transition did not change significantly. Only
a gradual environmental shallowing from the deep basin to the slope can be inferred by
the sedimentary facies’ interpretation. On the contrary, the transition from the lower to the
upper stratigraphically deposits in the study area documents a significant diversification
reflected by quite different faunal assemblages, in terms of both their content and abun-
dance. A gradual decrease of in situ radiolarians and increase of planktonic foraminiferal
abundance was observed through the Late Cretaceous period, while an abrupt extinction of
planktonic foraminifera and the presence of micritized radiolarians were evident at the first
samples examined just above the K-Pg boundary (interpreted as a reduction of primary
productivity). This kind of differentiation in the fauna was further followed by the subse-
quent reworking of Globotruncaniids (Cretaceous species), as evidenced by broken and
aberrant, smaller specimens. Similar abnormal variations in morphology and size of plank-
tonic foraminiferal tests have long been reported globally during the late Maastrichtian
crisis [77-79] or immediately above the K-Pg boundary [80-82], and can be compared
with similar records documented during other extreme geological events (e.g., Cretaceous
ocean anoxic events [83-85]; Paleocene-Eocene Thermal Maximum [86]; Messinian Salinity
Crisis [87-89]; Late Pliocene [90]; Sapropel S1 [91]), and seem to reflect mainly stressful
environmental conditions in response to changes in ecological parameters (i.e., temperature,
salinity, dissolved oxygen, acidification, changeable connectivity; [91-93]) or rapid environ-
mental perturbations (i.e., extreme fluctuations in climate and sea level, intense volcanism,
meteoric pollution) [78,82]. As evidenced globally in all extinction events through the
Earth history, their duration and the corresponding differences in extinction percentages of
foraminiferal taxa inhabiting different levels in the oceanic water column during extinction
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time intervals are associated with specific environmental parameters, which in turn reveal
the causes of these events [94-96]. Particularly for the Cretaceous-Tertiary (K-T) turnover,
the most plausible scenario seems to be the alternating climate (global warming during
the latest Maastrichtian and Deccan-volcanism induced cooling) and subsequent sea level
fluctuations (sea level rise during warming and sea level fall during cooling events), as well
as productivity changes [95-97], during which the planktonic foraminiferal species experi-
enced high stress and, in response, reduced their sizes and/or developed malformations
on their tests [98,99]. However, besides these key environmental perturbations, additional
ecological stress factors could be sufficient to account for the increase of aberrant forms;
in some cases, this could even be characterized as lethal for planktonic foraminifera likely
contributed to the K-T boundary mass extinction. For instance, the increased concentrations
of toxins produced by phytoplankton blooms [100] in surface waters could possibly be
related to the proliferations of abnormal planktonic foraminiferal tests above the K-Pg
boundary [101,102]. Although such geographically heterogeneous spikes of phytoplankton
groups have been reported in the earliest Danian [103], more studies need to established the
above cause—effect relationship. Overall, the observed aberrant forms can be characterized
as likely “victims” of the K-T event, highlighting the gradual or sudden foraminiferal
extinctions and the related evolutionary and/or ecological crises occurred globally during
that time [78,92,104,105].

Particularly for the K-T event, the largest event during the last 100 M.y. [106] is
controversial regarding the character (sudden versus gradual) and severity (proportion
of surviving species). The biotic turnovers of this mass extinction were highly variable
among different fossil groups. Planktic foraminifera were the “losers”, with all tropical and
subtropical species (2/3 of all species) extinct, while a few survivors died out during the
first 200-300 ky of the Danian [78,81]. Additional quantitative calculations on the decline
of diversity of planktonic foraminifera based on the probabilistic stratigraphy technique
showed that only a maximum of 22% of Cretaceous species survived the boundary, and
11% passed into the planktonic foraminiferal zone Pla [107]. On the contrary, although
calcareous nannoplankton similarly suffered strong declines, several species thrived into the
Tertiary, and all other microfossil groups (i.e., dinocysts, benthic foraminifera) reveal minor
biotic effects linked with temporal decreases of their diversity and abundance [59,108-112].
The differential planktonic-benthic extinction rate is further supported by the vertical
marine carbon isotope gradients (A§'3C) between planktic and benthic species [113]. Our
data exhibit that plankton productivity declined significantly at the K/T boundary, which is
consistent with previous studies in a global context, indicating that low productivity levels
were more severe in the low latitudes and lasted for a few hundred thousand years before
the restoration of normal ecosystems [114-116] through the final recovery of the marine
carbon cycle [113,117]. These data may indicate that reduced primary productivity in the
surface waters was a main cause of this event, with subsequent reduction in food supply for
animals at higher trophic levels [118]. Typically, this low productivity state continued for
several hundred thousand years and was associated with widespread stunting of marine
organisms (Lilliput effect) and low-biomass ecosystems [95,98,119,120].

At that time in the broad external Ionian zone, allochthonous carbonates were trans-
ported to the outer shelf by turbidity currents (calciturbidites) formed by the gravitational
collapse of the platform margin [19,20,24]. In the study section, no coarser brecciated hori-
zons were observed within these deposits, as usually happened within the Ionian basin in
other locations of the western Greece [19,24,44]. Their absence from the studied part of the
Gardiki section could be attributed to the foreland basin evolution, as it was less influenced
by their greater distance from the thrusts between the tectonic zones, sediment thickness,
and overall depositional conditions. It is most likely that the submarine shelfs characterized
the nearby Apulian carbonate platform margins in this setting were not so steep and the
instability was not so intense to lead to significant erosion. The smoother slope could pro-
vide evidence of slightly eroded platforms internally to the Ionian Basin, thus supporting
the half-graben Late Cretaceous concept described in detail by Karakitsios [22]. Overall,
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this study provides evidence that the supply of clastic material was significantly reduced
in this setting during that time, also supporting the findings of Bourli et al. [19] about a
differential tectonic activity in the geographic area between Epirus and Kefalonia Island.
On the contrary, the deposition of the overlying microbreccious limestones during the
Paleocene-Eocene shows that intense debris flow formed by the slumping of the platform
margin, possibly due to tectonics, and redeposited the platform edge sediments in the
deeper parts of the basin. Consequently, the study deposits reflect the pelagic carbonates
that pass into the Eocene calciturbidites.

5.2. Diagenetic History—DParagenesis

Following an investigation of sedimentological relations, we can ascertain the sequence
in which diagenetic events took place. The diagenetic history of carbonate rocks in Gardiki
section is complex. The K-Pg reservoir deposits of the Ionian zone are divided into three
types: marine, meteoric, and burial diagenetic environments (Figure 10).

Effect
Samples Diagenetic Processes Marine Meteoric Burial on
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Figure 10. The diagenetic history of K-Pg deposits of Gardiki section based on petrographic ob-
servations. Red boxes indicate a strong effect on porosity, and green boxes indicate a low effect
on porosity.

5.2.1. Marine Diagenetic Environment

The diagenetic environment of the Late Cretaceous—Early Paleocene reservoir sed-
iments of the Ionian basin (Epirus, western Greece) was in deep basin to shelf deposits.
Micritization is quite prevalent during the early stages of diagenesis (Figure 10). Dur-
ing the first stages of micritization, referred to as micritic envelopes, the skeletal grains’
surrounding regions were destroyed (Figure 8a,b,d, and Figure 10). This occurs when
microboring organisms destroy allochems at or near the sediment-water interface. Brett
and Brookfield [121] defined syn-sedimentary micritization as the presence of micritic bio-
erosion fringes extending from the grain’s surface to the grain’s core. A marine low-energy
environment seems to be favorable for grain micritization and the formation of micritic
envelopes around bioclasts in certain samples (Figure 8a,b,d). Additionally, Adams [122]
noted that micritization is the first diagenetic phase that occurs at the sediment-water inter-
face in low-energy shallow marine environments with slow sedimentation rates. According
to Karakitsios et al. [123], seawater served as the primary diagnostic fluid in the Ionian
basin, resulting in positive/extremely high 313C values for calcites in pores. In the deep
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slope setting, the early sediment underwent penecontemporaneous and seepage-reflex
dolomitization, producing microcrystalline dolomites. Physical compaction, calcite cemen-
tation, and dolomitization of the Late Cretaceous reservoir rocks resulted in a considerable
reduction of primary porosity (Figure 8a,b,d,e).

5.2.2. Meteoric Diagenetic Environment

The rifting phase occurred during the Late Jurassic-Early Cretaceous period, and
the Vigla limestone formation was deposited in the Ionian basin shortly after the rifting
phase [34]. Cretaceous strata in western Greece were considerably changed during the Late
Cretaceous epoch [124]. As a consequence, during the Late Cretaceous, a meteoric water dia-
genetic environment may have formed in connection with the global sea-level fall [125,126]
§13C value for crystalline limestone is negative, which suggests that recrystallization may
also be linked to meteoric freshwater as reported by Tsikos et al. [127].

Meanwhile, dissolution was detected in the rocks examined (Figure 8). Aragonitic
organisms, such as bioclasts, had their internal structure partly or entirely disintegrated
(Figure 8d). Aragonite’s early dissolution might have happened in saltwater or under
conditions of shallow burial [128,129]. Two distinct phases of dissolution have been identi-
fied. Stage 1 is characterized by the breakdown of aragonitic biota (Figure 8d), implying
partial to total bioclast dissolution (HMC grains). Janjuhah et al. [130] noted that meteoric
interfaces such as a subaerial exposed surface and the water table are probable locations
for significant CO, inflow, resulting in enhanced HMC grain dissolving and preventing
LMC grain dissolution. Stage 2 is a non-fabric selective matrix dissolution, and a critical
diagenetic process in the formation of the study limestones (Figure 8a). Non-fabric selective
dissolution occurred between a deep meteoric and a deep burial environment. Follow-
ing that, the void areas were filled with cement (syntextial, equant, and blocky cement)
(Figure 8). They often occur during the same diagenetic period but on distinct substrata.
The syntaxial overgrowth cement is often used to enclose bioclast fragments in packstone
textures (Figure 8e), while the equant calcite cement is used in both fabric- and non-fabric-
selective dissolution (Figure 8c). It is possible to observe equant calcite cement filling the
fracture component of the pore spaces between grains (Figure 8c). This cement may be
the result of precipitation in a shallow diagenetic environment. Additionally, Fltgel [131]
reported that equant calcite cement is present in meteoric and burial contexts. It should be
noted at this stage that further evidence is required to ascertain if this cement is meteoric-
or burial-derived.

5.2.3. Burial Diagenetic Environment

Other diagenetic processes observed in the examined samples include physical and
chemical compactions. Physical compaction is defined by rearranged and broken grains
that are compressed vertically. Due to early marine cementation and overburden pressure,
certain open fractures of mechanical compaction are readily evident (Figure 8d). Chemical
compaction is characterized by the formation of a pressure solution of grains and sediments,
which serves as an important source of calcium carbonate for burial cementation. The
chemical composition of lime mud was identified, which resulted in the invention of
stylolites (Figure 8h). The stylolites detected have a relatively small amplitude. Late-stage
neomorphism has occurred, affecting the rock. Neomorphism has completely altered the
texture and structure of carbonate rocks in the late stage, post-dating early cementation.
This process is promoted by the early decomposition of aragonite and HMC in seawater
or under very shallow burial circumstances [62]. The most recent diagenetic event was
characterized by fractures that crossed other diagenetic products, including the prior
cement and neomorphosed calcite cement (Figure 8e). Later phases, with deep burial
(telogenesis), fracturing, and blocky cementation vein filling, occurred [132].
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6. Conclusions

An integrated sedimentological analysis of the K-Pg carbonate succession representing
the topmost part of the Senonian limestone and the lower part of the microbreccious lime-
stone formation in Gardiki section of Epirus (western Greece) provides new insights into
the depositional environment and diagenetic history of the Western Ionian Basin, as well as
the synthetic paleoenvironmental reconstruction of the area. The biostratigraphic analysis
based on planktonic foraminifera showed that the study interval of the Gardiki section
covers the boundary between Late Cretaceous (Maastrichtian) and Paleocene (Danian)
time span based on the coexistence of Globotruncana spp. and Globigerinidae. Litho-
stratigraphically, the Senonian limestone formation in this area is mainly characterized by
light-grey-to-yellowish limestones, with some siliceous intervals to occur as thin reddish-
to-brownish chert intercalations and/or lenses within the pelagic limestone unit. Their
presence of both nodular and bedded siliceous concretions is of crucial importance on
enhancing the reservoir properties (i.e., secondary porosity and permeability increase)
of the hosted deposits through the fracturing and stylolites created during the nodule’s
development and reveals the potentiality to act as open pathways for the fluids (even for
hydrocarbons). The main depositional facies (pelagic biomicrite mudstone to packstone)
observed into the K-Pg transition are indicative of a low-energy, basinal to toe-of-slope
environmental sedimentation. Minor internal differentiation among them implies that the
depositional environment across the K-Pg transition did not change significantly in the
external Ionian basin. However, significant differences documented in the content and the
abundance of the faunal assemblages testify to the stressful environmental conditions in
terms of primary productivity decline that prevailed at that time. Furthermore, the petro-
graphic analysis identified several distinct diagenetic features among the study pelagic
carbonates, which are categorized into marine, meteoric, and burial diagenetic settings.
Micrite envelop, cementation, fracture, compaction, and dissolution are the dominant dia-
genetic parameters identified in the study samples, attributing both positive and negative
effects on porosity. Overall, this study provides a basis for the further evaluation of the
hydrocarbon potential in western continental Greece, which contains proven reserves and
is of crucial economic and strategic importance.
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Abstract: This study focuses on the analysis of sandy beaches by integrating sedimentological,
geomorphological, and geophysical investigations. The beach represents an extremely variable
environment where different natural processes act simultaneously with human activities, leading to
the gathering of different methodologies of the Earth Sciences to study its evolution in space and time.
The aim of this research is to propose a potential procedure for monitoring the morpho-sedimentary
processes of sandy beaches by analyzing the textural and compositional characteristics of the sands
and quantifying the volumes involved in the coastal dynamics. The study area includes two Apulian
sandy beaches (Torre Guaceto and Le Dune beach) that are representative of the coastal dynamics of
a large sector of the central /northern Mediterranean Sea involving the southern Adriatic Sea and
the northern Ionian Sea. Sedimentological and ecological investigations allowed to describe the
textural and compositional characteristics of the beach sands by interpreting their sand provenance
and the physical/biological interactions within the beach. The topographic surveys carried out with
a Terrestrial Laser Scanner and an Optical Total Station, aimed to quantify the variations of sediment
volume over time, whereas the Delft3d software was applied to analyze the effects of the dominant
wave motion on the sedimentary dynamics. Lastly, the geophysical techniques which included Sub
Bottom Profiler procedures, Ground Penetrating Radar investigation, and resistivity models enabled
us to calculate the sand sediment thickness above the bedrock.

Keywords: pocket beach; beach monitoring; beach dynamics; sediment thickness

1. Introduction

Coastal zones can be defined as complex natural ecosystems where hydrodynamic,
sedimentary, morphological, and biological conditions and human disturbance interact at
different spaces and time scales [1-3]. Coasts are often seen as fundamental resources to be
“exploited”, especially for touristic and economic purposes. However, social interests, eco-
nomic investments, and the protection of natural ecosystems must meet the requirements
of Integrated Coastal Zone Management (ICZM), which considers the fragility of coastal
ecosystems and landscapes.

As reported from the latest United Nations reports, about 37% of the world’s popu-
lation lives within 100 km of the coast. This area is settled by a wide range of activities
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and infrastructures that have significantly changed the natural response of littoral sectors
to extreme events and sea level rise. Indeed, the scientific community agrees on the
increasing exposure of coastal areas to the hazard of erosion due to climate change [4,5]
intensifying coast vulnerabilities [6-10], and the attention of decision-makers to find
sustainable solutions for their protection, disaster risk reduction, and building commu-
nity resilience [11-14].

The most threatened regions are Europe with 86% and Asia with 69% of their coastal
ecosystems at risk [15]. In Europe, most of the impact zones (15,100 km) are actively
retreating, some of them despite coastal protection works (2900 km), and another 4700 km
have become artificially stabilized [16]. Only the magnitude and nature of erosion change
from place to place.

Several European research projects (Eurosion, Conscience, Micore, Peseta, Coastgap)
focus on sustainable management along Mediterranean coastal areas. These littoral sectors
are mainly wave-dominated and the effect of tides on sedimentation is negligible (microti-
dal regime). Mediterranean sandy beaches are characterized by terrigenous sediments
coming from delta deposits and/or from the erosion of cliffs or headlands occurring in the
same coastal site. However, a significant percentage of sandy beaches are constituted by
carbonate bioclast components that derive from shells or fragments of the organisms that
populate the proximal marine environment of the Mediterranean area [17-19]. Bioclasts
become of primary importance in a geological context characterized by the absence of
rivers and deltas.

Apulian sandy beaches (Southern Italy) represent a significant Mediterranean exam-
ple of beach sand composition variability. The composition is connected to the typical
coastal geomorphological and sedimentological features in karst areas, often lacking
important fluvial courses capable of transporting large quantities of sediments into the
sea [20]. At the regional level, many studies analyze the features of Apulian sandy beaches
(Figure 1) also showing the processes concerning their susceptibility to erosion. From
a granulometric and mineralogical point of view, beach sediments show significantly
different features between the Ionian and Adriatic side [21]. Sediments are essentially
bioclastic on the Ionian side as the littoral sector of Porto Cesareo (Figure 1 [20,22]) and
terrigenous on the Adriatic Seaside [23-26] as it is detected along Torre Mileto, Rosa Ma-
rina, Pilone, Torre Canne, and Alimini coastal sectors (Figure 1 [17,21,27]). These beaches
are mainly composed of fine- to coarse-grained sands characterized by carbonates (either
lithoclasts or bioclasts), quartz, and other minerals such as pyroxene, amphibole, and
feldspar [18]. In terms of evolutionary tendency, stable conditions are recorded along
the Ionian coast [28-30], whereas retreating tendencies are detected along the Adriatic
littoral stretch [17,18,25,31-37].

Evaluating the evolutionary tendency of a beach (accretion/erosion) requires various
monitoring techniques, applied to the emerged and submerged sectors, in order to quan-
tify the volume involved in coastal dynamics. In the specific literature, primary studies
aimed at the description of sand movements along beaches [38], the recognition of sand
textural parameters as a tool to evaluate the health state of the beach [39], the concept of
equilibrium profile [40], and the role of dissipative and reflective characteristics [41] for a
morphodynamic beach classification [42,43]. Later, the study of sandy beaches experienced
significant progress. Table 1 represents an overview of the different studies carried out on
the beach environment. The list of authors provides an example of the large number of
techniques for beach investigation.

Recently, the implementation of different methodologies contributes to gain relevant
information for sandy beach nourishment interventions [83-89] and leads to necessarily
integrate the single techniques within an interdisciplinary approach. This type of analysis
could provide more manageable and focused actions for safeguarding, protecting, and
restoring sandy littoral sectors [17,90-92].
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Figure 1. (a) Geographical location of a few sandy beaches (yellow circle) characterizing the Apulian
littoral stretch. The white arrows indicate the general alongshore current influencing the sediment
transport on the Adriatic and the Ionian Sea; (b—d) Macroscopic features variability of the Apulian
beach sands in terms of color and grain size (modified from [20]).

For this reason, this work focuses on the mechanism of erosion, transport, and sedi-
mentation of two Apulian sandy littoral sectors through a multidisciplinary approach. We
suggest a reliable guideline for monitoring sandy beaches aiming to:

1. adescription of the textural and compositional features of beach sands;

2. ashort-term erosional/prograding tendency evaluation;

3. an overall sketch scheme of beach dynamics;

4. ameasurement of the beach sediment thickness above the bedrock and therefore of
the sand amount virtually involved in the beach sedimentary dynamics.

The research proposes a methodological approach that could be useful for scientific
communities or private/public coastal management. After a brief description of the study
areas, the main part of the research focuses on testing the procedures for beach investigation.
In the final paragraphs, a suggestion regarding data management is also provided by using
the result of this research as an example of data interpretation.

The possibility to obtain measurements through modern technologies in an interdisci-
plinary framework represents a development in the reliable understanding of the interactions
between complex physical and biological processes occurring in beach environments.
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Table 1. Techniques for beach monitoring applied in the different sectors of the Earth Sciences.
Each color represents a scientific sector with the relative authors. GPR: Ground Penetrating Radar,
SSS: Side Scan Sonar; SBP: Sub Bottom Profiler. Geomorphology [44-53]; Sedimentology [54-61];
Sedimentology + Biology [17,27,62-70]; Geophysics [71-82].

Scientific Sector Author Methodology
Ciavola et al., 2003
Gracia et al., 2005
Costas et al., 2006
Pranzini, 2008 Shoreline variation
Geomorphology Anfuso et al., 2011 through aerial photos
Nordstrom et al., 2015
Karkani et al., 2017
Thom and Hall, 1991
Almeida et al., 2010 Beach profile variations
Riazi and Turcker, 2017 through topographic surveys

Gao and Collins, 1993
Guillen and Palanques, 1996
Dawe, 2001
Poizot et al., 2008 Grain size distribution and
Falk and Ward, 1957 sediment trend analysis
Visher, 1965
Friedman, 1967
Edwards, 2001

De Falco et al., 2002; 2003
Satta et al., 2013
Moretti et al., 2016 Ecological approach for
Lisco et al., 2017 coastal monitoring
De Falco et al., 2008
Short et al., 2007
Brandano et al., 2016 Posidonia oceanica monitoring
Gaglianone et al., 2014;2017 and bioclast evaluation
Simeone et al., 2018

Leatherman, 1987
Bristow et al., 2000

Sedimentology

Sedimentology + Biology

Neal and Roberts, 2000 GPR procedure for emerged
Neal, 2004 beach and dune
Hugenoltz et al., 2007 environment exploration
. Guillemoteau, 2012
Geoph '
SIS Shukla et al., 2013
Bristow and Jol, 2020
Mora.ng etal, 1997 SSS and SBP for sea bottom
Lubis et al., 2017 and sediment
De Giosa et al., 2019 . . .
. thick: tigati
Kim et al., 2020 ickness investigation

2. Study Area

The study area includes two Apulian sandy littoral stretches (Figure 2a): Torre
Guaceto (40,71 lat. N; 17,77 long. E) and Le Dune beach (40,27 lat. N; 17,87 long.
E) occurring in the Adriatic and Ionian sectors of the Salento Peninsula, respectively
(Brindisi and Lecce provinces). Both beaches are in two of the most important Marine
Protected Areas (MPA) which include 15 different habitats of the typical Mediterranean
submerged populations and the presence of Posidonia oceanica meadows. They can be
considered endmembers of the coastal dynamics of a large sector of the central /northern
Mediterranean Sea involving the southern Adriatic Sea and northern Ionian Sea with
negligible anthropogenic impact.
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Figure 2. Coastal features of Torre Guaceto and Le Dune beach. (a) Geographical location of the study
areas (orange star); (b) satellite image of Torre Guaceto beach showing a landward well developed
dune belt; (c) satellite image of Le Dune beach showing a large, urbanized area on the southernmost
sector and a developed dune environment on the northwestern sector.

Torre Guaceto (Figure 2b) is a pocket beach that stretches for about 1 km. The
embayment is delimited by two rocky headlands: the south-eastern Lower Pleistocene
shallow-water skeletal calcarenites (Punta Penna Grossa outcrop) and an anthropogenic
structure of the 20th century in the north-westward [93]. The area is characterized by high
coastal dunes and a rocky and sandy sea bottom. The beach is affected by a slight human
impact, and it can be representative of sandy beaches lying on the northern coastal sector
of Brindisi in terms of wind and wave weather, sand composition, and granulometric
features. Beach sediments range from coarse to fine sands mainly composed of carbonate
grains (bioclasts or lithoclasts) and siliciclastic minerals. Wave directions are mainly
between 330° (16.79%) and 120° (15.36%). It is also observed that the highest frequency
of appearance (22.15%) and the highest significant wave heights (Hs between 3 m and
4 m) derive from the 0° direction [94].

On the contrary, Le Dune beach (Figure 2c) is located along the Ionian Seaside and
stretches for about 800 m. The small embayment has a slight Z-shaped form with an
increased sediment accumulation on its western limit. Beach sediments range from very
coarse to medium-fine sands and they are mainly made up of bioclast fragments. The pocket
beach is bounded landward by aeolian dunes and by promontories where Cretaceous
limestone crops out. At deeper depths, the shelf extends between the isobaths at —5 m and
100-110 m, and it is predominantly covered by bioclastic sands. Within the inner portion
of the shelf, Posidonia oceanica meadows form large patches which are replaced at depth
by coralligenous platform deposits [95]. Le Dune can be considered representative of the
Ionian sandy beaches that have experienced a remarkable urbanization of the coastal areas
in the last decades. Generally, wave directions are between 150° (15.91%) and 300° (8.47%),
and seas from the south (24.48%) and southeast (15.91%) have the highest frequencies [96].
A rip current phenomenon is often observed during storm events [22].

3. Materials and Method

Since this work is based upon a multidisciplinary approach, some of the main techniques
used in the field of sedimentology, petrography, biogeology—paleontology, geomorphology,
and applied geophysics were used for beach investigation. However, according to the
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objectives to be achieved, some procedures were constructed within the current research in
order to obtain a detailed outline of beach dynamics and sediment thickness quantification.

3.1. Beach Sand Analysis
3.1.1. Sampling

Sampling procedures were carried out every six months along the backshore, foreshore,
and shoreface sectors (example in Figure 3). Ground control points were used as collection
points to compare the texture and the composition of the sand and to record the sampling
depth variations over time. Samplings were carried out from the base of the foredune until
6 m depth of the shoreface (the local storm-wave base in the Adriatic and the Ionian Sea).
Along the shoreline, the collecting points were spaced at around 100-200 m from each other,
whereas shoreface samples were collected at each meter depth through diving techniques
along two or three cross-shore transects. Around 300 gr of sand was collected between
0 and 2 cm depth down from the water/sediment interface by following the standard
sampling procedure for marine sediments proposed by [97].

f’; RIS

Sample  Depth

TA-1 1.20
TA-2 2.10
Z TA-3 3
0 j\/\/k/‘\//“— TA-4 4.20
-1 5 TA-5 5
(b) S 2 €) Ta3 620

Figure 3. (a) Map showing the sampling collecting points. D = shoreline sample label, BD = foredune
base sample, TA-1 = Sample collected along transect A at 1 m depth; (b) Ideal submerged beach
profile (not in scale) with the indication of the sampling depths; (c) collection of shoreface samples;
(d) small net for marine samples; (e) whiteboard for sample marine marks.

3.1.2. Grain-Size Analysis

The grain-size analyses were carried out by using the standard procedures provided
by the American Society for Testing and Materials and the British Standard. For the sieving,
a set of ASTM sieves with meshes of 1 phi from 2 mm to the minimum granulometric
fraction (<0.125 mm) was used. The grain fractions with diameters less than 0.062 mm
were excluded from the analysis because they were represented by less than 1-2%. In
the laboratory, samples were dried in the oven at a temperature of 80° for 24 h and each
individual sample was quartered and set in a sieve column. The sand sediments from
2.0 mm to 0.125 mm were sieved with the vibrating screen for a duration of 20 min.
Subsequently, each held fraction was weighed and the results were processed with a
specific application for Microsoft Excel (Gradistat© v8, Figure 4), which yield distribution
cumulative curves, histograms, and statistically evaluate the main textural parameters:
mean size (Mz), sorting (¢), skewness (S), and Kurtosis (K¢) (Figure 4). Lastly, a seasonal
comparison of the granulometric parameters was carried out in order to evaluate their
temporal changes.
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SAMPLE IDENTITY: D4
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Figure 4. Example of a grain-size analysis using Gradistat© (v8).

3.1.3. Compositional Analysis and Bioclasts Quantification/Recognition

The most frequent size class of the statistical distribution was investigated through a
binocular optical microscope (Figure 5a). The percentages of the main constituents of sands
were evaluated to obtain quantitative and qualitative information in terms of petrographic
composition. Since the investigation was carried out on Apulian beach sands, which
generally include carbonates (lithoclasts or bioclasts) and siliciclastic minerals, the sands
were analyzed by considering the diagram proposed by [98,99]. This method provides
the recognition of three main classes: CE carbonate extrabasinal (lithoclasts), CI carbonate
intrabasinal (bioclasts), and NCE non-carbonate extrabasinal grains. In particular, the
sediment fraction was spread on a rigid base divided into five fields (Figure 5b). Each field
was analyzed in detail under the microscope (Figure 5c) and for each field, the particles
belonging to the NCE, CE, and CI class were counted. Once the counting operation for
each field was completed, the results obtained were summed and the percentage of each
component was calculated and inserted in the final classification diagram (Figure 5d).

18%

®NCE 11 CE mCl

Figure 5. Example of hybrid sand composition analysis; (a) sand analysis at the microscope;
(b) sample spread on a rigid base with the field locations; (c) field for counting method; (d) example of
counting for sand classification, green: bioclasts, yellow: carbonate lithoclasts; red: quartz.
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Furthermore, the whole shells and fragmented particles were isolated and analyzed by
mean of a binocular optical microscope in more detail (example in Figure 6). In this context,
a set of tweezers was used to manually separate the fragmented and unrecognizable
fraction from the rest of the sample. The percentage was defined among three classes:
0-30%, 30-60%, 60-90%. The whole shells were analyzed and separated on the base of their
Phylum to provide a first classification. The class and genus of shells were also evaluated
in the case of foraminifers.

h,

Phylum Class Genus

1) Foraminifera Globothalamea Elphidium
Rosalina
Ammonia
Tubothalamea Quingueloculina
Peneroplis

= % Bioclast analysed = % Unrecognised fragments ”
N i 5 e 2) Echinodermata

3) Mollusca Gastropoda

Bivalvia

4) Bryozoa
5) Rodophyta

Figure 6. Example of bioclast evaluation procedure; (a) sample bioclast separation with a set of
tweezers; (b) isolated bioclasts in test tubes; (c) bioclast classification.

The main bioclast classification was carried out on the first sampling season. Succes-
sively, the bioclast evaluation was conducted by analyzing any differences in the Phylum
already identified.

It is essential to specify that the recognition of the nature of sands was relatively simpler
than expected. It recorded a maximum of 3% of grains with uncertain nature mainly related
to the distinction between lithoclasts and bioclasts without a recognizable internal structure.
The sandy particles with uncertain origin were not considered, while fossils were included
in the class of lithoclasts as they were considered part of older deposits.

3.2. Wave Simulations and Hydrodynamic Model

Software Delft3D was used to analyze the correlation between sedimentological pa-
rameters and wave processes. As shown in Figure 7, GRID, FLOW, and WAVE modules
were applied to calculate the hydrodynamic flow and to simulate the wave motion. In
particular, coupled simulations were performed by means of Delft3D-WAVE with Delft3D-
FLOW to incorporate wave-current interaction. Delft3DFLOW was used to assess the
hydrodynamic flow, and Delft3D-WAVE was used to simulate the wave propagation, based
on the SWAN (Simulating WAves Nearshore) model. The model was based on two main
datasets: bathymetry and climatic information (waves and wind data). The bathymetric data
were provided by the EMODnet website (https:/ /portal.emodnet-bathymetry.eu/, accessed
on 1 November 2022). The wave data were acquired from SIT Puglia website (http://
cartografia.sit.puglia.it/download /PRC/Relazione%20Generale_allegato711.pdf, accessed
on 30 October 2022) and from a wave buoy located in the Ionian Sea (Datawell Directional
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Waverider—MKk-III property of Autorita di Bacino Distrettuale dell’Appennino Meridionale,
located at 40,40 N, 17,18 E). The bathymetric data were provided by the EMODnet website
(https:/ /portal.emodnet-bathymetry.eu/, accessed on 25 October 2022).

GRID MODULE
RFGrid (Grid construction)
Quickin (Bathymetry generation)

l

FLOW MODULE
Simulation of hydrodynamic flow

l

WAVE MODULE
Simulation of wave motion
with SWAN

Figure 7. Flow chart of the processing steps followed in the application of Delft3D software.

3.3. Topographic Surveys
3.3.1. The Terrestrial Laser Scanner (TLS)

The topography of the emerged beach sector was investigated using a Terrestrial Laser
Scanner (TLS) that allows constructing 3D elevation models and quantifying the morpho-
logical changes over time. In particular, the instrument acquires the spatial coordinates of
many points by measuring the distance between the TLS and the object of study in order
to build point clouds and successive three-dimensional elevation models. Two repeated
survey campaigns were carried out during the summer of 2018 and the summer of 2019 by
using a Riegl VZ-400 laser scanner, which is characterized by a theoretical range of 400 m.
The instrumental accuracy is £0.003 m for 50 m (example in Figure 8a).

Due to the length of both beaches, several scans were carried out from four stations
with a distance of about 250 m from each other. The point clouds were processed through
different stages: scans registration; multi-scan adjustment and georeferencing; 3D point
cloud cleaning; triangulation (mesh) and Digital Terrestrial Model DTM creation with a
size cell of 50 cm. The Riscan Pro and CloudCompare software were used for point cloud
processing (Figure 8b), filtering, and rasterization, while the elevation correction and the
comparison of the seasonal DTMs were carried out with ArcMap © 10.1 (Figure 8c).

As the sampling procedure, the TLS acquisition was carried out every six months to
detect the main morphological changes in the emerged sectors of the beach.

3.3.2. The Optical Total Station (OTS)

With regards to the shoreface investigation, two profile surveys were performed using
the Optical Total Station (OTS) Leica TS15 to collect seasonal bathymetric information.
The OTS is composed of an electromagnetic distance measure instrument and electronic
theodolite that is also integrated with a computer storage system (Figure 9). The instrument
allows the measuring of horizontal and vertical angles as well as the sloping distance
between the object and the instrument.
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Figure 8. Emerged beach topography investigation. (a) TLS Riegl VZ-400 instrument during a survey
campaign; (b) Example of a point cloud during a scan registration with Riscan Pro software: the red
point represents the instrument location during the measurement acquisition; (c) Digital elevation
model (DEM) of the emerged sector in summer 2018 processed with ArcMap® 10.1.

During the seasonal field surveys, the measurements were performed along two cross-
shore transects in georeferenced points following the direction of the sampling profiles.
About 20 bathymetric points were measured for each transect from the shoreline to a 4 m
depth on both beaches.

3.4. Geophysical Investigation
3.4.1. Ground Penetrating Radar (GPR)

The GPR investigation was applied for evaluating the sediment thicknesses in the
emerged beach sector. The choice of this technique depends on the dynamic nature of
this sub-environment that constantly changes with the amount of available material for
transport and sedimentation. Generally, these variations are recorded within the sand
deposits and particularly in the dune environment, whose stratigraphic horizons can be
explored with the GPR technique. The instrument operation is based on the input of high
frequency electromagnetic pulses deriving from an antenna, which is placed in contact with

79



J. Mar. Sci. Eng. 2022, 10, 1949

the surface to be investigated. The depth of the investigation depends on the frequency
used and therefore on the type of antenna. As the signal frequency increases, there is a
growth in data resolution but a decreasing in the investigation depth.

Bathymetric profile
—— Winter 2018/19 @

Shoreline distance (m)
0 ) 100 150 20

Depth (m)
bbb

8" Shoreline distance (m)
:
a-

Figure 9. Example of OTS field surveys during winter 2018/19. (a) OTS instrument with the reflective
system (prism) for bathymetric point measurement; (b) map showing the bathymetric transect
location; (c) bathymetric profiles extrapolated from the measurement carried out in winter 2018/19.

A survey campaign through a 200 Mhz antenna was carried out at Torre Guaceto
and Le Dune beach (Figure 10a). The choice of this frequency depended on some tests
carried out previously with 400 and 40 Mhz in order to detect the most significant radar
stratigraphy section (Figure 10c). The data acquisition was performed along a cross-shore
transect from the swash zone to the dune environment (Figure 10b).

With regards to the data processing, the Reflexw software was used to analyze and
elaborate the 2D radar stratigraphic sections.

3.4.2. Sub Bottom Profiler (SBP)

As the GPR investigation, the sub bottom profiler was carried out to quantify the
sand thicknesses within the submerged sector of the beach. This technique is widely
applied in the field of marine geology. The SBP exploits the elastic properties of the
ground to reconstruct the stratigraphic succession of deposits occurring below the seabed.
Each surface that marks a lithological transition or any acoustic impedance such as the
water/sediment passage represents an elastic discontinuity capable of reflecting part of the
seismic energy. The reflected signal is received by a transducer and sent to the visualization
program by creating a seismic section. The signal penetration and reflection depend on the
frequency and the physical properties of the sediment.
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—— GPR Transect

DISTANCE (METER)
50 55 60 65

Figure 10. GPR procedure example. (a) 200 MHz antenna during a GPR field survey; (b) map showing
the location of the measurement transect; (c) example of a radar stratigraphy section deriving from
the measurement path A1-A2 by the use of 400 MHz antenna.

In this study case, one marine field survey was carried out for each study area by ap-
plying low signal frequencies (85-115 kHz). The investigation was organized by following
the same cross-shore transect of the georadar investigation from 6-2 m depth (example
in Figure 11).

— SBP Transect

Figure 11. SBP field survey and data processing. (a) SBP transducer during the data acquisi-
tion; (b) hardware system and laptops for data monitoring; (c) map showing the navigation path;
(d) 2-dimensional stratigraphic cross sections data processing.

Moreover, a boat capable of reaching shallow waters was utilized for the investigation
and the instrumentation was characterized by an Innomar SBP SES 2000 Compact system.
The SBP transducer was installed on one side of the boat (Figure 11a), while the hardware
system and the data management laptop were positioned inside the boat. Moreover, the
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whole system was connected to a GPS RTK, and interfaced with the instrument manage-
ment software to acquire the exact data location. Regarding data acquisition, SES WIN
software was utilized to obtain seismic sections in real-time. The program produces a
*.SES file which displays the width of the acoustic signal reflected at different depths; it
also contains data relating to the longitude, latitude, depth of the seabed, and acquisi-
tion parameters. All these data were transferred to Delph Seismic software to analyze
the 2-dimensional stratigraphic cross sections, define the bedrock location, and obtain
strata thicknesses.

3.4.3. Geoelectric Investigation (ERT)

A geoelectric investigation was applied to analyze the entire beach profile and to gain
data about the foreshore subenvironment. The application of a geoelectric investigation
provides information relating to the subsoil electrical resistivity distribution.

As shown in Figure 12, the ERT was carried out across the same GPR cross-shore
transect. The investigation profile was extended until 3 m depth in the shoreface to reach
the SBP profile (Figure 12c). The measurements were carried out by adopting an IRIS
Instruments Syscal Pro Georesistive Meter, two multi-electrode cables at 24-channels with
3 minterelectrode spacing for a total length of 141 m. Proceeding from NNE to SSW, the first
cable (steel electrodes 1-24) was placed on the subsoil of the emerged beach sector, while
the second cable (graphite electrodes 25-48) was placed on the seabed (Figure 12a). The
data were acquired both in Wenner-Schlumberger and dipole-dipole configurations. The
former provides high vertical resolution while the latter high lateral resolution—-although it
is characterized by a lower signal-to-noise ratio than other devices [100]. For this reason,
reciprocal measures were also carried out to facilitate the data quality control necessary to
obtain reliable and well-resolved images. After the quality control (carried out by setting a
10% threshold for repeatability errors, and standard deviation obtained from the stacks),
the experimental data were inverted using the RES2DINV code (Geotomo Software, [101]).
The resulting model (Figure 12d) was obtained by inverting the dataset relating to the
measurements in dipole—dipole configuration, including the GPS-RTK data that were
acquired along the same transept for topography correction.

—— ERT Transect

Resstvity(hmm)
Figure 12. Example of ERT field survey. (a) Graphite electrodes positioning; (b) instrument for
sending current into the ground; (c) map showing the ERT transect location; (d) resistivity model.
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Lastly, two excavations were also carried out using shovels along the GPR/ERT tran-
sects. This technique was fundamental to calibrate and verify with a direct measurement
the exact location of the bedrock extrapolated by the radar stratigraphy sections and the
resistivity models.

4. Results
4.1. Data Comparison

The first step in beach dynamics interpretation is comparing some of the results
deriving from different methodologies applied in this research. Figure 13 represents an
example of a combination of Delft3D models, DTM comparison, sand classification, and
mean size distribution.

This type of comparison enables to highlight the processes concerning the sediment
transport and the evolutionary tendency of the beach explained by the connection among
the simulation of the wave motion, erosion and accretion phases, sand composition, and
granulometric features. For instance, at Torre Guaceto beach, the analysis of the emerged
beach underlines the presence of a southernmost sector more exposed to the wave motion
than the northern sector during storm events. The northern beach sector is characterized by
an erosional tendency, especially at the dune base as reported from the DTM investigation
(Figure 13a). Moreover, a significant composition variability is detected along the foreshore
samples. The sand of Torre Guaceto beach is classified as “Hybrid intrabasinal sand”, but
the northern-central sector of the emerged beach is characterized by a higher content of
bioclast than the southern sector, which instead is richer in siliciclastic content (Figure 13b).
In addition, according to the mean size data, an increasing trend of the grain diameter
is recorded from the samples collected close to the outermost promontories towards the
central part of the beach (Figure 13c), suggesting a bioclast longshore transport in this
direction. Indeed, looking at the main wave direction, the more porous and lighter bioclastic
sediments are removed from the southern sector and transported to the central part of the
beach. Indirectly, the transport of the bioclast component increases the percentages of the
siliciclastic minerals in the southern sector, explaining the sudden longshore compositional
variation of the emerged sector of Torre Guaceto beach. Comparing this result with the
DTM, we found that the sector with the higher bioclast component (northern central sector)
represents the more stable part of the beach in terms of evolutionary tendency, whereas the
southernmost sector is eroding.

4.2. Beach Dynamics

Another example of data integration can be performed by using the results shown
in Figure 14. The main sand characteristics (texture and petrography) coupled with the
study of the meteorological events and the interpretation of the sediment transport allows
to reconstruct the sedimentary balance and propose an overall sketch scheme of beach
dynamics (Figure 14d). In the semi-closed coastal system of Le Dune beach, considering
the southerly seas as the main wave direction, the scheme shows how the sediment inputs
mainly derive from local sources and the sediment outputs involve small amounts of
sediments. The gain sediment includes material coming from the erosion of the dunes,
rocky shoreface, and lateral headlands as well as the bioclastic sediment transported from
offshore. Therefore, the sedimentary dynamics are controlled by a predominant accretion
of sand diffusion by aeolian processes especially in the westernmost part of the coast; a
cross-shore sediment transport; a nearshore rip circulation characterized by a longshore
sediment transport converging in the middle of the embayment; a weak lateral sediment
interchange with adjacent littoral sectors and an offshore sand dispersion during storm
events. The current morphological configuration of the sea bottom significantly influences
the cross-shore sediment transport. The rocky headlands located in the shallow water
and the rocky sea bottom make the beach an almost completely closed bay, which is also
characterized by the absence of river basins and the presence of strong rip currents that
carry large amounts of sediments towards the offshore during storm events.
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Figure 13. Example of emerged beach sector analysis. (a) Comparison between DTM investigation and
Delft3D Model; (b) bioclast analysis and (c) mean size investigation for longshore sediment distribution.
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4.3. Sediment Thickness and Beach Profile

One of the main applications deriving from the methodologies tested in this research
is the combination of geophysics techniques. This operation is fundamental to reconstruct
the entire beach profile from the dune environment to the offshore and to extrapolate
the bedrock location. In particular, the merging of the radar section, resistivity model,
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and sub-bottom profile allows to quantify the sediment thickness within the entire beach
environment and to record the location of the sub-environments. For instance, in the case
of Torre Guaceto, the beach profile (Figure 15) extends for about 700 m. It represents the
connection of the GPR, resistivity model, and SBP navigation transect. The bedrock location
ranges between +1 m and —2 m within the emerged beach sector and from —2m to —10 m
in the submerged sector.
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Figure 15. Example of beach profile with bedrock location deriving from the merging of
GPR + ERT + SBP results. The orange dot line in the map depicts the investigation gap. Within the
resistivity model and the GPR profile, the distance axis has been exaggerated for a higher result
resolution. As ERT and GPR measurements were performed along the same transect of the emerged
beach sector, the figures were overlapped to compare the same bedrock location extrapolated from
both models. The yellow area between the ground surface/sea bottom and the bedrock represents
the beach sand sediments.

The most relevant reflector resolution (bedrock) occurs below the sediments character-
izing the dune environment, the sandy upper shoreface, and beneath the sand bar located
between the lower shoreface and the offshore. Moreover, the bedrock visibly emerges in
the rocky lower shoreface.

Considering the geology of the study area, the bedrock is certainly associated with the
Pleistocene biocalcarenite (packstone and grainstone texture).

5. Discussion
5.1. Main Findings

The main outcomes highlight and confirm the literature data about the sand composi-
tion variability and the morpho-sedimentary dynamics occurring along the Adriatic and
Ionian littoral. The findings represent the features of the Mediterranean coastal types.

The results underline the need to improve methodologies for pocket beach investiga-
tion which are difficult to preserve due to their low geological records. They are affected
by seasonal changes strictly correlated with the main sediment source. The sediment
transport mainly occurs between the dune environment and the offshore characterized by
the presence of Posidonia oceanica meadows. In this context, carbonate factory protection
and dune restoration measures are crucial to preserve this geological environment where
the anthropic pressure is increasingly growing, especially for tourist activities.

The analysis of Torre Guaceto beach provides a significant example of improvement
studies in ancient research. Environments at the same depth could have different compo-
sitions due to the main sediment selection caused by the current beach dynamics system.
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Indeed, the qualitative and quantitative changes of the bioclast content along the cross-
shore result in problematic stratigraphic correlations between adjacent logs in ancient
successions located in similar settings. Moreover, this case study points out the presence
of distinct dynamics due to the different exposure of the beach sector to wave motion
providing information about eroding and prograding phases within the same environment.

The case study of Le Dune beach underlines the existence of many pocket beaches in
the world that are only preserved thanks to the bioclast provenance source and the dune
environment. In this case, the growth of urbanization, especially along the southern coastal
sector, could significantly impact on the amount of sediment available. Although this beach
is part of a marine protected area, the lack of collaboration between local decision-makers
and the scientific community about the knowledge of pocket beach dynamics has led to the
destruction of the dune environment with a consequent establishment of a building area.
In this respect, higher restrictive measures should be considered for the protection of these
types of environments.

Torre Guaceto and Le Dune represent two different pocket beaches in terms of length,
sedimentology, composition, dynamics, and anthropic impact. For this reason, some
considerations raised during the investigation. Geophysics provided more detailed results
of the submerged sector at Torre Guaceto than at Le Dune beach. The rocky seabed in
the latter affected the navigation along the shoreface transect requiring a major support
from electrical tomography. The closed beach system, the morphology of the seabed, and
the urbanization of the dune environment influenced the progress of the investigations.
It would have been interesting to measure the sediment thicknesses along different cross-
shore transects, but the southern sector was affected by a significant urbanization.

These results are strictly correlated with a two-year beach monitoring that is only able
to evaluate sudden and small-scale beach variations. However, by seasonally applying the
proposed methodologies over a longer period of time, it would be possible to recognize
the real evolution of our beaches. The study of the evolutionary tendency could provide
a significant impact on public decision-makers and current legislation on unnecessary
protection and defense works.

5.2. Final Remarks

The procedure application highlights the need of comparing data from different
sectors of the Earth Sciences to enrich the amount of missing information about complex
and dynamic systems such as the beach environment. The multidisciplinary approach
enables to collect a wide range of data that can be connected and interpreted with each other.
The data combination provides a detailed outline of the beach dynamics in qualitative and
quantitative terms.

From a sedimentological point of view, the research allows expanding the knowl-
edge about large-scale sedimentary processes by quantifying the volumes involved in
the erosion, transport, and deposition dynamics and the potential preservation of specific
sub-environments during the sea-level rise or still-stand periods. Furthermore, this study
shows how lateral variability in sand composition (not only in grain size) is a widespread
feature in present-day beaches. The lateral composition is mainly influenced by very local
processes and the sudden variations can be easily misinterpreted in the geological record.

Moreover, the study of sand composition and in particular the analysis of the bio-
clast component represents a rising technique in coastal erosion investigation. Indeed,
measuring the bioclast percentage in the beach sand allows to hypothesize strategies for
provenance marine environment safeguarding and monitoring by avoiding unnecessary or
too-restrictive protection measures. Lastly, the beach sediment analysis provides significant
progress for compatibility studies and nourishment interventions in terms of textural and
compositional features. This research tries to respond to the increasingly pressing need
to overcome the conflicts between naturalistic requirements and the use of beaches for
social and economic purposes, which represent one of the main land use planning issues of
coastal regions.
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6. Conclusions

This research described the processes of erosion, transport, and sedimentation of two
Apulian sandy beaches through a multidisciplinary approach. Table 2 shows the method-
ological proposal for sandy beach analysis deriving from the multidisciplinary approach
tested in this research. This procedure includes topographic, geophysical, sedimento-
logical, and compositional analyses for monitoring and safeguarding these transitional
environments that can be useful for research studies or industrial applications.

Table 2. Methodological proposal for monitoring sandy beaches. Each color represents the method-
ological steps for beach monitoring.

Potential Procedure

Sand composition
Bioclast evaluation

Sand classification
Bioclast classification

Type of Investigation Method Beach Sector Results Interpretation
TLS + GPS Emerged beach 3D elevation model Morpl}ol'o gical
variation
Topographic surveys DTM profiles Shoreline changes
OTS + GPS Shoreface Bathymetric profiles Erosion/Accretion
Bathymetry map Bathymetric variation
Hydrodynamic model Delft3D Shoreface + offshore Wave motion Sediment transport
. . Beach profile
GPR + GPS Emerged beach Radarstratigraphy section -
Geophysics . e GPR and SBP
investigation ERT + GPS Entire beach Resistivity model connection
. . . . Bedrock depth and
SBP + GPS Shoreface + offshore Lithostratigraphic sections sediment thickness
q Sampling + GPS . Sand texture Beach dynamics
Beach sand analysis Grain size analysis [ELuiflio o Texture lateral variation Erosion/Accretion

Sand provenance
Bioclast provenance

As shown in Table 2, the procedure for investigating sandy beaches was based upon
four main types of analyses: topographic surveys through TLS and OTS; a hydrodynamic
model using Delft3D software; a series of geophysics techniques by the use of GPR, ERT
and SBP; and a beach sand analysis through sedimentological and compositional appli-
cations. Each technique covered a specific beach subenvironment and provided distinct
results. Therefore, the procedure could be invalid without the combination of the proposed
techniques as the beach dynamics interpretation could be incomplete.

Regarding the geophysical investigation, it was essential to confirm the indirect mea-
sures with direct observations such as excavations. The resistivity studies were also corre-
lated to the GPR and SBP surveys for a more detailed outline of the lithology and stratigraphy
of the subsoil. Lastly, for the GPR application, the use of 400 and 200 Mhz antennas produced
more satisfactory resolutions of the bedrock location than the 40 Mhz antenna.

It is important to emphasize that all the equipment, instrument frequencies, and
resolutions were set on the aim of this research and the geological context.

Investigating sandy beaches is not undemanding due to the dynamism of this type
of environment. For this reason, as shown in Table 2, the use of GPS supported most of
the methodologies in order to respect the exact location of the seasonal investigation. Data
comparison should be provided by taking into account the same season of the field measure
in order to avoid interpretation issues.

Another suggestion that could improve this type of investigation is the use of the “Sed-
iment transport module” in the application of Delft3D software. Indeed, the Delft3D-SED
coupled with the others enables to analyze the effects of dredging on the environment, the
sedimentation and resuspension of sediment, and the sand transport. Moreover, a primary
phase of data collection on the marine climate of the study area is highly recommended to
interpret the beach dynamics.
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Abstract: Estuaries are important sediment facies in the fluvial-to-marine transition zone, are strongly
controlled by dynamic interactions of tides, waves, and fluvial flows, and show various changes in
depositional processes and sediment distribution. Deep investigations on the sediment dynamic
processes of the sand component of estuaries have been conducted; however, the understanding
of how mud supply affects estuaries” sedimentary characteristics and morphology is still in vague.
Herein, the effects of mud concentration, mud transport properties, fluvial discharge, and tidal
amplitude on the sedimentary characteristics of an estuary were systematically analyzed using
sedimentary dynamic numerical simulation. The results show that the mud concentration has
significant effects on the morphology of tidal channels in estuaries, which become more braided
with a lower mud concentration, and straighter, with reduced channel migration, with a higher mud
concentration. The mud transport properties, namely, setting velocity, critical bed shear stress for
sedimentation, and erosion, mostly affect the ratio between the length and width (RLW) of the sand
bar; a sheet-like sand bar with a lower RLW value develops in the lower settling velocity, while there
are obvious strip shaped bars with a high RLW value in the higher settling velocity case. Moreover,
the effects of hydrodynamic conditions on sedimentary distribution were analyzed by changing
the tidal amplitudes and fluvial discharges. The results show that a higher tidal amplitude is often
accompanied by a stronger tidal energy, which induces a more obvious seaward progradation, while
a higher fluvial discharge usually yields a higher deposition rate and yields a greater deposition
thickness. From the above numerical simulations, the statistical characteristics of tidal bars and
mud interlayers were further obtained, which show good agreement with modern sedimentary
characteristics. This study suggests that sedimentary dynamic numerical simulation can provide
insights into an efficient quantitative method for analyzing the effects of mud components on the
sediment processes of estuaries.

Keywords: estuary; numerical simulation; mud supply; hydrodynamic condition; tidal bar;
mud interlayers

1. Introduction

The fluvial-to-marine transition zone is the area with the most complex sedimen-
tary environments controlled by the continuous interaction of fluvial flows, tide currents,
and waves [1-4]. Among which, estuaries are typical sediment systems [5,6], comprising
predominantly sand components and minor mud components and salt marshes [7]. The
interaction between mud and sand helps in promoting the long-term morphology of estu-
aries. Since the mud component has higher erosion resistance and lower sedimentary rate
than the sand component [8,9], the mud layer can reduce the re-erosion of the underlying
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sand body and afford more stable sand bars and banks. Hence, the mud component might
help in the dynamic balancing between sand body erosion and deposition in estuaries [10].

Recently, increasing attention has been paid to the sedimentary distribution and reser-
voir architecture of estuaries [11,12], and a series of works has been conducted on the
main controlling factors of estuary sedimentation [13,14], such as fluvial discharge, slope
angle, and wave. Winterwerp [15] believed that source supply direction is the main control-
ling factor in the location of mud deposits and hydrodynamic conditions are a secondary
controlling factor. Verlaan [16] studied the mud distribution characteristics of different
source supplies in estuaries and found that marine mud mainly settles in the entrance
channels of lower estuaries, while relatively small amounts are deposited further upstream.
Conversely, fluvial mud is mainly deposited in the inner estuary. Cleveringa and Dam [17]
implied that hydrodynamic conditions have significant affects on the locations of mudflats,
as mudflats exhibit a faster migration with rapid changes in flood-dominated peak veloc-
ities. Conversely, Kleinhans and M. [18] argued that the hydrodynamic conditions only
change their scales instead of changing the location of mudflats. Schramkowski et al. [19]
and Toffolon and Crosato [20] argued that hydrodynamic conditions are the major factor
affecting the development of sand bars in an estuary. The length of sand bars is positively
correlated with fluvial discharge and tidal range. Wave-generated currents are a third
mechanism leading to sediment transport and sand bar morphodynamics [21]. The re-
search show that waves mainly act on the shape of the estuary. Waves cause the estuary to
widen and limit the deposition of mud. Although previous studies have provided a certain
understanding on the sedimentary characteristics of estuaries and the factors affecting
tidal bar development, there are several controversial points. Consequently, exploring
the effects of mud supply and hydrodynamic conditions on the development mechanism
of estuary sedimentation is necessary. Many research methods have been applied to es-
tuary sediments, including sedimentary record analysis, modern sedimentary anatomy,
physical simulation, and numerical simulation [22-26]. The lack of recorded information
and the limitations of experimental operation have led to large errors in the experimental
results of traditional research methods. Meanwhile, advances in computer technology
have promoted the rapid development of sedimentary numerical simulation. Sedimentary
dynamic numerical simulation has become the mainstream research method for investi-
gating different hydrodynamic and sedimentary driving mechanisms [27,28], providing
strong support for studying the morphological dynamics and stratigraphic patterns [7].
Weisscher et al. [29] published the use of the morphological dynamic model Nays2D to
determine the impact of dynamic inflow disturbances on river patterns. Edmonds and
Slingerland [30] argued the effect of flow velocity and sediment transport on the sedimen-
tary body formation using sedimentary dynamic numerical simulation.
van de Lageweg et al. [13] suggested that fluvial discharge and tidal amplitude have
a functional relationship between mud-deposit coverage and mud-deposit thickness based
on numerical simulation. Tang et al. [28] used numerical simulation to study the reservoir
configuration of tidal-controlled estuaries. Hence, sedimentary numerical simulation is
used to simulate the geomorphic evolution of estuaries, which provides a new idea for
analyzing the characteristics of mud deposition [31].

Herein, sedimentary dynamic numerical simulation was used to set different mud
supply and hydrodynamic conditions, perform the sedimentation simulation of the tidal
bar and its interlayer, and explore the effects of the controlling factors on the sedimentary
development and distribution of an estuary. Nine cases of an idealized estuary model were
designed for identifying effect of the key factors, namely, mud concentration, mud transport
properties, fluvial discharge, and tidal amplitude on the sedimentary characteristics of
the estuary. This paper is arranged as follows. Section 2 introduces the simulation setting
and numerical parameters, Section 3 shows the simulation results of nine scenarios, and
Section 4 compares the numerical models and natural estuaries and discusses the length,
thickness, and frequency distributions of mud interlayers in detail.
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2. Method and Parameters
2.1. Numerical Simulation Method

The sedimentary processes in estuaries are simulated using the computational fluid
dynamics software Delft3D [32], which uses numerical calculation methods to solve the
Navier-Stokes equations and sediment transport based on an interleaved uniform finite-
difference grid with the alternating direction implicit method. The flow module of Delft3D
has been extensively applied to the study of topography and geomorphology in semi-
enclosed coastal areas such as shallow seas, estuaries, and deltas [33-36]. The tidal-fluvial
interaction of weakly forced stratified estuary systems is calculated using the momentum
equations (Equations (1)—(3)).
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where f is time (s), ¢ and # are horizontal coordinates, o is the scaled vertical coordinate,
u is the flow velocity in the ¢-direction (ms~1), v is the fluid velocity in the #-direction
(ms~1), w is the fluid velocity in the z-direction (ms~'), { is the water level above some
horizontal plane of reference (datum), Fz and F; are turbulent momentum fluxes in the ¢
and 7 directions (ms~2), \/@ and /Gy are coefficients used to transform the curvilinear
to rectangular ones, Mz and M), are the sources or sinks of momentum in the ¢ and 7
directions (ms~2), Pz and P, are gradient hydrostatic pressures in the ¢ and 7 directions
(kgm~2s72), f is the Coriolis parameter (s~ 1), d is the depth below some horizontal plane
of reference (datum), vy is the vertical eddy viscosity (m?s~1), and g;, and gou¢ are the local
sources and sinks of water per unit of volume (s !), respectively.

The three-dimensional transport of suspended sediment is calculated by solving the
three-dimensional advection-diffusion equation for the suspended sediment components
(Equation (4)).
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Here x, y, and z are the Cartesian coordinates(m), ¢ is the mass concentration of
sediment (kgm~3), eg,)(, eg,)(, egg, and s@ are the eddy diffusivities of sediment(m?s~1), and
wgl) is the sediment settling velocity (ms™~1).

The sediment components are mainly of two types: cohesive and noncohesive com-
ponents. The cohesive sediment component is controlled by the suspended-transport
(Equation (4)), while the noncohesive sediment component is partly in suspension and
partly through bed load [37]. For cohesive sediment components, the Partheniades—Krone
formulations are used for calculating the fluxes between the water phase and bed [38].

Because the noncohesive sediment components in estuaries are mainly fine-grained mud,
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the Engelund-Hansen transport equation is selected [39] so that the sediment transport for
bedload is calculated directly.

ED = M(I)S<wa1 Tc(rl,)e> ®)

DO =wihdls (Tcw, Tc(rl)d> ©)

clgl) =0 (z = %),t 7)
_ 0.05a4°

Q= —comin, (®)

where E(!) is the erosion flux of mud (kgm~2s~1), M () is the erosion parameter (kgm 25~ 1),
DU is the deposition flux of mud (kgm2s71), w) is the fall velocity (ms™1), cg) is the
average sediment concentration, S is the erosion or deposition step function, T is the
maximum bed shear stress due to currents and waves (Nm~2), Tc(rl,)e is the critical shear
stress for erosion (Nm~2), Tc(rl,)d is the critical shear stress for deposition (Nm~2), Q is

sediment transport (m3m~1s~1), g is the magnitude of flow velocity (ms 1), a is calibration
coefficient, A is the relative density (0s — pw)/pw, and Ds is the median grain size (m).

2.2. Numerical Simulation Parameters

The simulated estuary shape is characterized by an ideal funnel shape [40]. The model
domain is 36 km x 100 km, comprising part of the fluvial zone, estuary area, and ocean
area (Figure S1). The model comprises equal grids with a resolution of 200 m x 160 m,
and the grid aspect ratios align consistent with the geometry of the funnel-shaped estuary.
Following grid refinement, it facilitates the observation of more morphological details, such
as smaller tidal channels and smaller-sized bar features [41]. The grid size is kept constant
to improve the simulation convergence. The straight river is 15 km in length and 1.92 km
in width, flowing into the inner estuary area (Figure 1). The length of the estuary area is set
to be 45 km. The width of the estuary area increases from 2 km at the fluvial inlet to 30 km
at the mouth of the estuary (Figure 1). The ocean area has a length of 40 km and width of
36 km. The bed level decreases linearly from the upstream fluvial boundary to the mouth
of the estuary, and the overall slope of the model is set to 0.017 (Figure S2). The water
depths are set to 8 m at the fluvial boundary and 28 m at the mouth of the estuary. This
forms the estuary at the end of the rising sea-level cycle, and the sea level remains constant
during the model runs [3]. The schematic of the model settings is shown in Figure 1.

Discharge boundary and open sea boundary are the open boundary conditions used.
The average current, tidal frequency, and tidal range height of modern estuaries can provide
reference for the model parameters [27,28,42,43]. We set the total fluvial discharge to a
constant value of 3000 m®s~! to keep a sufficient and stable source supply for the estuary
(Table 1). The tidal boundary condition is the semidiurnal tide with a tidal amplitude
of 6.7 m, providing continuous seaward transport power for estuary sediments (Table 1).
For ensuring stability and accuracy, a time step of 0.5 min is used. The simulation time
is set to 1 yr with a morphological scale factor of 100, which is comparable to a century
of sedimentary evolution [41]. Although the large-scale time span of the simulation, the
effects of the sea level change and organisms are ignored for generalization and simplicity.
The stratigraphic record of the estuary sedimentation sequence is updated in each time
step, including the bed level and stratigraphic sediment thickness (Table 1) [44,45]. The
sediment subsurface is shown according to a multilayer concept [44,46]; hence, the virtual
sedimentary successions of the estuary are set to 400 layers, each with a thickness of
0.1 m [41]. The underlayer fixed substrate tracks the sediment composition over time in the
vertical direction. If the remaining sediment thickness is less than the sediment thickness
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threshold of 0.05 m and erosive conditions are expected. Above the underlayer, a transport
layer of 0.2 m is used to exchange the sediment with the fluid layer (Table 1). To stabilize
the complex hydrodynamic calculation, a factor for the erosion of adjacent dry cells is
specified that determines the proportion of erosion evenly distributed to the adjacent cells.
This factor is 0.5 in our simulation, meaning that half of the erosion that occurs in wet cells
is distributed to adjacent dry cells [41].
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Figure 1. Schematic of the conceptual model of the estuary. The color indicates bathymetry, with an
initial depth of 8 m in the fluvial boundary and 28 m in the ocean area.

Table 1. Initial parameter type, initial value, and range of the default model.

Parameter Symbol Unit Value Range
Initial water depth - m 28 -
Discharge - m3s~1 3000 15004500
Tidal amplitude - m 6.7 3.4-7.2
Time step dt min 0.5 0-999
Threshold sediment thickness - m 0.05 0.005-10
Threshold depth - m 0.1 0-10
Min water depth for bed level change SedThr m 0.1 0.1-10
Morphological scale factor H - 100 1-400
Number of under layers MxNULyr - 400 -
Thickness of each under layer ThUnLyr m 0.1 -
Thickness of the transport layer ThTrLyr m 0.2 -

Erosion of adjacent dry cells - 0.5 0-1

The majority of the sediment supplied to estuaries consist of sand, with mud compo-
nents and salt marshes [7]. Hence, noncohesive sand sediment and cohesive mud sediment
are the sediment components used in the model [47]. For sediment supply, the flow carries
sand and mud that supply the estuary area at a fixed concentration, meaning that sediment
delivery to the model depends on hydrodynamic conditions. The total sediment supply is
setto7 kgm*3 in the simulation. Two types of noncohesive sand sediment components
and three types of cohesive mud sediment components are used. Table 2 lists each sedi-
ment component property. Cohesive sediment components are defined in terms of setting
velocity and critical bed shear stress rather than grain size [48], wherein the default setting
velocity is 0.25 mms !, critical shear stress for erosion is 0.5 Nm 2, and critical shear stress
for sedimentation is 1000 Nm 2. If the bed shear stress for sedimentation of the cohesive
sediment fractions is larger than the critical value, no sedimentation occurs; otherwise,
mixed sediment fluxes are calculated following the Partheniades-Krone equations.
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Table 2. Sediment fraction types and parameter settings for each sediment component in the models.

Critical Bed Shear Stress  Critical Bed Shear

Ciig“g:[:; t Type Mg;xiﬁm:s t Seu(];i\s,ilﬁaty for Sedimentation Stress for Erosion
P H (Nm~—2) (Nm~2)
Sand1 (S1) NonCohesive 125 - - -
Sand?2 (S2) NonCohesive 80 - - -
Mud1 (M1) Cohesive - 0.86 1000 0.3
Mud2 (M2) Cohesive - 0.25 1000 0.5
Mud3 (M3) Cohesive - 0.16 1000 0.6
A specific model parameter space is designed for investigating the effects of sediment
composition and transport on estuary evolution (Table 3). The model is run in nine estuary
scenarios under the same initial conditions. The model scenarios are analyzed by studying
the effect of mud concentration, mud transport properties, tidal amplitude, and fluvial
discharge on the sedimentary characteristics. Fluvial mud supply concentration at the up-
stream boundary is varied to assess the effect of mud concentration on estuary morphology.
The effect of mud transport characteristics is further discussed by comparing scenarios with
mud inputs with different setting velocities and erosion shear stress. Common factor analy-
sis is used to further study the role of fluvial discharge and tidal amplitude on sedimentary
distribution and to clarify the main factors that control the mud distribution characteristics
in estuaries. These simulation results are quantitatively analyzed and compared to each
other. Finally, the simulation results are compared with data from real estuaries.
Table 3. Parameter list of all model scenarios.
Model Fluvial Mud  Sediment Tidal Discharge
Scenario Type CaseID (kgm—3) Class Amplitude (m)  (m3s~1) Note
Base model default 01 1.75 S152 M2 6.7 3000 Fluvial mud input
mud 02 3.5 S1S2M2 6.7 3000 Higher fluvial mud
concentration 03 0 5152 6.7 3000 No mud, only sand
Mud Higher mud
supply mud transport 04 1.75 5152 M1 6.7 3000 cohesive
i
properties 05 175 S152M3 6.7 3000 Lower mud
cohesive
tidal amplitude 06 1.75 S1S2M2 3.4 3000 Lower tide
Hydrodynamic 07 175 S152M2 7.2 3000 Higher tide
condition fluvial 08 1.75 S152M2 6.7 1500 Lower discharge
discharge 09 1.75 S1S2M2 6.7 4500 Higher discharge

The sedimentary characteristics are presented in the form of a map, which assesses
the sedimentary distribution and tidal bar morphology or cross-sectional view to enable
the study of channel depth variation and sediment thickness evolution. From the three-
dimensional sedimentary data, cumulative sedimentation and erosion are further calculated.
The sedimentary components are tracked along with the vertical and horizontal directions,
and each x and y coordinate point in the model space is recorded to represent the change in
the corresponding bar elevation, i.e., decreasing elevation reflects the erosion process and
increasing elevation reflects the deposition process [14].

3. Results
3.1. Effect of Mud Concentration on the Sedimentary Characteristics

For analyzing the effect of mud concentration on sediment characteristics, three sets
of comparative scenarios are set, namely, no mud supply (zero mud concentration), lower
mud concentration, and higher mud concentration (Table 3). In the simulation, mud supply
concentration is changed by adjusting the sand-mud ratio and the total sediment supply is
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set constant. The sand-mud ratio of the smaller mud concentration model is 3:1, and the
sand-mud ratio of the larger mud concentration model is 1:1 (Table 3).

The number of bar and tidal channel morphologies changes considerably with chang-
ing the supply of mud concentration (Figure 2). For the case with no mud supply (Case 03),
the tidal channel in estuaries has a high degree of cutting and a large number of tidal bars
(Figure 2a). Compared to Case 01, when the mud concentration is 1.75 kgm 3, the degree
of development of the tidal bar in the inner estuary is not high, but tidal bar thickness
increases (Figure 2b). Tidal channels develop in the middle and outer estuaries, which
become more braided owing to unhindered bank erosion. For the mud concentration of
3.5 kgm*3 (Case 02), sediment diffusion becomes slight, and the tidal bar has a high degree
of sedimentation in the inner estuary (Figure 2c). Compared with Cases 01 and 03, the tidal
channels for higher mud concentration mainly develop in the middle of the river, which
are straighter and less migrated. Figure 2 shows that the number of tidal bars decreases
with increasing mud concentration and channel migration decreases greatly. Hence, it is
concluded that the presence of mud components prevents sediment transport and increases
erosion resistance, affording more stable tidal bars and banks.
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Figure 2. Sediment erosion changes in estuaries at different mud concentrations: (a) represents
the mud concentration of 0 kgm’3 (Case 03), (b) represents the mud concentration of 1.75 kgm*3
(Case 01), and (c) represents the mud concentration of 3.5 kgm_3 (Case 02). The records of the four
stages (30, 60, 90 and 120) represent sediment erosion morphology after 25, 50, 75, and 100 years,
respectively. Colors represent the elevation of accumulated erosion sediments, referred to as elevation.

In Figure 3, erosion is obvious in the channel without mud supply at the beginning
of the simulation, with a mean channel depth of 3.23 m (Figure 3a). The number of active
channels and the mean channel depth decrease when the mud concentrations are 1.75 and
3.5 kgm 3, with mean channel depths of 2.58 m and 1.59 m, respectively (Figure 3a). At
the end of the simulation, the sand-based estuary forms a deeper channel incision, and the
mean depth of the channel is 4.21 m (Figure 3b). In the model with mud concentration of
3.5 kgm 3, the mean channel depth is 2.02 m, and the erosion rate is 28% lower than that
of the no mud supply model. In addition, the mean channel depth is 3.61 m in the inner
estuary, and the mean channel depths of the middle and outer estuaries are 3.80 m and
4.04 m, respectively. The mean channel depth tends to increase as the distance increases
from the supply source (Figure 3c). This is because the fluvial mud input enhances the mud
deposition at the top of the inner estuary and causes the silting of mud components in the
channel. The above simulation results indicate that mud components tend to deposit in the
channel and the inner estuary with increasing mud concentration. These mud-dominated
sediments are resistant to erosion, thus slowing down the erosion rate and reducing the
tidal bar mobility.
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Figure 3. Simulated cross section of the channel in estuaries. From left to right in (a,b): mud
concentrations of 0 kgm’3 (Case 03), 1.75 kgm’3 (default, Case 01), and 3.5 kgm’3 (Case 02).
(a) Cross section (x = 45 km) of the channel after two simulated months. (b) Cross section (x = 45 km)
of the channel after one simulated year. (c) From left to right: the cross section of the inner (x = 30 km),
middle (x = 45 km), and outer estuaries (x = 60 km) in the default model.

Mud concentration has a significant effect on the thickness and distribution of mud
deposits in the estuary. When there is no mud supply, mud deposits derived from the initial
stratigraphy are stirred up by the fluvial flows and tides and 90% of the mud deposits
are thinner than 0.47 m. When the mud concentration is 1.75 kgm 3, 50% of the mud-
deposit thickness is less than 0.36 m and 90% of the mud-deposit thickness is less than
1.80 m in estuary sedimentation. For the mud concentration of 3.5 kgm 3, 50% of the
mud-deposit thickness is less than 0.36 m and 90% of the mud-deposit thickness is less
than 1.92 m. Mud-dominated sediment aggradation occurs more rapidly with increasing
mud concentration, yielding thicker mud deposits and higher bed levels. The simulation
results herein indicate that the higher the mud concentration, the greater the mud-deposit
thickness, and the stronger the self-confinement of the estuary. This self-confinement leads
to a smaller surface area and narrower estuaries, eventually affecting the sedimentary
characteristics of estuaries. In addition, there is an inevitable relationship between estuary
morphology and sediment supply [49].

3.2. Effects of Mud Transport Properties on the Tidal Bar Characteristics

The mud transport properties cause complicated processes acting on sediment erosion
and deposition under physicochemical forces [50]. This section focuses on the effects
of mud transport properties, namely, settling velocity and erosion shear stress on mud
deposition (Figures S3 and S4). Tables 2 and 3 list the parameter settings for each sediment
component and the type of mud component for each scenario, respectively.

The simulation results show that the morphological characteristics are less affected
by the change in mud transport properties at the early stage of simulation. However,
significant changes occur in tidal channel development as the simulation continues. For
higher and medium settling velocities (Cases 03 and 04; Case 01), the sediment deposition
rate is faster in the inner estuary with an average sediment thickness of more than 20 m
(Figure 4a,b). At the beginning of the simulation, multiple channels are developed in the
inner estuary, the sediment is deposited along both sides of the bed and channel in the inner
estuary, and the channels are developed on both sides simultaneously. For higher settling
velocity, at the end of the simulation, these also happen (Figure 4a). For medium settling
velocity, at the end of the simulation, the sediment accumulates in the inner estuary, which

101



J. Mar. Sci. Eng. 2023, 11, 174

makes part of the channel fill with sediment and develop a single channel (Figure 4b). The
estuary with a lower settling velocity shares many similarities in geomorphic morphology
with the no mud model. For the lower settling velocity (Case 05), relatively large channel
mobility and mean channel depth are observed (Figure 4c). From the perspective of the
inner and outer estuaries, the channel is better developed in the inner estuary and the tidal
channel is wide and deep in the outer estuary (Figure 4c). Comparing Cases 01, 04, and
05, as the settling velocity decreases, the degree of sediment diffusion increases and the
thickness of sediment decreases.
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Figure 4. Sediment erosion changes in estuaries at different mud transport properties: (a) represents
the higher settling velocity (Case 04), (b) represents the medium settling velocity (Case 01), and
(c) represents the lower settling velocity (Case 05).

The length, width, and thickness distribution of the bar are further calculated based
on the simulation results to quantitatively influence the mud sediment properties on the
scale of the tidal bar [51]. The thickness of the tidal bar increases with increasing distance
from the estuary mouth. In the higher settling velocity simulation scenario (Case 04),
average tidal bar thicknesses in the inner and outer estuaries of 8.2 and up to 28 m are
measured (Figure 5a). For lower settling velocity (Case 05), there is an increased average
tidal bar thickness from 4 to 19.8 m from the inner estuary to the outer estuary (Figure 5a).
The thickness of tidal bars gradually becomes thinner near the ocean area. The tidal bar
width is microscopically affected by location and the setting velocity, and the distribution
is concentrated between 1 and 4 km (Figure 5b). To be more specific, the tidal bar shape
varies with the mud transport properties. In a sediment supply system with a lower setting
velocity (Case 05), the RLW values of the tidal bar vary from 1 to 5 (Figure 5c). The higher
setting velocity has a great influence on the RLW of the tidal bar, and the ratio is mainly
concentrated from 4 to 15 (Case 04; Figure 5c¢). In addition, the tidal bar increasingly tends
to become a long strip and the RLW is higher with increasing distance from the estuary
mouth (Figure 5¢). This is because the bar has a tendency of avulsion under a strong
hydrodynamic disturbance while being protected by the strong cohesion of mud fractions,
yielding a strip-shaped bar morphology. More specifically, the tidal bar shape varies with
the mud transport properties. In a sediment supply system with a lower setting velocity
(Case 05), the RLW value of the tidal bar mainly vary between 1 and 5 (Figure 5c). The
higher setting velocity has great influence on the RLW of tidal bar, and the ratio is mainly
concentrated between 4 and 15 (Case 04; Figure 5¢). Furthermore, the tidal bar increasingly
tends to become long strip shape and the RLW is higher as the distance from the estuary
mouth increases (Figure 5c). This is because the bar has a tendency of avulsion under
the strong hydrodynamic disturbance and, at the same time, it is protected by the strong
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cohesion of mud fractions. Hence, settling velocity is one of the key factors affecting the
development of bar morphology.
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Figure 5. Statistics of (a) bar thickness, (b) bar width, and (c) the ratio between length and width of
the bar along the estuary X-section.

3.3. Effects of Hydrodynamic Conditions on the Sedimentary Distribution in Estuaries

In estuaries, tides are the most important driving force for sediment transport, and
fluvial discharge plays an important role in sediment source supply. The interaction of tidal
amplitude and fluvial discharge in estuaries has led to a continuously evolving morphology
with river channels and bars. In this section, the effects of hydrodynamic conditions on
sedimentary distribution are analyzed by changing tidal amplitudes and fluvial discharges.
Table 3 lists the specific parameter settings.

It is concluded that the development degree of the tidal bar changes obviously with
tidal amplitude (Figure 6). With a lower tidal amplitude of 3.4 m (Case 06), the inner estuary
is covered with mud deposition and shows slight progradation (Figure 6a). Although the
sediment thickness is the highest among the case of tidal amplitudes (mean 25 m), the tidal
bar has not developed very well, only with a mean thickness of 2.1 m. This is because the
fluvial sand-carrying and sand-flushing plays a dominant role in estuaries, the tidal action is
extremely weak, and hence, there is almost no sediment being reprocessed. For the estuary
with a medium tidal amplitude of 6.8 m (Case 01) and higher tidal amplitude of 7.2 m
(Case 07), the inner estuary develops multiple deeper channels. In the outer estuary, the
tidal bar is well developed with a more complex shape owing to erosion and redeposition
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(Figure 6b,c). The increased tidal amplitude makes the sediment deposit farther seaward,
yielding a smaller mean sediment thickness in the entire estuary. In summary, the greater
the tidal amplitude, the greater the degree of the seaward migration of the tidal bar and the
deeper is the erosion of tidal channels.
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Figure 6. Sediment erosion changes in estuaries at different tidal amplitudes: (a) represents the tidal
amplitude of 3.4 m (Case 06), (b) represents the tidal amplitude of 6.8 m (Case 01), and (c) represents
the tidal amplitude of 7.2 m (Case 07).

The simulation results show that fluvial discharge considerably affects the develop-
ment rate and sediment thickness of tidal bars. For lower fluvial discharge (Case 08), the
tidal bar exhibits an elliptical shape in the inner estuary of ~4.5 m thickness (Figure 7a). For
higher fluvial discharge (Case 09), the inner estuary bars appear to be an elongated shape,
with a faster development rate (Figure 7c). In addition, the tidal bars gradually develop to
a complex bar. The higher the fluvial discharge, the higher the deposition rate. In the later
stage of the simulation, the sediments are concentrated in the middle and outer estuaries,
where the sediment thickness is the largest. Based on the simulation results, this implies
that river-dominated estuaries form larger and thicker deposits, which more easily cause
the transition from filled estuaries to deltas [13,52].
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Figure 7. Sediment erosion changes in estuaries at different fluvial discharges: (a) represents
the fluvial discharge of 1500 m3s~1 (Case 08), (b) represents the fluvial discharge of 3000 m3s~1
(Case 01), and (c) represents the fluvial discharge of 4500 m3s~1 (Case 09).
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The evolution of sediment progradation in Figure 8 shows that the range of sediment
progradation in estuaries is concentrated at 70 km under the three fluvial discharge con-
ditions, indicating a slight effect of fluvial discharge on sediment transport distance. The
increase in tidal amplitude brings an obvious prograde seaward. The progradation area
in the lower tidal amplitude accounts for 53% of the estuary (Figure 8a), and the range
of the progradation is ~58 km. The progradation area can reach the entire estuary in the
higher tidal amplitude (Figure 8b). This indicates that tidal energy is the major factor that
determines the range of sediment progradation in estuaries [15]. In addition, the higher
fluvial discharge with higher tidal amplitude keeps the sediment in a suspended state,
affording a more dynamic system. When the discharge is high and the tidal amplitude is
low, the estuary fills and eventually evolves into a delta. This finding demonstrates that
in the absence of a sea-level rise and fall, hydrodynamic conditions are enough to alter
sediment retrogradation and progradation behavior [2,53].
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Figure 8. Evolution of sediment progradation over time. (a) Effects of tidal amplitude variation on
sediment progradation. (b) Effects of fluvial discharge variation on sediment progradation.

4. Discussion
4.1. Comparison with Modern Sedimentation

The development of tidal bars and the sedimentary distribution characteristics in
estuaries change with the changes of various factors. Based on sedimentary dynamic
simulations, we quantified the effects of mud concentration, mud transport properties,
tidal amplitude, and fluvial discharge on the sedimentary characteristics of the estuary. The
numerical simulation results indicate that tidal amplitude plays a major role in tidal bar
morphology. The greater the tidal amplitude, the higher the degree of development of tidal
bars in estuaries, consistent with Schramkowski et al. [19]. Mud concentration and fluvial
discharge also have a significant effect on estuary sediment thickness. With a higher mud
concentration, relatively higher fluvial discharge, and lower tidal amplitude, the estuary
sediment thickness becomes larger and the deposition area becomes wider, which is in
good agreement with the simulation results of Hibma et al. [54].

The sediment in the models is similar to modern estuaries in terms of their distribution
characteristics and behavior. There is a relatively large proportion of erosion sediments on
both sides of the channel in the simulation results (Figure 4), forming mudflat deposition
in agreement with the characteristics of modern estuary datasets [55]. There are fewer mud
deposits in the center of the outer estuary compared to mudflats along the flank of the
basin, and a similar pattern has been observed in the Western Scheldt [16,50]. The Scheldt
estuary consists mainly of sand with a small amount of mud deposition [47]. The estuary
has a freshwater discharge of 120 m3s~1, and fluvial mud supply is 100 x 100 kgyr*1 [47].
Likewise, the Scheldt estuary supplied mud deposition from a single channel as in the
simulated model.
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Figure 9 demonstrates the cumulative probability distribution of mud-deposit thick-
ness covering the top of the modeled estuary and Scheldt estuary. Average mud-deposit
thicknesses of the modeled and Scheldt estuaries are 1.0 and 1.2 m, respectively (Figure 9).
This is because the mud input in the Scheldt estuary is ~15% higher [13]. Here, the mud-
deposit thickness of the Scheldt estuary increases from 1.3 m near the head to 2.7 m near the
mouth [47]. About 60% of the mud-deposit thickness obtained from the models is less than
0.5 m, and 90% of the mud-deposit thickness is concentrated from 0.05 to 3.0 m (Figure 9),
in general accordance with the Scheldt estuary of sediment distribution. From the above
statistical characteristics of sediment thickness, the simulated estuary is in good agreement
with modern sedimentation.

100
7
80 7
//

,\: - = Scheldt Estuary
=) 60 3 J
?ﬁ === 01 Fluvial(F) mud
8 i === (2 Larger F mud
[=]
8 40 04 Higher Settling velocity
5 === (5 Lower Settilng velocity
B === 06 Smaller Tide

20 === (7 Larger Tide

| === (8 Smaller discharge
0 === ()9 Larger discharge

0° ‘ 10'
Mud-deposit thickness(m)

Figure 9. The cumulative probability distribution graphs of mud-deposit thickness for Scheldt estuary
and all estuary models.

Comparing the dimensions of individual tidal bars from the datasets collected by
Leuven et al. [55] with the tidal bars of the simulation results, it is found that the aspect
ratios of the tidal bars are in the range of 3-10. The lengths of tidal bars in our simulations
are concentrated at ~10 km, and the widths are distributed at 1.5 km and partitioned bar
widths are distributed at 0.8 km (Figure 10), with a similar scatter to the datasets. Most of
the simulated scatter points are distributed within the range of higher or lower confidence
limit trends, and the tidal bars are close to the modern estuary bar size. Meanwhile, the bar
morphology in the estuary models is consistent with the natural bar. A natural estuary is
developed from the seaward direction with a sidebar, distributary bar, compound bar, U-
shaped bar, and linear bar. The simulation herein shows that the linear bars are concentrated
in the outer estuary, especially in the case with a tidal amplitude of 7.2 m (Figure 6). The
U-shaped bars appear in the middle of the outer estuary, and the compound bars are stored
in the inner estuary at the later stage of the simulation. The distributary bars are the most
obvious in the case with a fluvial discharge of 1500 m3s~! (Figure 7). From the comparative
analysis of statistical data, the sedimentary characteristics of estuaries obtained using the
sedimentary dynamic numerical simulation method are in good agreement with modern
sedimentation characteristics.

106



J. Mar. Sci. Eng. 2023, 11, 174

a) Model data b Model data
*+ Dataset(Leuven et al.,2016) « Dataset(Leuven etal.,2016)
—y=3.3x""" R*=0.67 — y=6.9x,R’=0.8

<

Bar length(km)
2

10° 10" 10° 107 10" 10°
Bar width(km) Partitioned bar width(km)
Figure 10. Comparison of simulation results with modern estuaries [55]. (a) Correlation of bar length
and width. (b) Correlation of bar length and partitioned bar width.

4.2. Distribution of the Mud Deposits

Mud deposits are mainly stored in the estuary in two forms. Most of the mud is
deposited at the top of the estuary in the form of mudflats, and a small amount is deposited
in the middle of the bar as mud interlayers. The mud interlayer is formed in connection with
the sedimentary environment, and the banded mudstone wall easily develops [56]. The
estuary model reproduces the three-dimensional internal structure of the mud interlayer,
enabling us to further study the quantified distribution of interlayers in modern estuaries.
Based on the statistical data, the thickness of the mud interlayer is concentrated in 0.4-0.6 m,
and a small part of the mud interlayer can reach 1.5 m thickness (Table 4). The length of
mud interlayers varies considerably, with some of them concentrated in 2-4 km and others
concentrated in 8-10 km, with the maximum length of the mud interlayer reaching 16 km
(Table 4).

Table 4. Descriptive statistics of the sediment progradation and the mud interlayers in the estuary model.

Case  Average Sediment  Length of Mud Thickness of Mud Distribution
ID Progradation (km) Interlayer (km) Interlayer (m) Frequency (Pieces)
01 67.3 493 0.47 1.23
02 60.8 5.41 0.52 0.98
03 70.1 - - -

04 58.8 5.59 0.50 0.92
05 62.0 7.03 0.32 1.20
06 57.5 2.47 0.28 0.48
07 754 7.19 0.39 0.57
08 65.3 3.89 0.41 0.68
09 69.6 543 0.72 1.05

The increased mud concentration has a positive feedback effect on the length and
thickness of the mud interlayer (Table 4) [56]. Conversely, the alteration of mud concen-
tration is opposite to the sediment progradation, in which the higher mud concentration
cases restrict seaward progradation (Table 4). The average mud interlayer thickness and
length are similar in most cases and no significant trend for changing mud properties or
mud supply sources is observed. The effect of hydrodynamic conditions is intense for
the internal structure of the mud interlayer [56]. The thickness of the interlayer increases
with increasing fluvial discharge, but the length of the interlayer varies poorly with fluvial
discharge. Under the smallest discharge, the interlayer length is the smallest (Table 4). With
increasing tidal intensity, the thickness of the interlayer decreases, while the length of the
interlayer increases and changes (Table 4). The above observations suggest that the tide
is the main controlling factor and fluvial current is a secondary controlling factor for the

107



J. Mar. Sci. Eng. 2023, 11, 174

length of the interlayer. For the thickness of the interlayer, the fluvial currents exerted
the primary control and tides had a secondary effect. The quantitative statistics of the
thickness and distribution of mud interlayer are of great significance for the classification
and understanding of the internal architecture of estuaries [56].

5. Conclusions

A process-based numerical simulation method is proposed to investigate the effect of
mud supply and hydrodynamic conditions on the sedimentary development and distribu-
tion in estuaries. Our model demonstrates the effect of mud supply, sediment transport,
and hydrodynamic conditions on the long-term evolution of estuaries. The statistical
data obtained using this the model provide a quantitative analysis of the process—product
relationship in estuaries. A series of morphological maps and cross-sectional view results
show that the estuary develops into dynamic channels and sandbars flanked by mudflats,
and the thickness is in the range of 1-2 m. About 60% of the thickness of mud deposits
is between 0.21 m and 0.36 m, and 90% of the mud deposits are more than 0.69 m thick.
Meanwhile, a small amount of mud is deposited in the middle of the bar as mud interlayers.
The thickness of the mud interlayer is concentrated from 0.4 to 0.6 m; however, the length
varies considerably, up to 16 km. The study concludes that mud supply strengthens self-
confinement, and a higher mud concentration yields stable tidal bars and banks as well as
reduced channel migration. Conversely, the estuary without mud supply is less resistant to
erosion and more highly incised; thus, there are more tidal bars. Mud transport properties
considerably affect the tidal bar morphology. The estuary tidal bar with a higher settling
velocity has a high degree of development and a larger length-to-width ratio, mainly
forming a long strip tidal bar. The study of hydrological conditions focuses on rivers and
tides, and fluvial discharge and tidal amplitude form negative feedback on the dynamic
balance between deposition and erosion. When the fluvial discharge is low and the tidal
amplitude is high, mud deposits are suspended in the estuary so that less mud settles.
Meanwhile, with lower fluvial discharge and higher tidal amplitude, the estuary fills up
and eventually becomes a tidal delta. The sediments in the models are in good agreement
with sedimentation in modern estuaries in terms of their distribution characteristics and
behavior. It is hoped that the sedimentary dynamic numerical simulation method used
herein can help predict variations in stratigraphic structures and provide guidance for the
further exploration and development of estuary sedimentary reservoirs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jmse11010174/51, Figure S1: Sediment erosion changes in estuaries
at different the shape of the funnel. Figure S2: Sediment erosion changes in estuaries at different
the slope of the depth. Figure S3: Bed shear stress over time in default model (Case 01). Figure S4:
Velocity field in default model (Case 01).
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Abstract: The new approach on depositional conditions of the Messinian evaporites in Zakynthos
Island indicates that the evaporites in the Kalamaki and Ag. Sostis areas were redeposited during
the Early Pliocene. They accumulated either as turbiditic evaporites or as slumped blocks, as a
response to Kalamaki thrust activity. Thrust activity developed a narrow and restricted Kalamaki
foreland basin with the uplifted orogenic wedge consisting of Messinian evaporites. These evaporites
eroded and redeposited in the foreland basin as submarine fans with turbiditic currents or slumped
blocks (olistholiths) that consist of Messinian evaporites. These conditions occurred just before the
inundation of the Mediterranean, during or prior to the Early Pliocene (Zanclean). Following the
re-sedimentation of the Messinian evaporites, the inundation of the Mediterranean produced the
“Lago Mare” fine-grained sediments that rest unconformably over the resedimented evaporites. The
“Trubi” limestones were deposited later. It is critical to understand the origin of the “Messinian”
Evaporites because they can serve as an effective seal rock for the oil and gas industry. It is thus
important to evaluate their thickness and distribution into the SE Mediterranean Sea.

Keywords: slide; messinian evaporites; turbiditic evaporites; Ionian thrust; Ionian foreland; Kalamaki
foreland

1. Introduction

Western Greece has been the focus of long-standing academic and industry interest
regarding the regional hydrocarbon generative potential [1-4]. Despite the significant oil
and gas reserves that were discovered in nearby regions with similar geological characteris-
tics, such as Albania, Croatia, and Italy [5-8], the exploration activities in western Greece
have proved unsatisfactory. The lack of sufficient data (e.g., 3D seismic lines, exploration
wells, geochronological data) and the complex tectonic setting are considered the princi-
pal reasons for these results [2,3]. However, recent studies that suggest the presence of
working petroleum systems rejuvenated the exploration activities [1-8], and nowadays, the
Governments of Greece try to explore the offshore areas (Ionian foreland basins) for oil
and gas fields. Greek authorities run licensing rounds and offer offshore blocks (more than
74 blocks in total; in Greece about 65 sq km each in the Ionian Sea and south of Crete) [1].
Despite the latest encouraging findings, a major issue that needs to be addressed is the
existence of suitable seal rocks that would keep the oil and/or gas within the potential
reservoirs. The principal type of seal rock in the eastern Mediterranean is the Messinian
evaporites [9-11], and thus, the determination of their characteristics (e.g., origin, thickness
and thickness variations, aerial distribution) in the study area is of paramount importance
for defining future exploration strategies. In the Mediterranean Sea, the accumulation of
the Messinian evaporites was triggered by the reduction in water supply from the Atlantic
Ocean to the Mediterranean Sea and occurred in two stages (lower Evaporites and upper
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Evaporites). These stages are divided by the Messinian Erosional Surface [12,13]. The
Messinian Erosional Surface reflects a significant relative sea-level fall that followed the
accumulation of the lower Evaporites. The upper evaporites consist of redeposited material
that belong to lower Evaporites, carbonates, evaporites, and/or brackish to freshwater
deposits (Lago-Mare facies) [12-15]. The extend and lateral distribution of such deposits
in the Mediterranean is critical and enigmatic because they display significant lithological
and thickness variations [14]. For instance, the Lower Evaporites are only preserved in
deep-water settings (e.g., Apennines, Sicily, Calabria, Tuscany, Cyprus) where they are
considered as suitable seal rock candidates [16].

Similar evaporitic deposits outcrop in the external part of the Hellenic fold and thrust
belt (Zakynthos Island). This system was established because of Alpine orogenic processes
related to plate convergence between Apulia and Eurasia and the closure of the Mesozoic
Neo-Tethyan Ocean [3,4]. The Hellenides FTB developed during the Tertiary after closure
of the Pindos Ocean and following a continent—continent collision between Apulia and
Eurasia [4,5]. These evaporitic deposits were studied about their origin, and the results
are controversial [17]. The discrimination between the in situ or resedimented origin of
the evaporitic succession has very important paleogeographic implications because the
different types of evaporites can be ascribed to different parts of the fold and thrust belt
system (e.g., the more proximal regions often contain in situ evaporites in contrast to
the more distal and deeper parts). Therefore, revealing their origin has also economic
implications because it can add constraints to the regional geotectonic setting and assist
future exploration activities.

The aim of this study is to define the depositional conditions (in situ vs. slump and/or
turbiditic in origin), thickness, and spatial distribution of the Messinian deposits in the
southwestern part of the Hellenides FTB (Zakynthos Island). Further, this work will add
constraints on their relationship with the regional tectonic activity that could serve as an
analogue for other parts of the foreland’s basins in the Balkan Peninsula.

2. Geological Setting

The Hellenides FTB includes both platforms (Pre-Apulian and Gavrovo zones) and
deep basins (Ionian and Pindos zones) that exhibit a NNW-SSE direction [18,19]. Zakynthos
Island is located in the Pre-Apulian and Ionian zones and was influenced by the major
orogenic processes that are related to the Hellenides FTB. The principal tectonic features are
the Ionian and the Kalamaki Thrusts (Figure 1). The Pre-Apulian zone lies to the east of the
Apulian platform and to the west of the Ionian zone and corresponds to an edge-slope facies
belt that is largely covered by the Ionian Thrust [20,21]. The Pre-Apulian zone was renamed
to Apulian Platform Margins (APM) [11]. The west directed Hellenides FTB as indicated
from deep seismic profiles that acquired north [22] and south of Zakynthos Island [2,10]
that influenced the sedimentation from Triassic to Pliocene. Triassic evaporites served
as major decollement zones and separated the overlying sediments from the basement
rocks [23]. Listric faults that are steeper than the major thrusts occur internally in the
uplifted wedge [23]. Further, diapiric intrusions are related either to thrust (during Pliocene)
or to back-thrust and strike-slip (during Pleistocene) faults [10]. These intrusions influenced
the basin geometry, bathymetry, and the processes that controlled the sedimentation of
the basin [10]. The uplift that resulted from these intrusions led to the uplift of the Skopos
Mountain. Pleistocene post-depositional deformation took place when the Kalamaki thrust
evolved into a back-thrust, eroding the pre-existing deposits [10]. The diapiric intrusions
modified the sea-floor topography causing steeper slopes and, in conjunction with the
syn-sedimentary strike-slip faults, controlled the depositional processes for the lower
Pleistocene deposits.
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v, Ag. Sosti lsand
Ag. Sostis section

Figure 1. (a) Geological map of western Greece, where the characteristic Ionian thrust and Ionian
foreland are marked, respectively. Red box shows Figure 1b of the Zakynthos Island. (b) The
geological map of Zakynthos Island. Red box shows the location of the studied area of Figure 1c.
(c) Detailed geological map of the studied area where bed direction and angle of inclination are
marked. Moreover, studied sections and studied places are marked.

3. Previous Works and Their Results

Two sections along the south coast of Zakynthos were selected (Figure 1) for re-
assessment of the depositional conditions of the Messinian Evaporites, Ag. Sostis to the
west and Kalamaki to the east. In both sections at the base, there are upper Miocene clastic
sediments (Figure 2), deposited in a shelf environment, evaporites in the middle part and
in the upper part white carbonates (Trubi formation) interbedded with marls of the early
Pliocene age (Zanclean). The subject of this work is to check and to present details in order
for re-assessment, if it is necessary, the depositional conditions of the middle part with
evaporites. There are many theories and many published results where these evaporites
are a debate between teams of researchers. The major question or difference between these
research teams is if the total outcrops with evaporites correspond to in situ Messinian
evaporites or a major part of them resedimented as mass flow deposits (gypsum turbidites)
in a marine environment after erosion of pre-existing Messinian evaporites during the early
Pliocene time.
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Figure 2. Synthetic stratigraphic column of the studied deposits, modified from [24,25], showing the
two studied sections of Ag. Sostis and Kalamaki. With blue stars in Kalamaki section the places from

where the Early Pliocene age was determined [24] were marked.
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The problem or the different approach between the two research groups has an impact
on the basin evolution and the time of the tectonic activity. Accepting the theory of the
Messinian age in total, then the inundation of the basin could relate with the general inunda-
tion of the Mediterranean during the early Pliocene. In this case, these Messinian in origin
evaporites were redeposited later during the early Pliocene, but before the Mediterranean
inundation, as the inundation was related with the sedimentation of Trubi formation with
an early Pliocene age. Probably in the second case, the total thickness must be greater from
the previous in situ Messinian evaporites, and additionally the fault activity was started
earlier than the until now knowledge.

3.1. Publications That Accept the Theory of Resedimented Turbiditic Deposits That Took Place
during Early Pliocene

Kontopoulos et al. [17] mostly worked on the Ag. Sostis section with a minor mention
on the Kalamaki section. They interpreted the Ag. Sostis section with Messinian evaporites
as gypsum turbidites (the section along the coast) (Figure 3b—d) intercalated in a terrigenous
turbiditic succession (the sandstones in Ag. Sostis Island) (Figure 4a). These turbidites
mostly were transported by dense briny underflows and in minor by erosion in shallow
water during sea-level fall. The section of Ag. Sostis harbor was interpreted as shelf deposits
due to the presence of hummocky cross-stratification (Figure 4b,c). They mentioned that
Kalamaki section (Figure 5b) as consisting at the lower part of 55 m marls with minor
calcarinites and gypsiferous partings, probably belonging to the pre-evaporitic sequence of
the late Miocene age. The middle part with 113 m thick comprises six cycles, 9-14 m thick
each with evaporites at the base and marls on the top. These deposits appear to be shallow
water deposits with nodular and banded gypsum but no clear turbiditic deposits. In the
upper three cycles, there are nodular gypsum and gypsum conglomerates interbedded with
laminated and crystalline gypsum. The upper part rests unconformably, with an erosional
contact, over the middle part and corresponds to the Pliocene Trubi limestones (2 m thick)
and overlying calcarenites (10 m thick). Moreover, authors agree with the interpretation of
Braune and Heimann [26] that the gypsum in the eastern part of the Island is of shallow
water origin and is not resedimented. Shallow water Pliocene sediments, suggesting sea
level fall during the Messinian, unconformably overlie it.

PRE-EVAPORITIC SEQUENCE WITH SHALES

Figure 3. (a) Messinian evaporites very close to Ag. Sostis section. (b) Part of Ag. Sostis section with
the fault-controlled contact between pre-evaporitic sections with the turbiditic evaporites. (c) The
turbiditic evaporites and (d) from close the turbidites mostly with Tb Bouma sub-interval.
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Figure 4. (a) The Island of Ag. Sostis where the turbiditic sandstones were outcropped. See the
marked faults due to which there is no continuity from turbiditic evaporites to the post-evaporitic
sequence in the harbor where the Trubi limestones (b) were outcropped. (c) Hummocky cross-
stratification within the post-evaporitic sequence introducing a shelf environment.

Zelilidis et al. [27] focused mostly on the Pliocene deposits mentioning that Trubi
limestones, at the Ag. Sostis harbor (Figure 4b,c), representing the inundation of the
Mediterranean during the Zanclean with the sedimentation in a shelf environment.

Mpotziolis et al. [24] gave the age of sediments in the Ag. Sostis and Kalamaki sections
of previous [17-27] and later [28] works. They found that beneath Ag. Sostis evaporites
there are also early Pliocene deposits and a characteristic slumped Pliocene horizon with
resedimented fossils from the Late Oligocene, Tortonian, and Messinian age (their synthetic
stratigraphic column). The age of turbiditic succession is also early Pliocene in age with
many reworked fossils of the late Oligocene age. The Kalamaki section showed that the
shales on the top of each cycle with evaporites, in the middle part of the Kalamaki section,
were deposited during the Early Pliocene with many reworked fossils of the late Oligocene
(see the position of the samples in Figure 5a).

Figure 5. The Kalamaki section into two interpretations. (a) [29] where we add the position of the
three samples from Mpotziolis et al. [24] with which the Early Pliocene age was determined for this
part of the Kalamaki section. (b) The new interpretation of the same section with additional data.
Bed directions were added and the cycles with evaporites and shales re-organized.

Maravelis et al. [25] in Figure 5 present the middle part of the Kalamaki section as
early Pliocene in age (Zanclean) based on [24] work. Moreover, they gave a stratigraphy
from the western part of the Island, including the Ag. Sostis section where they present a
characteristic presence of a slump horizon internally to the lower Pliocene deposits.
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Zelilidis et al. [10] questioned the position of the Ionian Thrust in Zakynthos Island
(Kalamaki area), and based on sedimentological and structural analyses, reassigned the
N-S directed thrust fault in the Kalamaki area (formerly assigned to the Ionian Thrust)
as the Kalamaki fault (Figure 1). Zelilidis et al. [10] suggested that this fault commenced
during the Pliocene as a thrust fault (in agreement with [30]) and gradually evolved into
a back-thrust fault during the Pleistocene. Zelilidis et al. [10] placed the Ionian thrust
further westwards at the contact between the clastic deposits and the Vrachionas mountain
(Pre-Apulian limestones). This conclusion modifies the boundary between Ionian and
Pre-Apulian zones (see [10]), and the two studied locations belong to the same geotectonic
zone (Ionian Zone).

3.2. Publications That Accept the Theory of an Evaporitic Sequence That Accumulated during the
Messinian Time

Kontakiotis et al. [29] focused on the uppermost part of the Kalamaki section (Trubi
Formation, Figure 5a), using the same samples from the work of [28], published first online
in 2015. They propose a lowery Pliocene (Zanclean age) for these sediments, after the MSC
(after 5.33 Ma), during the inundation of the Mediterranean.

Karakitsios et al. [28] used detailed micropaleontological, magnetostratigraphic, and
geochemical data on 176 samples and divided the Kalamaki section into three parts
(Figure 5a). One hundred and ten (110) samples were tested from the lower part; no
samples were analyzed from the middle part, and sixty-three samples were taken from the
upper part. The middle part corresponds to the evaporites, and strontium isotope analyses
on two samples were conducted indicating a Messinian age (KCB 3 and KCB6 in [29]). The
stratigraphic evolution that was proposed by Karakitsios et al. [30] involves a pre-evaporitic
succession (two intervals) that corresponds to the lower part and formed between 6.45
and 5.97 Ma (late Miocene). The middle part (two intervals) was formed between 5.971
and 5.55 Ma, during the MSC (latest Miocene-Messinian). The upper part (two intervals)
formed the lower interval during 5.6-5.33 Ma (Lago Mare formation) and the upper interval
since 5.33 Ma (Trubi formation). This part corresponds to the Mediterranean inundation
(latest Miocene to early Pliocene-Zanclean) (Figure 5a). Despite the lack of paleontological
data, the evaporites were assigned to the Messinian evaporites. Karakitsios et al. [28]
proposed the same subdivision for the Ag. Sostis section. The lower part corresponds to
the pre-evaporitic succession, and the middle part (especially the lower interval) belongs to
Messinian stage (5.60-5.55 Ma). This part includes redeposited Messinian evaporites that
accumulated through gravity flows. These evaporites slide from the west to east (lower
interval). The upper part contains sandstone and marl intercalations and is outcropped in
Ag. Sostis Island. This part reflects the inundation of the Mediterranean and is represented
by the Trubi formation (1.5 m thick, Ag. Sostis harbor).

Despite the consensus that the evaporites in Ag. Sostis are turbiditic in origin [24,26,28],
the tectonic contact (normal fault) between these deposits and the pre-evaporitic mudstones
has yet to be explained.

3.3. Additional Contribution to the Debate

Duermeijer et al. [31] from paleomagnetic measurements in Zakynthos showed that,
between 0.77 Ma and recent times, Zakynthos underwent a 21.6° + 7.4° clockwise shift,
whereas there is no significant rotation between 8.11 and 0.77 Ma. In contrast, only in
one site, on Kalamaki beach, sampling from evaporites, the results showed a rotation
11° anticlockwise, indicating an angle about 32° between the rest deposits and these of
evaporites. Although authors suggest omitting this result, from the Kalamaki section, they
cannot give an alternative explanation or suggestion of what accounted for this difference.
Moreover, authors [31] according to their paleontological analysis suggest a Messinian age
for these deposits (5.95-5.21 Ma) without mention on what they based their results on or
from which part of the section were the selected /analyzed samples.
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The evaporites in the middle part of the Ag. Sostis and Kalamaki sections are of
Messinian origin (5.971-5.60 Ma). The lower part of the Ag. Sostis and Kalamaki sections
corresponds to the pre-evaporitic succession and was deposited before the MSC (late
Miocene, before 5.971 Ma).

The upper part is represented by the post-Messinian evaporitic succession that com-
mences with the Lago Mare Formation (5.36 Ma) and is followed by the lower Pliocene
(Zanclean, 5.33-5.08 Ma) Trubi limestones that are interbedded with marls.

The Disagreements

One research group accepts that in the middle part of the Ag. Sostis and Kalamaki
sections is of the early Pliocene age (based on a paleontological data set from the evaporites
and especially from the mudstone beds, internally to the evaporites, that document an early
Pliocene age (Zanclean)). The second research group introduces sedimentation during the
Messinian, based mostly on sedimentological data.

4. New Additional Data
4.1. With Re-Interpretation of the Previous Published Papers

Slump horizons and sediments with Bouma subdivisions (turbidites) that were doc-
umented in the Ag. Sostis area and are of an early Pliocene age occur under the middle
evaporitic part (west of the Ag. Sostis section and towards the Keri village, Figure 6)
also introducing an early Pliocene age for the middle part of the Ag. Sostis evaporitic
sequence [24]. The presence of Bouma sub-divisions introduce turbiditic currents that
were developed in deep environments within an unstable basin floor. Additionally, the
fact of the slump’s development introduces that, from the uplifted western part of the
Vrachionas mountain (Figure 1c), the pre-existing Miocene deposits slumped eastwards,
within the Kalamaki foreland basin, during the early Pliocene, explaining the reason of
many re-deposited fossils in the upper Miocene age together with the early Pliocene in
situ fossils.

Figure 6. (a)The section along the beach, between Keri and Ag. Sostis villages, where an Early Pliocene
slump horizon (b) was recognized with Bouma sub-divisions (c). For the position, see Figure 1c.

The above two factors introduce that, due to strong tectonic activity, the basin floor was
tilted, uplift of the Vrachionas wedge-top, and, due to the instability and the presence of
unconsolidated deposits, these deposits slumped eastwards to the Kalamaki foreland basin.

Additionally, the evaporites in the middle part of the Kalamaki section display a
large discrepancy in rotation (over 30°) compared to the rest of the deposits [31] probably
introducing different depositional conditions. As the [31] showed that there is not any
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rotation between 8.11 and 0.77 Ma, then the same age deposits must present the same
rotation that took place after 0.77 Ma.

Therefore, the middle part with evaporites in the Kalamaki section, if they were
deposited during the Messinian time, must present the same rotation with the same age
Messinian evaporites. The fact that this part presents a discrepancy in rotation with more
than 30° could be explained only if these evaporitic deposits were redeposited from other
locations, such as the wedge top of the Kalamaki thrust fault, showing in this case the early
Pliocene activity of the Kalamaki thrust fault.

4.2. Adding New Thoughts with New Data

In the Ag. Sostis area (western part of the studied area), the Messinian evaporites
exist and outcrop on the top of the pre-evaporitic succession, just west of the turbiditic
evaporites (Figure 3a), showing the exact primary location of Messinian evaporites.

In the eastern part of the studied area, close and parallel to the Kalamaki thrust fault,
there are four additional facts that were analyzed:

a.  Within the lower Pliocene shelf deposits, in the Zakynthos town, a slump horizon
was recognized (Figure 7a,b), just west of the Kalamaki back-thrust fault, showing the
activity of the thrust during lower Pliocene sedimentation and the so on produced
instability of the basin floor. It is obvious that during the lower Pliocene sedimen-
tation, pre-existing deposits were slumped within the Kalamaki foreland from the
wedge top of the Kalamaki thrust fault.

b.  In the Panagoula section, the contact between the Miocene and Pliocene is character-
ized by the absence of Messinian evaporites, and this conduct is an unconformity
(Figure 7c). The facts of the Messinian evaporites” absence and the unconformity
boundary, although it is in places with a fault-controlled contact (Figure 7d), could
suggest either the erosion of the Messinian pre-existing evaporites and/or that these
Messinian evaporites never deposited. The unconformity between Pliocene and
Miocene deposits could indicate a shifting of the basin floor, before the sedimentation
of the lower Pliocene, probably due to Kalamaki thrust activity. Due to the thrust
fault activity, additional faults were created influencing the depositional conditions.

Figure 7. (a,b) The slump horizon within the lower Pliocene deposits close to the Zakynthos town.
(c,d). The contact between upper Miocene and lower Pliocene deposits with either erosional contact
or fault-controlled. See the absence of Messinian evaporites. For the position, see Figure 1c.
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c¢.  The Kalamaki section, specifically the middle part, is organized into six cycles that
contain evaporites at the base and mudstone at the top (Figure 5b). The detailed
measurements of bedding planes showed that bed directions indicate three blocks
that display different dip directions but the same angle of bedding (74/60, 65/55,
88/55) (Figure 5b). In the same middle part of the Kalamaki section, a deformation
structure (slump) was recognized at the top of the thin-bedded mudstone (Figure 8a).
The folding is tight at the one edge but laterally diminishes (Figure 8c). Sedimentary
structures similar to load casts occur at the lower bed of evaporites (Figure 8b).
Evaporites are composed of cycles with a normally graded, fining upward trend
(Figures 8d and 9a,b,d). Amalgamation surfaces exist in the Ta Bouma subdivisions
(Figure 9a). Water escape structures, associated with high sedimentation rates, occur
in this middle part of the evaporites (Figure 9c).

Figure 8. (a) Thinly bedded shales between turbiditic evaporites. Arrow shows b, the base of
evaporites. (b) Evaporites at their base formed structures like load-casts. (c) On the top of shales,
there are strong deformed shales (white arrow) and this deformation gradually finished. (d) Cycles
internally to the evaporites; white line marks the contact between cycles, which probably represents
an amalgamation surface between Ta Bouma sub-divisions.

Figure 9. (a) The upper part of turbiditic evaporites between shales. See amalgamation surfaces
internally to the evaporites, marked with white dashed lines. Red line shows the contact between
two cycles. (b) The lower part of the above evaporitic horizon with characteristic fining and thinning
upward trend. Blue arrow shows the base of these evaporites. (c) Water-escaped structures clearly
showed at the base of the above evaporitic horizon. (d) Strong deformation within this lower cycle of
the evaporitic turbidites.

120



J. Mar. Sci. Eng. 2023, 11, 271

Explaining the new findings in the middle part of the Kalamaki section, it seems that
there are at least three different depositional packages, due to internal unconformities, as
this suggested different bedding planes’ directions. It seems that sedimentation took place
during the thrust fault activity, and as the Kalamaki foreland basin was subsided, there
was a shifting of the preexisting beds.

d. In this Kalamaki section and in the eastern side, Lago Mare and Trubi limestones
rest unconformably over the middle evaporitic part, but in some places this contact
seems fault-controlled (Figure 10c). This type of contact indicates that tectonic activity
controlled the accumulation of these deposits. Mudstone beds that occur at the top of
the Trubi limestones rest unconformably over the Trubi limestones (Figure 10a). The
mudstone beds underneath the Lago Mare formation contain several slump horizons
(Figure 10d), suggesting slope instability during the sedimentation. Trubi formation
is cross-cut by normal faults that are directed parallel to the coast (Figure 10b). These
faults are probably responsible for the outcrop of the Kalamaki section, which rests
on the footwall of these normal faults.

Figure 10. (a) View of Trubi limestones with bed direction and the contact with the overlying shales.
See the great difference between them in bed directions. (b) Lago Mare and Trubi limestones in
contact. See the faults that cross-cut the Trubi limestones. In this figure, it is marked the position of
Kalamaki fault and the Skopos Mountain with the Triassic evaporites. (c) See both the-fault controlled
and unconformity contact between the upper part of turbiditic evaporites and Lago Mare and Trubi
limestones. (d) Strong deformation internally to the beds under the Lago Mare deposits.

The fault-controlled contact and unconformity between the middle and upper parts
(turbiditic evaporites with Lago Mare shales and Trubi limestones), in the Kalamaki section,
indicate that sedimentation during the early Pliocene took place in a restricted area close to
the thrust fault.

The presence of the Bouma sequence both in the Ag. Sostis section and in the Kalamaki
section supports the idea of a foreland basin, this of the Kalamaki foreland where submarine
fans were accumulated during the early Pliocene.

5. Discussion—Conclusions

The new presented evidence can led to a new approach for the paleogeographic
evolution of Zakynthos Island during late Miocene-Messinian to early Pliocene time and
the Messinian evaporites” development:

The Ionian thrust (in its revised position) and the Kalamaki Thrust (old position
of the Ionian Thrust) commenced just prior the Mediterranean inundation (during or
before the early Pliocene, Zanclean). The uplifted areas (wedge top) of the two thrust
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faults exposed the pre-existing upper Miocene shelf deposits and especially the Messinian
evaporites that were eroded. This process triggered gravity flows and slumping, leading
to the deposition of turbiditic gypsum or slumped blocks that are composed of Messinian
evaporites (olisthostroms).

The pre-evaporitic succession (upper Miocene shelf deposits) belongs to the western
end of the Pindos foreland basin and has gentle slopes (Figures 11 and 12) that were
accumulated before the Kalamaki thrust fault activity.
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Figure 11. Paleogeographic maps showing in four stages the distribution of the sediments into the
existing basins. (a) During Late Miocene, as the western part of the Pindos foreland, (b) during
the Messinian, when the whole basin was desiccated, (c¢) during Early Pliocene, when the uplifted
Messinian evaporites slid or eroded and resedimented into the Kalamaki Foreland (stage 1), (d)
during Early Pliocene (stage 2), when the basin was restricted southwards, and Lago Mare and Trubi
limestones were deposited.
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Figure 12. Evolutionary models showing in three stages (Late Miocene, Messinian, and Early Pliocene)
the studied area that influenced from the two major thrust faults. (a) During Late Miocene, Vrachionas
Mountain represents the Apulian Platform Margins, passing gradually eastwards to the Ionian Basin.
(b) During Messinian, both thrusts were active, producing the Kalamaki and Ionian foreland basins,
respectively. (c) During Early Pliocene, Kalamaki thrust acted as back-thrust producing on its wedge
top three small-restricted sub-basins (Argasi, Mellas, and Xirakastello [10]). Red line in Figure 11
shows the position of cross-sections.

The Vrachionas anticline, representing the Pre-Apulian zone [28] or the Apulian
Platform Margins [11], formed because of the Ionian Thrust activity and represents the
wedge top of the Ionian thrust that took place/was activated during the middle to upper
Miocene. The new Ionian Foreland is situated to the west of Zakynthos Island (in the Ionian
Sea, Figures 11 and 12). During the early Pliocene, this wedge top (Vrachionas anticline)
was sourced, with slumping processes, eastwards towards the Kalamaki foreland basin.

Turbiditic evaporites (of Messinian age evaporites in origin) in Ag. Sostis were sourced
from the uplifted western area (Vrachionas anticline—wedge top of the new Ionian thrust).
The uplift triggered slumping in the lower Pliocene mudstone beds, and subsequently the
deposition of the evaporitic turbidites indicate an early Pliocene age.

Slumps that consist of Messinian evaporites were transported and redeposited in the
Kalamaki Foreland Basin from the uplifted Skopos Mountain. In the new position, these
evaporites present a 32° deficiency in rotation, compared to the in situ clastic deposits (the
pre-evaporitic upper Miocene or post-evaporitic lower Pliocene deposits, Figures 11 and 12).

The new Kalamaki Foreland Basin was a narrow and restricted basin and was formed during
the Messinian time and was still active during the early Pliocene ( Figures 11b,c and 12b,c).

The evaporites display their greater in total thickness in the Kalamaki foreland basin,
and especially close to the thrust front, because of the presence of both in situ Messinian
evaporites that act as a blanket in the whole basin and lower Pliocene resedimented
turbiditic evaporites sourced from the uplifted areas of Skopos mountain (Figure 12b,c).

The Lago Mare shales and Trubi limestones accumulated south of the Kalamaki and
Ag. Sostis sections (now are situated offshore, Figure 11d) in a fault-controlled basin. The
northern part was filled up with sediments from the eroded uplifted Kalamaki (Skopos
Mountain) and Tonian (Vrachionas Mountain) thrust faults.

It is critical to examine thoroughly such outcrops in order to determine the thickness,
origin, and aerial distribution of the Messinian evaporites or their re-sedimentation during
the early Pliocene. Further, it is important to understand the driving mechanisms and
timing of their erosion and re-deposition since they add on to the pre-existing thickness
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of evaporites. It is very important to understand the timing of fault activity, in regions
adjacent to the Messinian evaporites, in order to understand their behavior.

As the Ionian Thrust is critical in hydrocarbon exploration in the Ionian and Adriatic
Seas, because many exploration targets are active, the oil companies would like to know
if there is and how it is the thickness of the in situ Messinian evaporites internally to the
Ionian foreland.

Unravelling the depositional conditions of the Messinian in origin evaporites, in
Zakynthos Island, the implication could be established for the sealing capacity in the
Mediterranean Sea, as there are many areas with limited detailed measurements of the
sedimentological and stratigraphic analysis of the Messinian in origin evaporites that
accumulated into the restricted and confined basin with quite different total thicknesses.
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Abstract: The current sedimentological and petrographical research of the Abbottabad Formation has
been carried out in order to understand the formation and evolution of the Proto-Tethys Ocean during
the Cambrian on the northern margin of the Indian Plate. The Muzaffarabad region is located east of
the Upper Indus Basin and the southern part of the Hazara Kashmir Syntaxis. The geological history
of the region varies from the Precambrian to the recent period. The Cambrian Abbottabad Formation
is well exposed along the Hazara Kashmir Syntaxis at the core of the 500-m-thick Muzaffarabad
anticline. The Abbottabad Formation is an unconformity-bounded allo-stratigraphic unit. It has an
unconformable lower contact with the Late Precambrian Dogra Formation and an unconformable
upper contact with the Paleocene Hangu Formation. The Abbottabad Formation has been divided
into four lithofacies, from bottom to top, namely, thinly interbedded dolomite and shale, cherty-
stromatolitic dolomite, oxidized limonitic-brecciated zone, and quartzite, with significant lithological
changes. Petrographic studies revealed four types of dolomites: fine crystalline dolomite (Dol. I),
dolomitic cryptocrystalline chert (Dol. II), algal mat-stromatolitic dolomite (Dol. III), and intraclastic-
dolo-grain stone (Dol. IV). The mineral composition of dolostone was analyzed using X-ray diffraction
(XRD) and found to be consistent with previous petrographic studies. The dolomite mineral content
decreased from base to top, while chert increased towards the top. Elemental weight percentages
through energy dispersive X-ray (EDX) analysis show different elements constitute the minerals
found in the dolostone, as confirmed by petrographic and XRD analysis. Using outcrop data, facies
information, and geochemical data, a modified depositional model of the Abbottabad Formation was
developed. During the Early Cambrian period, the formation was deposited in a shallow subtidal to
supratidal setting of the Proto-Tethys Ocean. The top of this deposit marks the Cambrian—Paleocene
boundary. Because of the progressively coarsening outcrop sequences, this formation seems to be at
the very top of the Proto-Tethys Ocean’s shallow marine system.

Keywords: stromatolites; dolomite microfacies; Proto-Tethys Ocean; shallow marine carbonates;
subtidal-supratidal depositional environments; sequence stratigraphic development; sedimentary
basin dynamics; stratigraphic correlations; diagenetic processes; paleoenvironmental reconstruction
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1. Introduction

The Himalayas are classified into four subdivisions, i.e., sub-Himalaya, lesser Hi-
malaya, higher Himalaya, and trans-Himalaya [1]. The Muzaffarabad area situated in the
east of the Upper Indus Basin (UIB) in Pakistan [2] and is the southern portion of the Hazara
Kashmir Syntaxis (HKS), sub-Himalaya (Figure 1). The HKS of the Northern Pakistan has
been the focus of geological study because of its sedimentology, complicated structure, and
seismicity. The area is highly deformed by the folds and faults owing to tectonic activity [3].
The sedimentological sequence ranges in age from Cambrian to the most recent era. The
inner core of the HKS mainly consists of the Cambrian Abbottabad Formation, which is
thrust over the Miocene Murree Formation [3]. The study area forms the core and the
northern limb of a Muzaffarabad overturned anticline, which is part of regional HKS in the
Muzaffarabad city along Neelum valley road, Azad Jammu and Kashmir, Pakistan (AJKP).
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Figure 1. (A) Regional location map of the northern Pakistan; (B) tectonic map of northern Pakistan.
Red square showing the study area (compiled and adopted after [4-6]).

Various researchers have worked on the stratigraphy and tectonics of HKS deposits
in different parts of Azad Jammu and Kashmir, Pakistan (AJKP) [3-5,7-18]. The geology
and stratigraphy of this region was originally described by Medlicott [19]. The Swiss
geologist Bossart, et al. [20]) described the lithological, stratigraphic and structural features
of HKS. Greco [8] described the stratigraphic and metamorphic features of the rocks of the
Hazara-Kashmir Syntaxis. Baig and Igbal Siddiqi [9] and Baig, et al. [21] worked on the
Muzaffarabad fault and discussed the active tectonic evidence.

Although general information about the stratigraphic and sedimentological aspects
of the various formations in the HKS exists, detailed study regarding sedimentology and
stratigraphy for the dolomites of the Abbottabad Formation is lacking, which is crucial for
understanding the Cambrian deposits of Proto-Tethys Ocean in the northern Pakistan. The
Abbottabad Formation was selected for sedimentological and petrographic analysis. The
Abbottabad Formation consists of stromatolitic, thinly to thickly bedded dolomite of the
Cambrian age. Different researchers presented various models for the genesis of dolomite
and the associated diagenetic environment [22-27].
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This study aims to determine the litho- and micro-facies of dolostone, its deposi-
tional environment, and stromatolite development in the Abbottabad Formation. The
depositional model proposed here will provide additional insights into the paleogeo-
graphic evolution of the Proto-Tethys basin and a better correlation with nearby tectono-
stratigraphic successions.

2. Geological Framework

The study area lies in the Kamsar to Yadgar region of the Muzaffarabad, a division of
AJKP and is part of HKS (Figure 1). The HKS is one of the most conspicuous northwest
Himalayan structures and is a complex tectonic zone formed by a regional shift in the
northeast-to-northwest strike of orogeny. The syntaxial zone and its surroundings exhibit
sedimentary, volcanic, and metamorphic rocks from the Precambrian to the Neogene [5].
The thickness of the Precambrian and Cambrian rock strata increases eastward from the
UIB while it diminishes westward (Figure 2) [28]. The HKS comprises numerous thrust
sheets that overlap and are composed of Precambrian to Mesozoic formations that were
thrust onto molasses deposits [13,29,30].

Figure 2. Surface and subsurface deposition of different formations and unconformities in UIB and HKS.

In the Cambrian period, the study region was a part of Gondwanaland characterized
by generally warm, shallow marine environments [29,30]. After a period of non-deposition
during the Lower Cambrian, the region once again experienced a transgression of the
sea and the deposition of the Abbottabad Formation took place [28]. The Ordovician to
Cretaceous rock sequence was not deposited during tectonic uplift and erosion related to
earlier orogenic events on the Gondwana of the Indian Plate (Figure 2) [31]. In the early
Paleocene, the Hangu Formation was deposited at the base of the Late Paleocene-Early
Eocene Neo-Tethys limestone and shale sequence [32]. After the collision of the Indo-
Eurasian plates in the Cretaceous, the regional thrust systems evolved, including the Main
Karakoram Thrust (MKT), the Main Mantle Thrust (MMT), the Main Boundary Thrust
(MBT), and the Salt Range Thrust (SRT) [1,33,34]. Currently, the research area is in the
sub-Himalayas. The Main Boundary Thrust (MBT) restrains the sub-Himalayan lithosphere
from the north. The MBT divides the rocky regions of the sub-Himalayan area from the
lesser Himalayan region (Figure 1).
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Stratigraphy of Kamsar Section Abbottabad Formation

The study area contains rocks from the Precambrian Dogra Formation to the Miocene
Murree Formation (Figure 3). The majority of the Dogra Formation is composed of graphitic
schist, phyllite, and marble. The uppermost contact between the Dogra Formation and
the Abbottabad Formation is nonconformable, and the Abbottabad Formation marks the
beginning of the Cambrian period.
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Figure 3. Simplified geological map of the study area.

The Stratigraphic Committee of Pakistan has classified the primarily dolomite, quartzite,
and limestone rocks of the Abbottabad district as the Abbottabad Formation [35]. This
nomenclature has been expanded to encompass the similar and correlative rocks previ-
ously referred to as “great limestone” [36], “Upper Dolomite Member” [7], “Muzaffarabad
Formation” [4], and the Sirban Formation [8]. In the study area, the Abbottabad Formation
is exposed under the MBT in the sub-Himalaya region and the center of the Muzaffarabad
anticlinal system. This formation consists of cliffs and very steep slopes and have average
thickness of 200-833 m [37].

The Abbottabad Formation is composed mostly of cherty dolomite, with subordinate
shales, stromatolitic dolomite, and quartzite facies. Latif [14] identified a few Cambrian-
aged fossils in the Abbottabad Formation, which is mostly fossil-free. The microfossils in
the Abbottabad Formation are interpreted to reflect the Cambrian Period. About 500 mya,
after the Cambrian deposit ended, the Paleocene deposit began. Overlying the Abbottabad
Formation, the Hangu Formation’s bauxite, coal seams, and sandstone deposits with
average thickness of 15-35 m [37] indicate the primary unconformity at the erosional
breccia surface of dolomite [13].

3. Methodology
3.1. Field Study

Field observations were conducted in Muzaffarabad’s Kamsar-Yadgar region (Figure 3).
This investigation shows a variety of outcrop lithofacies. Using Jacob’s staff technique,
the outcrops of the Abbottabad Formation were recorded, sampled, and measured. Based
on sedimentological observations, such as lithological variations, color, and depositional
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texture, detailed investigations were performed to identify distinct lithofacies (Table 1).
A total of 100 samples from the Abbottabad Formation were obtained from different places.

Table 1. Litho facies of the Abbottabad Formation, Kamsar-Yadgar section, Muzaffarabad.

Lithofacies

Description

Bedding and Structures

Environment of Deposition

LA-1
Dolomite with subordinate shale

The basal zone is fine grained,
light grey dolomite.
The upper zone consists of dark
grey, thinly bedded dolomite with
blackish shales.

Lenticular layers with minor
erosional surfaces against shale;
small-scale cross-lamination; rare
normal graded bedding.

Shallow subtidal

LA-2
Stromatolitic dolomite member

This zone is typical dolomite
showing growth of thinly
laminated algal mats to thick
domal shape stromatolites. The
colour of the dolomite is light
grey with some chert bands.

Convex to undulatory laminae;
abundant stromatolites of varying
shapes and size; large domal and
columnar stromatolites up to 10 to

15 cm, 1-2 m long and grading
upwards into microbial laminae.

Shallow subtidal to supratidal

LA-3
Oxidized, ferruginous, dolomite

This zone is greenish and reddish
brown, rusty stained, brecciated,
and limonitic. The thickness of
this zone at Yadgar is 16.2 m and
extends more than 100 m along
dip and strike.

Monomict with lithology, such as
host rocks as well as dolomite and
chert clasts; poorly sorted,
sub-angular to angular clasts of
varying sizes and coated by
oxidized limonite.

Surface karstification products;
karstic depression fills

LA-4
Quartzite member

Quartzite is fine grained, snow
white to white, with brownish to
yellowish encrustations on
the joints.

The thickness of the quartzite
varies from 9 to 25 m and
brecciated at the top.
Calcrete deposits.

Subaerial exposure

3.2. Petrography

Thin sections of dolomitic rock were prepared at the Hydrocarbon Development
Institute of Pakistan (HDIP) in Islamabad. A petrographic microscope (Leica DM-750P)
was used to examine thin sections for mineral identification and diagenetic markers using
reflected and transmitted light. Tables 2 and 3 show the results of the modal mineralogical
composition using the point-counting technique. Photomicrographs were taken and used to
characterize microfacies. The basic terminology of dolomite textures employed in thin sec-
tions considers crystal structure, crystal mutual relationships, and uniform or non-uniform
size distribution. Commonly, dolomite has an idiotopic (planar) to a xenotopic (non-planar)
texture. The idiotopic texture is further divided into idiotopic e, idiotopic s, idiotopic c,
and idiotopic p, representing euhedral, subhedral, cement, and porphyrotopic, respectively.
The xenotopic texture is further classified into xenotopic a, xenotopic ¢, and xenotopic p,
indicating anhedral, cement with saddle shaped dolomite crystals, and porphyrotopic,
respectively. Saddle dolomite derived from hydrothermal fluids is a late diagenetic product
that often overprints earlier diagenetic phases. The carbonate classification methods of
Dunham [33], Sibley and Gregg [34] and Fliigel and Munnecke [37] were used to analyze
the texture and microfacies of the carbonate rocks, which comprised both biogenic and
inorganic dominant components. The classification technique of Logan, et al. [38] was
used to classify stromatolites. Kalkowsky [39] used the term stromatolith to describe “lime-
stone masses with a thin, planar layered structure”, composed of a collection of laminae
(“stromatoid”) thought to be of vegetal origin. Logan, Rezak and Ginsburg [38] developed
a classification to characterize the growth types of intertidal and shallow subtidal stromato-
lites. Laminated mats are frequent in quiet-water supratidal and intertidal environments,
whereas domal growth forms are widespread in subtidal conditions. Several petrographic
observations and diagenetic phases were documented and quantified to analyze the depo-
sitional environment using lithofacies analysis. Figure 4 presents a summary of the results
based on the above sedimentological and petrographic observations.
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Figure 4. Litho-log of the Kamsar-Yadgar section, Muzaffarabad, Pakistan.

3.3. X-ray Diffraction (XRD) Energy Dispersive X-ray (EDX)

For the current research work, four samples of dolomite from the Abbottabad Forma-
tion were taken for XRD and eight samples for EDX analysis. The samples for XRD analysis
were sent to Centralized Resource Laboratory (CRL), Peshawar University, and samples for
EDX analysis were sent to Laboratory of Center for Pure and Applied Geology, University
of Sindh, Pakistan, where they underwent detailed analysis.

The X-ray diffraction (XRD) instrument utilized at CRL Peshawar was a JDX-3532
Diffractometer from Japan with the capacity to generate voltages ranging from 20 to 40 kV
and currents ranging from 2.5 to 30 mA. The instrument employed a copper (CuKa) X-ray
source with a wavelength of 1.5418 nm and a 2Theta-range of 0-160°. Copper is a widely
used X-ray source, and its K peak at 1.5418 nm offers advantages for analyzing minerals
due to its higher-order lattice spacing, which is 10-15 times greater than the wavelength.
Finally, the XRD data were analyze by Jade 6.5 software.
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To perform EDX analyses, the samples were first coated with gold using the DII-
29030SCTR smart coater, and then analyzed using a JEOL EDS system with Bruker software.

4. Results
4.1. Litho- and Petro-Facies Characterization of the Abbottabad Formation

The Abbottabad Formation has a non-conformable lower contact with the Precambrian
Dogra slates in the study area (Figures 4 and 5A), while the Palaeocene Hangu Formation
unconformably overlies the Abbottabad Formation (Figure 5I).

Figure 5. Detailed field characteristics and lithofacies of the Abbottabad Formation at Kamsar-Yadgar
section, Muzaffarabad: (A) non-conformable contact between the Dogra slate and thin interbedded
dolomite of the Abbottabad Formation (LA-1); (B) thinly bedded dolomite with blackish shale (LA-1);
(C) thinly bedded greyish dolomite (LA-1); (D) thinly laminated convex algal mats (LA-2); (E) thick
dome-shaped stromatolites (LA-2); (F) reddish brown, rusty stained, brecciated, and highly limonitic
dolomitic zone (LA-3); (G) contact between the limonitic, brecciated zone, and medium bedded algal
mat dolomite; (H) snow white, brecciated quartzite (LA-4); (I) composite unconformity between the
brecciated quartzite of the Abbottabad Formation and the Hangu Formation.
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The following four lithofacies were observed in the field (Table 1).

4.1.1. Dolomite Member (LA-1)

The dolomite member can be separated into two zones. Figure 5B shows fine-
grained, light grey to cream grey dolomite with cherty bands in the basal zone.
Dolomite is thin to medium-bedded, highly jointed and fractured, hard, compact,
fine grained, and cherty in general. Chert is found as grey to dark grey layers, patches,
and lenses. Dolomite is brittle and fractures into small, angular fragments due to the
presence of silica. The upper zone is composed of thinly bedded grey to dark grey
dolomite with blackish shale (Figure 5C). This zone extends from 0 to 205 m above the
ground (Figure 4).

4.1.2. Stromatolitic Dolomite Member (LA-2)

This is a fine-grained dolomite zone, with thinly laminated algal mats (Figure 5D)
to thick, dome-shaped growing stromatolites (Figure 5E).

The color of dolomite is light gray with chert bands. Stromatolites are most
common in the study area as stacked hemispheroids (SH) that form columns separated
by sediment (Figure 5E) [38]. The laminae domes have varying widths (subtypes
SH-C and SH-V). Even though the region experienced periodic storm activity, low
energy conditions prevailed. Tidal flat conditions occurred in general throughout the
formation of the investigated sequence. This zone is around 200 m thick and displays
a gradual increase in water depth (Figure 4).

4.1.3. Oxidized, Ferruginous Dolomite Member (LA-3)

An oxidized zone can be seen in the central part of the stromatolitic dolomite
facies (Figure 5F). This zone is greenish-reddish brown, rusty stained, brecciated, and
highly limonitic. This zone is 16.2 m thick at Yadgar section (Monument Point) and
extends more than 100 m along the dip and strike (Figure 5G). The zone is characterized
by shearing and considerable silicification. Quartz lenses are found in phyllitic-looking
altered rocks (Figure 4).

4.1.4. Quartzite (Quartzose Sandstone) Member (LA-4)

In the study area, quartzite rests on top of stromatolitic dolomite. This quartzite is
fine-grained, white to snow white, with brownish to yellowish encrustations on the
joints (Figure 5H). The quartzite ranges in thickness from 9 to 25 m, is brecciated at the
top, and is unconformably overlain by bauxite from the Hangu Formation (Figure 5I).
This zone extends from 410 to 438 m above the LA-2 facies (Figure 4).

4.1.5. Microfacies of the Abbottabad Formation

The petrographic analysis of 30 dolomite samples revealed different grain types,
such as ooids, pellets, intraclasts, and the remains of unidentified fossils (Figures 6-9).
The lower part of the Abbottabad Formation has fine crystalline dolomite, but the
upper part is entirely quarzitic and brecciated. Dominant microfacies include those
composed of dolomite, chert, chalcedony, various types of bioclasts, and quartz, with
textures ranging from crystalline to grain stone. Five microfacies have been identified
and are listed below.
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Figure 6. Photomicrographs of the Dol. I microfacies of the Abbottabad Formation. (A) Partially
dolomitized vein (blue arrow) and carbonaceous material in fine dolomite rhombs (green arrow)
(KA-1; PPL. 10x). (B) Fine equigranular, planar-s dolomite facie and pyrite grains upon dolomite
vein (blue arrow) (KA-2; XPL. 10x). (C) Fine crystalline dolomite with chalcedony (blue arrow)
(KA-3; XPL. 10x). (D) Stylolite veins highlighted by hematite (blue arrow) and rectangle showing
cubic pyrite in planar dolomite facie (KA-3; XPL. 10x). (E) Bioclast in fine crystalline dolomite (blue
arrow) (KA-4; PPL. 10x). (F) Stylolite vein (blue arrow) and rectangle showing hematite grain (KA-4;
PPL. 10x). (G) Calcite and dolomite vein (blue arrow) in fine crystalline dolomite (KA-19; XPL. 10x).
(H) Bioclasts in fine crystalline dolomite (blue arrows) (KA-27; XPL. 10x). (I) Bioclast in fine
crystalline dolomite (KA-31; PPL. 10x). (J) Chalcedony vein (red arrow) and chert in dolomite
(KA-37; XPL. 10x). (K) Hematite vein in dolomite (KA-37; XPL. 10x). (L) Chalcedony patches (blue
arrow), and chert (red arrow) in fine planar-s dolomite (KA-44; XPL. 4 x).
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Figure 7. Photomicrographs of the Dol. II microfacies of the Abbottabad Formation. (A) Chert
inclusion in dolomite vein (blue arrow) of cherty dolomite (KA-5; PPL. 10x). (B) Dolomite vein
cutting chalcedony (blue arrow) (KA-5; XPL. 10x). (C) Irregular contact of dolomite and chert
(blue arrow) (KA-5; XPL. 10x). (D) Dolomitized veins highlighted by hematite (blue arrow) and
rectangle showing apatite (KA-41, PPL. 4x). (E) Chalcedony (red arrow) and hematite vein (KA-
41; XPL. 4x). (F) cross cutting cherty veins (blue arrow) in cryptocrystalline silica (KA-41; XPL.
4x). (G) Microcrystalline (red arrow) and cryptocrystalline chert (blue arrow) (KA-41; XPL. 4x).
(H). Chert nodule (blue arrow) containing pyrite (KA-59; XPL. 4 x). (I) Hematite veins (blue arrow)
in microcrystalline silica (KA-59; XPL. 4x). (J) Hematite veins cut by bioclast (KA-60; XPL. 4x).
(K) Chalcedony (blue arrow) (KA-61; XPL. 4x). (L) Unfilled veins showing micro faults (blue arrow)
(KA-61; XPL. 4 x).
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Figure 8. Photomicrographs of the Dol. III microfacies of the Abbottabad Formation. (A) Microbial
lamination (blue arrow) and organic matter (KA-8; PPL. 4x). (B) Chert patches with stylolite vein
(red arrow) (KA-35; XPL. 4x). (C) Algae bioclast (blue arrow) (KA-56; XPL. 4x). (D) Dolomitized
algal mats (KA-56; XPL. 4x). (E) Dolomitized algae bioclast (red arrow) (KA-56; XPL. 4x) (F) Spary
calcite (blue arrow) (KA-56; XPL. 4x). (G) Algal mats (blue arrow) partially dolomitized (KA-63; XPL.
10x). (H). Chalcedony vein (blue color) and hematite vein (red arrow) along algal mats (KA-63; XPL.
10x). (I) Rectangle showing pellets (KA-63; XPL. 4x). (J) Rectangle showing zircon and polygon
showing tourmaline crystals (KA-63; XPL. 10x). (K) Algal mat (blue arrow) (KA-67; XPL. 4x).
(L) Rectangle showing cavity filled by calcite and then dolomitized (KA-67; XPL. 4x).
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Figure 9. Photomicrographs of the Dol. III, IV and arenite microfacies of the Abbottabad Formation.
(A) Chert (red arrow) and stylolite vein (blue arrow) along algal mats in Dol. III facies (KA-67; XPL.
4x). (B) Bioclast (blue arrow) in Dol. III facies (KA-67; XPL. 10x). (C) Dolomitized ooid (blue arrow)
in Dol. III facies (KA-70; XPL. 40x). (D) Pyrite grains in bioclast in Dol. III facies (KA-70; XPL.
40x). (E) Cherty and dolomitic vein and rectangle showing pellets in Dol IV facies (KA-50; XPL. 4 x).
(F) Intraclasts (blue arrow) in Dol IV facies (KA-50; XPL. 4x). (G) Dolomite clast (blue arrow) in
Dol IV facies (KA-65; XPL. 10x). (H). Spary calcite (blue arrow) in Dol IV facies (KA-65; XPL. 10x).
(I). Tourmaline crystal (red rectangle) in Dol IV facies (KA-65; XPL. 10x). (J). Chalcedony (red arrow)
and chert (blue arrow) in Dol IV facies (KA-76; XPL. 4x). (K). Chert (blue arrow) and quartz (red
rectangle) in arenite facies (KA-82; XPL. 4x). (L). Sub-angular, sutured grains of quartz in arenite
facies (KA-87; XPL. 4 x).
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4.1.6. Fine Crystalline Dolomite (Dol. I)

In the Kamsar section, ten samples (KA-1, KA-2, KA-3, KA-4, KA-19, KA-22, KA-27,
KA-31, KA-37, and KA-44; Table 2) are microcrystalline to fine-crystalline dolomite (Dol. I).
Around 70% to 95% of this microfacies are composed of dolomite, which has a nonplanar
to planar texture (Figure 6A-C).

Dolomite crystals are compacted, subhedral, and are of the same size. Chert, which
is composed of small fibers of silica, is between 1% and 5% (Figure 6C,J,L), and pyrite,
which is a Fe-rich residue, is also between 1% and 5%. Pyrite is observed in both cubic
(Figure 6D) and framboidal (Figure 6F) shapes, which formed during deposition and
diagenesis, respectively. Bioclasts from the Cambrian period are between 1% and 2%
(Figure 6E,H). Dolomitized bioclast in fine crystalline dolomite is present (Figure 6I). This
microfacies also has stylolite veins (Figure 6D,F), chalcedony veins (Figure 61,]), a hematite
vein (Figure 6K), and calcite and dolomite veins (Figure 6G). Chemical compaction occurs
in many sediments. This is shown by pressure solutions and the formation of stylolites [40].
Load and/or tectonic stress can cause pressure to build up. Based on the Sibley and
Gregg [34] textural classification, the Dol. I microfacies of the study area are crystalline
planar-s to planar-e type dolomite, most of which is dolomite replacing other sediments.

4.1.7. Dolomitic Cryptocrystalline Chert (Dol. II)

Dolomitic cryptocrystalline chert was observed in seven samples (KA-5, KA-41, KA-
59, KA-60, KA-61, KA-68, and KA-84; Tables 2 and 3) (Dol. II). Petrographically, this
microfacies has between 5% and 30% dolomite with planar-c texture (Figure 7A). In this
microfacies, the amount of silica is very high, and it is visible in the form of chert, which is
a fine-grained sedimentary rock made of microcrystalline or cryptocrystalline quartz (SiO2)
and chalcedony. Chert is between 5% and 60% (Figure 7C,EH), cryptocrystalline silica is
between 30% and 65% (Figure 7F,G), and chalcedony is between 8% and 24% (Figure 7B,E K).
The lower part of this facies (KA-5) is in a transitional phase, and the middle and upper parts
have more silica. Grains of apatite (Figure 7D) and pyrite (Figure 7H) are also observed.

4.1.8. Dolomite with Algal Mats (Dol. III)

These facies were observed in eight samples (KA-8, KA-35, KA-56, KA-63, KA-66,
KA-67, KA-69, and KA-70; Tables 2 and 3) (Dol. III). The quantity of dolomite in this
microfacies ranges from 18% to 78% and shows a non-planar-c type texture. Algal mats are
presented as a sedimentary structure along carbonaceous material, ranging from 5-55%.
The thickness of the micritic laminae is variable (Figure 8A,D,G). These crusts, which are
several centimeters thick, are thought to be carbonate precipitation due to micro-organisms.
Thin sections of studied stromatolites show that they are composed of a fine-grained
sediment that is well-laminated. This is because fine-grained sediment was deposited in
small amounts at different times and was then trapped (Figure 8B,C,K). The iron minerals,
such as hematite, in the dark microbial laminae of stromatolites (Figure 8A,H) are present.
Chert is between 4% and 30% (Figure 9A). There are also partially dolomitized bioclast
(Figure 8B) and peloids (Figure 9C,D) in this microfacies.

4.1.9. Intraclastic-Dolo-Grain Stone (Dol. IV)

Three samples (KA-50, KA-65, and KA-76; Tables 2 and 3) are intraclast dolo-grain
stone (Dol. IV). Dolomite makes up between 20 and 25% of this microfacies, revealing
planar idiotopic (Planar-p). In this microfacies, intraclasts of different types of rock, such as
dolomite, chert, and carbonaceous material, are common and constitute 5-60% (Figure 9EG),
and chert makes up 5-25% (Figure 9E]).

4.1.10. Fine Quarzitic Arenite

Two samples. (KA-82 and KA-87; Table 3) are arenites. The quartz amount in this
microfacies is around 95%. Quartz grains are moderately sorted and sutured (Figure 9K,L).
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4.1.11. XRD and EDX Analysis of Dolostone

The XRD analysis of dolomite indicates similar mineral composition as determined
through petrographic studies. The main minerals found in dolostone are dolomite (26-68%),
calcite (5-47%), quartz/chert/moganite (13-66%), pyrite (up to 3%), and carbonaceous
material (up to 5%). The XRD analysis of dolostone further reveals that dolomite mineral
decreases from base to top and chert increases towards top (Figure 10A-D).
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Figure 10. XRD pattern of the Abbottabad Formation. (A) Fine crystalline dolomite (LA-1; Dol. I;
sample no. KA-1); (B) dolomite (LA-3; Dol. IV; sample no. KA-65); (C) quartzite (LA-4; arenite
microfacies; sample no. KA-82); (D) dolomite (LA-1; Dol. II; sample no. KA-84).

The diffractogram A of Dol. I microfacies (sample no. KA-1) demonstrates the presence
of dolomite, carbonaceous material, potassium nitrate (KNO3), and quartz (Figure 10A).
The occurrence of potassium nitrate in the Dol. I microfacies probably indicates that the
rocks have been altered by the actions of microorganisms, such as bacteria or fungi, which
produce nitrate as a byproduct of their metabolic processes. Diffractogram B of Dol. IV
microfacies (sample no. KA-65) shows the presence of dolomite, quartz, and rhodochrosite
(Figure 10B). The presence of rhodochrosite (MnCO3) in dolomite indicates a hydrothermal
alteration or replacement of the original dolomite. Diffractogram C of arenite microfacies
(sample no. KA-82) shows the presence of quartz; berlinite (AIPO,4), which is a high-
temperature hydrothermal or metasomatic phosphate mineral; and moganite (Figure 10C).
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Diffractogram D of Dol II shows the presence of quartz (5iO,), carbonaceous material (C),
and moganite (SiO;) (Figure 10D). However, no dolomite mineral was observed in this
diffractogram. The dolomite mineral was replaced by quartz and moganite during metaso-
matism. In the Dol. IT microfacies, hydrothermal solutions played vital role in replacing
dolomite during metasomatism. In the field, this Dol. II microfacies was undifferentiated
due to the preservation of the original texture of the dolomite. Texturally, Dol. II was
similar to LA-1 lithofacies.

The elemental analysis of dolostone through EDX determined the major elements in
weight percent and atomic percent. The weight percent of elements found in different facies
of dolostone are carbon (up to 12%), oxygen (31-56%), magnesium (up to 9%), aluminum
(up to 4%), silicon (2-64%), calcium (up to 53%), potassium (up to 6%) iron (up to 7%), and
sulfur (up to 3%) (Table 4). These different elements constitute the minerals that found in
the dolostone as confirmed by petrographic and XRD analysis.

Table 4. Energy dispersive X-ray (EDX) percentage of elements present in samples of the Abbottabad

Formation.
Elements Weight% Elements Atomic%
Sample No.

C O Mg Al Si Ca K Fe S C O Mg Al Si Ca K Fe S
KA-3 094 5230 412 413 2493 590 555 217 - 085 6721 349 345 1826 3.03 292 08 -
KA-8 0.39 47.05 0.65 037 242 4772140 - - 076 6797 0.62 031 199 2752083 - -
KA-22a 033 5580 137 133 536 3373208 - - 058 7410120 105 406 1788 1.03 - -
KA-22b 0.81 54.07 4.80 4.13 1331 1453 425 - - 140 7017 410 318 9.84 753 226 - -
KA-27 12.36 31.02 0.55 027 270 5271039 - - 23274385051 022 217 2974 023 - -
KA 60 - 3191 - 299 5132 - 341 740 298 - 4698 - 261 4305 - 205 312 22
KA 61 33.48 64.29 2.23 47.32 5177 0.90
KA 67 14.66 32.13 926 221 994 28.60 2.15 1.06 25.25 41.55 7.88 170 7.32 14.76 1.14 0.39

Overall, the Cambrian dolostone of the Abbottabad Formation mainly comprised dolomite
mineral (CaMg(CO3),), with chert (SiO,), calcite (CaCOs3), Pyrite (FeS;), and carbonaceous
material (C). Trace amounts of zircon (ZrSiO4) and muscovite (KAl (AlSi3Oq¢)(FOH),,) were
also found in the dolostone of the Abbottabad Formation (Figure 8; Table 3).

5. Discussion
5.1. Regional Stratigraphic Correlations

Early Cambrian rocks are exposed in various locations in the northern Pakistan, in-
cluding the Salt Range [28,41], Peshawar Basin [42], Abbottabad [43,44], Muzaffarabad, and
Kotli [15,45,46]. The Cambrian Ambar Formation in the Peshawar basin is a possible equiva-
lent of the Abbottabad Formation [47]. Latif [48] classifies the Abbottabad Group into Sirban
and Kakul formations. The Kakul Formation is divided into four members: the Tanakki
Conglomerate, the Sangargali Member, the Mahmdagali Member, and the Mirpur Sandstone.
In the Abbottabad region, Qasim, Khan and Haneef [44] divided the Abbottabad Formation
into three distinct units: (1) the base arenaceous unit, (2) the intermediate dolomite unit, and
(8) the upper quartzite unit. In contrast to the Hazara region, the Abbottabad Formation
in the studied area lacks the lower arenaceous member and stromatolitic-dolomitic unit,
which are exclusively visible in the Muzaffarabad region. Hazara’s Abbottabad Formation is
associated with two lithofacies, LA-1 and LA-4, while the LA-1 of the study area is correlated
with the Cambrian Jutana Formation of Potwar/Salt Range only [22]. The main difference
is the absence of stromatolitic unit in the Salt Range and the Abbottabad area compared
to the Muzaffarabad area. It is worth mentioning that in the Salt Range, the Cambrian
rocks are present in the Precambrian Salt Range Formation instead of the Hazara Formation
(Abbottabad area) or the Dogra Formation (Muzaffarabad area).
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5.2. Dolomite Texture and Mechanism of Dolomitization

Heterogeneous textures were observed in the Cambrian dolomite. The texture of the
dolomite varies from base to top and correspond to four microfacies of the dolomite, i.e.,
fine crystalline dolomite (Dol. I), dolomitic cryptocrystalline chert (Dol. II), dolomite with
algal mats (Dol. III), and intraclastic-dolo-grain stone (Dol. IV). The texture of the Dol.
I microfacies is non-planar xenotopic to planar e and planar s, where dolomite crystals
are tightly packed anhedral to euhedral. Planar subhedral to euhedral replacive dolomite
crystals formed in the early diagenesis stage (Figure 11). The Dol-I microfacies is present
as fine-grained rhombohedral crystals and indicates that the dolomitization process was
slow and controlled by kinetic constraints. The texture of the Dol. II microfacies is pla-
nar ¢ type, in which pores are filled by micro crystalline to crypto crystalline chert. The
addition of this silica occurred through the replacement of dolomite crystal during the
syndiagenetic—epigenetic period. The large amounts of silica were provided in the Proto-
Tethys Ocean by the hydrothermal fluids, and this silica replaced the dolomite selectively.
Selective metasomatism was probably caused by the weak acidic environment due to the
decomposition of organic matter, which is beneficial for the deposition and metasomatism
of silica (Figure 11). The texture of the Dol. IIl microfacies is the non-planar c type, where
a scimitar-like termination has been observed between algal mats dolomite crystals and
non-algal mats dolomite. Non-planar dolomite can form at low temperatures, under con-
ditions of high supersaturation, although such occurrences are fairly rare (Figure 11). The
texture of the Dol. IV microfacies is the planar p (porphyrotopic) type, where dolomite
crystals are embedded in a calcite matrix. The porphyrotopic planar dolomite probably
formed in peritidal environments through reflux dolomitization. Based on the petrography
it seems as though Dol. IV was dolomitized than eroded and deposited. This suggests early
dolomitization. Additionally, dolomitization occurred prior to the regression at least in
some places on the dip of this site. During the regression, it was subsequently eroded and
transported, at which point dolomitization could have also been enhanced. The presence
of detrital grains (tourmaline, quartz, zircon, and apatite) with intraclasts of dolomite also
support this phenomenon.
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Figure 11. Paragenetic history of the dolomite of the Abbottabad Formation, representing early tidal
flat period followed by s burial period and uplift.
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Dolomitization is a replacement reaction, whereby Mg replaces Ca in the crystal
lattice. This is dictated by hydrogeological mechanisms as well as thermodynamic and
kinetic factors [45-47]. Dolomitization is often the product of early diagenetic processes in
carbonate-rich mud or limestone, while it is the result of a higher grade of dolomitization in
solid limestone [49-51]. In the Upper Indus Basin (UIB), above the Precambrian crystalline
basement, the Salt Range Formation comprises thick reserves of salt. The thickness of these
deposits provides a thread of a lagoonal environment [41]. The Cambrian-aged Abbot-
tabad Formation in the Proto-Tethys Ocean overlies the older salt-related paleolatitudes.
The sedimentological hierarchy of facies presents an intricate picture of the depositional
history of geological strata. A careful analysis of this hierarchy reveals that the episodic
regressive events have played a significant role in shaping the depositional environment.
Specifically, these events have given rise to a horizon where limestone was deposited in
a shallow intertidal to subtidal environment. Furthermore, this limestone was subsequently
subjected to dolomitization, either via penecontemporaneously or through reflux mech-
anisms (Figure 12). The presence of a significant amount of silica and silicate in the Dol
I and Dol II suggests that there were high concentrations of silica in the solution during
dolomite formation. Recent studies have shown that dissolved silica could promote pri-
mary dolomite formation with silica adsorbed onto carbonate surfaces, which transforms
either to authigenic clay or chert/chalcedony during burial [52,53].

Evaporation

3 Free inflow g

¢ ¢ High frequency sea-level changes drive

reflux fluids into platform

Seepage reflux Dolomite

Figure 12. Mechanism of dolomitization (modified after [54,55]).

5.3. Depositional Environment and Proto-Tethys Evolution

In the studied area, a non-conformity indicates the top of the Precambrian Dogra
slates and the fine crystalline dolomite is followed by shale. The overall succession of
this lithofacies (LA-1) from base to top demonstrates an upward coarsening trend: from
shallow subtidal dominated units to supratidal dominated units (Figure 4). The coarsening
upward sequence in carbonate rocks can be recognized in the sediment layers as it become
thicker as it rises and displays diagenetic features, such as cementation and dissolution,
which are more common in the coarser upper part of the sequence. Above the LA-1,
stromatolitic dolomites (LA-2) contain fenestrae, microbial laminae, and chert lenses, which
are characteristic of shallow subtidal to supratidal settings [56]. This stage is characterized
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by the deposition of microbial dolomite before a major base-level decrease (Figure 13).
Stromatolites vary in size and form in these facies. Stromatolites are laminated, arched
organic sedimentary formations produced by blue-green algae that adhere to sediment
(cyanobacteria). Bacteria precipitate, trap, and bind sediment layers to create accretionary
structures. This appears as domes, conical, or complexly branched structures ranging in
size from a little finger to a house. In this lithofacies, both cubic and framboidal pyrite
(FeS,) were found as syngenetic to diagenetic grains, respectively [13,57]. These grains can
form in low-temperature diagenetic environments or precipitate in anoxic waters. They
are typical minerals found in organic-rich sediments and indicate euxinic depositional
conditions [58]. These euxinic conditions occurred when water was both anoxic and sulfidic.
Oxidized, ferruginous, and limonitic dolomite (LA-3) characterized surface karstification
products as well as karstic depression fills, revealing a hundred million years of exposure.
Numerous studies of modern and ancient karst features indicate that the most favorable
conditions for prominent karstification are moderate to high rainfall [59] and relatively
pure, dense, and thick carbonate rocks with appropriate conduits, such as fractures, joints,
faults, or selective solutional pipes [60-62]. In the Kamsar section, the quartzite unit (LA-4)
is composed of medium- to fine-grained sandstone and brecciated sandstone at the top;
these characteristics indicate the subaerial exposure (Figure 13).

W« ShelfRim Slope Tidal carbonate complex Tidal siliciclastic ) E
LA-1 LA-2 LA-3 LA4
Dol. I Dol. II- 1 Dol .IIT Dol. IV Arenite —

Diolomite - Shale - Sandstone fy+*+ Stromatolite °, 0 S0m

Figure 13. Depositional model showing the lateral facies distribution of the Abbottabad Formation
from west (left) to east (right).

The presence of various types of dolomites, chert, and quartz in thin sections also
aided in the petrographical investigation of the depositional phenomenon. During the
process of diagenesis, the silica in sediments change from opal to microcrystalline quartz
in mature chert [63]. Silica mobilized from hydrothermal fluids and clay minerals might
potentially contribute to silicification [64]. Petrographic studies helped in delineating four
phases of distinct characteristic features. These include fine crystalline dolomite (Dol. I),
dolomitic crystalline chert (Dol. II), dolomite with algal mats (Dol. III), and intraclastic
dolo-grain stone (Dol. IV) (Figure 11).

An initial phase of dolomite (Dol. I) resulted from interaction with Mg-rich fluids
originated during earliest diagenetic phase, representing penecontemporaneous or reflux
mechanism during early Cambrian. This was followed by an increase in different types
of silica (Dol. II) from hydrothermal fluids and the growth of stromatolites/algal mats
(Dol. 1II). Dol. II and Dol. III are associated with subtidal to supratidal conditions,
whereas Dol. IV formation is associated with sub-aerial exposure or orogenic events. In
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general, the available data indicate that dolomitization resulting from reflux mechanisms
can be identified in thin sections by the occurrence of saddle-shaped dolomite crystals,
a coarse-crystalline texture, the replacement of previously formed minerals, the selective
dolomitization of certain rock fabrics, and atypical crystallographic orientations.

The Proto-Tethys Ocean existed on the Earth between 550-330 mya [65]. The Proto-
Tethys Ocean was highly susceptible to evaporitic conditions during the Late Precambrian,
which resulted in the deposition of salt basement over a broad region in the Upper Indus
Basin (UIB) [37]. These sediments comprise the Precambrian Salt Range Formation. The
Muzaffarabad region of the Kamsar section is located on the Proto-Tethys Ocean’s passive
margin. The sedimentological hierarchy of facies indicates that the episodic regressive
events provide a horizon where limestone was deposited in shallow intertidal to subtidal
environment and later subjected to dolomitization penecontemporaneously or via a reflux
mechanism (Figure 12). Based on the observed data, it can be stated that during regression
events and increasing restriction, both temperature and salinity tend to increase. Overall,
the combination of kinetic, geochemical, and biological factors initiates dolomitization
depending on the specific geological setting and local conditions. Additionally, if evaporites
precipitate, there is a likelihood of an increase in the Mg:Ca ratio [66]. These kinetic
conditions collectively facilitate penecontemporaneous dolomitization [67].

6. Conclusions

The following results were obtained based on field observations, facies analysis,
petrographic, and geochemical studies:

1.  The Abbottabad Formation lithologically consists of fine crystalline dolomite (LA-1),
microbially laminated dolomite (LA-2), oxidized, ferruginous dolomite (LA-3), and
quartzite (LA-4), corresponding to four microfacies, i.e., fine crystalline dolomite (Dol.
1), dolomitic cryptocrystalline chert (Dol. II), dolomite with algal mats (Dol. III), and
intraclastic dolo-grain stone (Dol. IV).

2. Stromatolites are often composed of vertically stacked hemispheroids that are subor-
dinated by laterally linked hemispheroids. In general, conditions suggestive of tidal
flats existed throughout the formation of this sequence.

3. The overall succession of the Abbottabad Formation from base to top demonstrates a
coarsening trend succession, indicated by the sediment layers becoming thicker as
they rise and cementation and dissolution being more common in the upper part of
the sequence. This succession represents shallow subtidal units becoming supratidal-
dominated units. Oxidized, limonitic dolomite (LA-3) represents surface karstification
products, whereas brecciated quartzite (LA-4) denotes subaerial exposure.

4. The X-ray diffraction (XRD) analysis of dolomite revealed a mineral composition
consistent with that determined by petrographic studies, with dolostone contain-
ing primarily dolomite, calcite, quartz/chert/moganite, potassium nitrate (KNO3),
rhodochrosite (MnCOj3), berlinite (AIPO4), and minor amounts of pyrite and carbona-
ceous material and shows the dolomite mineral decreasing from base to top, while
chert increases towards the top.

5. The EDX analysis determined the weight percent of different elements, such as car-
bon, oxygen, magnesium, aluminum, silicon, calcium, potassium, iron, and sulfur.
These elements constitute the minerals that found in the dolostone as confirmed by
petrographic and XRD analysis.

6.  The Dol. I microfacies is characterized by non-planar xenotopic texture, with tightly
packed anhedral to euhedral dolomite crystals formed in the early diagenesis stage,
indicating slow and controlled dolomitization. Dol. II microfacies has a planar-c type
texture with pores filled by micro to crypto crystalline chert, formed by the selective
replacement of dolomite by silica. The abundance of silica in the Proto-Tethys Ocean
was due to hydrothermal fluids. The Dol. III microfacies shows non-planar-c type
texture, where scimitar-like termination is observed between algal mats and non-
algal mats dolomite. Dol. IV microfacies exhibits a planar-p (porphyrotopic) texture,
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where dolomite crystals embedded in a calcite matrix probably formed in peritidal
environments through reflux dolomitization.

7. The sedimentological hierarchy of facies indicates that the episodic regressive events
provide a horizon where limestone was deposited in the shallow intertidal to subtidal
environment and later subjected to dolomitization penecontemporaneously or via
a reflux mechanism.

8. Overall, the evidence of reflux dolomitization in thin sections includes the presence
of saddle-shaped dolomite crystals, coarse-crystalline texture, the replacement of earlier-
formed minerals, fabric-selective dolomitization, and unusual crystallographic orientations.
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Abstract: An integrated study of sediments was conducted to examine the facies architecture and
depositional environment of the Cretaceous Pab Formation, Rakhi Gorge, and Suleiman Ranges,
Pakistan. This research focused on analyzing architectural elements and facies, which are not com-
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difficult [4]. Facies description and sedimentary architecture elements are well studied
throughout the world in different sedimentary basins. These studies are very important for
the explanation of traditional scientific knowledge, but they are also important for economic
purposes. These rocks can act as good reservoir rocks [5]. Research on architectural elements
preserved in the fluvial and transitional marine deposits in Pakistan is not fully developed
yet. However, clastic deposits are of great importance in terms of their hydrocarbon
potential. The eastern Sulaiman ranges contain some excellent Cretaceous sedimentary
succession exposures, including the Pab Formation. These rocks are very well exposed
along the roadside cut. The lithologic units belonging to the study area are located in
an active fold-belt region and are therefore very important in terms of their geology and
reservoir properties [5] (Figure 1). Thick siliciclastic sequences of the Pab Formation are
well exposed (480 m thickness) in the Rakhi gorge [6] and composed of thick sandstone
beds with thinner interbedded horizons of shales, clays, and paleosols. Although the Pab
Formation has been studied by various researchers in terms of its reservoir properties and
geophysical studies, explanations regarding its fluvial-deltaic characters and architectural
elements are not very well understood [7,8]. The sediments of this succession deliver one
of the best prospects for sedimentological study in the eastern Sulaiman Ranges.
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Figure 1. Map showing the outcrop belt of the Pab Sandstone in the Rakhi gorge, Eastern Sulaiman
range of Pakistan, inset shows the generalized stratigraphic column.

This study is aimed at investigating the first detailed facies analysis within the Pab
Formation in the Rakhi Gorge section. Understanding the facies will provide insights into
the depositional environment in which the sandstone was formed. Moreover, this study
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will provide valuable information about the depositional processes and sedimentary envi-
ronments of the past. The goal of the study also includes explaining the cyclic depositional
events of the different facies, including architectural elements of the Pab Formation. The
target of the architectural element analysis is to get a better understanding of the clastic
input within the fluvio-deltaic succession as well as their lateral and vertical arrangement
within the formation’s units, which is also critical in assessing the reservoir quality of
sandstone deposits. Porosity, permeability, and grain size distribution are key factors that
determine the potential for hydrocarbon accumulation in sandstone reservoirs. Through the
sedimentary facies identification and architectural element analysis, the present study uses
the fluvial facies knowledge as a solid foundation for the future identification of multiple
sedimentary facies in the field of lithofacies paleogeography. The optimized understanding
of sandstone lithofacies and architectural elements is important for a range of geological
applications, including hydrocarbon exploration, paleoenvironmental reconstruction, and
stratigraphic correlations.

2. Geological Setting

Along the western edge of the Himalayan collisional belt, there are many faults
and fold-thrust belts [9-11]. Because of these faults and fold and thrust belts, Pakistan
is split into different tectonic belts that extend from the Salt Range in the north-east to
the Kirthar and Sulaiman Ranges in the south-west. Vernant et al. [12] identified that
the westernmost strike-slip fault has been extended to the fold and thrust sequences in
the Makran subduction zone. This is where the Oceanic-Arabian plate passes under the
Eurasian plate in Afghanistan. The Himalayas and Eurasia are drawing closer together
in the north. This is assumed to be the result of the subduction. When the Indian and
Eurasian plates collided about 30 Ma ago, they caused a fold and thrust belt to form in
the Sulaiman Ranges. Because the Indian Plate moves counterclockwise and strikes the
Eurasian Plate, the Sulaiman Ranges have some of the most complicated tectonic features in
the world [13]. The Sulaiman lobe was formed by strike-slip movement to the left along the
Chaman fault and southward thrusting along the western edge of the Indian subcontinent.
The molasse layers kept changing because of prograde deformation, which moved the
center of deposition to the south and east [14]. The study area and outcrop are located in an
area called the “Rakhi Gorge”, which is in the eastern Sulaiman Ranges of the Central Indus
Basin (Figure 1). The Sulaiman Fold belt is a large tectonic structure close to the collision
zone. Even though the Pab Formation has the same types of rocks in both the Central
and Southern Indus Basins, it seems to have formed in different geographic locations in
each basin. Numerous faults along with the fold-thrust belts are present along the western
margin of the Himalayan collisional belt [13,14]. As a result of these faults and fold and
thrust belts, Pakistan has been divided tectonically into different belts extending from
the Salt Range in the north-east to the Kirthar and Sulaiman Ranges in the south-west.
The westernmost strike-slip fault has been extended up to the fold and thrust sequences
present in the Makran subduction zone, where the Oceanic Arabian plate is subducted
under the Eurasian plate (Afghanistan) [12]. The ultimate consequence of the subduction
has been linked with the Himalayan-Eurasian convergence in the north. The Sulaiman
Ranges were formed as a fold and thrust belt due to the collision between the Indian and
Eurasian plates about 30 Ma ago [12]. The Sulaiman Ranges have some of the most intricate
tectonic features in the world as a result of the Indian Plate’s counterclockwise rotation,
resulting in the clash with the Eurasian Plate [13]. Due to left-lateral strike-slip motion
along the Chaman fault and southward thrusting along the western edge of the Indian
subcontinent, the Sulaiman lobe was formed through transgression. Prograde deformation
kept changing the molasses layers, which moved the center of deposition to the south and
east [14]. The study region (Pab Formation) and associated successions was deposited on
the north-western margin of the Indian plate derived and originated from the Aravali and
Deccan ranges [14]. These are now located in the Central Indus Basin’s eastern Sulaiman
Ranges (Figure 1). The Sulaiman Fold Belt is a significant tectonic structure close to the

152



J. Mar. Sci. Eng. 2023, 11,726

collision zone. Despite having identical lithological components in both the Central and
Southern Indus Basins, the Pab Formation appears to have been deposited in different
environments in both basins [14].

2.1. Stratigraphy of the Study Area

In the Central Indus Basin, the Cretaceous succession includes alternating carbonate
and clastic intervals and includes the Mughal Kot, Ranikot, and Pab Formations with more
than 1500 m thickness along the Rakhi Gorge anticline (Figures 1 and 2). The Pab Formation
is generally devoid of fossil assemblages; however, Vredenburg [15] reported some Creta-
ceous Orbitoides minor species in the Pab Formation. No detailed biostratigraphic record
is present or published yet. The Pab Formation (with interbeds of clay and shale) reaches
a maximum thickness of 480 m along the eastern limb of the Mughalkot anticline in the
eastern Sulaiman Ranges. The Paleocene and Cretaceous sections are divided by a locally
preserved unconformity characterized by red lateritic nodules. The Ranikot Formation of
lower Paleocene age was deposited in a variable setting and consists of strata that are sandy
in the eastern part and shaly in the western part [5]. The Paleocene strata are represented by
the Dunghan Formation, which is primarily limestone in the eastern and western portions
with some shale units present in the central part.
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Figure 2. Showing the overall lithologic log of the Pab Formation in Eastern Sulaiman Ranges, the
cyclic changes have been represented by the funnel shape with faded color representing fluvial and
light color representing the deltaic sediments. The off-black color represents the development of a
humid climate resulting in paleosol.

Pab Formation

The Eastern-Sulaiman Fold belt contains the double-plunging Fort Munro anticli-
norium. The oldest rock exposed in Rakhi Gorge is the Late Cretaceous Mughal Kot
Formation. The Late Cretaceous Mughal Kot (mudstone/marl, and sandstone), Fort Munro
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Limestone and Pab Sandstone, and the latest Cretaceous Vitakri Formation (sandstone
and red mudstone) of the Fort Munro Group are exposed in the Shadiani, Rakhi Gaj, and
other gorges as core strata [15]. The Cretaceous Pab Formation consists of sandstone with
minor shale units. The study area is present within the Rakhi Gorge section of the Eastern
Sulaiman Ranges, where the lower contact of the Pab Formation is with the late Cretaceous
Mughal Kot Formation and the upper contact is with the Paleocene Ranikot Formation.
The first unit of the Pab Formation in the Rakhi Gaj area is the Paleosol unit. At the lower
contact of the Pab Formation, the total thickness of the paleosol unit is 5.4 m. The paleosol
varied in color from pale brown to rusty brown. The paleosol unit recognizes different
layers at the base of color variation. The paleosol is recognized in the Pab Formation at
different locations, and therefore, its thickness is varied at different locations in the field.
The Pab Formation is dominantly sandstone. The sandstone unit is mostly medium grains
to very coarse; some beds are fine grains, subangular to subrounded, and moderately
sorted (Figures 2 and 3A,B). The Pab Formation has some thin shale units. The shale is a
dusty yellowish green claystone that ranges from light olive gray to grayish olive gray. The
lower part of the Pab Formation consists of intercalated claystone and shale. The claystone
is sandy and very fine-grained locally.

3. Material and Methods

In Rakhi Gorge, Eastern Sulaiman Range, the Pab Formation of the Cretaceous age
was examined in depth. A comprehensive field investigation was conducted to reconstruct
the depositional environment of the Pab Formation by analyzing the facies and sedimen-
tary architectural features. Sedimentary characteristics of the lithological assemblages
and units were considered and studied in detail. The details from the sedimentological
record of the formation and the characters were evaluated using the Miall classification
schemes [16-18] for facies and architectural elements. The facies codes and classification
scheme of Farrell et al. [19] were also used. Different depositional cycles and facies asso-
ciations were identified. Using field data, a complete lithological record of the formation
was compiled (Figure 2). On the log, the lithologic units were denoted and documented
according to their representative properties. Based on their respective qualities, traditional
sedimentology concepts have been used to distinguish the various units. By performing
textural, mineralogical, depositional, and provenance analyses, sandstone samples were
systematically collected to define the classification’s key components. QFL diagrams were
used to analyze the composition and origin of the examined samples [20]. Nevertheless, the
exact depositional environment of the formation has been determined through a combined
evaluation of petrography, architectural elements, and facies study. Individual architectural
elements have been evaluated based on a detailed analysis of the corresponding facies
set [18]. The cyclicity of the facies and architectural elements in this paper are presented
based on a modified version of the classification system after Ghazi et al. [21]. Thirty
thin-section investigation slides were prepared and studied under the petrographic mi-
croscope in the Petrographic Laboratory of the National Center of Excellence in Geology,
University of Peshawar. The Gazzi and Dickinson point counting method was used, and
a total of 400-point counts were used to study the thin section. Sandstone categorization
models, which provide the percentages of three framework grains on a QFR ternary dia-
gram [20-22], namely quartz, feldspar, and rock fragment, were used to analyze the detrital
grain composition of the examined sandstone samples.

4. Results
4.1. Petrography

The late Cretaceous Pab Formation is dominated by fine to extreme coarse-grained and
well-sorted sandstone. According to detrital mineral composition, Pab sandstone is mostly
quartz arenite and partly sublitharenite. The average modal composition of the sandstone,
based on the QFL diagram, was Q 93% F 0.4% L 3.7%, and the percentages derived based
on the QmFLt diagram were Qm 91% F 0.33% L 2.3%. The petrographic study of Pab
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sandstone shows grain-to-grain contact that is concave to convex, point, sutured, and
plane contacts. The Pab sandstone reservoir is dominantly a fine- to medium-grained,
course-to very coarse-grained, moderately to well sorted, cross-bedded quartz arenite of
possible fluvio-deltaic origin. Based on the QFR [22] and QmFLt diagrams of Dickinson
and Suczek [20], the source area for Pab Formation deposits was Quartz recycled to the
cratonic interior (Figure 3). The formation is present in an active fold belt, and the results
from the microscopic study show that in some samples, the quartz exhibits concave-convex
contact, with some showing plane contact (Figure 3A,B). The formation is composed of
very coarse- to coarse-grained quartz (mono-crystalline); however, in some places fine-
grained (poly-crystalline) sandstone is also found (Figure 3C,D). These results show that
the sediments present in the Pab Formation are derived from an origin present at a greater
distance (Figure 3E,F).

100 ym

Provenance Catogries

Recycled orogenic
Transitional continent

Basement uplift

Figure 3. (A) Concave-convex contact highlighted by green arrows between medium- to coarse-
grained sandstone; (B) plane contact highlighted by the yellow arrows; (C) (Qm) mono-crystalline
quartz grains; (D) (Cp) poly-crystalline quartz grain; (E) classification of sandstone showing the
quartz-arenite with a few samples belonging to sub-litharenite; and (F) classification showing the
Cratonic interior origin of the sandstone [20-22].

4.2. Lithofacies

The Eastern Sulaiman Range’s Pab Formation sediments are divided into different
lithofacies that maintain a record of the depositional conditions. Using the Miall [23]
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classification technique, the Pab Formation can be divided into nine lithofacies. All these
lithofacies are defined by their sedimentary structures, types of sediment, bed thickness,

and sediment grain sizes (Table 1).

Table 1. Summary of sedimentary facies from the studied area (Pab Formation).

Grain Size Bed-Thickness Sed-Structures Description Interpret-Ation
The Paleosol facies
consists of
fine-grained soil. The
color of this facies is
. . variable i.e., dark These lithofacies
Thin to Thick brown to rusty -
1. Paleosol . . Rootlets, Nodular X ; represents soil
) Fine soil bedded. From reddish, and in some .
Facies (Pf) Paleosol. . development in a
0.30 m to 5.4 m. places, the color is pale S
. humid climate.
brown. Typically, the
Paleosol are nodular
and trace fossils of
rootlets are found in
this facies.
Channel deposits are
in a layer and
Coarse-grained 0.08 m-0.16 m somewhere in the .
. . . . Channel deposits
2. Sandstone with sandstone, width and . irregular form in the o .
. . Channel deposits, . indicate running
Channel Deposit sand-gravel size 8 m-10 m Lieseoane rings sandstone succession water/Channel
Facies (Sch) in the channel laterally extend §ANG 1NGS: in the Pab Formation. levee complex
deposits. along the beds It occurs at the base pex.
and also in the middle
of sandstone beds.
The clay is almost
sandy. The clay beds
lie between the .
sandstone beds. The Suspension fall
3. Thin Bedded . . Thin bedded, R : out/Flooding
Very fine-grained . thickness of the clay .
Clay stone approximately None . condition,
Facies (Cf) clay. 02mto0.4m beds is mostly overbank
’ : thin-bedded. Color is e
deposition.

varying, from
med-brown-greyish to
greenish-grey.

Thin-medium bedded

Deep to semi-deep

) . Thin to medium shale b/w the. The sedi.mentary
4. Thin-Medium - . color of the shale is settings/overbank
Bedded Shale Fine-grained bedded. From Load cast, Fe from greenish-grey to  deposits/fills of
Faci sandy shale. 0.16 m up to rusting. 5 Serey P :
acies (Sh) 0.9 tm pale yellowish and in  floodplain-
’ . some places, the color  drainage
is light brown. channels
Weathered color is
mostly med-brown,
Planar med-greyish to
cross-bedding, med-yellowish, also
5. Thick bedded Coarse to ver Trough pinkish beds are found.
Sandstone Facies y 2.1mto3m. cross-bedding, Mostly post Delta lobe

(St)

coarse

Liesegang rings,
post deformational
fractures.

deformational vertical
and horizontal
fractures. Also, iron
rusting is common in
Sm facies.
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Table 1. Cont.

Grain Size Bed-Thickness

Sed-Structures

Description

Interpret-Ation

Med-coarse grain

Nodular Sandstone is
present. The Fe and

Slumping /sudden

6- Nodular ar.1d nodu}es Nodularity /Chaotic = chert nodules are fall OI.H along the
sandstone Beds diameter is 0.25m to 0.7 m. R . margins and slope
. . nature common in this facies. .
Facies (Sn) typically . and rapid
404 cm color is med-brown to deposition
' dark greyish brown. P '
Consists of
coarse-grained
sandstone with planar
Planar crossbedding. The
7. Coarse-grained cross-beddin weathered color is
Sandstone with Coarse to very Liosegan ririg,s varied, from dark
Planar coarse-grained 5mto2.5m. Irre Elarg ostg ’ greyish to dark brown,  Shelfal delta lobe
Cross-Bedding size. de f(g);rma tir(,) nal and at some places,
Facies (Sp) fractur the color is pinkish,
actures. while the fresh color is
off-white, light greyish
to pale yellow
and brown.
Med-Coarse grained
8. Coarse-grained Trough zigiitsggi;vlt}%he
Sandstone with Medium-coarse- cross-bedding, &
. : weathered color is a .
Trough grained 0.30 m~1 m. post deformational ale vellow to Shoreface facies
Cross-Bedding sandstone. horizontal and pateye .
. - brownish while the
Facies (Stc) vertical fractures. —
fresh color is light grey
to off-white.
The color of this facies
is from light brown
and greyish to dark
9. Sandstone with . browr} and
bioturbation and Medium to Trace fossils, greenish-grey. The Low-energy deltaic
. . . 0.30mto 1.5m. Bioturbation, Fe bed’s thickness is . &Y
Trace Fossils Facies  coarse-grained. . environment.
(Sb) rusting. about from 0.30 m to
1.5 m. The
bioturbation occurs at
the bottom of the

sandstone beds.

4.2.1. Paleosol Facies (Pf)

Description: The Paleosol facies represents 10% of the total succession. The maximum
thickness of the paleosol facies identified in the formation is around 5.4 m. However, the
thickness is not uniform and varies at different places. The sediments in these facies are
fragmented and devoid of sedimentary features. These facies consist of different features,
including peds and cutans. Abundant visible cones and cone structures are found. These
facies consist of fine-grained sediments, including clays and silt. The color of this facies is
variable, i.e., from dark brown to rusty reddish and, in some places, pale brown (Figure 4A).
The sedimentary characters of these facies are nodular and contain traces of ancient rootlets.
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Figure 4. (A) Paleosol unit in the Pab Formation and their different colors variation; (B) field photo-
graph showing the channelized sandstone unit in Pab Formation; (C) very fine-grained claystone unit;
(D) shale unit interbedded in sandstone; (E) and (F) massive bedding sandstone unit; (G) nodules in
sandstone; (H) and (I) planar cross-bedded sandstone; (J) large-scale trough cross-bedded sandstone;
and (K) and (L) trace fossils and bioturbation in Pab Formation.

Interpretation: the characteristics and properties the paleosol consist of is indicative
of the environment of formation. The properties of the paleosol exhibit the past climate,
exposure of sediments and their time, the environmental influence including flooding
conditions [24]. They also indicate the source rock characters and mineralogical characters
of the parent material [25]. Root traces, soil structure, and soil horizons are the three
characteristics that characterize paleosols. Paleosols are useful local marker beds, and as a
result, they may provide essential data on basin stratigraphy. The presence of root traces is
one of the most important diagnostic indicators. If there are no other indications of ancient
soil formation, the presence of root remains on a rock indicates that it was formerly open to
the atmosphere and inhabited by plants and is thus a soil by almost any definition [25]. This
lithofacies is indicative of soil formation in a humid climate, as most of the authors suggest
a humid climate for reddish paleosols with abundant bioturbation and root traces [26,27].
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4.2.2. Sandstone with Channel Deposit Facies (Sch)

Description: The channel-deposit sandstone facies is common throughout the forma-
tion and occurs at different intervals. This facies accounts for approximately 11% of the
total succession. The channel deposits range in thickness from 0.08 to 0.16 m and reach
8 to 10 m in some intervals. These facies are found in association with the fine-grained
sandstone beds. The thickness of the channel deposit facies varies throughout the formation
(Figure 4B). These facies consist of coarse-grained sediment particles. In certain instances,
the sand-gravel size of the channel deposit facies is clearly different from the grain size of
the associated upper and lower sandstone beds. This facies also contains quartz sediments
with a 1-cm diameter. Cross-bedded sedimentary structures are common sedimentary
structures found in channel deposit facies. However, these deposits are found in sandstone
with coarse grains, and the channel grains are poorly sorted and have irregular shape and
size. Fining upward sequences have been observed within the channel deposit facies at
some locations.

Interpretation: The coarse-grained, channelized sandstone bodies are deposited as
a result of small bodies of channels. The coarse grain particle usually represents the
running water and energy conditions [28]. The existence of planar sedimentary structures
represents the transitional environment, which is a kind of and intermediate zone between
the deltaic channels and marine. The presence of large amounts of coarse pebbles represents
high-energy conditions [29]. The high-energy rivers and channels are responsible for the
transport of various loads, including suspended and bed loads [30]. The poor sorting of
the sediments and the abundance of large-sized clasts suggest a high-energy environment
and quick sedimentation [31]. The properties of this facies represent deposition from a
high-velocity environment within a channel [32]. Based on the characteristics of these facies,
it is assumed that they have been formed through a channel levee complex. It represents
the deposition along the channel margins as a result of high-energy currents.

4.2.3. Thin Bedded Claystone Facies (Cf)

Description: This facies represents 2% of the whole succession. The thickness of the
clay beds is mostly thin-bedded. The thickness is about 0.2 m to 0.4 m. These facies are
composed of fine-grained claystone. The weathering color of this facies is greenish gray,
while the fresh color is generally medium-brown to grey. The clay is almost sandy. The clay
beds lie between the sandstone beds (Figure 4C). Sometimes they show gradational contact
with the overlying sandstone beds.

Interpretation: Claystone is a lithified, non-fissile mud rock. To qualify as claystone,
the rock must contain at least 50% clay particles [30,31].The characteristics of the facies and
lithologies indicate that they have been formed as a result of settling out from a suspension.
The consistency of these facies suggest little or no interreference from strong currents [33].
These facies are interpreted to have been formed as suspension fall-out as the result of a
flooding stage and associated subsequent deposition on the sides of the channels [34].

4.2.4. Thin-Medium Bedded Shale Facies (Sh)

Description: The Cretaceous Pab Formation consists of a few shale units, which in
total account for 18% of the whole outcrop. The Sh facies is usually found as a thin- to
medium-bedded unit; no thick-bedded units were preserved. In certain locations, the
thickness of the bed varies between 0.1 m and 0.9 m. The Sh facies present in the formation
consist of sand particles and are described as sandy shale (Figure 4D). The Sh facies is
ranked from fine- to medium-grained based on the grain size analysis. In these facies,
fissility is readily apparent. In some areas, the color of the shale is light brown; in general,
the shale ranges in color from greenish gray to pale yellowish, and sometimes it is light
brown. They occur in a sheetlike geometries. They represent a ball and socket structure at
the contact within the overlying sandstone beds. In some places, cone and cone structures
are present. Numerous caliche nodules are also present at some intervals.
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Interpretation: Shale facies usually appear in a tranquil sedimentary setting. Shale
layers in sand-braided stream deposits are frequently widespread as a result of flooding
conditions and longstanding still water [35]. Typically, sediments originate in environments
where muds, silts, and other sands were deposited and compacted by calm water conditions.
The accumulation of fine sediments associated with low energy conditions results in the
Sh type of facies [35]. Slow-moving currents that lack disturbance and are quite calm
usually result in the formation of this kind of facies [36]. These facies consist of fine-grained
uniform characters and a reddish brown to black color, indicating that they have been
formed in a uniform depositional environment [37]. The lack of identified sedimentary
structures was the result of a post-depositional event, for example cone and cone structures.

4.2.5. Thick Bedded Sandstone Facies (St)

Description: The Cretaceous Pab Formation consists of a large number of thick-bedded
sandstone units. This St. facies contributes 32 percent of the overall succession. The beds
are typically medium to thickly bedded. The thickness of these beds ranges from 2.1 to 5 m
(Figure 4E F). The weathered color is mostly medium-brown, grayish, to medium yellowish,
with some pinkish beds. The grain size varies across these facies, being mostly medium-
to coarse-grained and fine-grained in places. Coarse-grained pebbles with a size of more
than 2 cm are also found. Vertical and horizontal deformational structures (fractures) are
present. These facies are also comprised of abundant bioturbation in some places. The
sandstone in these units is tabular, erosive, and has irregular basal contacts marked by
balls and sockets. Some sandstone units within these facies are massive (St) and have no
clear record of sedimentary structures. However, in some places, the sandstone consists of
troughs and planar cross-beds.

Interpretation: The thick-bedded sandstone facies results from small channels caused
by bank failure [38]. These types of facies are believed to have been formed as a result of the
rapid accumulation of denser currents loaded with sediment. Arnot et al. [38] suggested
that these types of facies developed as a result of the accumulation of sandy debris-loaded
flow. Thick-bedded sandstone facies can also form as a result of a turbidite ramp system that
is usually supplied with sediments from a deltaic source [35]. Based on the characteristics
and interpretations of different authors, it is suggested that St. facies were formed as a result
of direct feeding from a fluvial source in a deeper shelf setting [33-39]. The thick-bedded
sandstone associated with thick burrowed units suggests they have been deposited as
a result of continuous sediment aggradation [40]. Based on the observed characteristics
and absence of slope facies, it is assumed that these facies formed within a shelfal delta
lobe setting.

4.2.6. Nodular Sandstone Facies (Sn)

Description: The name “nodular sandstone facies” has been attributed to the amalga-
mated sandstone units that consist of nodular type sandstone. These sandstone beds are
chaotic and irregular in their nature. The sandstone units of this facies are thin- to thick-bedded.
Texturally, these sandstones are medium- to coarse-grained. These nodular sandstone units in
the Pab formation comprise 4% of the whole sequence. They exhibit a light brown to dark
grayish brown color. These sandstone units consist of small iron nodules. The diameter of the
nodular sandstone in the section ranges from 2 to 4 cm (Figure 4G).

Interpretation: Nodules in sedimentary rocks are often understood as the result of
post-depositional and secondary mineralization during diagenesis with an early diagenetic
cementation history [37]. Sedimentary rock composed of scattered to loosely packed
nodules in a matrix of similar or dissimilar composition is referred to as a nodule. The
chaotic nature and nodularity developed in this sandstone facies are the result of different
sedimentary processes [38]. In most cases, these types of facies are associated with the
falling down of sediments deposited on slopes and the rapid deposition of these sediments.
The coarse grain characteristics further suggest that these facies formed along the channel
margin, where sediments frequently fall down the steep slope [39].
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4.2.7. Coarse Grained Sandstone with Planar Cross Beds Facies (Sp)

Description: The Pab Formation has facies of coarse-grained sandstone with planar
crossbedding that makes up 20% of the whole sequence. It consists of mostly coarse-grained
sediments. Planar cross-bedded sedimentary structures are common in the entire facies’
units. The length of the planar crossbedding is about 0.1 m on average of 0.1 m (Figure 4H,1).
The weathered color of this facies is varied, from dark greyish to dark brown, and at some
places, the color is pinkish, while the color on the fresh surface is off-white, light greyish,
pale yellow, and brown. This facies consists of thick to massive bedding, ranging from
1.5 m to 2.5 m. Because of the coarse grain and high density, the lower portion of these beds
is usually undulating. The grains are normal and graded in some places. The thickness of
these facies changes with the change in sediment size.

Interpretation: High-energy conditions are thought to have formed sand with grain
sizes ranging from coarse to extremely coarse, forming planar cross-bedded sedimentary
structures. These high-energy conditions are possibly associated with the water flow linked
to rivers and channels associated with delta [40]. Cross-bed sets are seen in granular
sediments, notably sandstone, and they indicate that sediments were deposited in the
form of flowing ripples or dunes because of water or air movement [41]. These facies are
considered to form as shelfal delta lobe deposits, they are suggested to form as a result of
uni-directional channel water flow laden with sediments toward the main body [42].

4.2.8. Coarse Grained Trough Cross Bedded Sandstone Facies (Stc)

Description: This sandstone facies is characterized by its ferrugenic character. The
sandstone in these facies is medium grained. The grains are mostly sub-rounded to rounded,
and sandstone incorporates shale in places. They represent poor sorting of sediments. The
fresh color is off-white to light brown while the weathering color is dark brown to grey. The
cross-bedded trough sandstone facies comprise 3% of the overall sequence. The thickness
of the beds ranges between 0.3 m and 1 m. It is composed of sandstone with trough
cross-beds having curved foresets. (Figure 4I). These facies are found within a sedimentary
unit exhibiting a fining downward sequence. These facies consist of a large scale of trough
cross-beds up to 1 m.

Interpretation: These facies were most likely deposited under high-energy conditions
associated with rivers. Such currents are well-established on several contemporary wave-
dominated shorefaces, where they provide laterally constrained, efficiently channelized
paths across the shoreline region for sediment deposition offshore [43,44]. They are ener-
gized by the water currents derived from high-energy flow conditions. The stronger flow
in the deeper areas of the channel produces subaqueous dunes in the sediment, and as the
sand accumulates, trough or planar crossbedding forms. It is believed that high-energy
unidirectional traction currents in the upper shore face formed the cross-bedded sandstone
facies and resulted in the formation of migrating dunes.

4.2.9. Bioturbated, Trace Fossils Sandstone Facies (Sb)

Description: This facies comprises 10% of the overall succession. The color of this facies
ranges from light brown and grayish to dark brown and greenish grey. The original color,
a dark brown, has been changed to a greenish gray due to weathering. The bed’s thickness
is around 0.30 m to 1.5 m and is usually uniform. The sandstone in these facies is fine- to
medium grained. Laminated sandstone beds have been identified. The bioturbation occurs
near the bottom of the sandstone layers and is found at random places throughout the outcrop
(Figure 4K,L). In the SB facies, trace fossils in sandstone are also observed in different areas.
The intensity of bioturbation ranges between 61 and 90, with a grade of 4 [24].

Interpretation: The movement of the solutes and solids induced by the macrobenthos
movements and feeding resulted in the generation of bioturbated sandstone units. The
organisms responsible for the generation of these traces include arthropods, annelids,
and mollusks [45]. Very few primary sedimentary structures were preserved, since the
reworking of sediments caused by the organism destroyed the primary characters [46].

’
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These facies are believed to have formed in an inner shoreface setting under a normal wave
condition with less disturbance resulting from turbulence [47].

4.3. Architectural Element Analysis

Architectural element analysis is a helpful tool that goes beyond facies analysis to
identify genetic facies in addition to facies analysis [25,26] (Table 2). Individuals or groups of
lithofacies are divided in architectural element analysis by the bounding surfaces of various
hierarchies. Based on the Pab sandstone’s sedimentary structures, geometry, paleocurrent
indicators, and lateral and vertical arrangement of lithofacies, seven architectural elements
were identified (Table 2).

Table 2. Summary and generalized table of architectural element analysis from the studied area
(Pab Formation).

Element (Code) Geometry Facies Assoc. Description Interpretation
The SCp consisits of
medium- to coe}rse-gramed The intercalation of
sandstone with planar coarse-grained
cross-beds. They are - sral
. . sediments with the
pebbly and lenticular in lithofacies Sp ma
Planar Cross-Bedded Sp nature. The planar rofloct a rani dpchany o
Sandstone Element. Tabular, Sheet like Sm cross-bedding sandstone in flood 153 ime o;é
(SCp) Sch element is abundant implv hi hg-ener
laterally and thegrain size shgezl ﬂoi ds intoge}ll
of sandstone becomes finer lower ener
in the upward side. They environmeiil
have a gradational contact ’
with the lower beds.
Medium to coarse-grained,
lobate geometry of ST
element. They are laterally
extended up to 10 m and The lobate geometry
Traces-Sandstone Sb their average thicknessis 1 ~ and traces of different
Element. (ST) Lobate and sheet-like Sp m to 2 m. Their upper fossils indicate in
’ Sch contact is flat but erosional low-energy deltaic
with Sch facies. The environment.
common sedimentary
structures found in element
ST is traces of fossils.
Extended to the lower and
central portion of the
Formahon.. The trough SCt is interpreted as the
cross-bedding element is
Trough . . product of
. St found in medium to ) .
Cross-Bedding . . three-dimensional
Lenticular geometry. Ste coarse-grained sandstone. S
Sandstone Element. dunes migrating in
Sch Abundant trough cross
(SCt) . channels under lower
bedding structures are . o
commonm. Low angle flow regime conditions.
planar cross-bedding, and
some minor fractures.
The SF element is Sheet-like geometry,
fined-grained sandstone. together with the
Sch SF deposits have a small-scale
Fined-Sandstone Sheet like 3 sheet-like geometry, sedimentary structures
Element. (SF) SrIr)1 reflecting their origin by and the fine-grained

vertical aggradation. Trace
fossils are found in the
SF element.

lithology suggests
deposition as a bar-top
or bar-flank sand sheet.
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Table 2. Cont.

Element (Code) Geometry Facies Assoc. Description Interpretation
The CH element is up to
0.30 m thickand 10m to 50~ Recognition of the CH
m wide. The element CH is element in a fluvial
present in between the Sp  deposit depends on the
and St facies. The CH ability to define the
Sn element comprises sloping channel
Channel Deposit Tabul Sch lithofacies Sch and Sn. The =~ margins. The presence
abular C! . .
Element. (CH) S cavities and nodular of coarse-grained
P sedimentary structures are conglomerates may
found in the CH element. designate a sudden
They have a coarse and increase in the velocity
erosive geometry. Their of the depositional
upper and lower contacts current.
are not uniform.
The LS element is
interbedded in the
sandstone unit. Their
lateral extension is up to 10 Deep to semi-deep lake
Laminated Shale Sn m and the average sedimentary settings
Tabular, lobate-like. thickness is about 0.05 m
Sheet Element. (LS) Sh . are where shale
up to 0.45 m. Having a
deformational upper and element emerges.
PP
lower contact. Abundant
ball and socket structures
at the upper contact.
The fine-grained paleosol
element has lobate and
tabular shape geometry.
They are present in the
upper and lower part of This element
Paleosol Element. Tabular Sn the Formation. Thay interpreted soil
(Pa) Sb exhibit a variable geometry development in a

and thickness. Thicness is
from 0.60 m to 5.4 m thick
Sedimentary structures
includes rootlets and cone
and cone structures.

humid climate.

4.3.1. Planar Cross-Bedded Sandstone Element (Scp)

Description: each architectural element of Planar cross-bedded sandstone element is
bounded at its base by an erosion surface that approximates paleohorizontal, as measured
relative to an underlying shale bed and sandstone beds (Figure 5A). Their upper contact
is irregular with coarse-grained sandstone beds. Such an element is common all over the
formation and characterized by tabular geometry, up to 2 m thick and 150 m to 200 m
wide, which can be traced laterally in a few instances for distances of 250 m (Figure 6A).
The element SCp consists of different sandstone facies i.e., Sn and Sp, with sub-ordinate
sets of facies St, all overlain by medium-coarse grained channel facies Sm and Sch. The
most abundant sedimentary structure in SCp elements is planar cross-beds, which have set
thicknesses up to 0.6 m thick. In the basal part of the SCp element, the planar crossbedding
is found in coarse to very-coarse grained sandstone. As they extend upward, the grain size
of the sandstone becomes finer.
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Figure 5. (A) Planar cross-bedded sandstone element; (B) trace fossil sandstone element; (C) trough
cross-bedded sandstone element; (D) fine sandstone element; (E) channel fill deposit element;
(F) laminated shale sheet element; (G) Paleosol element.
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metres

Figure 6. (A) Field sketch showing Planar cross-bedding element (SCp) and traces sandstone element
(ST), asymmetrically filled with facies Sb, Pf, Sm, and Sh in Pab Formation. Arrows show the
bioturbation in the Sb facies and heavy lines delineate the facies boundaries; and (B) photomosaic of
trough cross-bedding element (SCt) in the middle part of the study area. This element is filled with
facies Sm, St, and Sch in the Pab Formation. Heavy lines delineate the facies boundaries while the
dashed lines show the trough crossbedding.

Interpretation: As a result of decreasing (possibly seasonal) flood events, coarse-
grained, discontinuous materials accumulate as bar-top sand sheets and channel de-
posits [48,49]. Intercalation of coarse-grained sediments with the lithofacies Scp may
reflect a rapid change in flood.

4.3.2. Trace Fossil-Sandstone Element (St)

Description: The element ST comprises facies Sb and Sp (Figure 5B). Their geometry
is lobate or sheet-like. The traces are present in the medium- to coarse-grained sandstone.
They are laterally extended up to 10 m and their average thickness is 1 to 2 m. The element
ST have sharp erosional bases with SF overlain by Sp and Sch facies. Their upper contact is
flat but erosional, with Sch facies.

The lithofacies Sb and Sch are recognized in this element. The common sedimentary
structures found in element ST is traces of fossils.

Interpretation: In the case of trace fossil sandstone elements, the organism activity plays
an important role in the development of this facies. Trace-sandstone elements such as Skolithos
and Planolites are common in high-energy transitional marine environments [50-52]. Trace
fossil diversity is low, in part due to high currents and sedimentation rates in tidal inlet
settings [53].

4.3.3. Trough Cross-Bedded Sandstone Element (Sct)

Description: The trough crossbedding sandstone element is bounded at its base by
alluvium with irregular contact and its upper contact with Sp and Sm facies in some places,
while in the middle portion of the stratigraphic succession the upper contact marks the
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skyline (Figure 5C). It is characterized by a lenticular shape geometry, up to 3 m thick
and 10 m to 20 m wide (Figure 6B). This element is mostly present in the middle of the
stratigraphic succession, not present in the overall formation. The element SCt consists of
different sandstone facies i.e., Sn, Sp, and St all overlain by medium coarse-grained channel
facies Sch. The sedimentary structure found in the SCt element is trough crossbedding, low
angle planar crossbedding, and some minor fractures. The trough crossbedding is found in
medium- to coarse-grained sandstone.

Interpretation: It is believed that the element Sct results from the movement of three-
dimensional dunes along channels during a low-flow regime. Their lenticular geometry,
inclinations of their axes, moderate to poor sediment sorting, and scouring surfaces are
indicative of the formation of troughs by migrating sinuous crested dunes [54]. While the
smaller troughs were most likely formed by migrating dunes or mega ripples along with
the lee sides of these bars, the larger foresets, with their progressively sloping dip and
coarse-grained size, indicate deposition in low-angle bar fronts.

4.3.4. Fine Sandstone Element (Sf)

Description: The element 5f lies near the middle of the stratigraphic succession. The SF
element deposits have a sheet-like geometry, reflecting their origin by vertical aggradation
(Figure 5D). Their lower boundary is bounded by Sf facies with irregular-erosive contact
(Figure 7A). The top surface is bounded by SCp element with flat contact and at some
locations they are irregular. Characterized by sheet geometry, up to 3 feet thick and 50 m
to 90 m in width. The SF element comprises lithofacies Sch, Sp, and Sm. Small-scale
sedimentary structures of trace fossils are found in the SF element.

Figure 7. (A) Field sketch of fined-sandstone element (SF), filled with facies Sb, Sch, and Sh in the
study area. The element SF is found in the lower and middle part of the Pab Formation, in the middle
portion the aggradation is found in the Sf element; (B) photomosaic of channel deposit element (CH)
interbedded with coarse-grained sandstone with Sm and Sp; and (C) field sketch of laminated shale
element (LS) in the middle part of the Formation. This element presents in b/w the Sm facies all over
the Pab Formation and filled with facies Sp, Pf, Sm, and Sh in Pab Formation.
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Interpretation: These laminated sand-sheet sections were deposited by non-channelized
rivers. Their thin, discontinuous, sheet-like shape, along with the small-scale sedimentary
formations and fine-grained lithology, supports deposition as overbank flood sand sheet.
When laminae accreted vertically during sheet flooding in an upper flow regime, they were
deposited in the shallower sections of channels [55].

4.3.5. Channel Deposit Element (Ch)

Description: The channel deposit element is bounded at its basal contact by a sharp
erosional boundary, and the top of the channel fill may be erosional or gradational with the
Sn facies (Figure 5E). It is characterized by tabular geometry (Figure 7B). The CH element is
up to 0.30 m thick and 10 m to 50 m wide. The element CH is present between the Sp and
St facies. The CH element comprises the lithofacies Sch, Sn, and Sh. Cavities and nodular
sedimentary structures are found in the CH element.

Interpretation: The presence of coarse-grained conglomerates may suggest a sudden
increase in the velocity of the depositional current. This is often done by correlating closely
spaced outcrop or subsurface sections, but since most deposits include a hierarchical
network of channels of different sizes, such correlation may be difficult or impossible [55].
In the Pab Formation, the Ch element is filled by the lithofacies Sp, Sm, Sch, and Sh.

4.3.6. Laminated Shale Sheet Element (Ls)

Description: Laminated shale sheet element is found all over the study section (Pab
Formation). These are the small-scale shale units interbedded in a sandstone (Figure 5F).
Their lateral extension is up to 10 m and the average thickness is about 0.05 m up to 0.4 m
The geometry of the LS element is tabular in between the Sp, St, and Sm facies (Figure 7C).
The base contact is sharp with Sm facies, while at some places the lower contact is with
gradational to paleosol Pf facies, and the top contact is also sharp with Sm and Sp facies.
The Sn and Sm facies are associated with this element. The fissility sedimentary structure is
well recognized in the LS element.

Interpretation: The fine laminated shale element is associated with the lateral extension
of the bars [56]. These elements and associated facies are attributed to deposit in channels
associated high energy environment [57]. However, these types of lithologies can also form
in sheet floods [58]. In the channels and associated deposits these lithologies can occur as
bar flank sheet deposits [59].

4.3.7. Paleosol Element (Pa)

Description: The paleosol element is found at the starting point of the Pab Formation
and in the middle portion of the study area (Pab Formation) (Figure 5G). The thickness
is varying from place to place, at the starting point, the thickness is more than that of
the middle portion (Figure 8A). At the starting point, they are up to 2 m thick, while in
the middle portion the thickness is reduced up to 0.6 m. The geometry of the Pa element
is lobate, tabular-like. Their basal contact is the erosional boundary with the cretaceous
Mughal Kot Formation at the starting point, while in the middle the contact is with the
Sh and Sm facies. The top surface is bounded by Sm, Sh, and Sp facies. The rootlet’s
sedimentary structure is found in paleosol elements.

Interpretation: Paleosols are developed in floodplain units at the top of channel belts
and stacked channel-belt complexes [60]. The preservation of shrink—swell features suggests
that the paleosol developed under conditions of repeated wetting—drying cycles in a climate
characterized by seasonal precipitation [61]. Abundant iron-oxide concentrations, iron-
oxide coated grains and cross-cutting relationships indicating iron-oxide concentrations
are secondary and likely formed during shallow burial. The dominance of clay content
and the absence of large number carbonate nodules suggests that the paleosol formed on a
well-drained floodplain without prolonged periods of aridity [62].
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Figure 8. (A) Sedimentary cross bed representing fluvio-deltaic facies; (B) highly bioturbated bed red
arrow associated with shelfal delta lobe; (C) shale unit highlighted by the meter stick of the delta
front; (D) load cast belonging to channels; and (E) trough cross-bedded sandstone belonging to shore
face environment.

5. Discussion
5.1. Facies Association

In the Rakhi Gorge section of the Pab Formation, five facies’ relationships were observed.
These facies are connected to one another based on their genetic and lithological similarities.

5.1.1. Fluvio-Deltaic Facies Associations

The Pab Formation contains facies that are associated with the fluvio-deltaic facies.
The fluvio-deltaic facies association includes the Nodular sandstone facies (Sn). The fluvio-
deltaic facies are characterized by the presence of large-scale sedimentary structures such
as trough cross-bedded, cross-laminated, and hummocky sandstone, as well as bioturbated
sandstone. These facies suggest that they were formed under conditions of strong tractional
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energy that varied from constant to periodic and are commonly found in settings ranging
from deltaic to high-energy settings [63] (Figure 8A).

5.1.2. Shelfal Delta Lobe Facies Association

The predominant facies in this association are thick, massive sandstones, as well
as bioturbated sandstones, hummocky sandstone, and mudstone. They include thick-
bedded sandstone facies, coarse-grained sandstone with planar cross-bedding facies, thin
bedded claystone facies. It has been proposed that these facies were deposited under a fair
weather wave-base or storm wave base on the outer shelf, and most likely originated from
a sand-rich delta [64]. These facies display characteristics of both shelfal delta lobe and
flood-associated delta-front sandstones, as noted by Mutti et al. [65] (Figure 8B).

5.1.3. Delta Front Facies Association

The facies association includes thin-medium bedded shale facies (Sh), they are character-
izing by thin- to medium-bedded shale. They also consist of some mudstone. The shales are
bioturbated with no preserved sedimentary structures. These facies are usually sandwiched
between the thick, massive sandstones consisting of hummocky sandstone beds [66]. These
facies associations were deposited under fair weather wave base and quite environment, and
the massive sandstones are the distal equivalent of the delta-front unit. It is likely that the
source of these deposits was a suspension fall out from flood [67] (Figure 8C).

5.1.4. Channels Facies Association

These facies include the sandstone with channel deposit facies (Cf) and are composed
of thick bedded, coarse-grained sandstone, with channelized sandstone deposits being a
prominent feature. In some areas, the sandstone occurs in a lenticular shape. At the boundary
between the sandstone and finer lithologies such as shale, sole marks such as grooves, flutes,
and load casts are widespread. Poorly graded sandstone beds are common. Thick sandstone
beds are common, with pinching and thinning occurring and being separated by intercalated
fine mudstone. Mud clasts inclusions are abundant in these facies. The highly deformed
sandstone beds in certain areas suggest the collapse of the channel margin. Based on the
overall characteristics and features of these associated facies, it is believed that they were
deposited in a channel by a high-density turbidity current [68] (Figure 8D).

5.1.5. Shore Face Facies Association

These facies association consist of the coarse sandstone with trough cross bed facies
(Stc) and sandstone with bioturbation (Sb). These facies association of the shore face
environment includes large-scale planar cross-bedded sandstones, trough cross-bedded
sandstones, massive sandstones, bioturbated sandstones, and hummocky sandstones. The
characteristics of these facies suggest that they were deposited in a high-energy fluvial
deltaic environment. The presence of hummocky bedforms indicates the influence of
storms [68] (Figure 8E).

5.2. Depositional Model

The Pab Formation was deposited on the western, northwest side of the Indian Plate.
The early collision between the Indian plate and the Afghan block is when the Cretaceous
and Eocene series emerged. Tertiary age deposits were created during the collision of the
Indian plate with the Laurasian plate, and during that time transgressions and regressions
were also seen [69,70]. The distribution and internal characteristics of the facies association
and associated architectural elements (e.g., fluvio-deltaic facies, channel deposits facies)
show that the Pab Formation belongs to a fluvio-deltaic dominated environment. The
depositional environment, based on the observed lithofacies, was perceived as a fluvial
deltaic. The depositional model for Pab Formation in the Rakhi Gorge section is shown in
(Figure 9B). A total of nine architectural lithofacies were established in the Pab Formation.
The high proportion of coarse sediments compares to the fluvial sedimentation, while the
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Paleosol facies demonstrate the arid climate. The Pab sandstones are a remarkably lower
flow regime than some facies (facies Sp, St). The interpretation of different sedimentary
structures within facies (facies Sp, St, and Sb) are confirmed as a point bar sequence. The
base lithological units have channeled deposits that interpret the inner channel bends. The
fine sandstone facies (facies Sf) interpret the deep-sea environment. The associations of
seven architectural elements also provide a good clue about the environment of high sinu-
osity fluvial to the deltaic environment. At the base of these, all lithofacies and architectural
elements and various sedimentary structures demonstrate a fluvio-deltaic environment.

Planar Cross-bedding Trough cross-bedding Channel deposits.

Figure 9. (A) Generalized section depicting the Pab architectural element b/w the Sh and Sm facies.
This element consists of facies Sm, Sp, St, Sch, pf, and Sh. Showing the detailed lateral and vertical
facies variations; and (B) depositional model of Pab sandstone in Eastern Sulaiman Ranges, Pakistan.

6. Conclusions

Based on a field experiment in the Maastrichtian Pab Formation, this study proposed
a methodology for evaluating architectural elements and facies. The studied sandstone
deposits at the base of the Miall classification system are classified by nine lithofacies (Pf,
Sch, Cf, Sh, St, Sn, Sp, Stc and Sb). The lithofacies Sp, St, and Sn indicate that the succession
was deposited during a lower flow regime, but the lithofacies Sm and Sb indicate a deltaic
environment. The intercalation of a few thin strata of shale, denoted by facies Sh, indicates
a deep to semi-deep lake sedimentary setting. The channel deposits (Sch facies) near the
base of the Pab Formation suggest that these facies were deposited in a flowing-water and
deltaic environment. The distinct types of seven architectural elements (SCp, ST, SCt, CH,
LS, and Pa) were identified, with their respective geometries and vertical facies correlations.
These multistory sandstone structures complement the fluvio-deltaic setting. The lateral
study of channelized sandstone indicates the rapid migration and expansion of point bars
and channels. The pattern of coarsening facies associations is one of the distinguishing
features of a deltaic environment. The various sedimentary features, such as Fe rusting,
nodules, and fractures, suggest subaerial exposure. The associated facies characteristics
indicate that the formation’s fluvio-deltaic origin can be inferred from examinations of
its facies.
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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.
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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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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
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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 LE-2. (f) Thick-bedded sandstone lithofacies LF2 with
channel pinching. (g) Thin-bedded sandstone with interbedded shale lithofacies (LF-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 6¢). 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 Tjohn
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 0.5 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 0.5 14 0.5 0.5 0 2 0 28 2.5 15 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 12 0 1 4 2 22 4 0.8 Sub-Arkose
9 T11 44 43 1 145 05 0 15 10.5 0.6 19 9 0.4 Arkose
10 T12 60 60 0 17 3 0 1.6 1 1 12 1.4 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 15 0.5 1 0.6 15 16 7 1 Arkose
14 T18 52 52 0 22 2.5 0 6 0.5 0.6 8 4.5 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 T21 16 16 0 8 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 15 0 4 4.5 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 NT6 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 13.4 1 29 7 22 Arkose
25  NT10 30 30 0 11 15 0 0 2.8 0.2 45 8 15 Arkose
26  NT12 78 78 0 7 1.8 0 13 0 0 0 0 0.2 Sub-Arkose
27  NT13 71 705 05 0.5 0 5 0 0 15 1 0.5 Sub-Arkose
28 NT14 80 80 0 5 1.2 0 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.

(a) 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).
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(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).

CRL UOP

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 UOP

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. (I) 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., thythmites (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].

Illitization 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 8o). 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.

Lithofacies

Cementing Material

Type of Porosity Degree of Compaction Reservoir Quality

and Authigenic Clays
No visual porosity Poikilotopic cement is
Lithofacies 1 (LF-1) . because all the Modergte to tlght 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(?nte 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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Abstract: Ice scours are formed when the keels of floating icebergs or sea ice hummocks penetrate
unlithified seabed sediments. Until now, ice scours have been divided into “relict” and “modern”
according to the water depth that corresponds with the possible maximum vertical dimensions of
the keels of modern floating icebergs. However, this approach does not consider climatic changes
at the present sea level, which affect the maximum depth of ice keels. We present an application of
210pp dating of the largest ice scour in the Baydaratskaya Bay area (Kara Sea), located at depths of
about 28-32 m. Two sediment cores were studied; these were taken on 2 November 2021 from the
R/V Akademik Nikolay Strakhov directly in the ice scour and on the “background” seabed surface, not
processed via ice scouring. According to the results of 21°Pb dating, the studied ice scour was formed
no later than the end of the Little Ice Age. Based on the extrapolation of possible sedimentation
rates prior to 1917 (0.22-0.38 cm/year), the age of the ice scour is estimated to be 1810 £ 30 AD. The
mean rate of ice scour filling with 70 cm thick sediments from the moment of its formation is around
0.33 cm/year.

Keywords: ice gouge; iceberg ploughmark; sediment core; bathymetry; seismic profiles; sediment
accumulation rate (SAR); specific activity; radionuclides; Baydaratskaya Bay

1. Introduction

Ice scours (ice gouges, ice ploughmarks) are widespread on the bottom of high- and
mid-latitude seas and big freezing lakes at different water depths up to 500 m [1-12] and
occasionally up to 1200 m [13,14]. They are formed when the keels of floating icebergs or sea
ice hummocks (pressure ridges) collide with unlithified seabed sediments. The study of the
ice scouring process has become especially important in recent times due to climate change.
Additionally, these kinds of processes are a natural risk for the development of Arctic shelf
oil and gas fields and the Northern Sea Route, adversely affecting the construction and
operation of structures and the movement of ships in the Barents—Kara region.

For the purposes of marine engineering, it is important to understand in which areas
ice scouring can still occur, and in which areas ice scours on the seabed are relicts. During
the construction of submarine structures such as pipelines, it is also important to understand
under what conditions (sea level, climate) the depth of penetration of ice keels into the
bottom sediments is observed. To answer these questions, the dating of ice scours, which to
our knowledge has not yet been achieved, could help. Only the dating of completely buried
iceberg scour relicts (with the age around 31 kyr cal BP) in the subtropical North Atlantic
is known [15]. Their age has been estimated based on radiocarbon dating of sediment
samples above and below the iceberg scour surface.
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To estimate the age of ice scours, the water depth at which they are observed is now
the most widely used [3,7,8,12,13]. According to this, ice scours are divided into “relict”
(formed at another relative sea level other than the present) and “modern” (formed at the
present sea level). Ice scour relicts are located at a water depth significantly exceeding
the possible maximum vertical dimensions of the keels of modern floating icebergs. The
threshold between modern iceberg scours and iceberg scour relicts varies widely depending
on the area and in the range of 40 to 550 m [3,4,7,8]. However, this approach does not take
into account climatic changes at the present sea level which affect the maximum depth of
ice keels and, accordingly, the depth of the seabed at which the ice scours were formed and
located in the corresponding climatic period.

Another attempt to date ice scours is based on the identification of newly formed ice
gouges because of a comparison of multitemporal bottom surveys carried out during moni-
toring [16,17]. This approach has its disadvantages: it requires many years of observations,
does not consider the extreme sizes of ice keels and is limited in space.

The method of marine sediment dating using non-equilibrium lead (*1%Pbyy), which is
widely used to determine sedimentation rates over the past 100-120 years, could expand
the possibilities for estimating the age of ice scours [18]. However, we are not aware of any
attempts to date ice scours based on measurements of the specific activity of the natural
radionuclide 2!°Pb. In this regard, the main objective of the present study is to show the
possibility of the well-established 2°Pb geochronology approach to ice scour dating.

2. Study Area

The study area is located in front of the entrance to Baydaratskaya Bay in the south-
western semi-enclosed part of the Kara Sea. The ice scours of the bay are the most studied
in the entire Kara Sea [19]. They began to be investigated in 1988 as part of the design of
a submarine gas pipeline crossing the bay. The largest ice scour known in this area was
chosen for dating using the non-equilibrium lead method.

The studied ice scour is located at depths of about 28-32 m (Figure 1), which are close
to the estimates of the maximum keel depths of sea ice features (stamukhi and hummocks)
in the Kara Sea—no more than 28 m [20]. The maximum keel depth of modern icebergs in
the Kara Sea is estimated to be no more than 180-200 m and the average is about 50 m [21].
There are known facts of iceberg penetration into Baydaratskaya Bay with depths of less
than 20 m during periods of minimal ice cover in the Kara Sea in 1932 and 2007 [22].

From the point of view of the geomorphological structure of the bottom, the study
area is located on a gently sloping coastal plain which extends to depths of 50-60 m and is
bounded from the open sea side by a tectonic scarp [23]. By the beginning of the postglacial
transgression, this plain was in subaerial conditions. During transgression, its surface from
the scarp crest to the modern coastline was reworked by wave processes. It is assumed
that about 10 kyr BP, there was a period of relative sea level stabilization at the modern sea
depth of 32-34 m [23].

The Baydaratskaya Bay area is characterized by low average annual temperatures
(from —7 to —10 °C) and a relatively short ice-free period (1-4 months a year) [19]. Over
the past 50 years, there has been a tendency for the ice-free period to increase [24]. The sea
ice of Baydaratskaya Bay consists of fast ice along the coast and drift ice offshore [25]. The
maximum fast ice rim position generally varies in the range of sea depths of 10-20 m [26].

The wind and currents are the driving forces of ice drift. During the winter season,
southerly and southwesterly winds prevail in the Baydaratskaya Bay area [25]. The currents
here are associated with semi-diurnal tides and they are practically reversive and aligned
along the axis of the bay. The maximum speed of the tidal current during the tidal cycle is
0.5 m/s, while the measured maximum current speed is 1 m/s [25]. Sea level fluctuations
are associated with tides (up to 1.1 m) and storm surges (up to 2 m).
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Figure 1. The overview map. The red triangle indicates the location of the studied area in the Kara
Sea. The 20, 50, 200 and 300 m depths are indicated by the contour lines. The inset map shows the
location of the Kara Sea.

Ice scours are widespread in Baydaratskaya Bay to depths of more than 12 m and
can be up to 2 m deep, 50 m wide and several kilometers long [5]. In shallower areas, ice
scouring processes are also active, but wind waves destroy their evidence during strong
summer and autumn storms. The most intensive and deep ice scours occur at the range of
depths from 16 to 19 m next to the Yamal coast fast ice rim, where ice hummocks continue
during the whole of the cold season [5]. The predominant orientation of the ice scours
corresponds to the direction of reverse tidal currents along the axis of the bay.

Sedimentation rates in the Kara Sea are presented mainly as average values for the
thickness of the Holocene deposits [27]. More precisely, the sedimentation rate was de-
termined using the method of accelerator mass spectrometry (AMS 140 using carbonate
shells of mollusks and foraminifers only for a few single horizons of the sedimentary
section [28,29].

Sedimentation rates determined by 2!°Pb in the Kara Sea are presented in [30-32].
Fourteen cores of sediments up to 50 cm long were studied in key areas of the bottom
deposit accumulation in the Kara Sea: the estuaries of the Ob and Yenisei, the East Novaya
Zemlya Trench, the Voronin Trench and also in one of the northern bays of the Novaya
Zemlya (Sedov Bay) [33]. However, all of them differ from Baydaratskaya Bay in terms
of sedimentation conditions. The sedimentation rates were determined by measuring
the specific activity of the natural 2'°Pb and technogenic 'Cs radionuclides. A close
relationship was shown between the sedimentation rates and types of seabed sediments.
The highest sedimentation rates are typical of terrigenous—estuary sediments, which are
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divided into traction sediments with sedimentation rates of 0.4-0.7 cm/year and sediments
of “silt banks” with sedimentation rates of 0.7-1.0 cm/year [33].

3. Materials and Methods

The present study is based on the results of the seabed topography and sediment
investigations of the Kara Sea by the Shirshov Institute of Oceanology RAS cruise 52 of
the R/V Akademik Nikolai Strakhov (ANS) [34], which took place from 15 October to 10
November 2021. During the cruise, complex geological and geophysical, geomorphological
and hydrophysical studies were carried out. One of the objectives of the cruise was a
detailed study of the large ice scours in the Kara Sea.

3.1. Multibeam Echo Sounding

Multibeam echo sounding was carried out for the seabed topography mapping to
obtain information about the morphology, morphometry and configuration of the ice scour.
For this, a multibeam echo sounding system of the R/V Akademik Nikolaj Strakhov was
used. It consists of a Reson 100 kHz SeaBat 8111, an Applanix POSMYV integrating motion
sensor and gyrocompass data. The multibeam transducers are installed in a hull-mounted
gondola. The swath-bathymetric data were collected and processed using the PDS2000
software from Teledyne. The processed data were gridded at cell sizes of 4x4 m, and
visualizations were carried out using PDS2000, ArcGIS and QGIS software. The survey
area consisted of a series of single survey lines with a total length of about 35 km along and
across the studied ice scour (Figure 2).
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Figure 2. (A) Seabed topography in the area of the studied ice scour and estimated ice scour
configuration outside of the survey area (dashed black line); (B) detailed seabed topography near the
sampling site with a bathymetric profile P1-P2 drawn through the core sampling points ANS-52-16
(“in a gouge”, sea depth 33.6 m) and ANS-52-17 (“background”, sea depth 31.6 m). The black lines
show the location of the bathymetric profile P1-P2 and the seismic profile P3-P4 (Figure 3). The red
arrows on the bathymetric profile P1-P2 show the length of the sampled sediment cores.

Figure 3. The seismic profiles crossing the ice scour in the core sampling area. (A) The seismic
profile P3-P4 (the location is indicated in Figure 2B); (B) the seismic profile 400 m to SE from P3-P4;
(C) the seismic profile P3-P4 with interpretation; (D) the seismic profile 400 m to SE from P3-P4 with
interpretation. The solid line (red and white) highlights the deposits that filled the ice scour after
the last one was formed, with indication of the measured thickness. The dotted line (red and white)
shows the boundary between Late Holocene (above) and Late Pleistocene (below) deposits.
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3.2. Seismic Profiling

Seismic profiling was carried out to assess the thickness of the deposits filling the ice
scour and to obtain information about the structure of the sedimentary strata in which
the ice scour was formed. For this, an EdgeTech 3300 high-resolution seismic profiler
(sub-bottom chirp) and the seismoacoustic complex Geont-shelf with a sparker source were
used. The sub-bottom transducers were installed in a hull-mounted gondola. In addition,
the high-resolution parametric sub-bottom profiler SES-2000 Standard with frequencies of
8-10 kHz was installed on a pole on the starboard. The studies were carried out using a
single-channel seismic streamer.

Seismic profiling was carried out along all multibeam echo sounding lines with a total
length of about 35 km, but in this work, only seismic profiles located near the sampling site
of the sediment core were used (Figure 2). In addition, profiles obtained near the sampling
site during previous cruises were involved in the analysis.

3.3. Sediment Cores

In the present study, two sediment cores (ANS-52-16 and ANS-52-17) were studied
(Table 1). They were taken on 2 November 2021 (2021.8 AD) using a 147 mm gravity corer
from R/V Akademik Nikolaj Strakhov near the entrance of Baydaratskaya Bay in the Kara Sea
(Figure 1). The first core (ANS-52-16, length 43 cm) was taken directly in the ice scour at a
water depth of 33.6 m; the second one (ANS-52-17, length 271 cm) was taken at a depth
of 31.6 m from the “background” seabed surface south of the ice scour, not reworked by
ice ploughing (Figure 2). In the present study, the first core is called “ice scour”, and the
second is called “background”. The distance between cores is about 140 m.

Table 1. Sediment cores studied in the present study.

Sediment o, Latitude  Longitude .

Core Position Sampler ©N) CE) Cruise =~ Water Depth, m  Length, cm
ANS-52-16 Ice scour 147 mm gravity corer 69.797683 65.40115 ANS-52 33.6 43
ANS-52-17  Background 147 mm gravity corer 69.796467 65.40185 ANS-52 31.6 271

Since coring from a relatively narrow ice scour constitutes a complex task, the results
of the core analysis from the “background” seabed surface that had not been reworked
by ice ploughing should confirm or disprove that the first core was indeed taken from
the ice scour. This approach is based on the fact that the sedimentation conditions within
and outside of the ice scour should be different and therefore the results from the analyses
should show different patterns in these cores.

The following technique was used to increase the probability of core sampling directly
from the ice scour. The vessel approached the ice scour with a predetermined spatial
configuration and a preselected sampling site (according to multibeam echo sounding and
seismic profiling) at an angle that provided greater distance during the ice scour crossing.
During the vessel drift, the gravity corer was hung out at a given horizon (approximately
20 m from the bottom); then, when the vessel was in position at the planned sampling
point, on command from the Captain’s Bridge, the gravity corer was released on the winch
freewheel. At the moment when the gravity corer touched the seabed (determined by the
sagging of the cable) the precise coordinates of the sampling point were recorded.

After the cores were recovered onboard the vessel, they were photographed and their
lithology was visually described. For further laboratory analysis of the ice scour dating,
the cores were packed into plastic cable channels 50 cm long, either completely (43 cm of
“jce scour” core) or only the upper part of the core (50 cm of “background” core). Cores
packed in cable channels were subjected to quick freezing (—18 °C) onboard the vessel and
sent frozen to the laboratory of the Murmansk Marine Biological Institute of the Russian
Academy of Sciences.
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The sampling for laboratory analysis of only the upper 50 cm of cores is explained by
the fact that the expected age of deposits below 50 cm should be significantly more than
100-120 years, which exceeds the dating capabilities of the non-equilibrium lead method.

3.4. Grain Size Analysis

Grain size analysis was carried out in the laboratory of Murmansk Marine Biological
Institute with wet samples using the wet sieve and decantation methods, which are consid-
ered to be the most accurate for fine sediments, as they are based on the hydraulic settling
of particles according to the Stokes formula [35]. The accuracy of settling in each stage was
controlled by a microscope. The classification of M.V. Klenova was used to interpret the
types of bottom sediments based on the results of grain size analysis [36].

The sampled cores were divided into layers of 1-5 cm for detailed studies. A total of
44 samples were analyzed: 20 in the “ice scour” core (0-30 cm) and 22 in the “background”
core (0-50 cm). Grain size is given in weight percent of the total sample. Moisture content
was determined for each sample together with grain size analysis.

3.5. Radiometric Measurements ?10Pb, 226Ra, 137Cs and 7 Be

The measurement of specific activity of 210pp, 226Ra, 137Cs and 7Be radionuclides was
carried out in the laboratory of the Murmansk Marine Biological Institute using a multi-
channel gamma-ray spectrometer for measuring X-ray and gamma radiation (Canberra
Semiconductors NV, Olen, Belgium) with lead screen protection of the HPGe detector
Ekran-2P manufactured by Aspect (Dubna, Russia). For the recording part, a BE5030
broadband detector made of ultrapure germanium planar type with a thin “carbon epoxy”
entrance window (0.6 mm wide) and a crystal (diameter of 80 mm, an area of 5000 mm?
and a thickness of 30.5 mm) was used. It records gamma quanta with energy from 3 keV to
3 MeV. The energy resolution along the 1332 keV ®Co line is no less than 2.2 keV; along the
57Co 122 keV isotope line, it is no less than 0.75 keV, and along the 5°Fe isotope line, it is
no less than 0.5 keV. Spectral information was collected using a DSA-1000 pulse analyzer
(Canberra Industries, Inc., Loches, France) with a resolution of 16K channels, correspond-
ing to modern digital signal processing technology. Spectra processing took place and
radionuclides were identified using Genie-2000 software (version 3.3).

The sampled cores were divided into layers of 1-2 cm for detailed studies. A total of
56 samples were analyzed: 36 in the “ice scour” core (0-43 cm) and 20 in the “background”
core (0-25.5 cm). All sediment samples were dried before measurement, homogenized and
left for 30 days in hermetically sealed vessels to ensure secular equilibrium between *?°Ra
and 2?2Rn, as well as 2'#Pb and 2!*Bi [37,38]. The measurement of each layer was carried
out in the same vessels after the onset of equilibrium between the indicated radionuclides.
The measurement time was 85,000 s, which gave an error calculation of 5-15% in the
upper layers of the cores. The activity of the supported >!°Pb determined from the main
226Ra lines was subtracted to determine the excess 219Pb activity (B19Pbyy) from the total
210Pp specific activity measured from its y-line (46.5 keV). The quantification of 2?Ra was
carried out by 2M#Pb (295.2 keV and 351.9 keV) and 2#Bi (1120 keV). The 2!%Pb, activity
was corrected for the date of core collection (2021.8 AD) and the results are given on a
dry weight basis, corrected for self-absorption and sample geometry [39]. The short-lived
radionuclide “Be was measured in the uppermost layer to confirm that the surface layer
was sampled correctly.

A quality check of the gamma spectrometer efficiency was carried out regularly
with the help of two volumetric activity measures issued for special purposes by the D.I.
Mendeleyev Institute for Metrology (VNIIM). The density of the the volumetric activity
measure fillers was 1.01 g/cm?. The activity of 2!°Pb deposited on the filler was 1.64 kBg;
the activity of 137Cs was 1.4 kBq. The specific activity of ??°Ra was determined via the
source of 1°2Ey, and the activity of 152Ey in the source was 3.78 kBq.
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3.6. Calculation of the Calendar Age and the Sediment Accumulation Rates Based on the Results of
Radiometric Measurements

210Pb dating of marine sediments is an accessible and widely used method used
to estimate the rates of modern sedimentation in the Arctic seas [31-33,40—44]. The si-
multaneous determination of natural 2'°Pb and ??°Ra and technogenic '¥Cs in a sample
became possible after the advent of modern gamma spectrometers for measuring X-ray
and gamma radiation and detecting gamma rays with energies from 3 keV to 3 MeV. This
significantly reduced the analysis time and made it possible to use the measured material
for other studies.

The natural radionuclide 2!°Pb has a half-life (T, s2) of 22.3 years and is a member
of the 22°Ra decay chain (T} /, = 1600 years) that is produced via the successive decay of
the parent isotope 2381y, 210Pp in marine sediments consists of supported 210pp, which is
continuously formed and, presumably, is in secular equilibrium with its initial radionuclide
226Ra and excess 210Pb. The last one enters the surface of water bodies and the surrounding
drainage area, and then makes its way into the bottom sediments as a result of atmospheric
deposition. The excess >1°Pb is determined by subtracting the supported ??°Ra activity
from the total 2!°Pb activity and is used to determine the age of sediments in a sedimen-
tation basin. However, compared to other isotopes used for geochronology, such as *C
(T1/2 = 5730 years), excess 2!%Pb can only be used to date the age of recent deposits formed
within the last 100-120 years [45,46].

Many studies have shown that the analysis of data and interpretation of the results
obtained by dating via excess >!°Pb are often associated with certain assumptions and
limitations [47-50]. The age of the sediments is calculated using an exponential equation
that describes the decrease in the total specific activity of ?!°Pb with depth, only if the flow
of excess 219Pb to the sediment surface is constant and there are no processes leading to
its mixing or redistribution (constant sedimentation) [49]. Often, these conditions are not
met and significant fluctuations in the ?!°Pb content can be found in the vertical profiles
of the deposits. To avoid questionable or inaccurate interpretations of 21°Pb profiles, the
chronology of 210Pp should always be confirmed using independent time markers (e.g.,
137Cs) or any other available geochemical indicators [49,51].

The calendar age and the sediment accumulation rates of layers in the studied sediment
cores were calculated using the constant flux (CF) model based on the data of the excess
210Pp activity [49]. The CF model makes it possible to consider the uneven supply of 2°Pb
with the flow of sediment mass to the seabed surface. Layers lying below the accepted
equilibrium boundary are not considered during sediment age calculations. The formulae
used for the calculation are presented in the Supplementary Materials.

The independent verification of chronology is essential to ensure a high level of
confidence in the results. Therefore, the known independent key date method was used.
Artificial radionuclides make it possible to determine several key dates in the last 70 years.
The ¥Cs chronostratigraphic marker is widely used to date sediment cores in the Arctic,
as the radioactive fallout from atmospheric nuclear weapon testing was global. Thus, the
presence of a concentration peak in most cases makes it possible to determine the depth of
contamination with a known event date [52]. The calculated ages of studied sedimentary
layers are verified using the results of measuring the specific activity of the technogenic
radionuclide '¥’Cs, especially since the nuclear tests were carried out relatively close to the
study area—on the Novaya Zemlya archipelago.

3.7. Estimation of Ice Scour Age

Ice scour age estimation is based on the fact that the sedimentation in it commences
immediately after its formation as a result of the impact of drifting ice on the seabed.
Therefore, if we determine the age of the lower sediment layers filling the ice scour, we
can determine the age of the ice scour itself. The extrapolation of the sedimentation rate,
determined from 21Pb in the upper layers, was used to estimate the age of the lower
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sediment layer of the ice scour in case it exceeded the capabilities of the 2'°Pb dating
method (100-120 years).

4. Results
4.1. Ice Scour Structure

At depths of 28-32 m, a multibeam echo sounder mapped an almost rectilinear seg-
ment 10.8 km long of the ice scour (in front of the Baydaratskaya Bay entrance, Figure 2),
oriented NW-SE at an angle to the isobaths and located almost on the continuation of
the bay axis (Figure 1). The maximum depth of the ice scour cutting into the background
surface was 3.2 m, and the maximum width did not exceed 35 m. Side berms up to 1.5 m
high could be traced almost along the entire ice scour.

The ice scour made a U-turn of almost 180 degrees, at the SE end of the segment,
and after which the survey was interrupted, making it impossible to trace the further
configuration of the ice scour. However, on the tacks transverse to the main ice scour,
the minor fragments of some ice scours were recorded, which presumably could be a
continuation of the main ice scour. In this case, the ice scour had a serpentine-shaped plan
configuration, changing its direction 2-3 times and reaching a length of at least 30-35 km
(dashed black line in Figure 2A). Such a configuration indicates that the main driving force
in the formation of the ice scour was reverse tidal currents. At the SE end of the segment
where the U-turn occurs, the ice scour becomes double.

Core sampling was carried out in the NW part of the studied segment of the ice scour.
Here, it had an asymmetric structure—the southern side was 0.5-1.0 m higher than the
northern one (Figure 2B). At the core sampling site, the apparent depth of the ice scour
cutting into the background seabed surface was about 2.4 m. According to seismic profiles,
the thickness of sediments filling the ice scour was estimated at about 0.6-0.8 m (Figure 3).
Thus, the initial depth of the ice scour cutting into the background seabed surface at this
location could be up to 3.2 m.

Two sediment units are clearly visible on the seismic profiles crossing the ice scour
in the core sampling area (Figure 3). The upper unit, 1.5-2 m thick, covers the underlying
layers like a mantle and is displayed on the seismic profiles mainly as an acoustically trans-
parent stratum, which is due to its water saturation and the relatively fine composition of
sedimentary material. The almost-complete absence of acoustically pronounced boundaries
in this unit may indicate that it was formed under the conditions of a stable water basin, i.e.,
without significant changes in sedimentation. This allowed us to assume their formation
over the past 5-6 kyr BP, when the sea level became close to modern. Thus, we interpreted
the age of the upper unit as Late Holocene.

The lower unit has a “chaotic” wavefield pattern, which is characterized by numerous
short sub-horizontal and inclined axes of commonality (Figure 3). These deposits are
characterized by a complex facies composition laterally and in depth. They are represented
by lithological differences, from sands and sandy loams to clayey silts. We interpreted
the age of the lower unit as Late Pleistocene. Thus, as can be seen in the seismic profiles
(Figure 3), the ice scour completely cuts through Late Holocene deposits and cuts into Late
Pleistocene deposits by 1.5-2 m (Figure 3).

4.2. Sediment Grain Size Distribution

Grain size analyses show that the sediments of both cores are composed exclusively of
clayey silt. The pelite content (<0.01 mm) varies from 52.9 to 68.4% in the “ice scour” core,
silt content (0.05-0.01 mm) ranges from 23.4 to 29.5% and heterogeneous sand (1-0.05 mm)
is from 4.2 to 16.4% (Table 2). Some layers (1-2 and 15-27 cm) contain gravel grains. The
highest content of fine gravel inclusions occurs in the upper part of the core (1-2 cm).
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Table 2. Grain size composition and natural moisture content (W) of the “ice scour” core sediments

(ANS-52-16).
Layer, cm Thickness, cm >1 1-0.5 0.5-0.25 0.25-0.1 0.1-0.05 0.05-0.01 <0.01 W, %
0-1 1 0 0 2.1 4.2 10.1 26.4 57.2 130
1-2 1 12.5 0.4 0.4 4.7 5.7 23.4 52.9 90
2-3 1 0 0 0.5 2.8 3.7 26.2 66.8 122
34 1 0 0 1.0 4.0 6.5 29.5 59.0 101
4-5 1 0 0 0 3.3 3.7 28.6 64.4 94
5-6 1 0 0 0.5 3.75 7.5 29.25 59.0 94
6-7 1 0 0 0.3 3.2 6.3 28.4 61.8 90
7-8 1 0 0 0 3.8 6.6 28.4 61.2 94
8-9 1 0 0 0 13 3.7 28.0 67.0 94
9-10 1 0 0 0 17 3.0 26.9 68.4 90
10-11 1 0 0 0 1.6 2.6 27.9 67.9 94
11-12 1 0 0 0 2.0 3.5 27.3 67.2 98
12-15 3 0 0 1.0 2.8 4.9 25.4 65.9 86
15-17 2 0.5 0.2 0.8 44 3.9 33.8 56.4 81
17-19 2 0.2 0.2 0.7 3.0 22 33.0 60.7 69
19-21 2 0 0 0.8 3.1 3.1 30.1 62.9 67
21-23 2 0.2 0.2 0.8 3.6 3.1 26.5 65.6 63
23-25 2 0 0 0.6 29 3.0 25.5 68.0 69
25-27 2 0.1 0.1 0.8 3.8 3.8 26.9 64.5 67
27-30 3 0 0 0.4 2.7 5.2 28.0 62.7 71
In the “background” core, the pelite content (<0.01 mm) varies from 56.6 to 72.7%,
silt content (0.05-0.01 mm) ranges from 27.1 to 39.4% and the inclusion of heterogeneous
sand and gravel is not significant (Table 3). Thus, the concentration of the coarse fraction in
the sediments accumulated inside the ice scour is higher than in the sediments outside it,
which is the main difference in the grain size composition of the studied cores. The natural
moisture content of sediments (W) decreases from the upper layers to the lower ones in
both cores. However, it is generally higher in the “ice scour” core (from 130 to 67%; Table 2)
than in the “background” core (from 77 to 48%; Table 3).
Table 3. Grain size composition and natural moisture content (W) of the “background” core sediments
(ANS-52-17).
Layer, cm Thickness, cm >1 1-0.5 0.5-0.25 0.25-0.1 0.1-0.05 0.05-0.01 <0.01 W, %
0-2 2 0 0 0 0 12 36.3 62.5 77
2-5 3 0 0 0 0 1.9 34.5 63.5 68
5-8 3 0 0 0.3 2.3 3.5 30.5 63.4 71
8-11 3 0.4 0.1 0.4 2.5 4.0 36.0 56.6 69
11-15 4 0 0 0 0.8 1.7 32.7 64.8 70
15-16 1 3.8 0 0 0 13 27.0 67.9 72
16-17 1 0 0 0 1.0 15 30.6 66.9 72
17-18 1 0 0 0 0 1.1 27.1 71.8 65
18-19 1 0 0 0 1.0 21 28.1 68.9 69
19-20 1 0 0 0 0.9 2.1 30.0 67.0 67
20-21 1 0 0 0 0 19 31.8 64.3 65
21-22 1 0 0 0 0.8 17 33.3 64.2 66
22-23 1 0 0 0 0 15 31.0 67.5 72
23-24 1 0 0 0 0 0.7 27.6 71.7 67
24-25 1 0 0 0 0 14 26.2 72.4 71
25-26 1 0 0 0 0.5 15 23.5 74.5 68
26-27 1 0 0 0 0.9 1.9 24.5 72.7 72
27-30 3 0 0 0 13 4.0 38.7 55.8 69
30-35 5 0 0 0.1 12 22 37.5 59.0 48
35-40 5 0 0 0.3 2.0 23 39.4 56.0 55
4045 5 0 0 0.3 15 23 36.9 59.0 55
45-50 5 0.6 0.2 0.2 17 24 36.7 58.2 63

4.3. Distribution of *'Pb and '3 Cs in Sediments of the Cores

The specific activity of !°Pb reaches a maximum value of 108 Bq/kg in the upper
part of the “ice scour” core sediments (Table 4). It decreases to 48-55.9 Bq/kg in the lower
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layers (38-43 cm) without any significant outliers. The ??°Ra content varies from 14.7 to
45.7 Bq/kg throughout the sediment core, with an average value of 28.6 Bq/kg. Equilibrium
with the initial radionuclide ??°Ra at the layer of 42-43 cm was not revealed in the “ice
scour” core, but there was a tendency to approach it. The technogenic radionuclide '¥Cs
was determined in most layers. The values ranged from less than the minimum detectable
activity (<MDA) to 47.3 Bq/kg. The MDA for 137Cs was 0.2 Bq/kg. The radionuclide
was not found in sediment layers below 36 cm (Table 4). In the uppermost layer of the
“ice scour” core (0-1 cm), short-lived radionuclide “Be was found with specific activity of
18.4 + 8.3 Bq/kg, which confirms that the surface layer was sampled correctly.

Table 4. The results of measurements of the specific activity of short-lived radionuclides and the
calculation of excess 219Pb (C;) in the “ice scour” core (ANS-52-16), Bq/kg.

1 1 1 1

Layer, cm Thickness, cm 137¢s (1}7'1 Cs) 210pp (21[011)1,) 226Ra (22[51Ra) G (Iéi)
0-1 1 6.0 24 93.7 9.2 22.1 5.6 71.6 10.8
1-2 1 9.3 0.4 74.8 3.0 24.2 2.7 50.6 4.0
2-3 1 10.3 0.6 107.0 49 241 54 829 7.3
3-4 1 113 0.8 90.7 54 31.3 3.8 59.4 6.6
4-5 1 10.9 0.8 73.1 54 28.0 3.7 45.1 6.5
5-6 1 11.6 0.7 78.9 5.1 30.0 3.6 489 6.2
67 1 9.1 0.8 73.0 5.6 17.7 3.8 55.3 6.8
7-8 1 10.6 0.8 87.7 6.0 35.4 4.3 52.3 74
8-9 1 12.6 0.8 92.7 5.4 349 4.0 57.8 6.7
9-10 1 13.7 0.9 108.0 6.3 43.2 4.6 64.8 7.8
10-11 1 14.9 0.9 102.0 5.9 39.5 4.6 62.5 7.5
11-12 1 12.1 0.5 82.4 4.0 45.7 4.3 36.7 59
12-13 1 11.8 0.9 83.9 6.2 419 4.6 42.0 7.7
13-14 1 9.4 14 83.8 10.3 255 5.0 58.3 114
14-15 1 13.6 0.9 72.5 6.4 31.0 4.3 415 7.7
15-16 1 15.3 2.2 83.0 14.7 20.8 59 62.2 15.8
16-17 1 17 1.1 92.3 8.2 23.2 4.1 69.1 9.2
17-18 1 17.4 1.8 89.4 12.1 26.1 53 63.3 13.2
18-19 1 13.4 0.9 84.9 6.7 279 3.6 57.0 7.6
19-20 1 119 1.8 66.1 12.7 22.7 4.6 43.4 13.5
20-21 1 29 0.6 71.5 55 244 35 471 6.5
21-22 1 <MDA - 66.7 47 25.8 39 40.9 6.1
22-23 1 <MDA - 57.3 59 224 4.8 349 7.6
23-24 1 <MDA - 47.3 49 17.4 45 29.9 6.7
24-25 1 <MDA - 43.7 49 14.4 35 29.3 6.0
25-26 1 <MDA - 40.0 4.8 17.9 3.3 22.1 5.8
26-27 1 8.1 0.4 45.5 29 21.0 34 245 4.5
27-28 1 <MDA - 56.8 59 26.4 42 30.4 7.2
28-30 2 <MDA B 52.1 49 26.6 41 25.5 6.4
30-32 2 47.3 0.9 56.1 3.6 225 24 33.6 4.3
32-34 2 2.4 0.6 59.3 41 24.2 2.7 35.1 49
34-36 2 23 0.4 41.7 35 19.3 2.7 224 4.4
36-38 2 <MDA - 43.9 6.3 23.7 33 20.2 71
38-40 2 <MDA - 48.0 4.8 20.0 21 28.0 52
4042 2 <MDA - 55.9 48 25.0 39 30.9 6.2
42-43 1 <MDA - 52.5 4.0 245 44 28.0 59

! U—standard uncertainty.

In the “background” core sediments, the highest specific activity of 210Pp is in the
upper part, reaching 60 Bq/kg (Table 5). It decreases to 26.7-33.4 Bq/kg in the lower layers
(17.5-25.5 cm). The 2?°Ra content varies from 20.5 to 30.4 Bq/ kg throughout the sediment
core, with an average value of 23.5 Bq/g. The equilibrium of 21°Pb (32.9 Bq/kg) with
the initial radionuclide 2*°Ra (31.1 Bq/kg) is observed in the layer of 19.5-21.5 cm. The
underlying two layers (21.5-25.5 cm) show C; values (Bq/kg) of less than 1.0, considering
the standard uncertainty. This allows us to take 19.5 cm as the equilibrium boundary for
210Pb and ?°Ra. The layers below the accepted equilibrium boundary were not considered
during sediment age calculations [49]. The 137Cs specific activity in all layers was below
the MDA, except for layers of 1-2 cm and 10-11 cm (Table 5). The distribution of 219Pb
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excess in both sediment cores demonstrates the same pattern: an exponential decrease in
depth with some fluctuations, whereby the peaks of which are correlated between the cores
(Figure 4).

Table 5. Results of measurements of the specific activity of short-lived radionuclides and calculation
of excess 219Pb (C;) in the “background” core (ANS-52-17), Bq/kg.

. Ut Ut Ut Ut
137 210 26 .

Layer, cm Thickness, cm Cs (37Cs) Pb (10pp) Ra (25Ra) G ()
0-1 1 <MDA - 60.0 0.8 26.2 6.0 33.8 6.1
1-2 1 22 0.3 50.1 1.5 242 3.4 259 37
2-3 1 <MDA - 36.0 5.0 25.3 49 10.7 7.0
3-4 1 <MDA - 55.4 6.0 20.7 49 34.7 7.7
4-5 1 <MDA - 35.5 3.6 16.1 4.3 19.4 5.6
5-6 1 <MDA - 499 6.6 28.0 3.3 219 74
6-7 1 <MDA - 49.3 4.6 28.0 52 21.3 6.9
7-8 1 <MDA - 27.6 6.1 223 4.2 53 74
8-9 1 <MDA - 45.3 3.6 215 5.0 23.8 6.2
9-10 1 <MDA - 54.6 6.6 237 4.0 309 7.7

10-11 1 1.1 0.3 53.9 3.3 219 5.1 32.0 6.1
11-12 1 <MDA - 47.0 7.3 30.4 44 16.6 8.5
12-13 1 <MDA - 322 5.8 259 5.6 6.3 8.1
13-14 1 <MDA - 30.1 4.7 259 55 42 72
14-15.5 1.5 <MDA - 28.0 3.5 21.2 39 6.8 52

15.5-17.5 2 <MDA - 34.6 25 25.5 39 9.1 4.6

17.5-19.5 2 <MDA - 26.7 2.0 217 20 5.0 2.8

19.5-21.5 2 <MDA - 329 3.2 31.1 3.0 1.8 44

21.5-23.5 2 <MDA - 334 39 28.8 23 4.6 4.5

23.5-25.5 2 <MDA - 28.6 3.0 23.7 2.7 49 4.0

! U—standard uncertainty.
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Figure 4. The distribution of excess 21OPb in the sediment cores: (A) “ice scour” (ANS-52-16);
(B) “background” (ANS-52-17).
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4.4. The Calendar Age and the Sediment Accumulation Rates

The calendar age and the sediment accumulation rate (SAR) of each sedimentary
layer top in the studied sediment cores were calculated using the CF model [49], based
on the measurements of the excess >!°Pb activity (Figures 5 and 6, Tables S1 and S2 in
Supplementary Materials). In the “ice scour” core, the calculations were based on the as-
sumption that the equilibrium between 2!°Pb and 2?°Ra must be achieved in the underlying
layers not penetrated by the corer, i.e., the supposed equilibrium border is at 43 cm (curve
“Pb-210 age, ice scour, CF/43” in Figure 5). In the “background” core, the calculations
were carried out taking into account the accepted equilibrium border at 19.5 cm (curve
“Pb-210 age, background, CF/19.5” in Figure 5). The obtained calendar ages have the form
of decimal fractions since they are calculated mathematically, relative to the date of the core
selections—2 November 2021 (2021.8 AD).

Year

1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

40

45

A Cs-137 age, background ¢ Cs-137 age, ice scour
- # =Pb-210 age, background, CF/19.5 —o—Pb-210 age, ice scour, CF/43
-+ Pb-210 age, ice scour, CF/45 -+ Pb-210 age, ice scour, CFw/45

Figure 5. Distribution of the calendar ages of the layers by the depth of the cores (“ice scour” and
“background”). Calendar ages are given according to 21°Pb and ¥Cs data. The designation “CF/43"
contains the numerator information about the formulae used in the calculation (CF—constant flux
model, CFw—modified formulae of the CF model, taking into account the change in the sedimentary
layers” widths in the ice scour with depth), and the denominator contains information about the
position of the equilibrium boundary, as used in the calculation (19.5; 43 and 45 cm).
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Figure 6. Changes in the sedimentation rate: (A) in the “ice scour” core (ANS-52-16) according to
the CF model with the supposed equilibrium border at 43 cm (CF/43); (B) in the “background” core
(ANS-52-17) according to the CF model with the accepted equilibrium border at 19.5 cm (CF/19.5);
(C) in the “ice scour” core (ANS-52-16) according to the modified formulae of the CF model, taking
into account the change in the sedimentary layers” widths in the scour, with the estimated boundary
at 45 cm (CFw /45).

The calendar age of the lowest reliably dated levels is 1916.8 4+ 4.9 AD (40 cm) in
the “ice scour” core and 1910.4 + 17.9 AD (17.5 cm) in the “background” core (Figure 5,
Tables S1 and S2 in Supplementary Materials). The age value of 1884.1 &+ 7.0 AD per 42 cm
in the “ice scour” core is not considered, as it is beyond the limits of the method capabilities.
Thus, the upper 40 cm in the “ice scour” core accumulated over the last 105 + 4.9 years and
the upper 17.5 cm in the “background” core accumulated over the last 111.4 £ 17.9 years.

The SARs in the “ice scour” core varied within the range of 0.09-0.95 cm/year in
different years (Figure 6A, Table S1 in Supplementary Materials). The average SAR value
for a thickness of 40 cm was 0.38 cm/year. The SARs in the “background” core were lower
(0.04-0.38 cm/year), with an average value for a thickness of 17.5 cm of 0.16 cm/year
(Figure 6B, Table S2 in Supplementary Materials). Comparing the distribution of the
calendar ages and SAR values in both of the cores (Figures 5 and 6), one can notice the
same trends in the change of rates but they occur at different times. The increase in the
sedimentation rates in the ice scour occurs 10-20 years later compared to the background
surface. For example, in the “ice scour” core, a sharp SAR increase occurred between
2000 £ 1 and 2002 + 1, and in the “background” core it was between 1989 + 4 and 1995 + 3.

5. Discussion
5.1. Estimation of Missing Inventory of 21°Pb in the Ice Scour

Since there is no 2!%Pb equilibrium with the initial radionuclide ??°Ra in the “ice
scour” core, we estimated the missing inventory of 21°Pb (A(j), Bq/m?) in the layers below
43 c¢m, not penetrated by the corer. To do this, we used two methods: the formula of the
exponential dependence of the total 2°Pb on the mass (m;, g/cm?) y = 159.44e =993 and
137Cs time marker estimation [49].

Using the formula of the first method, the total 210pPp was reconstructed in the range
of 43-51 cm. The mass of the layers was taken from the average value of the layers in the
range of 32-40 cm (21.26 g). 2?°Ra was calculated as the average value of the specific activity

211



J. Mar. Sci. Eng. 2023, 11, 1404

for all of the layers and amounted to 26.4 + 7 Bq/kg. Subsequently, the calculation was
carried out according to the CF model with discreteness of 2 cm. Equilibrium was reached
on a layer of 50 cm, which dates back to 1806 AD, which cannot be taken as representative
information, as it is beyond the limits of the method capabilities. However, the dates in the
range of 040 cm did not change significantly.

As a time marker of the second method, we used the 13’Cs peak (47.3 + 0.9 Bq/kg),
which was found in the 30-32 cm layer. According to the results of our measurements
(Table S1 in Supplementary Materials), the inventory of non-equilibrium 210pp (5A4, Bq/ m?)
that accumulated over 58 years from 1963 to 2021 (0-32 cm) was 15,341 Bq/m?. The
inventory of 210pb (A(j); = 2915 Bq/ m?) that accumulated before 1963 (layers from 32 cm to
the boundary of equilibrium between 2'°Pb and ??°Ra) was calculated using the formula
A1 = 5A1/(eM — 1), where t = 58 yr and A = 0.03118 yr~! (disintegration constant). Based
on the obtained values, the total inventory of non-equilibrium ?1°Pb from the seabed surface
to the equilibrium boundary was 18,256 Bq/m? (A(0) = 5A; + A(j)1). According to the
results of our measurements (Table S1 in Supplementary Materials), the inventory of non-
equilibrium 21°Pb (§A,, Bq/m?) accumulated in the layers (0-43 cm) was 17,879.5 Bq/m?.
Then, the missing inventory of 210Ph (A(j)2 = A(0) — 8A,) is 376.5 Bq/m?2. Based on the
activity of non-equilibrium 210Pp in the 42-43 cm layer, which is equal to 244 Bq/ m?, it can
be assumed that the missing inventory of 377 Bq/m? accumulated in the 43-45 cm layer. In
this case, the equilibrium boundary should be lowered by 3 cm to 46 cm.

The results of the layers’ age calculations using the CF model, taking into account the
estimation of the underlying missing inventory (curve “Pb-210 age, ice scour, CF/46"), are
shown in the graph (Figure 5). This calculation makes the age a little younger: for layers
in the range of 0-26 cm—no more than 2 years, in the range of 26-36 cm—no more than
5 years and in the range of 36—40 cm—no more than 8.5 years. The greatest age change is
observed for the 4042 cm layer, whose age has become 13.5 years younger.

5.2. Application of the Constant Flux Model in the Ice Scour Conditions

The CF model was designed for flat bottom sedimentation without any lateral limita-
tions [49]. However, the accumulation of sediments in an ice scour occurs in a constrained
environment. The sedimentation area at the bottom of the ice scour increases with time.
In other words, as the ice scour is filled with sediments, the width of the ice scour bottom
increases. This phenomenon is expressed in the cross section of the ice scour as an increase
in the “width” of the layers upwards. Therefore, we calculated how the layer “width”
changes with a step of 1 cm in an ice scour with a geometry such as ours, in order to assess
the possible error in the results obtained from this model.

Calculations were made for an ice scour with wy/S = 15, where wy—the ice scour
width at the present bottom surface, and S—the thickness of the ice scour filling sediments
(in our case, wp = 12 m and S = 0.8 m). This ratio shows the absolute value of the change in
the ice scour width, which is constant and amounts to 15 cm per 1 cm. With this ratio, the
angle of inclination of the ice scour sides is 7.6 degrees. The ice scour width at a given depth
relative to the present bottom surface was calculated using the formula w; = 12-15 z;, where
wij is the ice scour width at a given horizon, and z; is the depth of horizon. The 0-1 cm
layer (the uppermost dated layer) will have a roof “width” of 12.0 m and a base “width” of
11.85 m. The change is 1.25%. In the 38—40 cm layer (the lowest dated layer), the “width” of
the roof will be 6.3 m, and the “width” of the base will be 6.0 m. The change is 4.8%. There
is a downward trend of increasing the magnitude of the layers” “width” relative changes
which can reach 50-100% at the base of the filling sediments under the condition of an ideal
cross section of the ice scour in the form of an isosceles triangle. However, we dated only
the upper half of the filling sediments (40 cm out of 80 cm), where the “width” of 1 cm
layers in the cross section changes by only 1.25-2.4% per 1 cm.

Such an insignificant change in the 1 cm layers” “width” in the cross section gives
grounds in our case to neglect the influence of the ice scour geometry on sedimentation.
Therefore, we consider it reasonable to use the CF model to calculate the age in both cores:
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on the “background” surface, where the layers’ “width” remains constant, and in 0—40 cm of
the ice scour, where the layers” “width” changes no more than 2.4% per 1 cm. It is important
to note that we realize that the results may have additional uncertainty, but it is not
significant and does not exceed the standard uncertainty in the measurements themselves.
The uncertainty increases with the increase in the thickness of the analyzed layers.

Another important fact is worth noting. As the ice scour fills with sediments, each
successive layer becomes “wider”. Therefore, at a constant sediment flux entering the ice
scour, the sedimentation rate should decrease with time. However, we observe the opposite
picture—the sedimentation rate increases with time. From this, it can be concluded that the
sediment flux entering the ice scour has a greater effect on the sedimentation rate than the
ice scour layers’ “width”, whose influence is insignificant.

An additional control of the reliability of the ice scour dating results can be undertaken
by comparing them with the results of the “background” core dating. Due to the close
location (only 140 m between the cores), the general tendencies of sedimentation in this
bottom area should be traced in both of the cores, while the sedimentation rates can be
determined according to local conditions (in our case, according to the features of the
bottom topography). Indeed, in both cores, an exponential distribution of >!°Pb was
observed, whereby the fluctuations (peaks) of which are correlated between the cores
(Figure 4). However, there is a 1020 year lag of the sharp SAR changes in the ice scour
relative to the background surface (Figure 6), which may be due to uncertainty due to the
layers” width changes in the ice scour.

To eliminate this uncertainty, an attempt was made to modify the formulae of the CF
model to take into account the change with depth in the sedimentary layers” width in the
scour. The calculation using these modified formulae was designated as CFw (Table S3 in
Supplementary Materials). Whereas the CF model calculation is based on the measured
specific activity of radionuclides in the core, the CFw calculation is based on an estimation
of the excess lead activity in all of the sediments filling the ice scour. To extrapolate the
excess lead activity that had accumulated over the entire cross section of the ice scour, the
excess lead activity in each layer was multiplied by the proportionality factor (k;) of the ice
scour width at a given depth to the ice scour width at the lowest horizon with the excess
lead activity. Thus, at the lowest horizon (44 cm), k; is equal to 1, and at the highest horizon
(the present surface of the bottom of the ice scour), k; reaches a value of 2.22. It was decided
that k; be used, because it was noted that the results of the age and SAR calculations were
affected by the rate of increase in values with each subsequent step in the horizon depth
change, and not by the absolute values themselves, and by which, the excess lead activity
in the core was multiplied. Thus, the calculation results were the same both when the
excess lead activity was multiplied by the ice scour width at a given horizon depth, and
when the excess lead activity was multiplied by the ratio of the ice scour width at a given
horizon depth to the core diameter. The modified formulae used for the CFw calculation
are presented in the Supplementary Materials.

The calendar age obtained from the CFw calculation turned out to be no more than
10 years earlier than the age obtained from the CF model (Figure 5, curve “Pb-210 age, ice
scour, CFw /45"). Compared to the background surface, the lag of sharp changes in the
SAR in the ice scour has decreased, but it still remains and has reached about 10 years
(Figure 6C). This may be due to the lower detail and higher uncertainty in the “background”
core compared to the “ice scour” core. The uncertainty in the calendar age calculation
increases from the seabed surface down the core and reaches £5 years in the ice scour and
+18 years on the background surface. Thus, the modified formulae (CFw) correct the age
within the method uncertainty; so, this, together with what was noted above, gives us a
reason to use the results obtained from the measured specific activities of radionuclides
without taking into account the changing width of the ice scour (CF model) to estimate the
ice scour age.
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5.3. Verification of Results with 1% Cs

The lowest layer from the “ice scour” core, where 137Cs was found (34-36 cm), can
be attributed to 1954 AD (1950.5 & 3.2 AD at 34 cm according to the CF model, Figure 5).
This is the year when the first high-performance thermonuclear weapon was detonated
and atmospheric levels of 13Cs in the Northern Hemisphere rose high enough to create a
measurable signal that could be detected in soils and sediments in water bodies [53]. The
187Cs specific activity increased approximately 20 times in the overlying layer (30-32 cm).
Seventy-five atmospheric nuclear tests were carried out on the Novaya Zemlya archipelago
between 1954 and 1962, including the largest thermonuclear charge ever detonated (“Tsar
Bomba”) [54]. The global number of atmospheric nuclear tests peaked at 110 explosions in
1962 [55]. The peak concentration of atmospheric radioactivity was recorded in 1963 as a
result of atmospheric nuclear testing [56]; so, the calendar age of the 30-32 cm layer should
be attributed to this year, which is comparable to the chronological data obtained using the
CF model (1967.1 4 2.2 AD at 30 cm and 1959.2 + 2.6 AD at 32 cm, Figure 5).

The further distribution of '3Cs in the “ice scour” core from a layer 26-27 cm to
the surface layer did not make it possible to identify the increased specific activity of
the radionuclide designated as a reference in the literature, for example, the transoceanic
transport of radioactive discharges of nuclear fuel reprocessing plant Sellafield, UK, to the
Irish Sea (1982-1983) and atmospheric fallout after the accident at the Chernobyl Atomic
Electric Power Station (1986) [57]. Thus, according to the 3Cs data, the upper 34 cm in the
“ice scour” core accumulated after 1954 AD over the last 67.8 years, and the average SAR
value was 0.5 cm/year for a thickness of 34 cm, which is higher, but for a lower thickness
than according to 2!9Pb (0.38 cm /year for 40 cm).

The “background” core is characterized by low 187¢Cs specific activity (<MDA), except
for two layers (1-2 and 10-11 cm). This is probably due to periodic seabed erosion, which
prevents the accumulation of '3Cs in seabed sediments. The appearance of '¥’Cs in the
10-11 cm layer allows us to interpret the calendar age of this layer as 1963 AD, which is
comparable with the age obtained from 21°Pb (1965.6 & 8.0 AD at 11 cm). Thus, according to
the 1%Cs data, the upper 10 cm in the “background” core accumulated after 1963 AD over
the last 58.8 years, and the average SAR value was 0.17 cm/year for a thickness of 10 cm,
which is comparable to 210Pp, results (0.16 cm/ year for 17.5 cm) even for a lower thickness.

5.4. Formation of Sediments and Dynamics of Their Accumulation

The “background” core is more than six times longer than the “ice scour” core. We
explain the small length of the “ice scour” core by the presence of a compacted horizon,
which is associated with the pressure during gouging. Probably, the corer did not hit the
ice scour axis, but the lower part of the ice scour wall, which is covered by only 43 cm (or
s0) of filling post-gouging sediments. The GPS coordinates of the sampling point that were
correlated with the DEM of the bottom also show the displacement of the sampling site
toward the ice scour wall relative to its axis (Figure 2B). Thus, we have reason to believe
that 43 cm of the sampled sediments lie on pre-exaration deposits. Older post-exaration
deposits that fill the ice scour are located in the axial part of the ice scour at a depth of
43-80 cm below the modern bottom of the ice scour.

According to the grain size analysis (Tables 2 and 3), sediment accumulation in the
ice scour and at the “background” surface occurs mainly due to fine sediments (pelite
and silt). In the ice scour, in contrast to the “background” surface, there is an inclusion of
heterogeneous sand and fine gravel, which accumulated here as a result of slope subaque-
ous processes, saltation or ice rafting. The low content of sand and gravel, as well as the
lower natural moisture content in the sediments of the “background” surface, may indicate
higher hydrodynamics outside of the ice scour. Since the studied sediment cores are located
quite close to each other (only 140 m), the quantity and quality (grain size composition)
of sedimentary material entered in the ice scour and on the “background” surface are the
same; however, active hydrodynamics outside of the ice scour lead to periodic erosion of
the “background” surface and to the removal of sand and gravel. Under conditions of
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low hydrodynamics in the ice scour, coarse particles originating from ice rafting, slope
processes and saltation are not able to move laterally and remain where they settled on
the bottom. This fact explains the absence of the '3Cs marker in the sediments of the
“background” core and the availability of this isotope in high concentrations in the ice scour
(Tables 4 and 5). In other words, the sediments that have accumulated into the ice scour are
stored there as in a sedimentological trap and the sediments of the “background” surface
pass in transit, only being partially deposited. Thus, the obtained results additionally
confirm that one of the sediment cores was indeed taken directly from the ice scour.

To quantify the sedimentological trap effect, the excess lead activity accumulated on
the present seabed surface in the “background” core was multiplied by the proportionality
factor of the ice scour width at the level of the present seabed surface to the ice scour
width at the lowest horizon with excess lead activity (kg = 2.22). The obtained value was
6684 Bq/ m? on the background surface, while in the ice scour it was 31,497 Bq/ m?Z. Thus,
the studied ice scour accumulated 4.7 times more lead than the background surface.

The main sources of fine sediments accumulated in Baydaratskaya Bay are the erosion
of its coasts and partly the runoff of the Ust-Kara River (Figure 1). The northern coast
of the bay is mainly composed of homogeneous sandy deposits with relatively low ice
content [58,59] and is actively eroded at an average rate of 0.3 to 1.2 m/year [60]. The
southern coast of the bay is composed of medium ice-rich sandy loam deposits, underlain
by medium or, in some places, strongly ice-rich boulder loams and clays [61], and is also
actively eroded at an average rate of 0.5 to 2.4 m/year [60]. Taking into account the grain
size composition of the studied sediment cores, it can be assumed that sedimentation in the
ice scour and near it occurs due to the erosion of the southern coast of Baydaratskaya Bay.

Sediments of the last 100-120 years and older are composed of the same grain size.
Consequently, the source of sedimentation material (erosion products of the southern coast
of the bay) and lithodynamics (secondary seabed erosion) have not changed in the studied
area. Taking into account that sedimentation in the study area is closely related to coastal
erosion, one can note a certain correlation between the coastal dynamics of Baydaratskaya
Bay and the sedimentation rates in the studied sediment cores. According to our data
(Figure 6), the SARs have reached their maximum values in recent years, since the 2000s.
The maximum coastal erosion of the bay also belongs to the same period [60]. In the 1990s,
when coastal erosion of the bay slowed down, we noted a decrease in the sedimentation
rate. At the same time, it is known that the dynamics of coastal erosion are closely related
to the climate and depend on combinations of wind—wave and thermal factors within the
region [60]. Consequently, the rates of marine sedimentation also depend on the climate.

5.5. The Age of the Ice Scour

The 2'9Pb method allowed us to date the upper part (0-0.4 m) of the sediments filling
the ice scour, whereby thickness was estimated from seismic profiles to be about 0.6-0.8 m.
We estimated the age of the ice scour for a filling sediment thickness of 0.7 m, assuming
that age variations can occur both upwards and downwards due to variations in the actual
thickness of the filling sediments. The age estimation of sediments in the range of 0.4-0.7 m
is based on the extrapolation of the maximum and minimum possible mean sedimentation
rates under certain sedimentation conditions.

It is known that marine sedimentation is determined by a few factors: climate, wa-
ter salinity, basin depth, gas regime, the presence and nature of currents and biological
activity [62]. At the same time, air temperature, as an important indicator of the climate, is
a significant factor determining basin sedimentation. Often, there is a strong correlation
between climatic components and sedimentation [63].

According to our calculations, the top 40 cm of sediment accumulated in the ice scour
over about 105 + 5 years, starting around 1917 £+ 5 AD (mean SAR 0.38 cm/year). At the
same time, more than 1/3 of the dated sediments (0-15 cm) accumulated over the past
20 =+ 1 years (since around 2002 £ 1 AD) at a mean rate of about 0.75 cm/year. This period
is characterized by an increase in air temperature in the Baydaratskaya Bay area, which
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accelerated the processes of coastal erosion [64], increasing the sediment supply in the
accumulation basin. Conversely, a decrease in the rate of sedimentation is observed with a
decrease in the sum of daily positive air temperatures in the period of 1975-1985. In the
1960s, the dependence of sedimentation rates on air temperatures persisted. The sum of
daily positive air temperatures increased and sedimentation proceeded more dynamically
than in the next decade.

Thus, based on the past temperature regime, we can indirectly assume the mean sedi-
mentation rate in the ice scour before 1917. Due to the lack of meteorological observations in
the work area, we decided to rely on data on climatic anomalies of the northern hemisphere
from 1850 to the present [65-67]. According to these data, the value of the temperature
anomaly in 1900-1930 was unchanged. Considering this, it can be assumed that the mean
SAR in the ice scour in that time was not less than the mean SAR established for the period
1916.8-1934.3 (38-40 cm), i.e., around 0.11 cm/year. In this case, in 1900-1916.8, a layer
of 40-41.8 cm was formed; however, we found that a 42-43 cm layer contained excess
210pp, Therefore, its age cannot theoretically exceed 120 years (1901.8 AD) due to the dating
limit of the method. Rounding the age of the beginning of the 42-43 cm layer formation
to 1900 AD, it can be assumed that in 1900-1916.8, a layer of 40-43 cm was formed at a
mean rate of 0.17 cm/year, rather than 40-41.8 cm. The values of temperature anomalies in
1850-1900 approximately corresponded to the temperature regime in 1930-1960. Therefore,
we can assume that the mean SAR in the ice scour in 1850-1900 was not less than the mean
SAR established for the period 1934.3-1959.2 (32-38 cm), i.e., around 0.24 cm/year. In this
case, a layer of 43-55 cm was formed in 1850-1900. Thus, the mean sedimentation rate of the
15 cm stratum (40-55 cm) for 66.8 years (1850-1916.8) could be 0.22 cm/year. We consider
this value as the minimum possible sedimentation rate before 1917. Considering that the
warming since 2000 has been unprecedented, the mean rate of 0.38 cm/year determined for
the thickness of 0—40 cm can be the maximum possible sedimentation rate for the period
before 1917.

The extrapolation of the minimum (0.22 cm/year) and maximum (0.38 cm/year)
possible sedimentation rates in the ice scour before 1917 allows us to estimate the time
range at which the accumulation of the first sediments in the ice scour at a depth of 70 cm
below the current seabed surface began. This time range is defined as 1780-1840. Thus, the
age of the ice scour can be determined as 1810 & 30 AD. The mean rate of ice scour filling
with 70 ecm thick sediments from the moment of its formation is around 0.33 cm/year.

6. Conclusions

o  The studied ice scour, located in front of the entrance to Baydaratskaya Bay of the
Kara Sea at a sea depth of about 28-32 m, has a serpentine-shaped plan configuration,
changing its direction 2-3 times and reaching a length of at least 30-35 km. The
maximum visible depth reaches 3.2 m, and the maximum width is up to 35 m. At
present, it is the largest ice scour among those known in this region of the Kara Sea.

e  Two sediment cores were studied, which were taken on 2 November 2021 (2021.8 A.D.)
using a gravity corer directly in the ice scour and on the “background” seabed surface,
which was not processed via ice scouring, and 140 m south of the first one. At the
core sampling site, the apparent depth of the ice scour cutting into the background
seabed surface was about 2.4 m. According to the seismic profiles, the thickness of
sediments filling the ice scour was estimated at about 0.6-0.8 m, whereby the top 30 cm
of which was presented exclusively by clayey silt. The pelite content varied from 52.9
to 68.4%, the silt content varied from 23.4 to 29.5% and the heterogeneous sand content
varied from 4.2 to 16.4%. Some layers contained gravel grains. The highest content
of fine gravel inclusions occurred in the upper part of the core. On the “background”
seabed surface, the upper 50 cm of sediments was also represented by clayey silt. The
pelite content varied from 56.6 to 72.7%, the silt content varied from 27.1 to 39.4% and
the inclusion of heterogeneous sand and gravel was not significant. The low content
of the sand and gravel in the sediments of the background surface is explained by
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higher hydrodynamics outside of the ice scour, which leads to the periodic erosion of
sediments and the removal of rare sand and gravel particles.

e  The excess 219Pb was found in all of the analyzed layers (up to 43 cm) of the ice scour
sediments, reaching maximum values of specific activity (108 Bq/kg) in the upper
horizons and decreasing to 48-55.9 Bq/kg toward the lower ones. The equilibrium
of 219Pb with the initial radionuclide ?°Ra was not revealed at the layer of 42-43 cm,
but there was a tendency to approach it. The technogenic radionuclide '3”Cs below
36 cm was not detected, while above its content it ranged from 47.3 Bq/kg to values
less than the minimum detectable activity (<0.2 Bq/kg).

e In deposits on the “background” seabed surface, the excess 210Ph was only found in
the upper 25.5 cm. Its specific activity decreased from top to bottom from 60 Bq/kg
to 26.7 Bq/kg. The equilibrium of 21°Pb with the initial radionuclide ??°Ra was
observed in the layer of 19.5-21.5 cm. The 137Cs specific activity was below 0.2 Bq/kg
at all horizons, except for the 1-2 cm and 10-11 cm layers. The low content of the
technogenic radionuclide '¥Cs also indicates the periodic erosion of sediments.

e Based on ?!1%Pb dating, the time of the beginning of sediment accumulation in the
ice scour at a depth of 15 cm was estimated to be around 2002 AD; at a depth of
38 cm—around 1934 AD; at a depth of 40 cm—around 1917 AD and at a depth of
43 cm—around 1900 AD. Thus, over the past 120 years, there has been an increase in
the mean SARs: 0.79 cm/year for the 0-15 cm horizon, 0.43 cm/year for the 0-38 cm
horizon, 0.38 cm/year for the 0-40 cm thickness and not less than 0.35 cm/year for
the 0—43 cm horizon.

e On the “background” seabed surface outside of the ice scour, the mean sedimentation
rate over the past 110 years has been two times lower. The time of the beginning of
sediment accumulation outside of the ice scour at a depth of 17.5 cm is estimated to be
around 1910 AD (0.16 cm/year). Fluctuations in the mean SARs are not pronounced,
which may be due to the periodic erosion of sediments outside of the ice scour.

o  Thereis aclose correlation between the marine sedimentation rates and air temperature
fluctuations, as well as the coastal retreat rates of Baydaratskaya Bay, whereby the
erosion products of which are the main source of seabed sediments due to the absence
of large rivers in the area. Thus, since 2002, in the Baydaratskaya Bay area, there has
been a sharp increase in air temperature, the rate of coastal retreat and the rate of
sedimentation in the largest ice scour of this region.

e According to the results of 210pp dating, the studied ice scour was formed no later than
the end of the Little Ice Age (LIA) in the Arctic (turn of the 19th and 20th centuries).
The age of the ice scour is estimated to be 1810 4= 30 AD based on the extrapolation
of possible sedimentation rates prior to 1917 (0.22-0.38 cm/year). The mean rate
of ice scour filling with 70 cm thick sediments from the moment of its formation is
around 0.33 cm/year. Assuming that after the end of the LIA, the size of icebergs
decreased, their penetration into Baydaratskaya Bay improved. Therefore, the ice
scours of Baydaratskaya Bay were probably formed mainly after the end of the LIA,
i.e., in the 20th century.

e  Further study of the sedimentation chronology in ice scours will help to establish the
periods of active ice scouring on the glaciated continental margins and to supplement
knowledge about sedimentation on the Arctic shelf.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/jmse11071404/s1: Table S1: Calculation of the sedimentary
layers age (Year) and sedimentation rate (s(i)) in the “ice scour” core (ANS-52-16) using CF model
(CF/43); Table S2: Calculation of the sedimentary layers age (Year) and sedimentation rate (s(i)) in the
“background” core (ANS-52-17) using CF model (CF/19.5); Table S3: Calculation of the sedimentary
layers age (Year’) and sedimentation rate (s’(i)) in the “ice scour” core (ANS-52-16) using modified
formulas of CF model (CFw /45).
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