

[image: image]





Frontiers eBook Copyright Statement

The copyright in the text of individual articles in this eBook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers.

The compilation of articles constituting this eBook is the property of Frontiers.

Each article within this eBook, and the eBook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this eBook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version.

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or eBook, as applicable.

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with.

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question.

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-88971-476-6
DOI 10.3389/978-2-88971-476-6

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area! Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers Editorial Office: frontiersin.org/about/contact





FRONTIERS IN SOUTHEAST ASIAN GEOSCIENCES

Topic Editors: 

Basilios Tsikouras, Universiti Brunei Darussalam, Brunei

Satria Bijaksana, Bandung Institute of Technology, Indonesia

Yudi Rosandi, Universitas Padjadjaran, Indonesia

Citation: Tsikouras, B., Bijaksana, S., Rosandi, Y., eds. (2021). Frontiers in Southeast Asian Geosciences. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88971-476-6





Table of Contents




Editorial: Frontiers in Southeast Asian Geosciences

Basilios Tsikouras, Satria Bijaksana and Yudi Rosandi

Magma Genesis and Arc Evolution at the Indochina Terrane Subduction: Petrological and Geochemical Constraints From the Volcanic Rocks in Wang Nam Khiao Area, Nakhon Ratchasima, Thailand

Vanachawan Hunyek, Chakkaphan Sutthirat and Alongkot Fanka

Investigation of Hilbert–Huang Transform and Fourier Transform for Horizontal-to-Vertical Spectral Ratio Analysis: Understanding the Shallow Structure in Mataram City, Lombok, Indonesia

Mochammad Randy Caesario Harsuko, Zulfakriza Zulfakriza, Andri Dian Nugraha, Achmad Fajar Narotama Sarjan, Sri Widiyantoro, Shindy Rosalia, Nanang T. Puspito and David P. Sahara

Land-Use Changes and the Effects of Oil Palm Expansion on a Peatland in Southern Thailand

Prapawadee Srisunthon and Sakonvan Chawchai

2D Sequential Restoration and Basin Evolution of the Wichianburi Sub-basin, Phetchabun Basin, Central Thailand

Sukonmeth Jitmahantakul, Jirapat Phetheet and Pitsanupong Kanjanapayont

Mesozoic Paleo-Pacific Subduction Beneath SW Borneo: U-Pb Geochronology of the Schwaner Granitoids and the Pinoh Metamorphic Group

H. Tim Breitfeld, Lorin Davies, Robert Hall, Richard Armstrong, Marnie Forster, Gordon Lister, Matthew Thirlwall, Nathalie Grassineau, Juliane Hennig-Breitfeld and Marco W. A. van Hattum

Preferred Pore Orientation as a Complement to Anisotropy of Magnetic Susceptibility: A Case Study of Lava Flows From Batur Volcano, Bali, Indonesia

Nuresi Rantri Desi Wulan Ndari, Putu Billy Suryanata, Satria Bijaksana, Darharta Dahrin, Fadhli Ramadhana Atarita, Aditya Pratama, Abd Hafidz and Silvia Jannatul Fajar

Automatic and Manual Fracture-Lineament Identification on Digital Surface Models as Methods for Collecting Fracture Data on Outcrops: Case Study on Fractured Granite Outcrops, Bangka

Muhammad Edo Marshal Nurshal, Muhammad Suwongso Sadewo, Arif Hidayat, Wildan Nur Hamzah, Benyamin Sapiie, Mirzam Abdurrachman and Alfend Rudyawan

Bathymetry and Shallow Seismic Imaging of the 2018 Flank Collapse of Anak Krakatau

Wisnu S. Priyanto, James E. Hunt, Muhammad Hanif, David R. Tappin, Haryadi Permana, Susilohadi, Michael Cassidy and Eko Yulianto

Fault Instability and Its Relation to Static Coulomb Failure Stress Change in the 2016 Mw 6.5 Pidie Jaya Earthquake, Aceh, Indonesia

Dian Kusumawati, David P. Sahara, Sri Widiyantoro, Andri Dian Nugraha, Muzli Muzli, Iswandi Imran, Nanang T. Puspito and Zulfakriza Zulfakriza

Distinguishing Late Holocene Storm Deposit From Shore-normal Beach Sediments From the Gulf of Thailand

Stapana Kongsen, Sumet Phantuwongraj and Montri Choowong

The Succession of Upper Eocene- Upper Miocene Limestone Growth and Corresponding Tectonic Events in Luconia Shelf, Sarawak, Malaysia

Siti Nur Fathiyah Jamaludin, Benjamin Sautter, Manuel Pubellier and Mirza Arshad Beg

Seismic Attenuation Tomography From 2018 Lombok Earthquakes, Indonesia

Awali Priyono, Andri Dian Nugraha, Muzli Muzli, Ardianto Ardianto, Atin Nur Aulia, Billy Sugiartono Prabowo, Zulfakriza Zulfakriza, Shindy Rosalia, Annisa T. Sasmi, Haunan Afif, David P. Sahara, Sri Widiyantoro, Shengji Wei, Yayan M. Husni and Achmad Fajar Narotama Sarjan

Delineation of Upper Crustal Structure Beneath the Island of Lombok, Indonesia, Using Ambient Seismic Noise Tomography

Achmad F. N. Sarjan, Zulfakriza Zulfakriza, Andri D. Nugraha, Shindy Rosalia, Shengji Wei, Sri Widiyantoro, Phil R. Cummins, Muzli Muzli, David P. Sahara, Nanang T. Puspito, Awali Priyono and Haunan Afif

Interpretation and Reconstruction of Depositional Environment and Petroleum Source Rock Using Outcrop Gamma-ray Log Spectrometry From the Huai Hin Lat Formation, Thailand

Chawisa Phujareanchaiwon, Piyaphong Chenrai and Kasira Laitrakull

The Truong Son, Loei-Phetchabun, and Kontum Terranes in Indochina: Provenance, Rifting, and Collisions

Clive Burrett, Mongkol Udchachon and Hathaithip Thassanapak

Travel Time Tomography to Delineate 3-D Regional Seismic Velocity Structure in the Banyumas Basin, Central Java, Indonesia, Using Dense Borehole Seismographic Stations

Hidayat Hidayat, Andri Dian Nugraha, Awali Priyono, Marjiyono Marjiyono, Januar H. Setiawan, David P. Sahara, Sonny Winardhi, Zulfakriza Zulfakriza, Shindy Rosalia, Eko B. Lelono, Asep K. Permana and Ahmad Setiawan



		EDITORIAL
published: 23 August 2021
doi: 10.3389/feart.2021.754238


[image: image2]
Editorial: Frontiers in Southeast Asian Geosciences
Basilios Tsikouras1*, Satria Bijaksana2 and Yudi Rosandi3
1Faculty of Science, Geosciences Programme, Universiti Brunei Darussalam, Bandar Seri Begawan, Brunei
2Faculty of Mining and Petroleum Engineering, Institut Teknologi Bandung, Bandung, Indonesia
3Department of Geophysics, Universitas Padjadjaran, Sumedang, Indonesia
Edited and Reviewed by:
Derek Keir, University of Southampton, United Kingdom
* Correspondence: Basilios Tsikouras, basilios.tsikouras@ubd.edu.bn
Specialty section: This article was submitted to Structural Geology and Tectonics, a section of the journal Frontiers in Earth Science
Received: 06 August 2021
Accepted: 10 August 2021
Published: 23 August 2021
Citation: Tsikouras B, Bijaksana S and Rosandi Y (2021) Editorial: Frontiers in Southeast Asian Geosciences. Front. Earth Sci. 9:754238. doi: 10.3389/feart.2021.754238

Keywords: Southeast Asia, tectonomagmatic, geophysics, natural hazards, environmental geology, exploration
Editorial on the Research Topic 
Frontiers in Southeast Asian Geosciences

INTRODUCTION
Southeast Asia is situated at the junction of four major tectonic plates (Eurasian, Indian–Australian, Pacific, and Philippine Sea) and a few smaller microplates, hence it is one of the regions with the most complicated geological histories on our planet. It is an area which includes a broad spectrum of fascinating geological formations and structures, spanning from the Precambrian till today, active tectonics with some of the highest mountains of Earth, volcanic activity, and an immense supply and deposition of sediments into its basins. The region of Southeast Asia has attracted the attention of researchers with diverse expertise and the amount of research outputs shows an increasing trend in the last few years, as in the past geological research was unfavorable, due to the occurrence of extensive rainforests and unexplored areas and hence limited accessibility. This geoscientific diversity hosts some of the most important economic deposits and formations on Earth thus making the study of Southeast Asian geology even more attractive and imperative.
This Research Topic presents a collection of 16 papers related to the 2nd International Congress on Earth Sciences in SE Asia (ICES 2019), which was held in Bali, Indonesia on 18–20 November 2019. The congress fostered communication and exchange of ideas among young and senior geoscientists from a diverse spectrum of scientific disciplines and facilitated a constructive scientific dialogue.
TECTONOMAGMATIC EVENTS
Breitfeld et al. study the tectonomagmatic evolution of the Schwaner Mountains (SW Borneo Island) providing new zircon U-Pb and 40Ar/39Ar age dates, which contradict previous dates and hypotheses. The authors reveal the complex geotectonic history of the area, which involved a Paleo-Pacific subduction in Triassic-Jurassic followed by Jurassic rifting and separation of NW Australia from SW Borneo. A subsequent post-collisional Cretaceous magmatic episode followed the collision of Argo and Banda Blocks with Sundaland. A series of Cretaceous meta-volcaniclastic rocks is metamorphosed during the intrusion of the Cretaceous granitoid rocks.
Burrett et al. report thorough petrological studies, generating a preliminary tectonic model, which describes the geological history of Southeast Asian terranes. The authors present the analysis of integrated data to reveal chronological processes that built up Indochina Terranes.
Hunyek et al. have studied the intrusion of calc-alkaline acidic to intermediate dykes into a Late Permian granite in the Nakhon Ratchasima Province, Thailand. The authors have calculated the P-T conditions of their crystallization to range between 4.5 and 5.5 Kbar and 861–927°C. These intrusions are related to the Late Permian subduction of the Paleotethys beneath the Indochina Terrane.
Jitmahantakul et al. applied structural restoration techniques in Wichianburi Sub-basin of the Phetchabun Basin in central Thailand and revealed that most of the deformation was concentrated during the Late Oligocene. The restorations show that the extensions of the Wichianburi sub-basin decrease from 12.30% during the main rift phase (Late Oligocene to Early Miocene) to 2.53% during the second phase of rifting.
Ndari et al. presented an auxiliary parameter, i.e., preferred pore orientation, to complement the anisotropy of magnetic susceptibility (AMS) technique to decipher lava flows from Batur Volcano in Bali, Indonesia. This method is important especially in Southeast Asia, which itself is a part of Pacific Ring of Fire and a home of scores of volcanoes.
ENVIRONMENTAL APPROACHES
Chawchai et al. analyzed direct and indirect land-use changes and report a considerable increase of oil palm plantations mainly replacing an evergreen forest, wetlands, and peatlands in the Princess Sirindhorn Wildlife Sanctuary, Narathiwat, Thailand. The study was conducted in two spans (2000-2009 and 2009-2016) and the authors have calculated the adverse effect on the carbon storage budget reporting a change of 4 × 106 Mg C in the 16 years of the study.
Nurshal et al. present an evaluation of digital surface models (DSM) techniques for the identification of fractures in rocks in inaccessible areas and when a typical scanline is not possible. The authors conclude that DSM combined with RGB filtering process provides the optimum and most realistic results.
GEOPHYSICAL CONTRIBUTIONS
Harsuko et al. improved the method to interpret the horizontal-to-vertical spectral ratio (HVSR) of microtremor data using the Hilbert-Huang Transform algorithm. The method was applied to the survey data performed in Lombok Island, Indonesia. The authors report the robustness of the method in order to remove transient monochromatic noise.
Hidayat et al. applied the passive seismic tomography (PST) method to delineate 3D regional seismic velocity structure in the Banyumas Basin in Central Java, Indonesia. The authors used 70 seismograph borehole stations in the vicinity of the basin. In the region of Southeast Asia there are numerous sedimentary basins, which contain volcanic deposits thus hindering subsurface mapping using conventional 2D seismic reflection methods, which have been attempted, so far. This paper provides innovative 3D seismic data and a methodology in a contribution to overcome this obstacle.
Jamaludin et al. conducted seismic studies in a sequence of limestones in the Luconia shelf and determined the complex multi-stage tectonic history of the region. They report three mainly compressional events, which occurred from Upper Eocene till Upper Miocene, and are associated to the closure of the Proto-South China Sea and the evolution of the South China Sea, at the southern parts of Luconia. These major tectonic events have largely influenced the Luconia platform and created a hyper-stretched crust at its northern parts resulting in a significant rise of the mantle in that area.
Phujareanchaiwon et al. used outcrop gamma-ray log spectrometry to reconstruct the depositional environment and petroleum source rocks of the Huai Hin Lat Formation in central Thailand. A combination of the U spectral gamma and the conventional gamma ray log has been shown to be effective in identifying organic-rich rocks.
Priyanto et al. used bathymetry and sparker seismic methods, as well as satellite imaging to measure the flank failure and collapse of Anak Krakatau. The methods have successfully predicted the volume of the collapsing materials, which could be a trigger for other natural events, such as tsunamis.
Priyono et al. presented the earthquake aftershock processing methods in order to calculate the attenuation structure of its seismic waves. The authors showed the tomography calculated from an event that took place at Lombok, Indonesia, in 2018.
Sarjan et al. utilized the ambient seismic noise tomography to determine the shear velocity map of Lombok Island. The authors applied the fast-matching surface tomography (FMST) to obtain a tomographic image of group velocity. The method has successfully delineated the upper crustal structure of the Island.
GEOHAZARDS
Kongsen et al. distinguished Late Holocene storm deposits from shore-normal beach sediments from the Gulf of Thailand using grain-size analyses coupled with detailed description of the sedimentary structures and luminescence dating. This finding is important in studying the frequency and intensity of storm in ancient time.
Kusumawati et al. analyzed the 2016 Mw 6.5 Pidie Jaya earthquake, and its aftershock distribution using the fault instability criterion and integrated it with the static Coulomb stress change. The static Coulomb stress change is not always positive in all the aftershocks, but the instability value is always high.
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Volcanic rocks and associated dikes have been exposed in Wang Nam Khiao area, Nakhon Ratchasima Province, northeastern Thailand where complex tectonic setting was reported. These volcanic rocks are classified as rhyolite, dacite, and andesite whereas dikes are also characterized by andesitic composition. These dikes clearly cut into the volcanic rocks and Late Permian hornblende granite in the adjacent area. Rhyolite and dacite are composed of abundant plagioclase and quartz whereas andesite and andesitic dike contain mainly plagioclase and hornblende with minor quartz. The volcanic rocks typically show plagioclase and hornblende phenocrysts embedded in fine-grained quartz and glass groundmass whereas dike rocks contain less glass matrix with more albitic laths. P–T conditions of crystallization are estimated, on the basis of Al-in-hornblende geobarometry and hornblende geothermometry, at about 4.5–5.5 kbar, 861–927°C and 4.8–5.5 kbar, 873–890°C for the magma intrusions that fed volcanic rocks and andesitic dikes, respectively. Whole-rock geochemistry indicates that these rock suites are related to calc-alkaline hydrous magma. The enriched large-ion lithophile elements (LILE; e.g., Rb, Sr) and depleted high-field-strength elements (HFSE; e.g., Nb, Ce, Ti), with similar rare earth element (REE) patterns indicate arc magmatism. The results of this study are comparable with the continental arc magmatism along the Loei Fold Belt (LFB) as a consequence of the Late Permian Palaeo-Tethys subducted beneath Indochina Terrane.

Keywords: petrology, geochemistry, volcanic rock, Loei Fold Belt, Thailand


INTRODUCTION

Thailand and SE Asia are assembled from several tectonic terranes across from east to west (Bunopas, 1981; Charusiri et al., 2002; Sone and Metcalfe, 2008) including Indochina Terrane (Bunopas, 1981; Charusiri et al., 2002; Sone and Metcalfe, 2008), Loei Fold Belt (LFB; Bunopas, 1981), Sukhothai Terrane (Sone and Metcalfe, 2008), and Sibumasu (Sone and Metcalfe, 2008) or Shan-Thai Terrane (Bunopas, 1981; Charusiri et al., 2002), respectively (Figure 1). These terranes present diverse magmatic rocks, both plutonic (e.g., Cobbing et al., 1986, 1992; Nakapadungrat and Putthapiban, 1992; Charusiri et al., 1993; Searle et al., 2012; Ng et al., 2015a, b) and volcanic rocks (e.g., Jungyusuk and Khositanont, 1992; Intasopa, 1993; Intasopa and Dunn, 1994; Panjasawatwong et al., 2006; Barr and Charusiri, 2011; Boonsoong et al., 2011) corresponding to tectonic events in several episodes (Bunopas, 1981; Charusiri et al., 2002).
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FIGURE 1. (A) Index map of Thailand showing the study location and the main tectonic terranes including Indochina Terrane; Sibumasu (Shan-Thai) Terrane; Loei Fold Belt (LFB); Sukhothai Terrane (ST); Chanthaburi Terrane (CT) (modified from Charusiri et al., 2002; Sone and Metcalfe, 2008; Sone et al., 2012; Metcalfe, 2013; Zaw et al., 2014). (B) Geological map of the study area, Wang Nam Khiao area, Nakhon Ratchasima, and sample locations of this study (modified after Putthaphiban et al., 1989a, b; Kemlheg and Wichidchalermpong, 1992a, b).


The LFB is located along the western edge of the Indochina Terrane (Figures 1, 2). In LFB, plutonic rocks have been defined as the Eastern Granite Belt of Thailand (Nakapadungrat and Putthapiban, 1992; Charusiri et al., 1993) whereas volcanic rocks, mostly reported in the northern part of LFB especially in Loei (Panjasawatwong et al., 2006; Kromkhun et al., 2013), Phetchabun (Boonsoong et al., 2011; Vivatpinyo et al., 2014), and Nakhon Sawan (Khositanont et al., 2008) areas, belong to Loei–Phetchabun–Ko Chang Volcanic Belt (Jungyusuk and Khositanont, 1992) (Figure 2). The main Late Permian–Triassic, Devonian–Carboniferous, and Silurian volcanic rocks have also been reported (Intasopa and Dunn, 1994; Panjasawatwong et al., 2006; Zaw et al., 2007; Boonsoong et al., 2011). These rocks resulted from amalgamation of tectonic terranes containing multiple generations of successive arc-related magmatic events (Charusiri et al., 2002; Zaw et al., 2014). Therefore, the magmatic rocks through the LFB, especially in the central and southern parts lacking of geological study (Figure 2), are very important to understand magmatism and tectonic evolution of the western Indochina Terrane.
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FIGURE 2. Map shows distribution of the magmatic rocks in Thailand including the granite belts (modified after Nakapadungrat and Putthapiban, 1992) and volcanic rocks (Jungyusuk and Khositanont, 1992) together with the main tectonic terranes (modified from Charusiri et al., 2002; Sone and Metcalfe, 2008; Metcalfe, 2013; Zaw et al., 2014). Zircon U–Pb ages of the magmatic rocks in Loei Fold Belt are also present in the map. Abbreviations: LFB, Loei Fold Belt; ST, Sukhothai Terrane; CT, Chanthaburi Terrane.


The study area, Wang Nam Khiao in Nakhon Ratchasima province, Central Thailand, is located in the critical junction of several tectonic terranes (Figure 1A) where volcanic rocks and related dikes are also exposed. Detailed investigation of these rocks has never been reported; therefore, this study provides the results coming from petrology, mineral chemistry, and whole-rock geochemistry of these rocks before reconstruction of magmatic process and tectonic model of the area. The results are used to constrain the magmatic–tectonic scenario of central Thailand in the frame of the Indochina Terrane amalgamation during Carboniferous–Triassic.



GEOLOGICAL SETTING

Pre-Cenozoic volcanic, pyroclastic, and hypabyssal rocks in Thailand have been reported (e.g., Jungyusuk and Khositanont, 1992; Barr and Charusiri, 2011) mostly in the northern parts of Thailand (Figure 2). These rocks are divided into four volcanic belts (Jungyusuk and Khositanont, 1992) including Loei–Phetchabun–Ko Chang, Nan–Uttaradit, Chiang Khong–Tak, and Chiang Rai–Chiang Mai Volcanic Belts placing along N-S from east to west, respectively (Figure 2).

Loei–Phetchabun–Ko Chang Volcanic Belt extends from Loei southward to Phetchabun, Nakhon Sawan, Wang Nam Khiao (the study area), and Ko Chang island in the Gulf of Thailand (Figure 2). Volcanic rocks in Loei area are divided into three sub-belts including the eastern, central, and western sub-belts, based on their magmatic events (Intasopa and Dunn, 1994). The eastern volcanic sub-belt is characterized mainly by rhyolite occurred in a magmatic arc environment in Early Silurian (zircon U–Pb ages of 428 ± 7, 434 ± 4 Ma by Khositanont et al., 2008) or Late Devonian (Rb–Sr isochron age of 374 ± 33 Ma by Intasopa and Dunn, 1994). The central volcanic sub-belt contains mainly pillow basalts, hyaloclastite, and breccia, which have formed during Late Devonian (Rb–Sr isochron age of 361 ± 11 Ma by Intasopa and Dunn, 1994) as mid-oceanic ridge and island-arc basalts (Panjasawatwong et al., 2006). The western volcanic sub-belt contains many types of rocks varying from andesite to dacite (Intasopa and Dunn, 1994; Boonsoong et al., 2011; Kromkhun et al., 2013), which extend to Phetchabun area (Boonsoong et al., 2011; Kamvong et al., 2014; Salam et al., 2014) and Laos (Qian et al., 2015). These volcanic rocks occurred as arc magmatism during Carboniferous to Middle Triassic (Zaw et al., 2007, 2014; Khositanont et al., 2008; Salam et al., 2014). Their ages were determined by zircon U–Pb dating such as of 230–254 Ma (Khositanont et al., 2008), 245.9–241.0 Ma (Kamvong et al., 2014), 245.9–258.6 Ma (Salam et al., 2014), 238–323 Ma (Zaw et al., 2007, 2014), and 314.6–349.6 Ma (Qian et al., 2015). In terms of the geochronology and geochemistry, this arc volcanism is comparable with the arc magmatism of plutonic rocks in Carboniferous to Triassic (Salam et al., 2014; Zaw et al., 2014; Fanka et al., 2016, 2018).

In the study area, Permo-Triassic volcanic rocks have also been reported (Putthaphiban et al., 1989a, b; Kemlheg and Wichidchalermpong, 1992a, b) in association with a plutonic complex (Fanka, 2016; Fanka et al., 2016, 2018). This complex includes hornblendite, hornblende gabbro, biotite granite, hornblende granite, and biotite–hornblende granite, defined as multiple arc magmatic events resulting from a Palaeo-Tethys subduction beneath Indochina Terrane during Late Carboniferous to Early Permian (zircon U–Pb ages of 314–285 Ma from biotite granite), Late Permian (zircon U–Pb ages of 253–257 Ma from hornblende granite and hornblende gabbro), and Middle Triassic (zircon U–Pb ages of 237 Ma from biotite–hornblende granite) (Fanka et al., 2018).



MATERIALS AND METHODS

Representative volcanic rocks and related dikes were collected from the unweathered zones of Wang Nam Khiao area, Nakhon Ratchasima, northeast Thailand, for petrographic description, and mineral chemical and whole-rock geochemical analyses.

Microprobe analyses were performed on polished-thin sections using an electron probe micro-analyzer (EPMA JEOL JXA-8100). Analytical conditions were set up at 15 kV and about 2 μA beam current with a focus beam spot of 1 μm. Mineral and pure oxide standards were used for calibration at the same conditions followed by automatic ZAF correction and finally reported as weight percent oxides.

Nine volcanic rocks and two related dikes were subsequently selected and prepared for whole-rock geochemical analysis. Major and minor oxides were analyzed by an X-ray fluorescence spectrometer, Bruker AXS S-4 Pioneer along with rock standards (JG-2, JR-1, JG-1a, JB-1b, JA-2, GSP-2, BHVO-2, STM-1) for calibration. Loss on ignition (LOI) was calculated by the weight difference of the sample after heating in a furnace at 1050°C for 3 h. All research facilities reported previously are based at the Department of Geology, Faculty of Science, Chulalongkorn University.

In addition, the selected rock samples were digested using mixed hydrofluoric acid and nitric acid as suggested by Shapiro (1975) for analyses of trace and rare earth elements (REEs) using an inductively coupled plasma-mass spectrometer (ICP-MS) iCAP Q at the Scientific and Technological Research Equipment Centre, Chulalongkorn University.



RESULTS


Field Survey and Petrographic Description

Volcanic rocks cover an area of about 10 × 12 km2 in the vicinity of Wang Nam Khiao (Figure 3A). Dikes are found cutting these volcanic rocks (Figure 3B) and the adjacent Late Permian hornblende granite (Figure 3C). These volcanic rocks are classified as rhyolite, dacite, and andesite whereas the dikes have andesitic composition. Rhyolite and dacite are usually light gray to gray (Figure 3A) and commonly show porphyritic texture. For andesite, apart from its greenish gray color resulting from enrichment of hornblende phenocrysts, the other appearances are similar to rhyolite and dacite phenocrysts. However, microscopic descriptions and geochemical analyses are meaningful for classification of these volcanic samples.
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FIGURE 3. Exposures of (a) dacite, (b) andesite cut by andesitic dike, and (c) andesitic dike cut into Late Permian hornblende granite dated by Fanka et al. (2018). Photomicrographs taken in cross-polarized light showing mineral assemblages of (d) dacite, (e) andesite, and (f) andesitic dike. Descriptions of mineral assemblage and texture are reported in the main text. Mineral abbreviations: Q, quartz; Pl, plagioclase; Hb, hornblende; Opq, opaque minerals.


Microscopically, rhyolite and dacite similarly present abundant plagioclase phenocrysts (≤1 mm) with few hornblende phenocrysts (≤0.3 mm) embedded in fine-grained groundmass of quartz and plagioclase; moreover, their higher proportion of glass matrix (up to 30%) exhibits obviously vitrophyric texture (Figure 3D). Plagioclase phenocrysts are typically subhedral crystal showing significant albite twins with subordinate carlsbad–albite twins whereas hornblende phenocrysts are subhedral to euhedral. Andesite shows porphyritic texture with less glass matrix in comparison with rhyolite and dacite. Moreover, it comprises abundant phenocrysts (≤1 mm) of plagioclase and hornblende with equal proportion (Figure 3E) surrounded by fine-grained groundmass of quartz, plagioclase, and opaque minerals. Both plagioclase and hornblende phenocrysts are mostly subhedral to euhedral.

Andesitic dikes contain more abundances of subhedral–euhedral hornblende (≤1 mm) and subhedral–euhedral plagioclase laths (0.3–0.5 mm) with accessory opaque minerals and glass (Figure 3F). They typically show interstitial texture with plagioclase lath and hornblende. These textures are obviously different from the volcanic samples reported previously.



Mineral Chemistry

Microprobe analyses of plagioclase and hornblende are reported in Tables 1, 2, respectively, and are illustrated in Figure 4. Compositions of mineral are effectively used to estimate pressure and temperature of crystallization, which will be reported and discussed in Section “Temperature and Pressure Estimation.”


TABLE 1. Representative EPMA analyses of plagioclase in volcanic rocks and dikes from Wang Nam Khiao area, Nakhon Ratchasima, Thailand.
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TABLE 2. Representative EPMA analyses of hornblende in volcanic rocks and dikes from Wang Nam Khiao area, Nakhon Ratchasima, Thailand.
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FIGURE 4. Mineral chemical plots of (A) plagioclase (after Smith and Brown, 1974) and (B) calcic-amphibole (after Leake et al., 1997) from the volcanic rocks and related dikes in the Wang Nam Khiao area, Nakhon Ratchasima, Thailand.


Plagioclases are abundant in all samples of volcanic and dike samples (Figures 3D–F). Plagioclase in the volcanic rocks yielded similar compositional ranges; these are 2.01–2.02 wt.% CaO, 10.63–10.77 wt.% Na2O, and 0.32–0.47 wt.% K2O for rhyolite; 0.14–1.32 wt.% CaO, 10.83–11.67 wt.% Na2O, and 0.02–0.38 wt.% K2O for dacite; and 0.87–2.11 wt.% CaO, 10.73–11.24 wt.% Na2O, and 0.14–0.37 wt.% K2O for andesite (Table 1). Moreover, they are also compositionally similar to the plagioclase of the andesitic dikes with 1.17–2.19 wt.% CaO, 10.43–11.12 wt.% Na2O, and 0.06–0.44 wt.% K2O (Table 1). These plagioclases are mostly albites and few oligoclases, with the albite content ranging as Ab88–89 in the rhyolite, Ab92–99 in the dacite, Ab89–95 in the andesite, and Ab85–99 in the andesitic dikes (Figure 4A).

Amphiboles in all volcanic samples and andesitic dikes yielded similar compositional ranges with 47.01–48.51 wt.% SiO2, 9.34–11.13 wt.% Al2O3, 8.22–14.76 wt.% FeOt, 11.54–16.52 wt.% MgO, and 10.21–11.32 wt.% CaO. According to the international classification scheme, the analyzed amphiboles from all samples are classified as edenites (Figure 4B).



Whole-Rock Geochemistry

Major and minor compositions of the representative rhyolite, dacite, andesite, and related andesitic dikes in the Wang Nam Khiao area, Nakhon Ratchasima, Thailand, are shown in Table 3. These volcanic rocks and related dikes show slightly different major and minor compositions.


TABLE 3. Representative whole-rock geochemistry of volcanic rocks and related dikes from the Wang Nam Khiao area, Nakhon Ratchasima, Thailand (major and minor oxides in wt%, trace elements and REE in ppm).
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SiO2 contents are expectedly higher in the rhyolite and lower in the andesite. The other major oxides of all volcanic rocks include 11.33–15.30 wt.% Al2O3, 1.90–10.27 wt.% FeOt, 2.64–7.53 wt.% CaO, 3.20–5.29 wt.% Na2O, and 1.88–2.54 wt.% K2O. Andesitic dikes present 54.60–59.78 wt.% SiO2, 11.74–13.02 wt.% Al2O3, 6.87–8.21 wt.% FeOt, 4.91–6.83 wt.% CaO, and 3.33–3.40 wt.% Na2O. These andesitic dikes display slightly higher MgO content (8.38–10.35 wt.%) than those of volcanic rocks (3.47–6.70 wt.% for andesite, 2.61–9.21 wt.% for dacite, and 1.52 wt.% for rhyolite). Na2O + K2O contents of dikes (4.70–5.55 wt.%) are similar to those of andesite (3.55–6.07 wt.%), which are lower than those of dacite (4.85–6.67 wt.%) and rhyolite (7.30 wt.%), respectively.

On a Nb/Y versus Zr/Ti diagram (Winchester and Floyd, 1977) (Figure 5), the analyzed samples plot in the fields of rhyolite, dacite, and andesite, accordingly. Harker variation diagrams (Harker, 1909) show negative correlation of SiO2 against TiO2, CaO, FeO, and MgO and positive correlations of SiO2 versus Na2O and K2O (Figure 6). These chemical charters are compatible with their mineral assemblages, especially increasing proportions of albite and quartz and decreasing proportion of hornblende from the andesite toward dacite and rhyolite, respectively. The linear correlations indicate that these rocks are related through a single magmatic differentiation.
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FIGURE 5. Nb/Y versus Zr/Ti diagram (after Winchester and Floyd, 1977) indicating compositional ranges of andesite, dacite, and rhyolite of the rock samples.



[image: image]

FIGURE 6. Variation diagrams (Harker, 1909) of SiO2 against other major and minor oxides for (A–D) negative and (E–F) positive correlation of volcanic rocks and dikes in Wang Nam Khiao area, Nakhon Ratchasima, Thailand.


Primitive mantle-normalized spider diagrams (Figure 7A) of most rock samples reveal almost fractionation patterns from the large-ion lithophile elements (LILE) to high-field-strength elements (HFSE) with slightly positive anomalies of Rb, K, and Sr and negative anomalies of Nb, Ce, and Ti. In addition, the chondrite-normalized REE patterns of all rock types are slightly high in light REE (LREE) when data of chondrite from Sun and McDonough (1989) were used for normalization. Regarding chondrite-normalized La/Yb, (La/Yb)N ratios of dike samples (8.64–9.41) are in the range of volcanic rocks (6.05–14.54 for andesite, 10.77–21.86 for dacite, and 10.77 for rhyolite). In terms of (La/Sm)N ratios, volcanic rocks are 2.58 in the rhyolite, 2.58–5.89 in the dacite, and 2.35–3.06 in the andesite whereas andesitic dikes are 2.57–2.93. Moreover, the primitive mantle-normalized spider diagrams and chondrite-normalized REE patterns are comparable with the typical volcanic arc setting reported by Blein et al. (2001) and Reubi and Nicholls (2004); however, the samples’ patterns present slightly lower HREE than those typical volcanic arc patterns (Figures 7A,B).
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FIGURE 7. (A) Primitive mantle-normalized spider diagrams (primitive mantle values from Sun and McDonough, 1989) and (B) chondrite-normalized REE patterns (chondrite values from Sun and McDonough, 1989) of the studied rocks and shade patterns volcanic rocks from typical arc setting (data from Blein et al., 2001; Jicha et al., 2004; Reubi and Nicholls, 2004; Jicha and Singer, 2006) for comparison.





DISCUSSION


Temperature and Pressure Estimation

Microprobe data have been used to estimate pressure and temperature of crystallization in volcanic rocks as suggested by Kuprubasi et al. (2014). Although some mineral textures (e.g., zoned texture, corona texture, reaction rim, alteration) in volcanic rocks are not in equilibrium, the undisturbed single and/or coexisting minerals as phenocrysts can be used to estimate the P–T condition of crystallization (Foden and Green, 1992; Kuprubasi et al., 2014). Therefore, mineral compositions of undisturbed phenocrysts were used for the calculation of P–T conditions. Plagioclase compositions are sensitive to melt-water concentration (Lange et al., 2009) and alteration processes (Zhu and Lu, 2009; Hovelmann et al., 2010; Yuan et al., 2019); therefore, hornblende is efficiently used to calculate the P–T conditions (Schmidt, 1992; Ridolfi et al., 2010; Ridolfi and Renzulli, 2012). Al-in-hornblende geobarometer and hornblende geothermometer are employed to calculate the P–T conditions of crystallization in this study.

Ridolfi et al. (2010) proposed a hornblende geothermometer for the calc-alkaline volcanic system related to subduction based on the experimental data and natural data from worldwide calc-alkaline volcanoes, with the uncertain calibration of ±57°C by using the Silicon index (Si∗) of hornblende composition in the equation: T (°C) = −151.487Si∗ + 2041, where T is temperature and Si∗ = Si + ([4]Al/15) – (2[4]Ti) – ([6]Al/2) – ([6]Ti/1.8) + (Fe3+/9) + (Fe2+/3.3) + (Mg/26) + (BCa/5) + (BNa/1.3) – (ANa/15) + (A[Na + K]/2.3). Based on the hornblende geothermometry, calculated temperatures of the representative volcanic rocks vary from 861 to 927°C whereas the dike samples yield about 873 to 890°C (Table 2). These estimated temperatures are comparable with the crystallization temperature range of calibrated geothermometer for andesite–rhyolite in the calc-alkaline volcanic system (Ridolfi et al., 2010; Walker et al., 2013; Waters and Lange, 2015; Chen et al., 2017).

The Al-in-hornblende geobarometry has been widely used to calculate the pressure of magmatic crystallization (e.g., Hammarstrom and Zen, 1986; Schmidt, 1992; Helmy et al., 2004; Hossain et al., 2009) using the aluminum partition in hornblende, which was provided by experimental studies (Hollister et al., 1987; Johnson and Rutherford, 1989; Schmidt, 1992; Anderson and Smith, 1995). In this study, the calibration equation: Al-in-hornblende geobarometry P (kbar) = 4.76 Altot - 3.01 with error ± 0.6 kbar of Schmidt (1992) in the H2O-saturated condition was employed to calculate the pressure of magmatic crystallization. The calculated results are presented in Table 2. The calculated pressures of the volcanic rocks and related dikes fall in similar ranges of 4.5–5.5 and 4.8–5.5 kbar, respectively. As the calculated pressure from hornblende geobarometer has been used to indicate the depths of magma reservoir beneath arc volcanoes (Scott et al., 2012; Costa et al., 2013; Rivera et al., 2017), these calculated pressures can indicate the crystallization pressures of the phenocrysts from a magma reservoir that extruded to the surface.

Moreover, the pressures calculated from hornblende phenocrysts are used to estimate the depth by using the geobarometric gradient of 0.33 kbar/km (Bethel-Thompson et al., 2014). As a result, depths of crystallization are estimated at 14–17 km for the magma intrusion that fed volcanic rocks and dikes (Table 2). The depths should indicate the crystallization depths of the phenocrysts before complete crystallization of volcanic rocks at the shallower up to the surface. These depths (14–17 km) and the calculated temperature range of crystallization (861–927°C) indicate geothermal gradient of about 50–65°C/km which is comparable with an active continental margin (Rothstein and Manning, 2003; Annen et al., 2006; Chi and Reed, 2008). The combination of crystallization temperatures, pressure, and depths indicates that their original magmas should have stored and partially crystallized in the middle continental crust, which are the same provenance reported for plutonic rocks (e.g., hornblende granite, biotite–hornblende granite, biotite granite) in the adjacent area (Peacock, 1993; Winter, 2001; Kelemen et al., 2003; Richards, 2003; Fanka et al., 2018).



Petrogenesis

Based on petrochemistry, the studied volcanic rocks are classified as rhyolite, dacite, and andesite whereas the related dikes also show andesitic composition. Harker variation diagrams (Figure 6) present close relation of these rock types which reflect the same magmatic differentiation. Moreover, the most typical occurrences of hornblende in all rock types should imply crystallization of a hydrous magma (Foden and Green, 1992; Best, 2003). The hydrous magmatic model of these volcanic rocks and dikes is also supported by the hydrous calc-alkaline magmatism reported by Fanka et al. (2016, 2018) for the plutonic rocks in the Wang Nam Khiao area.

Enrichment of LILE (e.g., Rb, Sr) and depletion of HFSE (e.g., Nb, Ce, Ti) presented in Figure 7A suggest an arc-derived magmatic affinity in a subduction zone (Pearce, 1983; Ryerson and Watson, 1987; Kelemen et al., 1990, 1993; Ringwood, 1990; Blein et al., 2001; Reubi and Nicholls, 2004; Jicha et al., 2004; Jicha and Singer, 2006; Fanka et al., 2016, 2018). In addition, REE patterns of these rock samples (Figure 7B) also reflect fractionated pattern of magmatism.

In summary, all characteristics of petrography, geochemistry, and mineral chemistry features of volcanic rocks and related dikes indicate clearly that these rocks are derived from the calc-alkaline magmatic affinity related to continental arc margin. Their occurrences are supported by the multiple episodes of arc magmatism in the Wang Nam Khiao area, Nakhon Ratchasima suggested by Fanka et al. (2016, 2018) who have reported crucial evidences in terms of the ages of hornblendite and granitic rocks (Figure 1B).



Tectonic Implications

According to the field evidence, the dike clearly intrudes into the Late Permian hornblende granite (Figure 3C); therefore, this dike probably formed during/after the emplacement of the Late Permian hornblende granite. Moreover, the formation of the studied volcanic rocks and dikes can be combined with other magmatism in the study area (Figure 1) reported as multiple arc magmatism comprising Carboniferous biotite granite, Late and Triassic biotite–hornblende granite, and Permian hornblendite and hornblende gabbro (Figure 8). Moreover, the magmatic events of the studied rocks can be comparable with the magmatism from both plutonic rocks (e.g., Zaw et al., 2007, 2014; Khositanont et al., 2008; Salam et al., 2014) and volcanic rocks (e.g., Qian et al., 2015) in other areas belonging to LFB (Figure 2).
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FIGURE 8. Zircon U–Pb ages of plutonic rocks and the estimated age of the dike cut into the Late Permian hornblende granite exposed in the Wang Nam Khiao area, Nakhon Ratchasima, Thailand (modified from Fanka et al., 2018).


Based on the geological data above together with the previous tectonic models in Thailand and SE Asia (e.g., Bunopas et al., 1989; Bunopas and Vella, 1992; Charusiri et al., 1993, 2002; Sone and Metcalfe, 2008; Barr and Charusiri, 2011; Searle et al., 2012; Zaw et al., 2014; Fanka et al., 2018), here, the tectonic evolution model indicating magmatism of the Wang Nam Khiao area in LFB is suggested in Figure 9.
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FIGURE 9. Schematic tectonic evolution model and arc magmatism in the Wang Nam Khiao area, Nakhon Ratchasima belonging to Loei Fold Belt during (A) Carboniferous to Early Permian, (B) Late Permian, and (C) Middle Triassic (modified from Fanka et al., 2018).


The geological data have confirmed that the arc magmatisms along the LFB resulted from the Paleo-Tethys subduction beneath Indochina Terrane in several episodes (Fanka et al., 2016, 2018). According to geochronology of volcanic rocks in LFB, the magmatism might be started from Early Silurian (Khositanont et al., 2008) or Late Devonian (Intasopa and Dunn, 1994) as arc magmatism evidenced from the volcanic rocks in eastern volcanic sub-belt in Loei area. Moreover, these ages are supported by the ages of inherited zircons from Late Permian hornblende gabbro (Fanka et al., 2016) yielded zircon U–Pb ages of 444 ± 10 Ma, and inherited zircons from Carboniferous biotite granite (Fanka et al., 2018) yielded zircon U–Pb ages of 429 ± 24 Ma in the Wang Nam Khiao area (Figure 8).

In Carboniferous to Early Permian (Figure 9A), the subduction of Paleo-Tethys under Indochina Terrane (Bunopas, 1981; Sone and Metcalfe, 2008; Metcalfe, 2011, 2013; Fanka et al., 2018) generated the arc magmatism including Carboniferous biotite granite (zircon U–Pb ages of 314.6–287.9 Ma) in Wang Nam Khiao area (Fanka et al., 2018) (Figure 8), which is consistent with the occurrence of the plutonic rocks in Phetchabun area (zircon U–Pb ages of 323–310 Ma from Zaw et al., 2007) (Figure 2), and volcanic rocks along LFB, e.g., from the Muang Feuang and Pak Lay regions, Laos (zircon U–Pb ages of 349.6–314.6 Ma from Qian et al., 2015) (Figure 2).

Afterward, during the Late Permian, the magmatisms strongly occurred in the LFB evidenced from the exposures of various arc magmatic rocks including volcanic rocks and dikes in this study, Late Permian hornblende granite (zircon U–Pb ages of 253.4 ± 4.3 Ma from Fanka et al., 2018), hornblendite, and hornblende gabbro (zircon U–Pb ages of 257.1 ± 3.4 Ma from Fanka et al., 2016) in the Wang Nam Khiao area (Figures 2, 8). These rocks appear to have crystallized in different depths of the arc-related subduction between Paleo-Tethys and Indochina Terrane (Figure 9B). Moreover, the magmatisms in this period have also been reported widely along LFB (Figure 2) (e.g., Khositanont et al., 2008; Salam et al., 2014; Zaw et al., 2014). They are composed of plutonic rocks (e.g., zircon U–Pb ages of 254–250 Ma from Khositanont et al., 2008) and volcanic rocks (zircon U–Pb ages of 258.6–245.9 Ma from Salam et al., 2014).

Subsequently, in Middle Triassic, the arc magmatism related to subduction of Palaeo-Tethys and Indochina Terrane (Figure 9C) had still proceeded along with the formation of Middle Triassic biotite–hornblende granite (zircon U–Pb ages of 237.6 ± 3.8 Ma from Fanka et al., 2018) (Figure 8) and continued colliding until the Late Triassic (Sone and Metcalfe, 2008; Ridd, 2012; Kamvong et al., 2014; Salam et al., 2014) or Middle Jurassic (Nualkhao et al., 2018). This magmatic event is supported by the occurrence of the plutonic rocks in Pak Chong area (zircon U–Pb ages of 241 ± 6 Ma in Morley et al., 2013 and Arboit et al., 2016), Phetchabun area (zircon U–Pb ages of 249.2–245.9 Ma from Salam et al., 2014), Loei area (zircon U–Pb ages of 230 ± 4 Ma, from Khositanont et al., 2008), and volcanic rocks in Loei area [zircon U–Pb ages of 245.9–241 Ma from Kamvong et al. (2014)] along LFB (Figure 9).




CONCLUSION

Volcanic rocks and related dikes in the Wang Nam Khiao area, Nakhon Ratchasima, Northeast Thailand, provide informative evidences of ancient magmatism and geological process as concluded in the following:


1.Volcanic rocks are petrochemically classified as rhyolite, dacite, and andesite whereas their related dikes yield andesitic composition. Plagioclase, hornblende, and quartz appear to be the main compositions in all rock types, but their proportions are obviously different.

2.Mineral composition, mineral chemistry, and geochemistry indicate the hydrous calc-alkaline magma resulted from continental arc subduction.

3.LILE (e.g., Rb, Sr) enrichment and HFSE depletion (e.g., Nb, Ce, Ti) together with the slightly high LREE patterns indicate arc magmatism.

4.Al-in-hornblende geobarometer and hornblende thermometer indicate that the crystallization P–T conditions of the phenocrysts, which ascend with the magma that subsequently fed the volcanic rocks and the andesitic dikes, range between 4.5 and 5.5 kbar and 861–972°C, as well as 4.8–5.5 kbar and 873–890°C, respectively, reflecting the middle crust region.

5.Relationship of the dike cross-cutting into the previously dated Late Permian hornblende granite indicates that the volcanic rocks and dikes have taken place during/after Late Permian.

6.The results of this study well support the model of multiple arc magmatisms in LFB that resulted from the subduction of Palaeo-Tethys beneath Indochina Terrane.
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Because of its robustness and practicality, the Horizontal-to-Vertical Spectral Ratio (HVSR) method has been widely used to obtain subsurface structure, mainly the sediment thickness that resides over bedrock. The method uses Fourier Transform to obtain frequency spectrum and calculate the H/V ratio. However, the conventional Fourier Transform method has some limitations; e.g., the inability to remove local noises that are very common in microtremor recordings. In this study, we investigate the application of the Hilbert–Huang Transform (HHT), in obtaining the HVSR curve, and compare it to the conventional method in terms of its effectiveness in removing local noise through the inversion results of HVSR curves. Such a comparison has never been conducted before. We used data from a microtremor survey in Mataram City, Lombok Island, Indonesia which experienced a series of destructive earthquakes in 2018. The results show that the S-wave velocity structure derived from the inversion process of the HHT-HVSR curves is in better agreement with the previous study of Mataram City than the conventional method. Furthermore, the resulting S-wave velocity structure is also interpreted based on geological reference, giving new insights into the subsurface structure beneath Mataram City.

Keywords: Hilbert–Huang Transform, HVSR, Mataram City, S-wave velocity, noise removal, microtremor, Lombok Island


INTRODUCTION

The evaluation of site-effect at a particular location using microtremor recordings was first introduced by Kanai (1957). The method was improved by Nogoshi and Igarashi (1971) and is recognized by the term Horizontal-to-Vertical Spectral Ratio (HVSR), which was popularized by Nakamura (1989). Although the theory behind it is still debatable, this method is widely used nowadays especially in earthquake hazard assessment because of its robustness and practicality. The original paper from Nakamura (1989) explained that HVSR is related to the resonance of S-wave in soft sedimentary layer with minor influence of surface wave. On the other hand, Bard (1999) preferred that HVSR is related to the surface wave, i.e., the ellipticity of the Rayleigh wave. The alternative physical interpretations of the HVSR were discussed by several authors depending on the analyzed wave (Bonnefoy-Claudet et al., 2006; Albarello and Lunedei, 2010; Sánchez-Sesma et al., 2011; Oubaiche et al., 2016).

The basic assumption used in this method is that the H/V value in the bedrock is equal to one because the particle movement in the bedrock is assumed to be the same horizontally and vertically. Based on this assumption, one can extract information about the impedance contrast beneath the surface by examining the peak location in the HVSR curve. One of the earliest methods of estimating the depth of the impedance contrast is a frequency-depth function derived from the regression of borehole data (Ibs-von Seht and Wohlenberg, 1999). The frequency-depth function proposed by Ibs-von Seht and Wohlenberg (1999) is defined as:

[image: image]

where f is the frequency of the main peak in the HVSR curve (in Hz) and m is the depth of the main impedance contrast (in m). a and b are the coefficients obtained through the regression of the pair of the frequency of the main peak in the HVSR curve and the observed depth of the main impedance contrast from the borehole data.

Inversion techniques of HVSR curves as an effort to estimate not only the depth of the impedance contrast but also the subsurface elastic parameters (e.g., P-wave and S-wave velocity) were developed in several studies (Bignardi et al., 2016; García-Jerez et al., 2016). Bignardi et al. (2016) used the same forward modeling routine from Herak (2008) which calculates the amplification spectrum of P- and S-waves under the assumption of vertically incident body waves on layered media to approximate the HVSR curve as follows:

[image: image]

where AMPP(f) and AMPS(f) are the amplification spectra of P- and S-waves, respectively. Meanwhile, García-Jerez et al. (2016) used the same layered media representation but under the assumption of 3D-diffuse vector field of ambient noise established within the media. Research regarding the development of methods to estimate the depth of the impedance contrast is still ongoing, most are using various techniques of geophysical inversion. For example, Parolai et al. (2019) combined joint inversion of the HVSR curve and microtremor array measurement with various fitting techniques to reconstruct the subsurface structure in Almaty Basin, Kazakhstan. Büyük et al. (2020) used joint inversion of Rayleigh wave dispersion and HVSR with Pareto-based multiobjective particle swarm optimization to obtain Vs profile in both synthetic and field data of Bursa Basin in Turkey. Kumar and Mahajan (2020) provided a new empirical relationship of resonance frequency and pseudo-depth for Kangra Valley, India derived from joint inversion of HVSR curves and multichannel simulation with one receiver (MSOR) technique. In this study, we combine the application of Hilbert–Huang Transform (HHT) to remove the local noises in HVSR curves with the inversion technique developed by Bignardi et al. (2016) to obtain the subsurface elastic parameters. The combination of the powerful tool of the HHT and the dynamicity of the inversion technique should improve the inversion result as presented in this study.

The concept of the HVSR method is quite simple. Nakamura (1989) introduced the concept that the transfer function of a site can be calculated by taking the ratio of the frequency spectrum of the horizontal component of a microtremor recording to its vertical component. The original method uses a Fourier Transform to obtain the frequency spectrum of both components. However, Fourier Transforms, as described by Bowman and Lees (2013), assume that a time series extends from positive infinity to negative infinity (stationarity) and consists of a linear superposition of sinusoids (linearity), conditions that are rarely even impossible to be found in geophysical signals. Enforcing the use of Fourier Transform to non-stationary and non-linear signals could lead to the reduction of time or frequency resolution and the appearance of spurious harmonic waves. Bowman and Lees (2013) provided exhaustive explanation to this in his study. He compared the utilization of the Fourier Transform and the HHT on both synthetic and real data. The study concluded that HHT is outperformed Fourier Transform when handling non-stationary and non-linear signals. This is because Fourier Transform uses combination of sinusoidal-basis function in representing the signal, which can be troubling when processing non-sinusoidal signal. On the other hand, HHT uses an adaptive signal decomposition method that chooses the basis function from the properties of each individual signal, which in the end can prevent the bleeding of the spectral energy that can reduce the time-frequency resolution.

Hilbert–Huang Transform can be used to overcome the non-stationary and non-linearity problems of a signal for time-frequency analysis. Huang et al. (1998) shows that the Hilbert Spectrum obtained from HHT is more meaningful than the Fourier Spectrum when analyzing the frequency spectrum of a non-stationary signal. In terms of HVSR processing and analysis, Liu et al. (2015) shows that HHT is a powerful tool that can be used to enhance microtremor data. He demonstrates the usage of HHT to eliminate transient and monochromatic noise, which is common in microtremor data. It can also be used as an alternative approach to obtain the HVSR curve by utilizing the Hilbert-Huang Spectrum instead of the conventional Fourier Spectrum.

The utilization of HHT, rather than Fast Fourier Transform (FFT, a method to obtain Fourier spectrum), can give higher resolutions in HVSR analysis and can reduce uncertainties in estimations of sediment thickness, as demonstrated by Liu et al. (2015). However, the robustness and effectiveness of this method in obtaining a subsurface structure through the inversion process of HVSR curves have not yet proven. In this study, we compare the HVSR curve obtained by the conventional FFT method and the HHT method, while also utilizing the HHT to remove local noises. We apply the inversion process to both curves and compare the result to results from a previous study. The resulting subsurface structure is then interpreted based on the existing geological information.

In this study, we apply the HVSR Method to obtain the subsurface structure beneath Mataram City, Lombok Island, Indonesia. This area is unique because of the series of destructive earthquake events that took place there in 2018 as well as the complexity of its geological settings. According to data from the Meteorology, Climatology and Geophysics Agency of Indonesia (BMKG), 1,973 earthquakes were recorded (M > 3) in Lombok Island in August 2018, with four large magnitude earthquakes of M 6.4 (July 29, 2018), M 7.0 (August 5, 2018), M 6.3, and M 6.9 (August 19, 2018). If an earthquake occurred on Lombok Island, Mataram City, the biggest city on the island, has the potential to suffer greatly from the amplification of seismic waves as its lithology is covered by an alluvium deposit, a very soft sedimentary layer. When the underlying layer is a much harder rock, it can create a high impedance contrast; propagating waves can then be trapped inside the softer layer, causing multiple reflections and leading to amplification of those waves by the interference process.



GEOLOGICAL SETTING

The results of the geological mapping conducted by Wafid et al. (2014) concluded that there were seven rock groups on the island of Lombok: alluvium deposit groups, inseparable volcanic rock groups, pumice tuff groups, breccia and lava groups, limestone groups, sandstone groups, and igneous rock groups. The northern part of Lombok Island is dominated by inseparable volcanic rock groups, while the southern part of the island is dominated by breccia and lava groups. There are accumulations of alluvium deposits in the western (the vicinity of Mataram City) and the eastern part of Lombok Island.

Mataram City is a lowland area that is occupied by alluvium deposits, consisting of pebble, granule, sand, clay, peat, and coral fragments (Mangga et al., 1994). This rock is the youngest in Mataram City. The hills that surround Mataram City in the northern, eastern, and southern areas are tertiary-aged rocks known as the Lekopiko Formation, which consist of pumiceous tuff, lahar breccia, and lava. The Lekopiko Formation overlaps the Kalibabak Formation which consists of breccias and lava. Beneath the Kalibabak Formation is the Kalipalung Formation, which consists of an alternation of calcareous breccia and lava. The geological map of Mataram City along with the tectonic environment and historical earthquakes in the region can be seen in Figure 1.
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FIGURE 1. Geological map of Lombok Island, Indonesia (modified from Mangga et al., 1994; Wafid et al., 2014); the study area is marked by a red square. The red triangle represents volcano in the region. The black lines represent active fault in the region obtained from Irsyam et al. (2017). The stars represent significant earthquakes that occurred from 1979 to 2018, obtained from Supartoyo et al. (2014) and Badan Meteorologi Klimatologi dan Geofisika (Badan Meteorologi Klimatologi dan Geofisika [BMKG], 2019) with the color of each star indicates the depth of the earthquake according to the color scale in the bottom right of the map. The focal mechanism of the 5th August 2018 earthquake is taken from Global CMT catalog (Dziewonski et al., 1981; Ekström et al., 2012).


Lombok Island is located in a complex tectonic setting. There are four active faults that surround the island: the Flores back-arc thrust fault in the north, the Indo-Australian subduction in the south, the strike-slip fault of the Lombok Strait in the west, and the strike-slip fault of the Sumbawa Strait in the east (Irsyam et al., 2017). Recorded significant earthquakes near Mataram City, Lombok Island, occurred in 1979. There were three earthquakes, known as Bali earthquake, that caused quite devastating effect, occurring on May 21, 1979 with M 5.7 (Badan Meteorologi Klimatologi dan Geofisika [BMKG], 2019), May 30, 1979 with M 6.1 (Supartoyo et al., 2014; Badan Meteorologi Klimatologi dan Geofisika [BMKG], 2019), and October 20, 1979 with M 6.0 (Badan Meteorologi Klimatologi dan Geofisika [BMKG], 2019). In the 21st century, significant earthquakes near the region were recorded on January 2, 2004 with M 6.2 and June 22, 2013 with M 5.4 (Supartoyo et al., 2014) (Figure 1).

The 2018 earthquake series that shook Lombok Island was mainly driven by the movement of the Flores back-arc thrust fault and the Indo-Australian subduction. There are several strong earthquakes that occurred at a relatively close time, that are with magnitude of M 7.0 (August 5, 2018), M 6.9 and M 5.9 (August 9, 2018), and M 6.4 and M 6.3 (August 19, 2018) (Figure 1). This is possible because of the complex structure beneath the Lombok Island. McCaffrey and Nabelek (1987) showed the evidence of the existence of Flores oceanic crust located in the southern region of Flores back-arc thrust fault that subduct beneath Lombok Island. The hypocenters of the earthquake series in 2018 are distributed along the northern part of Lombok Island with east-west trend, but located to the south of the Flores back-arc thrust fault. Using the mainshock’s hypocenter distribution, the focal mechanism of the large earthquakes, and the aftershocks distribution, Sasmi et al. (2020) proposed that the earthquake series is generated by the movement between the subducting Flores oceanic crust with the overriding Lombok Island. The interaction between the two creates an east-west trending fault beneath the northern part of Lombok Island with thrust fault mechanism, adjacent to the Flores back-arc thrust fault. The study by Sasmi et al. (2020) also proposed that this structure of the Flores oceanic crust is segmented, and the failure of each successive segment triggers the next segment to fail, creating a large earthquake shortly afterward.

According to Robiana et al. (2018), the earthquake that occurred on August 5, 2018 and August 19, 2018 reached a maximum intensity of VIII-IX MMI (Modified Mercalli Intensity). BMKG and the National Disaster Management Agency of Indonesia (BNPB) reported that the region suffering the greatest damage was the northern region of Lombok Island, with 496 deaths and 178,122 refugees (as of April 2019). Even though Mataram City is located in the western region of Lombok Island, the seismicity near this region was able to create severe destruction. Sasmi et al. (2020) suggest that the Flores oceanic crust is divided into three segments, and the northwestern segment, which is relatively closer to Mataram City, has the largest magnitude of M 5.9 (August 9, 2018). This is relatively small compared to the M 7.0 earthquake (August 5, 2018) in the northern segment and M 6.9 earthquake (August 19, 2018) in the northeastern segment but does not rule out the possibility of creating an equally large, or even larger, magnitude earthquake in the future, considering the complex structure beneath the Lombok Island.



DATA AND METHOD


Data

We conducted a microtremor survey in Mataram City from August 8-12, 2019. The survey was conducted at 56 points, whose distribution can be seen in Figure 2, with an average spacing of 1 km. Data was collected using the three-component accelerometer Geotiny! Compact Digital Seismometer which has a measurement duration of ±60 min per point and a sampling rate of 100 Hz. The recording duration is adjusted based on the smallest dominant frequency target to be identified (Bard, 2004). Data was collected each morning until the afternoon (8:00 to 18:00 local time, GMT+ 8 h) for safety reasons. The measurement points were done as far as possible from the sources of noise. Placement of the equipment was attempted on hard and stable soil, according to guidelines from the Site Effects Assessment Using Ambient Excitations (SESAME). Another procedure undertaken when collecting data was filling in observation reports of probable noise contaminant around the measurement point as field notes. Some examples of microtremor data collection activities in Mataram City can be seen in Figure 2.
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FIGURE 2. (A) Map showing the location of 56 microtremor measurements marked by blue inverted triangles. The inset shows a map of Indonesia and Lombok Island. (B) Instruments used in microtremor data collection at MM077. (C) Installation and setup of microtremor data collection.


Our study area is the capital of Nusa Tenggara Barat Province, which is a densely populated area. Therefore, we had to anticipate the introduction of man-made noise to the data, even more so knowing that data were collected during the day. After careful examination of the frequency spectrum of all data, we found that some stations were contaminated by a monochromatic noise source. Figure 3 shows the frequency spectrum of some examples of these stations. The time of the data acquisition of Station MM029 is at 11:00 local time and for Station MM099 is at 15:30 local time. In both vertical and horizontal component spectra, it was easy to observe narrow and sharp peaks at frequencies ±8 Hz and ±12 Hz on Station MM029 and ±9 Hz and ±13 Hz on Station MM099. The narrow and sharp peaks that were found in all three components are an indication of monochromatic noise due to man-made noise/machinery (Bard, 2004). We did further evaluation of these stations considering their locations and the observation reports and found that these stations are within the proximity of industrial areas and housing construction.
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FIGURE 3. (A) The spectrum of the vertical and horizontal components at Station MM029. (B) The spectrum of the vertical and horizontal components at Station MM099. The red line represents the vertical component spectrum, while the green and blue lines represent the horizontal NS and EW component spectrums, respectively.


Moreover, analysis of variations of the frequency spectrum in Mataram City was also carried out for 24 h. This analysis was intended to observe the difference in the frequency spectrum of the recordings during busy times and quiet times. Figure 4 shows the variations of the frequency spectrum for 24 h from recordings at basecamp, which was located near the city center. As can be seen in Figure 4, there is a significant difference in the amplitude of the frequency spectrum between busy times (09:00 to 21:00 local time) and quiet times (21:00 to 09:00 local time). The difference can easily be observed, especially at a higher frequency range (>1 Hz), where the amplitude of the spectrum at busy times is higher than at quiet times. This difference in higher frequency might be due to the introduction of transient noise (Liu et al., 2015) that was generated by human activities, such as footsteps, passing vehicles, etc. During busy times, these transient noise sources are more likely to be found, especially in densely populated areas.
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FIGURE 4. Frequency spectrum for various times in Mataram City at the same location. The solid line represents quiet times and the dashed line represents busy times.


Only coherent noise from distant sources is useful when utilizing microtremor data to obtain information regarding geological structures near the surface (Liu et al., 2015). Therefore, there is a need to eliminate local noise in order to improve the quality of microtremor data, especially in urban areas, so that more reliable subsequent analyses can be obtained. In this study, we apply HHT to help eliminate transient and monochromatic noise in the microtremor recordings and increase the resolution in HVSR analysis, as demonstrated by Liu et al. (2015). These procedures will be explained in the following section. The flowchart of the processes done in this study is presented in Figure 5.
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FIGURE 5. Flowchart of the processes done in this study.




FFT-HVSR Calculation

The Horizontal-to-Vertical Spectral Ratio Method was first used to analyze seismic risk in Japan (Nogoshi and Igarashi, 1971; Nakamura, 1989). The basic concept of this method is making a comparison between the spectrum of horizontal components and the spectrum of vertical components of a wave. Theoretically, the movement of the horizontal component particles will be greater than the movement of the vertical component particles in soft soil; whereas in hard soil both components (horizontal and vertical) will have the same value (Nakamura, 2008). The assumption used in this method is that the H/V value in bedrock is equal to one because the movement of the horizontal component particles and the movement of the vertical component particles in the bedrock are the same. This method is formulated in the following equation:
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where AH(f) is the frequency spectrum in the horizontal component, and AV(f) is the frequency spectrum in the vertical component. After obtaining the H/V value at each frequency, the HVSR curve can be obtained where the horizontal axis is the frequency and the vertical axis is the amplification factor (H/V).

The initial step in processing FFT-HVSR is to determine the length of the time window and STA/LTA parameters. The purpose of this step is to extract the signal at a certain period from all records that meet the specified criteria and to exclude the transient signals through this selection process. The length of the selected time window is 125 s, and the range of STA/LTA values is 0.5–2.0. In determining the value of the parameters, we followed the guideline from Site Effects Assessment Using Ambient Excitations (SESAME) by Bard (2004). The goal here is to extract the most stationary parts of ambient vibrations, i.e., the microtremor signal, and to avoid the transients associated with human activities.

The recommended maximum value of the STA/LTA as stated on the guideline is around 1.5 – 2 to select windows without any energetic transients. The guideline did not specify the recommended minimum value of the STA/LTA, but it did say that the minimum value of the STA/LTA must be determined to avoid vibration windows with abnormally low amplitudes. We tested several combination of minimum and maximum STA/LTA values and found that 0.5 – 2 is the best value to extract the required number of microtremor windows.

The time window is selected based on this criterion:
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Where f0 is the H/V peak frequency (in Hz) and IW is the window length (in s). We have to anticipate that the peak of the H/V is located at the lowest detectable frequency. Our instrument (Geotiny!) is able to detect signal with frequency as low as 0.1 Hz. Putting this value to the equation, the minimum value of the window length is 100 s. We increased the value to 125 s to anticipate edge effect.

The next step is carrying out the Fourier Transform Process for each signal in the selected time window. The purpose of this process is to change the signal from the time domain to the frequency domain. The two horizontal components (north-south and east-west) in the signal are then combined with the quadratic mean method, as shown in the following equation:
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where ANS(f) and AEW(f) are the amplitude spectrum of the horizontal component of the north-south and east-west directions, respectively. After the two horizontal components are combined, the calculation of the ratio of the horizontal component and the vertical component (H/V) can be calculated using Equation 3. The entire process is done automatically using Geopsy Software (Wathelet et al., 2020).



HHT-HVSR Calculation

The Hilbert-Huang Transformation (Hilbert-Huang Transform/HHT), developed by Huang et al. (1998), is a time-frequency analysis method that includes Empirical Mode Decomposition (EMD) and the Hilbert Spectrum to analyze signals. HHT is a reliable method that can be applied to non-linear and non-stationary signals which are commonly found in seismic signals. The final results from the HHT Method are the amplitude-frequency-time distribution, commonly known as the Hilbert-Huang Spectrum. The first step of HHT is EMD, which splits a complex signal into several Intrinsic Mode Functions (IMF). The IMF must meet the following conditions: (1) In all data, the number of extreme points and the number of intersection points at zero must be the same or have a difference of at most one. (2) At each point in the data, the mean value of the amplitude envelope must be zero (Huang and Wu, 2008). The IMF is obtained through the sifting process and iterations to obtain the signal with the shortest oscillation period. Hilbert Transform was then applied to each IMF to obtain instantaneous frequency and instantaneous amplitude. Hilbert Transform is expressed in the following equation:
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where P is the Cauchy value for singular integrals and x represents the time function of the signal. Determining the y(t), instantaneous amplitude (a), and instantaneous phase (θ) can be done using the following equations:
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Instantaneous frequency (ω) can then be calculated using:
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To obtain the marginal spectrum h(ω) from the Hilbert-Huang Spectrum (HHS), integration of the HHS function H(ω,t) with respect to time can be done. After obtaining the marginal spectrum for all components, the HVSR curve from HHT can be obtained using Equations 5 and 3.

The utilization of HHT to eliminate transient and monochromatic noise is done in the first procedure by obtaining the IMFs through the EMD process. The raw signal is separated into several IMFs based on the oscillation period, in which the first IMF has the shortest oscillation period (highest frequency), and the last IMF has the longest oscillation period (lowest frequency). Liu et al. (2015) states that transient noise is often associated with the IMF with the shortest oscillation period; i.e., the first IMF (IMF 1). Here we demonstrate the removal of IMF 1, which is assumed to be transient noise, from the raw signal, as shown in Figure 6. We calculated the frequency spectrum between 03:00 and 09:00 (local time) which represent quiet times and busy times, respectively. A significant amplitude difference can be seen at a frequency above 1 Hz. Through the removal of IMF 1, the spectrum at busy times agrees better with the spectrum at quiet times, especially at frequency > 5 Hz. Some discrepancies are still observed at frequency ranges 1-5 Hz, which might be related to other noise sources.
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FIGURE 6. Results of transient noise removal. Dashed and solid black lines represent the frequency spectrum at a quiet and busy time, respectively. The red line represents the frequency spectrum at a busy time after the removal of transient noise.


Demonstration of monochromatic noise removal is conducted at Station MM099. Figure 7 shows the frequency spectrum of the vertical component at Station MM099 where amplitude spikes can be observed at frequencies ±9 Hz and ±13 Hz, indicating the contamination of monochromatic noise. After careful examination of the frequency spectrum of every IMF, we observed that monochromatic noise is associated with IMF 1 and IMF 2 (Figure 7). These IMFs were then removed before calculating the H/V Spectrum. To see the effect of transient and monochromatic noise removal on HHT-HVSR calculations, we plotted the HVSR curve at Station MM099, which is calculated using FFT and using HHT after noise removal (Figure 8). The removal of these noises successfully revealed the main peak at frequency ±12 Hz which was unclear before the noise removal process. This main peak location may contain important information; i.e., the depth of the main impedance contrast, which may lead to misinterpretations when further analyses of the unprocessed trace are carried out (e.g., obtaining subsurface information such as S-wave velocity through the inversion process).
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FIGURE 7. Vertical components, IMF 1, and IMF 2 trace at Station MM099 (left) with its corresponding frequency spectrum (right).
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FIGURE 8. HVSR curve at Station MM099. The solid line represents the HHT-HVSR curve after the removal of local noises, and the dashed line represents the FFT-HVSR curve.




Inversion of HVSR Curves

The inversion of HVSR curves to obtain the S-wave velocity (Vs) structure is conducted using OpenHVSR, a MATLAB-based software, developed by Bignardi et al. (2016), that can perform forward and inverse computations of the HVSR curve. Forward calculations use the Tsai and Housner (1970) approach, which calculates the theoretical transfer function of a layered subsurface with a vertically incident body wave assumption. The layered subsurface is described as a stack of homogenous viscoelastic layers overlying a half-space, each layer having body wave velocities (Vp, Vs), density (ρ), thickness (H), and body wave attenuation factors (Qp, Qs). The software also accounts for the contribution of surface waves with a different approach, as proposed by Lunedei and Albarello (2010).

The optimum subsurface physical parameter model can be determined based on an objective function: a function that can assess the suitability of the data and the model. The objective function (E) used in OpenHVSR and expressed as a function of model parameter m is written as follows:
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where the first term (M) is a misfit function defined as the misfit between calculated (from the observation data) and simulated (from the forward modeling using Equation 2) curves. The second term (S) is a novel strategy used to preserve the primary information of the HVSR curve; i.e., the location of the peaks, which the function itself has defined as the misfit between the partial derivative (with respect to frequency of the observation) of the calculated curve and simulated curves. Lastly, the third term (R) is a regularization factor used to implement lateral constraint in the inversion process. This last term is useful in accounting for the effect of lateral variations of subsurface parameters to the model, where a large lateral variation is expected in an area. Variables a, b, and α in front of each term are weighting constants that can be adjusted based on their importance.

The Monte Carlo Method is implemented in this software to search for the subsurface parameters which best fit the calculated curve. Starting from an initial model defined by the user, the software explores the parameters by randomly perturbing them for a percentage amount chosen by the user. If the perturbed set of parameters has a lower value objective function, as in Equation 10, the set of parameters becomes the current model, and so on. This allows the software to explore numerous combinations of a set of parameters until it reaches the best fitting curve. This will also allow the software to force the calculated curve to reach minimum misfit; even though the values are unreasonable and cannot be found in real geological situations. Therefore, careful judgment and evaluation must be made before interpreting the result of the inversion process.

The initial model for the inversion of HVSR curves is obtained from the work of Marjiyono (2016b), done in the same study area, which used microtremor array measurements and inversion to obtain the subsurface S-wave velocity structure in Mataram City. That study proposed a two-layer model to represent the alluvium deposits overlying the harder rocks. In this study, we added layers to make a total of five layers in order to account for the possible contribution of H/V amplification from a deeper layer and to increase the degree of freedom in the inversion process. We divided the inversion process into three steps. In the first step, we allow 15% perturbation for 5000 iterations under each HVSR curve. Successively, we allow 5% perturbation for 10,000 iterations to finalize the 1D local inversions. For the last step, we performed 15,000 laterally constrained iterations which allows 20% perturbation with respect to the best-fitting model.



RESULTS

To compare the subsurface structure obtained from FFT-HVSR curves and HHT-HVSR curves, we performed the inversion process for both sets of curves (FFT-HVSR and HHT-HVSR), following the strategy explained in the previous section. Figure 9A shows the example of the inversion result of the FFT-HVSR curve at Station MM065 in which the calculated curve and simulated curve from the best-fitting model are displayed in the same graph. Figure 9B shows the inversion result of HHT-HVSR at the same location. It can be seen that the inversion result of the HHT-HVSR curve provides a better fit for the calculated curve than that of the FFT-HVSR curve. The peak amplitudes, especially the main peak, also constrained better in the inversion results of the HHT-HVSR curve than that of the FFT-HVSR curve. We observed that this also applies to other stations in which the utilization of HHT to HVSR curves, rather than using the conventional FFT method, can reduce the average misfit at all stations in the inversion process for up to 23%.
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FIGURE 9. (A) Inversion result of FFT-HVSR curve at Station MM065. (B) Inversion result of the HHT-HVSR curve at Station MM065. The black line represents the calculated HVSR curve; the blue line represents the simulated HVSR curve for the last iteration on the model, and the red line represents the simulated HVSR curve for the best-fitting model.


Figures 10B,C show the vertical cross-sections of Vs structure from the inversion of FFT-HVSR curves and HHT-HVSR curves, respectively. The location and the extent of the cross-sections were made the same as in Figure 10A for easier comparison with the reference model. In general, the Vs structure from the inversion of HHT-HVSR curves shows better agreement with the reference model from Marjiyono (2016b) than the Vs structure from the inversion of FFT-HVSR curves. The HHT-HVSR Vs structure gives a better separation of a layer with lower Vs (∼100–500 m/s) on top and layers with higher Vs (>500 m/s) beneath it; while the FFT-HVSR Vs structure did not show these features. The continuity of the layer with higher Vs can also be fairly well observed in the HHT-HVSR Vs structure. Further examination of the HHT-HVSR Vs structure allows us to identify the diminishing trend of thickness in the lower Vs layer to the eastern side, which is also a feature of the reference model. The FFT-HVSR Vs structure shows a dike-shaped feature in the center with relatively large Vs (∼1000–1200 m/s). This large Vs feature is also found in the bottom right of the vertical cross-section of the FFT-HVSR Vs structure.
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FIGURE 10. (A) Proposed Vs structure of Mataram City digitized from the study done by Marjiyono (2016b) which is used as a reference model in this study. (B) Vertical cross-section of Vs structure from the result of the inversion process of FFT-HVSR curves. (C) Same with point (B) but for HHT-HVSR curves.


Because of the better misfit of HHT-HVSR curve inversion results and the better agreement of shallow Vs structure resulting from the inversion process of the curves with reference to the model, this study provides a deeper depth and larger extent of vertical cross-section (up to 300 m depth) of HHT-HVSR Vs structures. In order to observe and conduct an analysis of lateral variations of the Vs structure in Mataram City, this study also provides the horizontal cross-section of the HHT-HVSR Vs structure up to depth 50 m, as shown in Figure 11. It can be seen from the horizontal cross-section that the Vs values generally have an increasing trend to the east of Mataram City. This feature can be fairly well observed at almost every depth of the cross-section. With increasing depth, the Vs values in the entire Mataram City area also increase. These results agree with the results of the study done by Marjiyono (2016b) using a two-layer model. The interpretation of the results, with consideration of the geological conditions in Mataram City, will be explained in the following section.
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FIGURE 11. The horizontal cross-section of Vs structure in Mataram City from depths 0–50 m. The depth of each cross-section is displayed on top of the corresponding cross-section.




DISCUSSION

In obtaining the HHT-HVSR curves, we did not use the Konno-Ohmachi smoothing like the Geopsy (the software to obtain the FFT-HVSR curves) does, so it looks like there are highly varying data point in high frequency in the HHT-HVSR curve (Figure 9B). As in the Geopsy documentation, the purpose of the Konno-Ohmachi smoothing is to increase the readability of the HVSR curves. Therefore, we believe that the use of this smoothing has very small impact upon the inversion process.

Mataram City is occupied by an alluvium deposit, which is a product of deposition from alluvial, beach, or swamp, and is the youngest rock in the region. The deposit may contain pebbles, granules, sand, clay, peat, or coral fragments (Mangga et al., 1994), which are all relatively soft materials. The combination of the young rock (which might be exposed to erosion and lack of compaction) and the soft materials contained within it make this layer most likely to have low seismic velocity. In Figure 12, low Vs value with a range of 100–500 m/s is observed at the top part of the vertical cross-section and has a fairly clear continuity throughout the cross-section. We interpret this layer to be the alluvium deposit layer because the characteristics correspond with the preceding explanation. The features of this layer diminish in thickness to the eastern side of Mataram City, which is in agreement with the previous work of Marjiyono (2016a) that successfully reconstruct the base structure of the alluvium deposits. According to this study, however, the thickness of the alluvium deposit on the eastern side of Mataram City reaches about 25 m, in contrast to the previous study which suggests a thickness of about 3 m. This discrepancy might be due to the different approaches and methods used to reconstruct the alluvium deposit structure. Another feature that can be observed is the increasing trend of Vs values to the eastern side of Mataram City, which can be seen in Figure 11. The lateral variation of Vs values might be caused by different grain sizes. The western side has a smaller grain size because it is farther from the source of the materials, as suggested by Marjiyono (2016a). The features of the diminishing thickness in the alluvium deposit and the increasing trend of Vs upon getting farther from the coast is also observed in other cities in Indonesia with similar situations and lithologies in the topmost layer (e.g., Thein et al., 2015; Ridwan et al., 2019), indicating that these features are characteristic of cities located in coastal areas and areas with alluvium deposits.
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FIGURE 12. Vertical cross-section of Vs structure from the result of the inversion process of HHT-HVSR curves with a larger extent and deeper depth than that of Figure 10C along with the interpretation of the vertical cross-section.


Beneath the alluvium deposit layer, higher Vs can be found with values of more than 500 m/s. In this study, this layer was separated into two layers because of the significant velocity contrast that can be fairly well observed. The middle layer has Vs values ranging from ∼400 m/s to ∼1100 m/s, and the thickness of this layer varies from ∼75 m on the western side of Mataram City up to ∼150 m on the eastern side. Based on the borehole data from the previous study (Marjiyono, 2016a), this second layer is identified as rocks from the Lekopiko Formation. This formation consists of the products of volcanic activity, such as pumiceous tuff, lahar breccia, and lava. There is a high possibility that these rocks could have higher Vs value than that of alluvium deposits because of higher density and being older in age. From the borehole data obtained from the previous study (Marjiyono, 2016a), and the geological history of Lombok Island, it can be assumed that this layer of Lekopiko Formation is the base of the alluvium deposit.

The bottommost layer has Vs values ranging from ∼500 m/s up to 1600 m/s. The boundary of this layer with the Lekopiko Formation is identified through a fairly well observed velocity contrast. The continuity of the boundary is poorly observed compared to the alluvium-Lekopiko Formation, which might be caused by decreasing resolution at increasing depths. Based on the Vs values, this layer contains the same lithology as the Lekopiko Formation, but has older rocks. The most probable interpretation of this layer is either that it is the Kalibabak Formation or the Kalipalung Formation, which are rocks produced by volcanic activity (breccia and lava). This study was unable to determine whether this layer belongs to the Kalibabak or the Kalipalung Formations because of a lack of additional information. Further research using a different approach is required to give a more in-depth explanation and to provide a better understanding of this uncertain layer.



CONCLUSION

This study utilizes the HHT for removing noise which might affect the quality of microtremor recordings. We demonstrate the robustness of this method for removing transient and monochromatic noise from microtremor recordings and show that the method is quite effective for extracting microtremor signals. The presence of local noises in microtremor recordings may affect further analysis of the data and may lead to misinterpretations. Local noises mainly affect the higher frequency ranges in the HVSR curve that produce some of the main information from the HVSR curve; i.e., the location and amplitude of the concealed main peak. Removal of local noises could help to reveal the hidden peak in the HVSR curve.

In order to compare the quality of the HHT-HVSR curves in terms of estimating the subsurface structure beneath it, we apply the inversion process to both sets of FFT-HVSR and HHT-HVSR curves, using Open HVSR software developed by Bignardi et al. (2016). The resulting simulated curves show a better misfit to the calculated HHT-HVSR curves than the FFT-HVSR curves. The utilization of HHT to obtain HVSR curves can reduce the average misfit in the inversion process up to 23% as compared to the conventional method with FFT. From the cross-section of the subsurface structure, a better agreement can be observed in the inversion result of HHT-HVSR curves as compared to the FFT-HVSR curves. This result is also supported by the study done by Marjiyono (2016b) which uses a different approach and method to obtain the subsurface structure of Mataram City.

Based on our study, three layers are observed in the vertical cross-section which are identified through velocity contrast. The first layer is interpreted to be an alluvium deposit, which is characterized by low values of Vs (100–500 m/s) and a thickness ranging from 25 m on the eastern side of Mataram City to 50 m on the western side. The lateral variation of this layer is also observed in the horizontal cross-section with the increasing trend of Vs value to the east of Mataram City. The second layer is interpreted as rocks from the Lekopiko Formation, which are characterized by moderate values of Vs (400–1100 m/s) and a thickness ranging from 75 m on the eastern side of Mataram City up to 150 m on the western side. The third layer is interpreted as rocks from the Kalibabak/Kalipalung Formations, which are characterized by higher Vs values (500–1600 m/s). It is quite difficult to identify the boundary between this layer and the Lekopiko Formation layer due to the decreasing resolution of HVSR analysis with increasing depth. It is still uncertain whether the classification of this layer belongs to the Kalibabak Formation or the Kalipalung Formation due to the lack of additional information from deeper borehole data.

The results of this study, especially information regarding the structure of the alluvium deposit layer in Mataram City, are in good agreement with previous studies. This study gives new insight into the structure of the deeper layer in Mataram City, although the resolution still needs to be improved. Further research using a different approach is needed to provide better resolutions in order to reconstruct the subsurface structure in Mataram City and to give a better understanding of the subsurface conditions.
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Tropical peatlands are one of the largest reservoirs of terrestrial organic carbon. However, present-day tropical peat swamp forests are under threat by anthropogenic disturbances and have already been widely degraded. Anthropogenic pressures on peatland ecosystems have resulted in ecological and biogeochemical changes and the release of carbon to the atmosphere. In Southeast Asia, the conversion of peatlands to oil palm plantations has accelerated significantly during the last 2 decades. This research analyzed direct and indirect land-use changes (DLUC and ILUC) that have been associated with oil palm expansion and anthropogenic impacts in the Princess Sirindhorn Wildlife Sanctuary (PSWS), Narathiwat, southern Thailand. Our analysis is based on land-use and land-cover data of the Land Development of Thailand from two different periods: 2000–2009 and 2009–2016. For the purpose of comparison, the data were reclassified into 12 types of land use: oil palm, para rubber, paddy field, abandoned paddy field, orchard, other agriculture lands, wetlands and peatlands, mangrove, evergreen forest, water area, build-up area, and unused area. In addition, the area of net change due to DLUC and ILUC was calculated, and carbon stock changes were estimated from above- and below-ground biomass and soil organic carbon. The results show that the total oil palm plantation area has increased from 0.04% in 2000 to 6.84% in 2016, because of a Thai government policy promoting the use of biodiesel and increasing capacity of palm oil production in 2005. Paddy field, evergreen forest, wetlands, and peatlands were the main areas being replaced. The clearance of natural forest greatly increased in the period of 2000–2009. The ILUC indicates that the expansion of oil palm plantations invades other croplands (paddy field, para rubber, and orchard). The results demonstrate that the conversion of natural landscapes (evergreen forest, mangrove, wetlands, and peatlands) to oil palm plantations at Princess Sirindhorn Wildlife Sanctuary area had a negative effect, with carbon stock changes of 4 million Mg C during 2000–2016 (0.25 million Mg C/year). Given the significance of carbon stock changes arising from land-use changes, this research highlights the need for sustainable land-use management and long-term monitoring.
Keywords: tropical peatland, land-use and cover change, carbon storage, peat swamp forests, palm oil
INTRODUCTION
Since the 14th century, when palm oil was introduced in Southeast Asia, it became a crucial feedstock in the region, because the production cost is lower than that of other oil crops (Mukherjee and Sovacool, 2014). Biodiesel made from palm oil is a suitable alternative to the fossil fuels required in various production processes, mainly in agriculture (Shuit et al., 2009). Due to the global need for energy security, the demand for palm oil has been increasing rapidly (Verstegen et al., 2016). However, numerous works on land-use and cover change (LUCC) in Southeast Asia have shown that the expansion of oil palm plantations has been threatening peatland areas, causing deforestation, especially in Malaysia, Indonesia, and Thailand (Page et al., 2006; Murdiyarso et al., 2010; Fuller et al., 2011; Medrilzam et al., 2014; Prabowo et al., 2017; Dib et al., 2018; Othman et al., 2018; Tarigan, 2018). The conversion and degradation of forest and peatland areas to oil palm plantations have several adverse environmental effects, such as the invasion of wildlife habitats (Corley, 2009; Evrendilek et al., 2011; Tonks et al., 2017), loss of biodiversity (Koh et al., 2011; Minayeva et al., 2017; Maimunah et al., 2018), hydrological changes (Gopal, 2013), elevated peat temperature by exposing peatland surfaces to direct sunlight (Sano et al., 2010), and loss of the near-surface reservoir of terrestrial organic carbon (Wüst et al., 2007). Furthermore, several studies indicated that the greenhouse gas (GHG) emission rate increased when forests and peatlands were replaced by oil palm plantations (Germer and Sauerborn, 2007; Fargione et al., 2008; Dewi et al., 2009; Croezen et al., 2010; de Souza et al., 2010; Carlson et al., 2012).
The unceasing growth of the oil palm plantation area in Southeast Asia not only is of concern in terms of the negative impact on natural habitats but also is a threat to traditional and food crops. Azhar et al. (2017) showed the consequences of transforming the agricultural landscape from cropland to oil palms, emphasizing the issue of “Food-vs-Energy.” To study the extent of the degradation of traditional crops by oil palm plantations, Wicke et al. (2011) and Koh et al. (2011) estimated the LUCC based on remote sensing data. Using direct land-use change (DLUC) can clarify land transformation in different time frames to examine the result of the land conversion, which is related to GHG emission and biomass loss (Koh et al., 2011; Wicke et al., 2011). However, it is still unclear what land-use type oil palm has replaced. Kim and Dale (2011) suggested that, to understand this characteristic, any new study should employ indirect land-use change (ILUC). Instead of simply studying land conversion, ILUC emphasizes that the types of land use that have been replaced by oil palm and also tracks whether that crop was planted again in a different location in the same area. A fundamental aspect of ILUC is the consideration of both the land area converted to oil palm plantation and the land area converted to other crop types that originally gave their space to oil palm. For example, oil palm was planted into the paddy field area. However, rice from the paddy field is still in demand as a food crop. Therefore, the rice is planted again in a different location. ILUC reflects types of land use before the rice was planted. The Council of the European Union (Cod, 2018) addressed the issue of intensifying ILUC, threatening natural ecosystems and high-carbon value areas, such as forests, wetlands, and peatlands, and instigating extra GHG emission. Therefore, the study of DLUC should be parallel to that of ILUC in order to gain an insight into which types of land use were replaced by oil palm (Saswattecha et al. 2016).
In 2005, the Thai government initiated a policy campaign to promote biodiesel production and an expansion of oil palm plantation areas (Unjan, 2015). The policy aims to enhance agriculture in rural areas, which can increase the opportunity for international export. According to the Office of Agriculture Economics, the policy proposed supports facilities from the field to market and encourages farmers and smallholders. The government distributed the palm seeds, supported initial funding, discounted the cost of fertilizer, established the center market to buy the palm fruit, and found the factory to produce biofuel within the area. The policy also considered the area of abandoned paddy fields and swamp converted to oil palm plantation area and gave a concession to smallholders for the investment (http://www.oae.go.th). In response to the policy change, Thailand has increased palm oil production from 1.9 million metric tons (MMT) in 2016 to 2.5 MMT in 2017 and reached 2.7 MMT in 2018 and 2.9 MMT in 2019 (Preechajarn, 2018). Based on the Alternative Energy Development Plan (AEDP) 2015–2036 to support oleochemical industrial production, Thailand endeavors to have an oil palm plantation area totaling 10.2 million rai (1,632,000 ha) with 29.5 million ton of palm fruit per year and 5.9 MMT of palm oil per year (CAER, 2017).
Southern Thailand is a target area for oil palm plantations, because of supportive weather conditions and manufacturing facilities for processing raw products (Thongrak et al., 2011; Mukherjee and Sovacool, 2014; Saswattecha et al., 2016). The Princess Sirindhorn Wildlife Sanctuary (PSWS) Wetland (Phru To Daeng peat swamp) is the largest wetland area in the country, located in Narathiwat Province, southern Thailand. As a recognized Ramsar Site (since 2001), the wetland is of international importance. The Ramsar Convention is an international treaty for the conservation and sustainable use of wetlands, emphasizing the importance of protecting wetland areas including seasonal-marshes, peat swamp forests, riverine swamps, mangroves, and peatlands (Ramsar, 2011; Gopal, 2013). Phru To Daeng peat swamp is well known for its tropical peatland ecology (Nowak, 2012) and as a habitat of diverse flora, fauna, and several endangered species (Darnsawasdi and Chitpong, 2002). The Phru To Daeng wetland area provides flood protection for the business district of Narathiwat Province by acting as a tidal marsh to store the runoff during the summer monsoon (Reungsri and Kanasut, 2017). Additionally, the swamp forest is a reservoir of terrestrial organic carbon and can also help to reduce erosion and the velocity of the overflow during the flood peak flow period.
Since the initiation of the Thai government’s long-term policy (25 years) aimed at expanding palm oil production, we hypothesize that there was an increase in the oil palm plantation area in Phru To Daeng peat swamp. This paper aims to examine land-use and cover change through DLUC and ILUC at PSWS or Phru To Daeng peat swamp. We focused on two watersheds, Bang Nara and Kolok (Figure 1), for monitoring the land conversion toward oil palm plantations. This study evaluated land-use data from two periods, 2000–2009 and 2009–2016, to gain insight about LUCC both before and after the establishment of the Thai government policy in 2005. ILUC can give insight into types of land use that were replaced most extensively and the likelihood that they may subsequently be moved to another location locally. In this study, the change of carbon stock (above and below ground) based on the change of LUCC types was calculated. The quantitative analysis is important for a better understanding of the global environmental impacts of oil palm expansion, in particular the effect of the expansion of oil palm plantation area into a tropical peatland and the resultant deforestation and carbon storage loss. Furthermore, this study can enhance public awareness of the cost of energy security associated with the loss of natural areas.
[image: Figure 1]FIGURE 1 | Location of the study area (green color) and PSWS or Phru To Daeng peat swamp in Narathiwat province, southern Thailand. The polygon of the wetland site was derived from Office of Wildlife Conservation, 2001.
SETTING OF THE STUDY AREA
PSWS or Phru To Daeng peat swamp is located between the Bang Nara and Kolok watersheds, which are part of the Southeast Watershed group on the east side of the Thai-Malay Peninsula (Figure 1). Phru To Daeng is the biggest swamp forest in the country and covers about 201 km2 (20,100 ha) (Ramsar, 2011) (Figure 1). The Phru To Daeng peat swamp area is always covered by stagnant water, influenced by tides from the Gulf of Thailand and monsoon rain. This area can be considered as a part of the lowland peat deposits. Based on hydrological data, the area receives water inflow from the Bang Nara river in the north, the Su-ngai Kolok river in the south, and the Takbai river in the east. A previous study investigated peat depth with a DGPS survey, and a contour map was drawn at the Bacho area (30 km2) in Narathiwat (north of the study site). The average thickness of the peat layer was about 1.1 m, and the total peat volume was about 0.05 km3 (Yoshino et al., 2002). The average decomposition rate of peat layers was about 3.8 cm per year, the average organic matter loss was 3.04 kg C/m2/year, and the emission rate of carbon as a carbon flux was 7.6 kg/m2/year (Yoshino et al., 2002).
The boundary of the study area has been delineated based on watersheds (Figure 1). Generally, the study area is dominated by natural lands, such as evergreen forests and wetlands. The crops planted are mostly para rubber, rice, and orchard, specifically coconut and durian. Built-up areas are spread over the entire area, especially in the northern and southern parts. The climate of the study site is influenced by monsoon from the Indian Ocean and South China Sea. During May–December, the area receives rainfall of more than 250 mm/month and about 75 mm/month during January–April, with an average total annual rainfall of 2,664 mm and average annual temperature of 27.2°C (Thai Meteorological Department (TMD)) (1988–2017).
DATASETS AND METHODOLOGY
Datasets
Bang Nara and Kolok watersheds (Figure 1) share the same characteristics, such as swamps, traditional crops, natural areas, and other land-use types. To delineate the watershed boundary, we employed a digital elevation model (SRTM 1) and contour lines from topographic maps (L7018) obtained from the Royal Thai Survey Department (RTSD) (Table 1). The result is shown as the green area in Figure 1.
TABLE 1 | Input data for the interpretation of land-use and cover change during 1997–2016.
[image: Table 1]The LUCC data for this research were generated by the LDD (Table 1), using remote sensing (satellite images) and “ground truth” to work out various details. The data from LDD are available for 2000, 2007, 2009, 2016, and 2018. For this study, the data sets from 2000, 2009, and 2016 were used. The data from 2007 have been omitted, because a disastrous flood destroyed the area and caused an increase of abandoned land, marsh, and inundated area. We also did not use the data from 2018, because cropland area types are not available.
The LUCC data in 2000 were interpreted from satellite images (Landsat five and Landsat seven TM). LUCC in 2009 and 2016 were derived from orthoimages (2 m) and satellite images (THEOS, Spot-5 and Landsat eight OLI). The LUCC data from 2000 to 2016 have been classified as Level 2 and divided into 116 types of land-use categories. We derived land-use data from LDD as a polygon shapefile (vector format). However, the data from each year have different cell sizes. Therefore, processing data are needed before further analysis in order to avoid the error in the calculation. Firstly, the shapefiles were converted to a raster format by using a tool from ArcGIS 10.5 called “polygon to raster.” As a raster format, the cell size was reclassified to 30 × 30 during the conversion process for further area calculation. Secondly, the definition of the land-use types from LDD in the attribute table was grouped and reclassified the land-use data to 12 types. Thirdly, the data were converted from raster to vector format by using a tool called “raster to polygon.” This polygon was available as a vector shapefile that contained the data of 12 types of land use. Finally, the attribute tool was used to calculate the geometry of each land-use type as an area in hectares (ha).
The land-use types in this analysis are 1) oil palm; 2) para rubber; 3) paddy field, which was still planted and harvested regularly for rice; 4) abandoned paddy field, which was not harvested anymore but was still owned by a farmer; 5) orchard area (mainly durian and coconut); 6) other agriculture lands (perennial crop, mine, farms, pastures, and aqua cultural land); 7) wetlands and peatlands (swamp forest, swamp, and marsh); 8) mangrove forest; 9) evergreen forest; (10) water area (irrigation pond, lake, canal, and river); 11) built-up area (transportation facility, village, institutional land, commercial, and factory area); 12) unused area (grassland, scrub, and beach), which is not owned by farmers and primarily belongs to the local authority. For further LUCC analysis and discussion, these land-use types have been grouped into three major categories: cropland, natural land, and others.
Direct and Indirect Land-Use Change
To monitor the dynamic of land-use change in the study area before and after the implementation of the 2005 policy to increase oil palm plantation areas, the data from LDD were divided into two periods, 2000–2009 and 2009–2016, and the effects from both DLUC and ILUC were examined. The spatial analysis was done using a clipping tool in analysis toolbox from ArcGIS 10.5.
DLUC takes place when the land is transformed into an energy crop (biofuel) (Plevin and Kammen, 2013; Van der Laan et al., 2015). In this study, DLUC refers to area changes caused by oil palm expansion (oil palm plantations replaced other land-use types). The values are shown as gross and net values. The gross value represents the area converted to oil palm plantation area in ha, while the net value is the gross value minus the area of oil palm plantations converted to other land-use types. For example, in 2000–2009, oil palm cultivation area has replaced 10 ha of para rubber plantation area and para rubber has replaced 2 ha of oil palm. Thus, the gross change is 10 ha and the net change is 8 ha. Therefore, DLUC not only indicates the growth of oil palm plantations in the area but also clarifies which types of land use have been converted to oil palm cultivation area.
ILUC considers the cropland displaced by energy crops. However, the croplands have been expanded to other areas in response to increased global demand (Marshall et al., 2011). In this study, ILUC was analyzed in the croplands of para rubber, paddy field, and orchard that have been replaced by oil palm plantations, but they were planted in different locations in the study area. All these crops (para rubber, paddy field, and orchard) have dominated the study area before the massive oil palm expansion and are always on demand in Thailand. The gross area refers to the total area converted into crops with high demand. To get the gross value, we used crops from the younger period clipped into land use in the older period. For example, we used the shapefile of para rubber from 2009 cut into land use from 2000. Thus, the results will be a gross value from ILUC of para rubber during the period of 2000–2009. The net area is the gross area minus the area of crops with high demand (para rubber, paddy field, and orchard) converted into different land-use categories. To get net value, we used crops from the older period clipped into land use in the younger period. For example, we used the shapefile of para rubber from 2000 cut into land use from 2009. The value from this process is considered as a net value from ILUC of para rubber during the period of 2000–2009. Then, we subtracted net from gross and consider only positive values as the ILUC effect.
Carbon Storage
The quantity of carbon storage was calculated following Eq. 1 from Agus et al. (2013). A review of the published literature on the above-ground biomass, below-ground biomass, and soil organic carbon in the Southeast Asian region was undertaken for each land-use type (Agus et al., 2013; van Beijma et al., 2018) (Table 2), because each land-use type differs in its capacity to store carbon from the atmosphere. For calculations of the carbon storage, a list of data has been compiled, and values of (CB + CD + CS) in Eq. 1 for this study (Table 2) were selected based on the proximity to the study site and/or similar environmental conditions. In this study, the area of the activity (A) has been classified into DLUC and ILUC, and the carbon storage change was calculated separately for each land-use type (Table 5). The data for actual peat coverage and thickness are not available for PSWS, as wetlands and peatlands are grouped together as a land-use type. The calculations herein are based on valid assumptions and criteria applied in similar cases (e.g., Verwer and van der Meer, 2010; van Beijma et al., 2018).
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where ∆C = the sum of change in carbon stock in a unit of time, A = area of the activity (ha), CB = change in carbon stock in the living biomass (above- + below-ground biomass), CD = change in dead organic matter, especially dead vegetation (above- + below-ground biomass), CS = change in carbon stock in soil (soil organic carbon), and T = period of observation in years.
TABLE 2 | Carbon stock values for each land-use type.
[image: Table 2]RESULTS
Land-Use Change During 2000–2009 and 2009–2016
The total land-use area from 2000 to 2016 is illustrated in Figure 2 and Table 3. The analysis of total land use shows that only oil palm plantation areas increased continuously throughout 2000–2016 period. In the period from 2000 to 2009, the percentage of total oil palm plantation area had risen from 0.04 to 2.66% and from 2.66 to 6.84% during 2009–2016 (Table 3). Conversely, paddy fields have dramatically decreased from 13.91 to 9.62 and then to 6.92%, respectively, which corresponds to a reduction of approximately 50% during 2000–2016 (Figure 2A). The total area occupied by orchard and para rubber fluctuated, orchard increased by 2.49%, and para rubber decreased by 1.67% when comparing the year 2000–2016. Within the natural land category, mainly evergreen forest has been affected, particularly during 2000–2009, when the area of evergreen forest decreased from 15.32 to 7.22% (Table 3). At the same time, built-up areas increased by about 2.51%. The rest of the land-use types (other agriculture areas and water areas) showed slight changes during 2000–2009 but remained almost unchanged during 2009–2016.
[image: Figure 2]FIGURE 2 | Map of LUCC from 2000–2016: (A) LUCC data of all land-use types in the study area and in PSWS comparing 2000, 2009, and 2016. (B) The total area of oil palm plantation areas comparing 2000, 2009, and 2016.
TABLE 3 | Total area of land-use and cover change (LUCC) from 2000 to 2016 and DLUC from the expansion of oil palm plantation areas during the two periods, 2000–2009 and 2009–2016, focusing on the area of the PSWS (Phru To Daeng peat swamp), southern Thailand.
[image: Table 3]Direct Land-Use Change (DLUC)
The purpose of investigating DLUC was to gain more insight into the effect of expanding oil palm plantations into other areas, resulting in changes in land use. Furthermore, the results from DLUC stipulated the land-use types whose area has been mainly converted into oil palm plantations (Figures 2B, 3). In this analysis, we focused on the net area value change comparing two periods, 2000–2009 and 2009–2016 (Table 3).
[image: Figure 3]FIGURE 3 | The polygon map of DLUC gross change in periods (A) 2000–2009 and (B) 2009–2016. See also Figure 2B for the land-use types before their conversion. The bar graphs were derived from the DLUC maps, showing the effect of oil palm expansion on each land-use type in periods (C) 2000–2009 and (D) 2009–2016.
During 2000–2009, abandoned paddy field, paddy field, evergreen forest, wetland and peatland, built-up area, and water area were converted to oil palm area (Table 3, Figures 2B, 3). The equal of gross and net value from those mentioned land-use types showed that all their area converts to oil palm and the same land-use types were not found in the different locations of the area. For example, 291 ha of paddy field was converted to oil palm, but no area from any land-use types was converted to the paddy field. For natural land, the total land-use area of evergreen forest had decreased in both periods in 2000–2009 and 2009–2016. Wetlands increased from 20 to 26% during the period 2000–2009, partially as a result of the megaflood in 2007 (www.thaiwater.net/current/flood_south_dec50). The study area reduced flooding in urban areas and increased the area of tidal marshes and abandoned areas locally.
During 2009–2016, the other land-use types (e.g., paddy field, orchard, and para rubber) were converted to oil palm plantations and were relocated to different locations. This can be seen from the net-change value, which is less than the gross-change value. However, the total area of wetlands and peatlands, unused areas, built-up areas, and water areas have increased from 2000 to 2009 due to the effect of flooding in 2007. From our analysis, the wetland was the largest area converted to oil palm plantations. During 2000–2009, 1,523 ha of the wetland was converted to oil palm. Approximately, 10% (2,446 ha) of the total wetland area had been converted to oil palm plantations during 2009–2016.
Indirect Land-Use Change (ILUC)
During 2000–2009, mainly wetlands were converted into paddy fields (Table 4 and Figure 4). Paddy fields only replaced abandoned paddy fields, and no other croplands had been converted (Table 4), whereas the results show a substantial ILUC effect from oil palm expansion on para rubber (Table 4). During 2000–2009, para rubber has replaced mainly paddy fields and abandoned paddy field areas. However, during 2009–2016, para rubber replaced all cropland types (abandoned paddy field, paddy field, and orchard). Para rubber expanded and invaded in cropland area and other land-use types within the natural land group, mainly in the wetland (1,128 ha or ∼5% of the total area of wetland in 2016). Moreover, para rubber has converted 3 ha of the water area (Table 4).
TABLE 4 | Area of ILUC effect in the periods 2000–2009 and 2009–2016 due to the expansion area of oil palm plantation in paddy field, para rubber, and orchard.
[image: Table 4]TABLE 5 | Carbon storage derived from DLUC and ILUC.
[image: Table 5][image: Figure 4]FIGURE 4 | Cumulative bar graph showing ILUC effect in the period 2000–2009 and 2009–2016 due to the expansion area of oil palm plantations into paddy fields, para rubber, and orchard. The cumulative bars show the proportions of the converted land uses.
During 2000–2009, the total ILUC effect from orchard is 4,727 ha, which is much more than ILUC effect from para rubber and paddy field (Table 4). Furthermore, 1,317 ha of paddy field and 2,953 ha of para rubber (Table 4) were converted to orchard during the same period. However, the ILUC effect from orchard is lowest during the 2009–2016 period, compared with para rubber and paddy field. This indicates that orchard was in high demand in the area during the period 2000–2009. Still, para rubber was in high demand during 2009–2016. Our results show that the ILUC effect can be an indicator of the expansion of oil palm into other types of cropland (Figure 4). These can force paddy field, para rubber, and orchard to be relocated to somewhere else in the study area.
Carbon Storage
The carbon changes associated with land-use change were calculated based on Eq. 1 for two periods: 2000–2009 and 2009–2016 (Table 5). In this case, positive values mean that the carbon has accumulated in soil. In contrast, negative values mean that the stored carbon was emitted into the atmosphere. We define the carbon stock change in natural lands (Table 5) as a negative value because before land conversion they stored carbon in above- and below-ground biomass and in soil organic carbon. During 2000–2009, cropland (abandoned paddy field, paddy field, para rubber, and orchard) accumulated carbon at about 0.92 million Mg C, whereas natural land (evergreen forest, wetland, and peatlands) emitted carbon at about 1.5 million Mg C. Significant carbon emission values are observed in wetlands and peatlands. A similar trend is observed during 2009–2016: cropland accumulated 0.31 million Mg C, and natural land emitted 2.6 million Mg C. In summary, the carbon storage changes of natural land (evergreen forest, mangrove, wetlands and peatlands, and unused area) in the study area were about 4 million Mg C during 2000–2016. These changes are largely caused by the conversion of natural land to the other anthropogenic land-use types, in both DLUC and ILUC.
DISCUSSIONS
Expansion of Oil Palm Through Direct and Indirect Land-Use Change
The main goal of this study was to find the impact of DLUC and ILUC from the expansion of oil palm plantation area on basins covering the Princess Sirindhorn Wildlife Sanctuary, southern Thailand. This area has a high potential for oil palm plantations due to the location and climate (Mukherjee and Sovacool, 2014). Given the appropriate conditions and the governmental provision, this area was considered as one of the best choices for the farmers to convert their land to oil palm fields.
Our analysis showed that the pattern of an expansion of biofuel crops into the agriculture land was the most effective in the DLUC result. The proportion of total land-use change indicated that oil palm plantation and built-up area affected the conversion of other land-use types, especially paddy field, evergreen forest, and wetland and peatlands. In the study area, the total area of the paddy field decreased considerably from 13.91% in 2000 to 6.92% in 2016. This result indicates that the area of paddy fields has continuously decreased, even though rice is a food crop and still in very high demand in Thailand. Furthermore, the net change in values of DLUC of paddy fields also indicates that most of the paddy field land was converted to oil palm area. This scenario is comparable with a case study by Saswattecha et al. (2016) of DLUC from oil palm expansion in Tapi River Basin, Thailand. In Tapi River Basin, paddy field area decreased from 0.65% in 2009 to 0.22% in 2012. Moreover, the total of net area from agriculture land that was converted to oil palm has increased more than 2 times, from 943 ha during 2000–2009 to 1928 ha during 2009–2016. A similar trend has been observed in Indonesia, where oil palm plantation areas converted from croplands have increased from 22.10% during 1995–2000 to 37.90% during 2010–2015 (Austin et al., 2017). In the case of Latin America, the study of Furumo and Aide (2017) showed that 79% of oil palm cultivation area (342,032 ha) was converted from croplands (e.g., banana). Therefore, it is a global trend that the majority of biofuel crops replace other agricultural lands, especially food and traditional crops. Apparently, oil palm not only occupied cropland areas but also tended to create a monoculture (Giam et al., 2015). This monoculture can lead to a lack of biodiversity and problems with food crop security.
Another land-use type that has a high impact from DLUC of oil palm expansion is wetland and peatlands. Even though the total area of wetland and peatlands has increased by about 2.36% during 2000–2016, the DLUC net value shows that 1,523 ha during 2000–2009 and 2,446 ha during 2009–2016 were converted to oil palm area. This scenario confirms that tropical peatland areas are threatened by the demand for palm oil and the policy of bioenergy security. Not only this study area but also many other places have been suffering from peatland deforestation. For example, 57% (1,594,900 ha) of the deforestation area in Kalimantan, Indonesia, was caused by oil palm expansion during 2000–2010 (Carlson et al., 2012). In the lowlands of Peninsular Malaysia, Borneo, and Sumatra, 6% (about 880,000 ha) of the total peatland area was converted to oil palm plantation area (Koh et al., 2011). The conversion of wetlands and peatlands area to oil palm is of high concern because it can reduce biodiversity, increase GHG emissions, and decrease carbon stocks in soil (Fitzherbert et al., 2008; van Beijma et al., 2018; Cooper et al., 2019).
Indirect land-use change (ILUC) has a long-term effect after the expansion of oil palm area, when bioenergy crops invade the cropland area. Crops, which are still in high demand (food or feed livestock), were planted in the new area and replaced natural land (Bowyer and Kretschmer, 2010). Based on the data from agricultural exports of Thailand, we investigated the area of paddy field, orchard, and para rubber to find the impact of ILUC after the oil palm cultivation area expanded. Our analysis showed that paddy field, orchard, and para rubber were converted mainly to cropland area group during 2000–2009. However, during 2009–2016, they were expanded both in the cropland area and in natural lands. These scenarios suggest that farmers, in the beginning, decided to change their land to biofuel crops. Nevertheless, they still need to plant rice, orchards, and para rubber, because they are still in demand. As a result, farmers decided to clear the natural lands, mostly wetlands and peatlands to extend the agricultural area.
Thai Government Policy Influences the Expansion of Oil Palm Plantation Area in Southern Thailand
We hypothesized that the 2005 Thai government policy was the main driver for the expansion of the oil palm plantation area in the study region and in southern Thailand. This policy supported the farmers and smallholders to convert their land to oil palm fields. Also, the main goal of the policy was to increase the plantation area, enhance farming income for rural areas, produce agricultural products for international export, and improve energy security. As an upstream component of the supply chain, the farmers got funding in both training and financial support from the Thai government. Our analysis shows that the oil palm plantation field in this area increased from 0.04 to 6.84% within 16 years. In addition, the data from ILUC indicates that oil palm replaced other crops, such as para rubber and paddy fields even though they are a substantive cash crop of southern Thailand.
The Thai government policy not only supported the harvest sector but also created a supply chain from field to market. The supply chain of the Thailand oil palm industry can be classified into three sectors: cultivators, crude palm oil mills, and refineries. In the cultivators’ section, it was reported that nearly 0.24 million households involved in the cultivator sector which made 79% of oil palm fruit area were from small shareholders in 2020 (Sowcharoensuk, 2020). The government also created crude palm oil mills across the country to buy the palm fruit from small shareholders. Based on the data from the Department of Industrial Works, there are 149 mills situated across the country, and 83 oil palm mills are in the south of Thailand. For this study area, the nearest oil palm mills are located at Bacho cooperative estate in Bacho District, Narathiwat Province (about 10 km from the study area). This mill was started in 2009 and can operate 45-ton-FFB-per-hour (Frontier Engineering Consultants, 2011). Lastly, the government supports the refinery factories to produce biomass energy. Thailand is in third place in the global ranking for the export rate of crude oil palm, after Indonesia and Malaysia (Table 6, Figure 6), but Thailand produced a higher capacity of biodiesel. Data from the refiners in Thailand reported that the country had 538 kilotons (kT) of total biodiesel production, whereas 578 kT was produced in Indonesia and 200 kT in Malaysia (Mukherjee and Sovacool, 2014). This biodiesel created a B100, which can be used to blend with other gasoline types in various proportions.
TABLE 6 | Data on crude palm oil exports and imports from Indonesia, Malaysia, and Thailand (import and export unit x1,000 MT (Million Tons); AGR = Annual Growth Rate).
[image: Table 6][image: Figure 5]FIGURE 5 | Bar graphs showing a summary of the net carbon gains and losses and how they differ across land-use change types during periods the 2000–2009 and 2009–2016.
[image: Figure 6]FIGURE 6 | International imports and exports of crude palm oil (data source: United States Department of Agriculture).
Table 7 shows the overview of household and profits from the farming income of southern Thailand and of Narathiwat Province (the study area). Although the income from farming was lower than nonfarming, the household income, from both the total of southern Thailand and that of Narathiwat Province, was significantly increased after 2005. The farming income also slightly increased after 2005 and dropped during 2015–2017 due to the natural disaster. That income might increase due to oil palm and other major agriculture products (e.g., paddy and para rubber). From 2000 to 2018, the price of Jasmin rice and para rubber was much higher than oil palm (Figure 7), but the oil palm price was more stable than that of Jasmin rice and para rubber. Nevertheless, we can consider oil palm as one of the major cash crops, and it has created a new household income in the area. In terms of improving agriculture and creating jobs, the 2005 policy has reached its goals.
TABLE 7 | Southern Thailand household income and agricultural product prices.
[image: Table 7][image: Figure 7]FIGURE 7 | Annual price of main agriculture products (data source: Bank of Thailand and Official of Agricultural Economics).
From this study, we suggest that the 2005 policy for increasing oil palm products played a crucial role in land-use changes in the study area. However, it is obvious from export and import data that the 2005 policy was not very successful in competing in the world market for palm oil. The Thai government policy targeted only smallholders and farmers, so, the productivity of Thai palm oil was relatively low. According to Sowcharoensuk (2020), the majority of palm oil in Thailand came from smallholders, who have not more than 25 rai (4 ha) of cultivated land. But in Indonesia and Malaysia, the corporations owned more than 80% of oil palm plantations. In Indonesia, the government also proposed a support program to support smallholders, but the program was managed by some private companies (Zen et al., 2006). Euler et al. (2016) showed that the smallholders in Indonesia preferred to sign a contract with the private company and were motivated to increase the product due to the demands of the company. In contrast, the oil palm industry in Thailand was not managed at the large scale. Normally, the farmer harvested the crop and sold it locally, instead of directly selling to mills, because of the small size of the crop. Then, the mills sold the product to the government, and the Department of Internal Trade and Thailand Oil Palm Board took the responsibility to distribute the product to refineries and to export it to the global market.
Carbon Storage Change
A change of land-use types can lead to changes in biomass and soil organic carbon storage (Jaiarree et al., 2011; van Beijma et al., 2018). The DLUC and ILUC are associated with carbon storage changes (Hansen et al., 2014; Zhang et al., 2015; Saswattecha et al., 2016). Fargione et al. (2008) indicated that the conversion of natural land to oil palm plantation area can release a large amount of CO2 or create “carbon debt,” which takes 48 years to repay. In the Southeast Asian region, growth in palm oil production has been accompanied by the concern of carbon loss and greenhouse gas (GHG) emissions to the atmosphere arising from land-use change, primarily because of the conversion of tropical forests into plantations (Carlson, 2013).
In this study, the carbon changes associated with land-use change arising from palm oil production were estimated for two periods: 2000–2009 and 2009–2016 (Table 5). We consider only the above- and below-ground biomass and soil organic carbon changes due to the changes in land-use type. The carbon changes/emissions related to fire, degradation, and drainage were not considered due to their uncertainty. We define the carbon stock change (Table 5) from natural land (evergreen forest, mangrove, wetlands, and peatlands) as a negative value. This negative value indicates that the stored carbon was emitted to the atmosphere as a result of oil palm plantations. During 2000–2016, the carbon storage change of natural land in Phru To Daeng peat swamp area was about 4 million Mg C. These changes are largely caused by the conversion of natural land to the other anthropogenic land-use types, in both DLUC and ILUC. Biomass and organic soil from the natural land, especially wetlands and peatlands and mangrove, can act to store terrestrial carbon. DLUC change in peatlands involves drainage, which, in addition to direct carbon losses from peat oxidation, also leads to increased flux of dissolved organic carbon (Moore et al., 2013; Evans et al., 2014), some of which will transfer to the atmosphere as the greenhouse gases CO2 and CH4 (e.g., Jauhiainen and Silvennoinen, 2012; Moore et al., 2013). Also, organic soil in peatlands and wetlands can store more than 2.7 times the amount of carbon compared to the atmosphere (Schlesinger and Bernhardt, 2013). Therefore, the change in land-use type can lead to altered oxidation conditions in organic soil in peat and result in carbon flux-emission of CO2 to the atmosphere (Erasmi and Twele, 2009; van Beijma et al., 2018).
CONCLUSION
In the Southeast Asian region, growth in palm oil production has been accompanied by concern over the impact of carbon loss and greenhouse gas (GHG) emissions to the atmosphere arising from land-use change, particularly the conversion of tropical forests into oil palm plantations. To gain insight on land-use and cover change (LUCC) before and after the Thai government policy change in 2005 to increase oil palm plantation area, this study analyzed direct and indirect land-use change (DLUC and ILUC) in the periods 2000–2009 and 2009–2016 at the largest peat swamp in Thailand: Princess Sirindhorn Wildlife Sanctuary Wetland.
From 2000 to 2016, our analysis on LUCC shows that oil palm plantations and built-up areas have increased by 6.80 and 2.87%, respectively. Paddy field (−6.99%) and evergreen forest (−8.17%) were the main areas that were replaced. The ILUC results show a substantial effect of oil palm expansion on cropland (paddy field, para rubber, and orchard). During 2000–2009, mainly wetlands were converted into paddy fields. Para rubber replaced mainly paddy fields and abandoned paddy field areas. An area of 1,371 ha of paddy field and 2,953 ha of para rubber was converted to orchard during the same period. This indicates that orchard was still in high demand in the region. During 2009–2016, para rubber replaced areas of abandoned paddy field, paddy field, and orchard and invaded ∼5% of the total wetland and peatland area. These ILUC calculations show changes in the demand for cropland types. Para rubber was in higher demand than rice and orchard during 2009–2016.
The area of net change of DLUC and ILUC was calculated, and carbon stock changes were estimated from above- and below-ground biomass and soil organic carbon. The conversion of natural land-use type (evergreen forest, mangrove, wetlands, and peatlands) to oil palm plantations caused carbon stock changes of about 4 million Mg C in the area. Given the significant number of carbon stock changes arising from land-use changes, monitoring, and annual updates would be needed to capture rapid changes, such as deforestation (fire or logging) and plantation development.
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The Wichianburi Sub-basin is currently the only productive area in the southern part of the Phetchabun Basin, central Thailand. It is structurally dominated by NNW-SSE to NNE-SSW trending normal faults as a result of multistage rifting since the Late Oligocene. Half-graben and full-graben basin geometries can be observed from 2D regional seismic sections. In this study, structural restoration techniques were applied to validate the structural interpretation of the original hardcopy of the 2D seismic sections. Stratigraphic information is compiled from published papers and well reports. Our results revealed that most of the deformation was concentrated during the Late Oligocene. Main depocenters for the syn-rift sediments focused in the basin center along the west-dipping normal faults. These faults cut the prerift section and their orientations were possibly controlled by the Permo-Triassic fabrics that underlie the Phetchabun Basin. By measuring the length of the profiles before and after faulting, the restorations show that the extensions of the Wichianburi Subbasin decrease from 12.30% during the main rift phase (Late Oligocene to Early Miocene) to 2.53% during the second phase of rifting. Rifting only focused in the basin center with the development of NNW-SSE to N-S trending intrarift faults. Since the Middle Miocene, the Wichianburi Subbasin has developed under the tectonic phase of post-rift subsidence with interruption by intrusive activities.
Keywords: Wichianburi Sub-basin, structural restoration, Thailand, Cenozoic basin, Phetchabun Basin
INTRODUCTION
The Phetchabun Basin is a major onshore Cenozoic basin that lies in central Thailand with approximately 120 km long and around 30 km wide (Figure 1). The basin occurs along a closed Permo-Triassic intracratonic rift within the Indochina continental block. According to regional 2D seismic interpretation, five narrow subbasins with half- and full-graben geometries form the Phetchabun Basin (Remus et al., 1993).
[image: Figure 1]FIGURE 1 | (A) Geologic map showing the location of the Phetchabun Basin and the outline of its grabens and sub-basins. Major normal faults of the Phetchabun Basin interpreted by Remus et al. (1993) based on regional 2D seismic data are shown. These faults lie within the N-S trending Paleogene transpressional belt that caused uplift and erosion of the pre-Cenozoic rocks along the western margin of Indochina block (see inset). Thrust and strike-slip faults are from Morley (2012). (B) Gravity anomaly map of the Wichianburi Sub-basin illustrating the basin geometry. Basement fault map from 3D seismic interpretation by Pongwapee et al. (2019a) is overlaid with the locations of the Bo Rang-1, L44H, and Si Thep-1 wells. 2D seismic sections (Line A–Line D) are interpreted in this study.
The Wichianburi Sub-basin is in the southern part of the Phetchabun Basin. It is the only hydrocarbon-bearing sub-basin that produces oil from both fractured volcanic rocks and sandstone reservoirs within tilted fault blocks (Barr and Cooper, 2013). This sub-basin is structurally dominated by the N-S to NNE-SSW trending normal faults as a result of multistage rifting since the Late Oligocene (Pongwapee et al., 2019a).
There is currently no information regarding the amount of crustal extension during rift development in the Wichianburi Subbasin. Kinematic restoration of the rift structures helps to quantify extension and extension rates accommodated in the sub-basin. This study applies structural restoration techniques to validate the structural interpretation of the original hardcopy of the 2D seismic sections (Figure 2), which are available to access and to calculate the extension of each rifting phase. Stratigraphic information is compiled from published papers (e.g., Remus et al., 1993; Barr and Cooper, 2013; Pongwapee et al., 2019a) and well reports from the Department of Mineral Fuels. Understanding the tectonic history of the Wichianburi Sub-basin is important for the development of hydrocarbons in the other part of the Phetchabun Basin.
[image: Figure 2]FIGURE 2 | (A) Example of seismic interpretation on tracing paper with colored pencils. (B) Seismic interpretation of the same 2D seismic line published by Remus et al. (1993). (C) Seismic interpretation based on 3D seismic data by Pongwapee et al. (2019a). See Figure 1 for line location.
GEOLOGICAL SETTING
Pre-Cenozoic Tectonic History
The Phetchabun Basin is located at the western margin of the Indochina block (Figure 1). The Sukhothai Arc System lies further west. The pre-Cenozoic basement rocks and structures under the basin are related to the development of Indosinian Orogeny after the subduction of the Paleo-Tethys Ocean during the Devonian-Triassic (Sone and Metcalfe, 2008). During the Early to Middle Permian, an elongated N-S-trending extensional basin, called Nam Duk Basin, was formed between two shallow carbonate platforms (Khao Khwang in the west and Pha Nok Khao in the east) at the western margin of the Indochina block (Wielchowsky and Young, 1985; Ueno and Charoentitirat, 2011). In the Early Triassic, the Sukhothai island arc closed with and was thrust over the margin (see review in Morley, 2018). The pre-existing Permian slope-to-basin rocks were extensively folded, thrust, inverted, uplifted, and eroded forming the N-S trending Phetchabun Fold Belt (Sone and Metcalfe, 2008). These highly deformed Permian rocks were subsequently covered by lacustrine to fluvial sediments during the Late Triassic to Late Cretaceous including the Kuchinarai and Khorat Groups (Racey, 2009). Subsequently, crustal thickening and transpression accompanied by the subduction of Tethyian oceanic crust beneath Burma and Western Thailand during the Late Cretaceous to Early Paleogene caused folding, thrusting, strike-slip faulting, uplifting, and erosion along the western margin of the Indochina block (Searle and Morley, 2011). The Phetchabun Basin has been formed by reactivation of the N-S trending zone of a Paleogene transpressional belt (probably sinistral motion; see Figure 1A), which caused uplift and erosion of the Khorat Group along the margin (Morley, 2012).
Cenozoic Deformation and Basin Structure
In northern and central Thailand, two dominant Cenozoic structural styles are associated with strike-slip faulting and rifting under an ∼E-W extension around the Late Oligocene-Pliocene (Morley and Racey, 2011). The nature of the interactions between strike-slip faulting and rifting in Thailand is controversial. Some researchers have sought to explain all of the rift basins in a strike-slip context (e.g., Tapponnier et al., 1986; Polachan et al., 1991). However, Morley (2007) and Morley (2015) proposed that the evolution of the basins is more complex. Most of the Cenozoic basins opened under an extensional stress regime with the strike-slip faults activating at different times from extension, and/or there is a spatial transition from areas of strike-slip to extension. The onset of the rift basin ranges from Late Eocene (e.g., Krabi Basin in the Gulf of Thailand) to Late Miocene (e.g., the neighboring Phitsanulok Basin). Folds, thrusts, and inversion structures are also presented in places (Morley et al., 2011).
The Phetchabun Basin comprises three grabens and two sub-basins (North Phetchabun Sub-basin, Chai Mongkhon Graben, Khon Khwang Graben, Nong Chaeng Graben, and Wichianburi Sub-basin) (Figure 1). According to regional 2D seismic interpretation, the Wichianburi Sub-basin is bounded by the NNE-striking listric faults (Remus et al., 1993). A recent study by Pongwapee et al. (2019a) interpreted 3D seismic data within the sub-basin and provided detailed structural maps showing normal faults predominantly trend NNW-SSE to NNE-SSW developed in response to the ∼E-W extension during the Late Oligocene-Early Miocene. The extension direction rotated to a more NW-SE orientation during the Middle Miocene-Pliocene. The old fault orientations were reactivated, and new faults also developed with predominantly NNE-SSW to NE-SW orientations. Their results suggest a multiphase oblique extension with an influence of pre-Cenozoic structure.
Stratigraphy
The stratigraphy of the Wichianburi Sub-basin can be divided into four seismic packages based on four significant unconformities (see T1–T4 in Figure 3). These unconformities are comparable between 2D seismic interpretation by this study and 3D seismic interpretation by Pongwapee et al. (2019a). The first package (Basal Tertiary and Wichianburi Group; Remus et al., 1993) comprises a distinctive yellow-red to dark-grey sandstone interbedded with shale deposited during the Late Oligocene-Early Miocene (Morley and Racey, 2011). The sandstone is very fine to fine grained and shows moderate sorting and subangular to subrounded grains. These sediments were deposited in environments ranging from alluvial/fluvial to lacustrine. This syn-rift package overlies acoustic basement comprising Late Jurassic-Late Cretaceous clastics (Khorat Group), Triassic volcanics, granites, and sandstones, and Permian sedimentary rocks (predominantly shales and limestones). Outcrops representing the basement rocks can be found in quarries along the eastern margin of the Wichianburi Sub-basin. These outcrops have a major structural trend in NE-SW direction following the basin geometry as outlined by the gravity map (Figure 1B).
[image: Figure 3]FIGURE 3 | Comparison of seismic stratigraphy and tectonic events with key unconformities (T1–T4). Location of 3D seismic interpretation is located in Figure 1B.
The second package (Chaliang Lab Formation; Remus et al., 1993) comprises predominantly dark shale with traces of carbonaceous material, mica, and dolomite. Minor dark siltstones and sandstones are interbedded with the shales. The sandstones are fine to medium grained, poorly to moderately sorted, and subangular to subrounded. This interval is heavily affected by igneous intrusions together with some extrusive lava flows. The depositional environment is predominantly lacustrine, with some fluvio-deltaic deposits during the Early-Late Miocene.
The third package is predominantly composed of varicolored yellow to red claystone with occasional interbedded sandstones, siltstones, basalts, and thin coals. These deposits are interpreted as forming in paralic to fluvio-deltaic environments, marginal to a lake. Dark-grey, fine-grained sediments are observed close to the basin center and are interpreted as lacustrine during the Pliocene-Pleistocene.
The fourth package comprises mainly yellow to red claystone and sandstone, deposited in fluvial and alluvial environments during the Holocene. Shallow sills and basalt flow are also associated with this package (Pongwapee et al., 2019b).
METHODOLOGY
Seismic Data
Seismic data used in this study were original hardcopy printouts of regional 2D seismic data acquired in 1988 by CGG across the Phetchabun Basin including the Wichianburi Sub-basin. The seismic images are poor to fair quality with maximum depth of 5 s two-way travel time (TWT). The interpretation of all E-W oriented seismic sections was first published by Remus et al. (1993) showing only major faults and some seismic trace within the Cenozoic basin fill. At the time of this study, many original seismic lines had gone missing from the archive in the Department of Mineral Fuels’ data room. Only four complete sections (Line A–Line D) were interpreted on tracing papers with colored pencils (Figure 4). Photocopy of these sections was not allowed.
[image: Figure 4]FIGURE 4 | (A) Scanned interpretation images of four representative seismic sections used in this study. (B) Depth section of (A). See Figure 1 for location. Line 1 and Line 3 are presented in Pongwapee et al. (2019b).
Seismic Interpretation
Seismic interpretation was conducted by laying head down on a work table to gain perspective and increase the amount of reliable geologic information to be derived from the seismic images. The geologic evolution of each interpreted section was discussed among the interpreters to produce a better reasonable interpretation as suggested by Macrae et al. (2016). Each seismic package was defined by its seismic characters (e.g., continuity, frequency, and amplitude), stratigraphy (e.g., onlap), and unconformities. Seismic reflectors were traced on tracing papers as much as possible to present seismic characteristics within seismic packages. Although there was no well information provided during interpretation, key unconformities (T1–T4) can be identified and are comparable in all sections. In places, due to poor seismic image at depth, the top basement (T1 unconformity or base syn-rift) horizon and some faults particularly near the basin margin were integrated with regional interpretation by Remus et al. (1993). The T1–T4 unconformities and their ages were constrained by recent publications by Pongwapee et al. (2019a) and Pongwapee et al. (2019b), which provide examples of seismic interpretation based on 3D seismic and well data in the Wichianburi Sub-basin. One of their E-W sections is about 2 km south of Line B (Figure 2).
Depth Conversion
Unlike other basins where depth conversion can be made by utilizing a combination of well tops, sonic logs, stacking velocities, vertical seismic profiles, and check-shot surveys, these data are not available for this study and thus depth conversion may involve an appropriate level of uncertainty. However, this study strives to obtain lithology and formation thickness from wells (e.g., Wichianburi-1 well) and interpolates horizons from our time sections to published well-tied depth sections within the sub-basin (Remus et al., 1993; Barr and Cooper, 2013). A simple depth conversion was carefully performed using Petroleum Experts’ Move software (2019) based on average rock density and interval velocities of each seismic package (Table 1). The depth-converted seismic sections present geologically acceptable fault geometries (Figure 4).
TABLE 1 | Parameters applied to decompaction and depth conversion.
[image: Table 1]Restoration
2D structural restoration involves sequentially removing the deformational effects of geologic processes such as sediment compaction, faulting, and folding. It is a meaningful technique for improving the accuracy of the seismic interpretation (Bond et al., 2012). Sediment decompaction was performed based on the compaction curves of Sclater and Christie (1980). In the Sclater-Christie equation, porosity (φ) at a given depth (z) is defined by φ(z) = φ0e−cz, where φ0 is the depositional porosity of lithology and c is the depth coefficient. The decompaction of the underlying layers is related to the removal of the uppermost sedimentary layer. The average lithology parameters used in this process are listed in Table 1.
The Wichianburi Sub-basin is dominated by nonplanar normal faults. The simple shear transformation was applied to restore the hanging wall along the faults. In some situations (i.e., folding and rollover anticline), the flexural unfolding transformation was applied to preserve the length on the shortening direction. All four E-W-trending depth sections were time-step reconstructed and analyzed using Petroleum Experts’ Move software. These sections are oriented perpendicular to the main extensional structure. Horizon lengths were measured at undeformed stage (see Table 2). The extension (ε) was then calculated for each of the different periods: Late Oligocene to Early Miocene, Middle Miocene to Pliocene, Pliocene to Pleistocene, and Holocene.
TABLE 2 | Horizon lengths at undeformed stage.
[image: Table 2]In order to compare the results between the different stages from the same section, we calculated cumulative stretching factor (ß) and extension on the restored section length in each case in relation to the present-day length (Lf). These calculations eliminate the differences, which arise from the different final length. Then the extension during each stage can be calculated by subtracting later extension values (Table 3). A negative extension value indicates a shortening interruption during the evolution of the basin.
TABLE 3 | Calculation of extension for the evolutionary stages.
[image: Table 3]The results of the sequential restoration of the Line B seismic interpretation are shown in Figure 5. Each time-step represents the cumulative result of all previous deformations. Fault status is highlighted in each panel to emphasize the temporal and spatial changes in active faulting. The length and amount of extension at that time are annotated. The numbers can be used to quantify the E-W extension of the Wichianburi Sub-basin (Figure 6).
[image: Figure 5]FIGURE 5 | The structural evolution of the Line B interpretation from the Late Oligocene to present. The extensional phases are captured in four phases. Ages, section lengths, and amount of extension are annotated for each time-step. The eastern end of each section is pinned for section length comparison.
[image: Figure 6]FIGURE 6 | Summary graph showing the amount of extension of Line A to Line D.
RESULTS
Late Oligocene-Early Miocene Extension
All sections suggest the major rifting phase of the Wichianburi Sub-basin during the Late Oligocene-Early Miocene. Two main depocenters for the syn-rift sediments are located in the basin center along the west-dipping normal faults as suggested by the gravity anomaly (Figure 1B). Depth-converted Line B that cuts across the main depocenter suggests maximum thickness of syn-rift sediments up to 1,400 m. Active normal faults cut the pre-rift section and their NNW-SSE orientations were possibly controlled by the Permo-Triassic fabrics that underlie the western margin of the sub-basin (Pongwapee et al., 2019a). The results from restorations show that the extension in the E-W direction of the Wichianburi Sub-basin increases toward the north ranging from 8.37% to 12.30%.
Middle Miocene-Pliocene Extension
The second phase of rifting occurred during the Middle Miocene with the extension values ranging from −0.43% to 2.53%. These low stretching values in the E-W direction may be because of changing in extension direction to a more NW-SE orientation (Pongwapee et al., 2019a) or the transition from the syn-rift to the post-rift stage. However, the maximum extension value provided by Line B indicates that the main faults within the basin center remain active at this time. They offset the T2 unconformity with the thickening of the Chaliang Lab Formation on the hanging wall. Therefore, it can be assumed that extension is the dominant mechanism focusing only in the basin center with the development of smaller, new faults during this phase of basin evolution.
Pliocene-Pleistocene Post-rift Subsidence
During this period, subsidence became dominant. The extension ranges from −0.21% to 0.99%. There are no new significant normal faults. Some faults were reactivated small fault throws (Figure 4). Generally, the Plio-Pleistocene lacustrine shales thicken toward basin center and thin toward basin margins. Their seismic reflectors onlap onto the T3 unconformity.
Holocene Deformation
This is the period of continued subsidence and the deposition of fluvial and alluvial sediments. The Wichianburi Sub-basin became dominantly subsidence with some interruptions of shortening by inversion or intrusion. A broad gentle symmetrical anticline observed in Line A (Figure 4) is referred to forced folds by intrusions (Pongwapee et al., 2019b). This positive structure is discussed in the next section.
DISCUSSION
Evolution of Intra-rift Faults
According to 2D sequential restorations, extension was commonly concentrated initially onto the intra-rift faults that were located in the center of the basin and remained focused in the rift center until the end of extension. These faults are hard-linked with the basement structure and thus strongly controlled by the pre-Cenozoic structure. Structural map of the top basement based on 3D seismic interpretation (Pongwapee et al., 2019a) illustrates a long, up to 40 km NNW-SSE-trending, west-dipping fault, which in this study infers as the main rift fault. Its orientation is parallel to the western basin-bounding fault interpreted by Remus et al. (1993) and the sub-vertical Permian limestone ridge approximately 10 km west of Line A (Figure 1). Another major west-dipping fault to the east of the restored sections is likely to be part of the eastern basin-bounding faults. Both faults were not active after the Pliocene extension. Their changing in strike from NNE-SSW to NNW-SSE may indicate fault linkage between the intra-rift and basin-bounding faults during rifting. Results from oblique rift models have shown that the orientation of the intra-rift faults can be used to infer extension direction (e.g., McClay and White, 1995; Corti, 2012). Maximum strains occurred along the intr-rift faults that were aligned perpendicularly to the extension direction. Continued extension on the intra-rift faults controlled the geometries of elongate depocenters in the center of the models. Therefore, the ∼E-W extension is preferred for the Late Oligocene-Early Miocene rifting in the Wichianburi Sub-basin where both sides of the basin margins are oblique to the extension direction and the maximum depocenter occurred along the west-dipping intra-rift faults.
Post-rift Deformation
The Wichianburi Sub-basin has undergone extension since the Late Oligocene. After the rift climax phase in the Middle Miocene, the basin subsided with shortening interruptions as indicated by negative extension values. Pongwapee et al., (2019b) have documented the distribution and timing of intrusions and forced folds in the sub-basin based on 3D seismic data. They suggested that the greatest amount of intrusive activity occurred between 16 and 11 Ma (Middle Miocene). Younger intrusions are dated less than 5 Ma (Barr and Cooper, 2013). Forced folds within the post-rift strata can develop in response to sill and laccolith intrusions (e.g., Hansen and Cartwright, 2006; Magee et al., 2017). Unfortunately, intrusive features were not clearly seen on seismic data we used in this study. We assume that forced folds reduce extension values. Therefore, negative extension values indicate that the amount of shortening exceeds the amount of extension. The broad anticlinal structure found in the northern section (Line A) is likely to form during the deposition of the Chaliang Lab Formation and the younger sediments due to multiple intrusion events. Structural styles related to strike-slip systems, major fold, and thrust are not presented in the studied sections within the basin center.
CONCLUSION
Four original hardcopy printouts of regional 2D seismic data across the Wichianburi Sub-basin were interpreted and structurally analyzed in order to calculate extension of each rifting phase. The Wichianburi Sub-basin is dominated by the NNW-SSE to NNE-SSW trending normal faults as a result of multistage rifting since the Late Oligocene. Half-graben and full-graben basin geometries can be observed from 2D regional seismic sections. The extensions of the Wichianburi Sub-basin decrease from 12.30% during the main rift phase (Late Oligocene to Early Miocene) to 2.53% during the second phase of rifting. Rifting only focused in the basin center with the development of NNW-SSE to N-S trending intra-rift faults, which indicate an E-W extension direction. Since the Middle Miocene, the Wichianburi Sub-basin has developed under tectonic phase of post-rift subsidence with interruption by intrusive activities.
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The Schwaner Mountains in southwestern Borneo form a large igneous province with a complex magmatic history and poorly known tectonic history. Previously it was known that Cretaceous granitoids intruded metamorphic rocks of the Pinoh Metamorphic Group assumed to be of Paleozoic age. Jurassic granitoids had been reported from the southern Schwaner Mountains. Most ages were based on K-Ar dating. We present new geochemistry, zircon U-Pb and 40Ar/39Ar age data from igneous and metamorphic rocks from the Schwaner Mountains to investigate their tectono-magmatic histories. We subdivide the Schwaner Mountains into three different zones which record rifting, subduction-related and post-collisional magmatism. The Northwest Schwaner Zone (NWSZ) is part of the West Borneo Block which in the Triassic was within the Sundaland margin. It records Triassic to Jurassic magmatism during early Paleo-Pacific subduction. In contrast, the North Schwaner Zone (NSZ) and South Schwaner Zone (SSZ) are part of the SW Borneo (Banda) Block that separated from NW Australia in the Jurassic. Jurassic granitoids in the SSZ are within-plate (A-type) granites interpreted to have formed during rifting. The SW Borneo (Banda) Block collided with eastern Sundaland at c. 135 Ma. Following this, large I-type granitoid plutons and arc volcanics formed in the NWSZ and NSZ between c. 90 and 132 Ma, associated with Cretaceous Paleo-Pacific subduction. The largest intrusion is the c. 110 to 120 Ma Sepauk Tonalite. After collision of the East Java-West Sulawesi (Argo) Block, subduction ceased and post-collisional magmatism produced the c. 78 to 85 Ma Sukadana Granite and the A-type 72 Ma Sangiyang Granite in the SSZ. Rocks of the Pinoh Metamorphic Group mainly exposed in the NSZ, previously assumed to represent Paleozoic basement, contain abundant Early Cretaceous (110 to 135 Ma) zircons. They are interpreted as volcaniclastic sediments that formed contemporaneously with subduction-related volcanic rocks of the NSZ subsequently metamorphosed during intrusion of Cretaceous granitoids. There are no igneous rocks older than Cretaceous in the NSZ and older than Jurassic in the SSZ and there is no evidence for a continuation of a Triassic volcanic arc crossing Borneo from Sundaland to the east.
Keywords: zircon U-Pb geochronology, SHRIMP, LA-ICP-MS, Pinoh Metamorphic Group, Schwaner Mountains, Borneo, 40Ar/39Ar geochronology
INTRODUCTION
SE Asia is known to have been formed from continental fragments of Australian Gondwana origin from the Late Palaeozoic onwards to form the Sundaland continent. From the Triassic until early in the Late Cretaceous the eastern edge of Asia and Sundaland, at the western edge of the Paleo-Pacific, was a broadly north-south-trending subduction margin marked by abundant igneous rocks recording magmatic activity along an Andean-type continental margin. The margin (Figure 1A) can be traced from South China through Indochina into Borneo (e.g., Taylor and Hayes, 1983; Williams et al., 1988; Metcalfe, 2006; Metcalfe, 2017; Hall, 2012; Shellnutt et al., 2013; Hennig et al., 2017). Igneous and metamorphic rocks are exposed in the Schwaner Mountains of Indonesian Borneo (Kalimantan) and were for many years considered to be an ancient continental core of the island (e.g., van Bemmelen, 1949; Haile, 1974; Metcalfe, 1994) intruded by Cretaceous subduction-related granitoids. However, new mapping, sampling and dating (e.g., Setiawan et al., 2013; Davies et al., 2014; Breitfeld et al., 2017; Hennig et al., 2017) and new reconstructions (Hall et al., 2009; Metcalfe, 2009) have cast doubt on previously accepted ideas.
[image: Figure 1]FIGURE 1 | (A) Cretaceous Paleo-Pacific subduction zone and spatial distribution of Cretaceous igneous rocks. Main belt with Lower to Upper Cretaceous granitoids extends from SE China and Taiwan in the north into SW Borneo in the south. A second smaller with predominantly Upper Cretaceous granites is located in central Borneo and extends to Natuna Island and the offshore South China Sea region. Locations marked in dark blue and with * are samples of this study. Literature data assembled from Haile (1970), Haile and Bignell (1971), Priem et al. (1975), Hamilton (1979), Hutchison (1989), Bladon et al. (1989), Areshev et al. (1992), Wu and Yang (1994), Rustandi et al. (1995), Nguyen et al. (2004), Searle et al. (2012), Hartono (2012), Shellnutt et al. (2013), Hennig et al. (2017), and Li et al. (2018). (B) Tectonic zones of western Borneo and location of the Schwaner Mountains (modified after Haile, 1974; Hennig et al., 2017). The West Borneo Basement correlates roughly to the SW Borneo Block of Hall (2017) and Hennig et al. (2017). The old West Borneo Basement term (Haile, 1974) should be replaced in the future by the term SW Borneo to avoid confusion.
Despite their name, the Schwaner Mountains form a relatively low area (Figure 2A), with elevations mainly between 100 and 500 m, although there are a few high peaks of 1000 to 2000 m. The mountains cover an area almost 600 km wide, from close to the western coast of Borneo to the interior of the island further east, and more than 200 km from south to north (Figures 2A,B). Large parts of the Schwaner Mountains are mapped only at a reconnaissance level and access via rivers and logging roads remains difficult, especially to the eastern parts of the region. We have carried out fieldwork and new sampling in the Schwaner Mountains, which, together with previous studies in NW Kalimantan and West Sarawak, provide the basis for new interpretations of the development of the southern part of the Paleo-Pacific margin. Here we present new U-Pb zircon geochronology, 40Ar/39Ar mica geochronology, whole-rock geochemistry, and garnet chemistry from these areas which elucidate the igneous history and tectonic evolution of this region. The evidence shows there was igneous activity within the Sundaland and Australian margins before the collision of SW Borneo with Sundaland, followed by subduction-related magmatism in the Schwaner Mountains, and further magmatism that occurred after subduction ceased.
[image: Figure 2]FIGURE 2 | (A) SRTM image showing location of the Schwaner Mountains. (B) Cretaceous granitoids and basement map of southern Borneo. NW Schwaner Zone (NWSZ) is part of the West Borneo province and has a Triassic and Jurassic basement intruded by Cretaceous granites. The North Schwaner Zone (NSZ) is dominated by the subduction-related Sepauk Tonalite. The South Schwaner Zone (SSZ) includes the Jurassic within-plate Belaban Granite and the post-subduction Cretaceous Sukadana Granite. The Upper Cretaceous Northern Granitoids belt follows the Lupar Line fault system. Southern boundary of West Borneo either is represented by the NWSZ or by an unidentified ENE-WSW striking line crossing the western part of the SSZ (modified from Hennig et al., 2017).
REGIONAL BACKGROUND
Haile (1974) named the southern part of western Borneo, which included the Schwaner Mountains, the West Borneo Basement and this is bounded to the north by the Kuching Zone of NW Kalimantan and West Sarawak (Figure 1B). Granitoids in the Schwaner Mountains and associated volcanic rocks were known to range in age from Late Jurassic to Late Cretaceous based mainly on K-Ar geochronology (Haile et al., 1977; Williams et al., 1988; Bladon et al., 1989). The Cretaceous igneous rocks in the northern Schwaner Mountains intruded metamorphic rocks of the Pinoh Metamorphic Group (PMG) which were generally interpreted as Palaeozoic basement (e.g., van Bemmelen, 1949; Haile, 1974). Metcalfe (1986) and Metcalfe (1990) introduced the term SW Borneo Block for this region and parts of the Kuching Zone, suggesting this was a pre-Mesozoic continental terrane or terranes, possibly of South China/Indochina origin (Metcalfe, 1996), added during the Mesozoic to a Sundaland continental core. Recent studies show that the Sundaland core can be identified in NW Kalimantan and West Sarawak where Triassic meta-granitoids in the NW Schwaner Mountains (Setiawan et al., 2013; Hennig et al., 2017) are interpreted to be part of the pre-Jurassic Sundaland margin and imply a West Borneo–SW Borneo suture in West Sarawak and NW Kalimantan. U-Pb dating has revealed abundant zircons with Early Cretaceous ages (Davies et al., 2014) in all the metamorphic rocks of the PMG casting doubt on the suggestion that the igneous and metamorphic rocks in the Schwaner Mountains were an ancient Borneo basement, whether a continental core or a pre-Mesozoic continental terrane.
Our interpretation (Breitfeld et al., 2017; Hall, 2017; Hennig et al., 2017) is that from the Late Triassic the Asian continent was broadly in its present position (Figure 3A) with Sundaland at its southern end. West Borneo (Figure 2) was the most southeastern part of Triassic Sundaland and includes the Northwest Schwaner Zone (NWSZ). Further east and south, the Schwaner Mountains are divided into two parts: the North Schwaner Zone (NSZ) and the South Schwaner Zone (SSZ) of the SW Borneo Block. The metamorphic rocks of the PMG are found mainly in the northeast part of the NSZ. Other metamorphic rocks are found near the southern margin of the SSZ.
[image: Figure 3]FIGURE 3 | Paleogeography maps (modified from Hall, 2012; Hennig et al., 2016; Hennig et al., 2017), showing (A) beginning of separation of the Banda (SW Borneo, SWB) and Argo blocks from NW Australia. Rifting began in the Triassic or Early Jurassic and the blocks finally separated in the Middle to Late Jurassic. The Paleo-Pacific subduction margin followed the eastern side of Sundaland and South China, and (B) accretion of SW Borneo to Sundaland before c. 135 Ma and continuation of subduction-related magmatism associated with the Paleo-Pacific in West Borneo and initiation of magmatism in SW Borneo that formed the Menunuk Volcanics, Sepauk Tonalite, and Pinoh Metamorphic Group between c. 130 to 110 Ma. Subduction ceased later with the collision of the Argo Block with SW Borneo around 90 Ma. NWS (Northwest Sulawesi-East Sabah) is the Inner Banda Block (IB). ExP—Exmouth Plateau, ScP—Scott Plateau. Forearc basin fill by the Pedawan and Selangkai Formations.
From the Triassic onwards there was west-directed subduction beneath an Andean-type margin from South China to eastern Sundaland. Triassic arc-related sedimentary or volcanic rocks can be found in West Sarawak (e.g., Serian Volcanics, Sadong Formation, Jagoi Granodiorite), in NW Kalimantan (e.g., Balaisebut Group), and there are Triassic metamorphic and igneous rocks in the Embuoi Complex (Wilford and Kho, 1965; Williams et al., 1988; Rusmana et al., 1993; Supriatna et al., 1993). SW Borneo is interpreted as a block derived from the Gondwana margin of NW Australia (Hall et al., 2009; Metcalfe, 2009; Hall, 2012) which accreted to Sundaland in the Early Cretaceous. Hennig et al. (2017) suggested a suture between West Borneo and SW Borneo (Figure 3B) which can be traced through the NW Schwaner Mountains into West Sarawak based on the occurrence of Triassic basement rocks and Triassic sedimentary units in the West Borneo province. East of the suture, the Schwaner Mountains includes a substantial part of the SW Borneo Block and north of the SW Borneo Block is the Kuching Zone of Haile (1974) (Figure 1B). Within the Kuching Zone are remnants of the Cretaceous forearc basin of the Paleo-Pacific margin which include the turbiditic Pedawan and Selangkai Formations; and Jurassic to Cretaceous accretionary complexes (e.g., Sebangan and Sejingkat Formations, Lubok Antu Melange, Boyan Melange) described by a number of authors (e.g., Tan, 1979; Williams et al., 1988; Pieters et al., 1993a; Hutchison, 2005; Breitfeld et al., 2017). These are overlain by terrestrial to marginal marine sediments of Late Cretaceous to Eocene age of the Kuching Supergroup (Heryanto and Jones, 1996; Hutchison, 2005; Breitfeld et al., 2018; Breitfeld and Hall, 2018) which postdate the docking of SW Borneo with Sundaland.
The Cretaceous igneous belt can be traced from SW Borneo along the western side of the South China Sea into Indochina and further north into SE China (e.g., Taylor and Hayes, 1983; Williams et al., 1988; Hutchison, 1996; Li, 2000; Zhou et al., 2008; Metcalfe, 2013; Shellnutt et al., 2013; Xu et al., 2016; Figure 1A), although this connection is uncertain since there is a gap between Vietnam and Borneo in the area of the submerged Sunda Shelf where thick Cenozoic sediments cover older basement rocks. Granitoids in SE Vietnam show U-Pb zircon crystallisation ages of 87 to 118 Ma (Nguyen et al., 2004; Shellnutt et al., 2013) and K-Ar age data from offshore SE Vietnam basement (Nam Con Son Basin, Cuu Long Basin) ranges from 97 to 178 Ma (Hutchison, 1989; Areshev et al., 1992; Wu and Yang, 1994). Cretaceous granitoids with K-Ar ages of c. 116 to 80 Ma have been dated from offshore wells east of the Thai-Malay Peninsula (Hutchison, 1989). Granitoids in the Anambas, Karimata, Tambelan (Benua) and Natuna Islands have K-Ar ages of 74 to 78 Ma (Priem et al., 1975), c. 84 Ma (Haile, 1970; Haile and Bignell, 1971) and c. 85 Ma (Hamilton, 1979). Offshore Natuna granitoids have K-Ar ages of 79–80 Ma (Wu and Yang, 1994; Li et al., 2018). Those all support the interpretation of a continuous igneous belt. There are also Cretaceous granitoids in Tioman Island, east of the Malay Peninsula, and Singapore with U-Pb zircon ages of c. 80 and 95 Ma (Searle et al., 2012). These could also be part of a granite belt between Vietnam and Borneo, but their position and restricted age range suggested they are more likely a western granite belt traceable between Singapore and Thailand related to east-directed Neo-Tethyan subduction below Sundaland (Searle et al., 2012).
In southern Borneo granitoids are the dominant lithology of the Schwaner Mountains, accompanied by other less abundant intrusive rocks, associated with metamorphic and volcanic rocks. We use the term Schwaner batholith for the whole area of granitoid rocks and refer to different bodies mapped separately as plutons. The stratigraphy and ages of igneous and metamorphic rocks of western Borneo are summarised in the following section. Figure 4 shows the principal subdivisions of the region used in this study, based on Davies et al. (2014) and Hennig et al. (2017), although the precise boundaries between them are uncertain reflecting the size of the region, nature of terrain and quality of exposure.
[image: Figure 4]FIGURE 4 | Geological map of the Schwaner Mountains with sample locations, modified after Borneo maps of Pieters and Supriatna (1990) and Tate (2001). Underlined samples are dated with zircon U-Pb geochronology. Italic labelled samples are literature data (Ketapang area: De Keyser and Rustandi, 1993; NWSZ: Hennig et al., 2017). Dashed lines indicate approximate boundaries of the NWSZ, NSZ and SSZ. The extent of plutons is inferred from geological maps. The distribution of the Sepauk Tonalite is possibly overestimated in the SSZ.
IGNEOUS AND METAMORPHIC ROCKS OF SW BORNEO
Below we summarise the principal features, including dating, of the igneous rocks of SW Borneo based on work carried out before this study.
Granitoids of the North Schwaner Zone: Sepauk Tonalite
The Sepauk Tonalite is the largest pluton in the Schwaner batholith and occupies the major part of the NWSZ, NSZ and possibly some parts of the SSZ (Figures 2B, 4). K-Ar ages range from 103 to 123 Ma (Haile et al., 1977; Williams et al., 1988; Bladon et al., 1989; Amiruddin and Trail, 1993; Table 1). Dominant rock types are tonalite and granodiorite with minor syenogranite, monzogranite, diorite, gabbro and monzonite with an I-type signature and a subduction-related origin (Williams et al., 1988; Pieters and Sanyoto, 1993). Williams et al. (1988) suggested, based on composition and age, that at least two different plutons are present in the northern Schwaner Mountains and a second body, the Laur Granite, was later mapped by Pieters and Sanyoto (1993) and Amiruddin and Trail (1993) in the NWSZ, but no new mapping in the NSZ has been conducted and the extent of the Laur Granite in the NSZ or occurrence of other granitoid bodies remain uncertain.
TABLE 1 | Literature age data of Jurassic to Cretaceous rocks of the Schwaner Mountains and western Borneo. Phases marked with * are here reinterpreted based on their ages compared to their original interpretation.
[image: Table 1]Granitoids of the Northwest Schwaner Zone: West Borneo
The NWSZ (Figures 2B, 4) as part of the early Mesozoic Sundaland is characterised by the occurrence of Triassic and Jurassic metagranitoids (Setiawan et al., 2013; Hennig et al., 2017) and extensive areas of Cretaceous igneous rocks that intrude them, mapped as the Sepauk Tonalite, the Laur Granite, and possibly the Sukadana Granite (Pieters and Sanyoto, 1993). As in the NSZ, the Sepauk Tonalite is the largest body in the NWSZ. K-Ar ages for the Sepauk Tonalite in the NWSZ range from c. 107 to 128 Ma (Haile et al., 1977; Bladon et al., 1989; Table 1).
The Laur Granite was reported to be an equivalent of the Sepauk Tonalite (Supriatna et al., 1993). The main rock type is monzogranite accompanied by syenogranite, granodiorite, tonalite, quartz diorite and diorite (Pieters and Sanyoto, 1993; Supriatna et al., 1993). As parts of the Laur Granite suite are petrographically similar to rocks of the Sepauk Tonalite and Sukadana Granite of the SSZ (De Keyser and Rustandi, 1993) it remains difficult to clearly identify it in the field. No detailed geochemical study has been carried out on the Laur Granite and its spatial extent is unknown. There are also no age data available, but a granitoid dated by the K-Ar method with an age of 103 ± 1 Ma from the Ketapang area of the SSZ (De Keyser and Rustandi, 1993; Table 1) is suspected to represent the Laur Granite (Supriatna et al., 1993). Within the NWSZ, Haile et al. (1977) and Bladon et al. (1989) reported K-Ar ages from granitoids that range from c. 91 to 103 Ma (Table 1) which might also represent the Laur Granite. It was interpreted as a subduction-related intrusion and possibly a partly contemporaneous and co-genetic equivalent of the Sepauk Tonalite (Amiruddin and Trail, 1993; Pieters and Sanyoto, 1993).
In the southern part of the NWSZ Haile et al. (1977), Williams et al. (1988), Bladon et al. (1989) also reported granitoids with K-Ar ages of 77–87 Ma which might represent the Sukadana Granite of the SSZ (Table 1). U-Pb zircon ages presented by Hennig et al. (2017) confirm separate magmatic phases at 118 ± 1.1 Ma, 101.5 ± 0.6 Ma, and 81.1 ± 1.1 Ma in the NWSZ.
The Biwa Gabbro (Figure 4) of Pieters and Sanyoto (1993) intrudes the Sepauk Tonalite in the NWSZ and is dated by the K-Ar method from hornblende as 88 ± 3.6 Ma (Bladon et al., 1989; Table 1).
Granitoids of the South Schwaner Zone: Belaban Granite, Sukadana Granite, Sangiyang Granite
Haile et al. (1977) and Bladon et al. (1989) reported an age of c. 157 Ma for an S-type monzodiorite-monzonite, since named the Belaban Granite (Figure 4; Table 1), found so far only in one outcrop at Bukit Belabantujuh (De Keyser and Rustandi, 1993).
The SSZ is dominated by the Sukadana Granite (Figure 4) which forms a large pluton dominated by potassic granites also named the Ketapang batholith (Williams et al., 1988; De Keyser and Rustandi, 1993; Hartono, 2012). There is a wide range of compositions from alkali to syenogranite with rare diorite and gabbro. U-Pb zircon ages reported by De Keyser and Rustandi (1993) and van Hattum et al. (2013) range from c. 80 to 85 Ma (Table 1). K-Ar and Rb-Sr geochronology yielded similar ages with a slightly wider range for K-Ar ages (Haile et al., 1977; Bladon et al., 1989; De Keyser and Rustandi, 1993; Table 1). The Sukadana Granite was interpreted as a post-collisional intrusion based on geochemistry (De Keyser and Rustandi, 1993).
The Sangiyang Granite (Figure 4) forms a fine-grained small alkali granite pluton that intrudes the Sukadana Granite at Bukit Sangiyang and has been mapped more widely in the SSZ based on remote sensing (De Keyser and Rustandi, 1993). No age or chemical data are available, but a Late Cretaceous age was assumed based on the intrusive contact with the Sukadana Granite (De Keyser and Rustandi, 1993).
A number of isolated small plutons in the southern SSZ were mapped as Mandahan Granite (Hermanto et al., 1994). No age or geochemical data are available, but it was interpreted to be Late Cretaceous (Hermanto et al., 1994) and could be an equivalent of the Sangiyang Granite.
Granitoids Northwest of the Schwaner Mountains: Singakawang Batholith
Northwest of the Schwaner Mountains (Figure 2B) is the Mensibau Granodiorite (Suwarna et al., 1993) also known as Singakawang batholith (Amiruddin, 1989; Hartono, 2012). Based on geochemistry it was interpreted as an I-type subduction-related granitoid that may be a continuation of the Sepauk Tonalite (Suwarna et al., 1993). Most K-Ar ages range from 116 to 129 Ma, but there are also some ages of 93–100 Ma (JICA, 1982; Supriatna et al., 1993; Suwarna et al., 1993; Table 1) suggesting at least two different magmatic episodes. The Setinjam Gabbro (Suwarna et al., 1993) intrudes the Mensibau Granodiorite and is interpreted as a possible equivalent of the Biwa Gabbro of the NWSZ.
Upper Cretaceous Northern Granitoids
Upper Cretaceous granites are present as small isolated plutons in a belt north of the Schwaner Mountains from West Sarawak, in the Kuching Zone and close to the Lupar Line, to central Kalimantan (Figure 2B). They include the Pueh, Gading and Tinteng Bedil granites of West Sarawak, and the Pesinduk Granodiorite, the Era and Topai granites of central Kalimantan (Figure 2B). This belt has been named the Northern Belt of granite plutons (Williams et al., 1988) and the Sambas-Mangkaliat Isolated Granite Belt (Hartono, 2012). The plutons include granites, granodiorites, tonalites and diorites usually with I- and S-type signatures and volcanic arc granite (VAG) to within plate granite (WPG) character (Hennig et al., 2017). Kirk (1968) interpreted a post-collision emplacement. Hartono (2012) included the Nyaan Merah, Kelai, and Sangkulirang granites in this belt, but there are no age or geochemical data from them. Hennig et al. (2017) reported U-Pb zircon ages of 78.6 ± 3 to 79.7 ± 1 Ma for the Pueh and Gading plutons. K-Ar ages of Kirk (1968), Bladon et al. (1989) and Pieters et al. (1993c) for the other granitoids are similar and indicate intrusion after c. 90–85 Ma. Table 1 summarises the age data for the Upper Cretaceous post-collision plutons.
Two relatively small granitoid plutons in this belt include the Menyukung and Alan Granite (Figure 2B) which are slightly older than the Sepauk Tonalite and significantly older than other plutons in the northern belt; K-Ar ages range from 123 ± 1 to 131 ± 1.6 Ma (Pieters et al., 1993a, Pieters et al., 1993b; Table 1). Hartono (2012) grouped them with post-subduction granitoids of this belt.
Volcanic Rocks
Volcanic rocks occur throughout the Schwaner Mountains and were assigned mainly to the Menunuk and Kerabai Volcanics (Figure 4). Northwest of the Schwaner Mountains the Raya Volcanics form the extrusive equivalent of the Mensibau Granodiorite. Age data from the rocks is very limited and the volcanics are only tentatively assigned to these units.
Menunuk Volcanics (?Early Cretaceous)—North Schwaner Zone
The Menunuk Volcanics comprise felsic lithic tuff, volcaniclastic siltstone and mudstone, quartzite and turbiditic volcaniclastics and are exposed in the northern part of the Schwaner Mountains (Amiruddin and Trail, 1993) (Figure 4). They were interpreted as the downfaulted volcanic cover of the Sepauk Tonalite with a possible Early Cretaceous age (Amiruddin and Trail, 1993). Bladon et al. (1989) reported a whole-rock K-Ar age of 81.5 ± 2.8 Ma from an altered sample (Table 1), interpreted as age of metamorphism.
Kerabai Volcanics (Latest Cretaceous)—South Schwaner Zone
The Kerabai Volcanics (Figure 4) consist predominantly of mafic volcanics and pyroclastics with some rhyolites and are exposed in the western and central part of the Schwaner Mountains (Amiruddin and Trail, 1993; De Keyser and Rustandi, 1993; Pieters and Sanyoto, 1993). They were interpreted as co-magmatic volcanic equivalents of the Sukadana Granite based on geochemistry and stratigraphy (De Keyser and Rustandi, 1993). K-Ar dating (whole rock, hornblende, pyroxene) of dykes yielded latest Cretaceous ages (c. 66 to 75 Ma, Table 1), and they were interpreted as part of the Kerabai Volcanics (De Keyser and Rustandi, 1993; Pieters and Sanyoto, 1993).
Bunga Basalt (Latest Cretaceous)—South Schwaner Zone
The Bunga Basalt is a mafic volcanic unit at Bunga Hill in the SSZ that lies above the Kerabai Volcanics, Sukadana Granite and the Sangiyang Granite (De Keyser and Rustandi, 1993) (Figure 4). No age data are available but De Keyser and Rustandi (1993) suggested it is partly contemporaneous with the Sangiyang Granite based on stratigraphic relations.
Raya Volcanics (Early Cretaceous)—Northwest of the Schwaner Mountains
The Raya Volcanics outcrop NW of the Schwaner Mountains in the area of the Mensibau Granodiorite (Figure 2B) where they are interpreted to form its volcanic cover (Suwarna et al., 1993) and the contemporaneous volcanic equivalent of the Sepauk Tonalite and Laur Granite (Supriatna et al., 1993). They include predominantly basic volcanics with some intercalated sandstones, conglomerates and mudstones (Suwarna et al., 1993). There is a single K-Ar hornblende age of 106 ± 1 Ma from a dacite (Suwarna et al., 1993, Table 1).
Metamorphic Rocks
Pinoh Metamorphic Group
The PMG (Figure 4) consists of thermally and regionally metamorphosed muscovite-quartz schists, quartzites, phyllites, slates, calc-silicates, gneisses and meta-tuffs that are found predominantly in the NSZ, but also within the NWSZ and SSZ (Amiruddin and Trail, 1993; De Keyser and Rustandi, 1993; Pieters and Sanyoto, 1993). The metamorphic rocks were originally interpreted as Permo-Carboniferous basement of SW Borneo (e.g., van Bemmelen, 1949) and Paleozoic to Triassic (e.g., Amiruddin and Trail, 1993), although they were undated. A single whole rock K-Ar age of 189 ± 2 Ma from a biotite hornfels by Mouret was reported in Bladon et al. (1989). The sample was poorly located and although identified as PMG, it appears to be from an area mapped as Cretaceous Sepauk Tonalite. More recent U-Pb ages from zircons (Davies et al., 2014) from the PMG indicate an Early Cretaceous age similar to the granitoids and associated volcanic rocks as discussed below.
Ketapang Complex
The Ketapang Complex (Figure 4) comprises thermally metamorphosed and hydrothermally altered pelitic and psammitic rocks including siltstones, sandstones, shales, calc-silicate rocks, slates, and tuffaceous lithic arenites in the western part of the SSZ (De Keyser and Rustandi, 1993). Van Bemmelen (1939) and van Emmichoven (1939) considered that the Ketapang Complex included rocks of possible Permo-Carboniferous, Late Triassic and Cenozoic age, without providing evidence. Limited palynology analyses (Haile, 1973; De Keyser and Rustandi, 1993) yielded Albian to Cenomanian ages and one sample was rich in possible Jurassic sponges.
Matan Complex
Like the Ketapang Complex, the Matan Complex (Figure 4) in the southeastern part of the SSZ was also assumed to include Permo-Carboniferous, and Late Triassic to Cenozoic rocks (van Bemmelen, 1939; van Emmichoven, 1939). These are predominantly volcanic and meta-volcanic, and De Keyser and Rustandi (1993) suggested the term Matan Complex should be abandoned and assigned the rocks to the mainly Cretaceous Kerabai Volcanics. The Matan Complex is also referred to as Kuayan Formation (Hermanto et al., 1994).
METHODOLOGY
Sampling
Rocks were collected from the northern part of the Schwaner Mountains south of Nanga Pinoh, from the southwest near Ketapang, and from the eastern part near Tumbangsamba and Tewah (Figure 4). Samples include Schwaner granitoids, PMG rocks, volcanics and meta-volcanics, and modern river sands. Sample locations are shown in Figure 4. Additional granitoid samples from the area near Ketapang were provided by Rio Tinto (samples labelled RT). Samples RT.C and RT.D were dated in van Hattum et al. (2013).
Zircon Geochronology (SHRIMP and LA-ICP-MS)
Zircons were separated from crushed rock samples and friable river sands using standard heavy liquids (sodium polytungstate, lithium heteropolytungstate, di-iodomethane) and a FRANTZ magnetic barrier separator. The analysed zircon fraction was 63–250 μm. Zircons from igneous and metamorphic rocks were dated with sensitive high-resolution ion microprobe (SHRIMP II) at the Research School of Earth Sciences, The Australian National University, Canberra, Australia. The zircons were mounted in resin with the TEMORA 2 zircon standard (416.8 ± 1.0 Ma: Black et al., 2004) and polished to expose mid-sections of each grain. Photomicrographs were taken in reflected and transmitted light to detect cracks and inclusions and cathodoluminescence (CL) imaging was carried out on a JEOL JSM 6610 A scanning electron microscope to detect internal features of the zircons (i.e., growth zonations, core-rim sites). The beam size varied from 10 to 20 μm for rim and core analyses respectively. The TEMORA 2 U-Pb standard and SL13 uranium concentration (U = 238 ppm) standard were used for calibration. Analyses followed the procedure of Williams (1997). Analytical data for SHRIMP geochronology is listed in Supplementary Table S1.
Zircons from other igneous rocks and modern river sands were dated by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the Birkbeck College, University of London (UCL) using a New Wave NWR 213 nm and 193 nm laser ablation system coupled to an Agilent 7500 and Agilent 7700 quadrupole-based plasma mass spectrometer (ICP–MS). Zircons were mounted in epoxy resin and polished to expose mid-grain sections. Analysis spots for each grain were selected using transmitted light and cathodoluminescence scanning electron microscope (CL-SEM) imagery to avoid cracks and inclusions. The Plešovice zircon standard (337.13 ± 0.37 Ma; Sláma et al., 2008) and a NIST 612 silicate glass bead (Pearce et al., 1997) were used to correct for instrumental mass bias and depth-dependent inter-element fractionation of Pb, Th and U. Real-time data were processed using the GLITTER data reduction software (Griffin et al., 2008). A laser spot size of 35 μm for the NWR 213 nm and 25 μm for the NWR 193 nm was used. The data were corrected using the common lead correction method by Andersen (2002), which is used as a204Pb common lead-independent procedure. Ages were calculated using the 238U/206Pb ratios for samples dated as younger than 1000 Ma and the 207Pb/206Pb ratios were used for grains older than 1000 Ma (Nemchin and Cawood, 2005). Ages greater than 1000 Ma were considered to be concordant if the difference between the 207Pb/206Pb and 206Pb/238U age is 15% or less and ages smaller 1000 Ma were considered to be concordant if the 207Pb/235U—206Pb/238U age is 15% or less. The 15% concordance range was chosen to better compare results from the older Agilent 7500 system with the newer 7700, and with the SHRIMP data. Analytical data for LA-ICP-MS geochronology is listed in Supplementary Table S2 for igneous and metamorphic rocks, and Supplementary Table S3 for modern river sands.
Isoplot 4.15 (Ludwig, 2008) was used for graphical illustration of Tera-Wasserburg concordia diagrams (Tera and Wasserburg, 1972), conventional concordia plots (Wetherill, 1956), and probability density plots. Tera-Wasserburg plots were used to identify individual peaks or visually assess outliers (e.g., lead loss, inheritance or common lead) within the population which were excluded from the weighted mean age calculation. In some metamorphic samples several subpeaks were identified and the unmix function of Sambridge and Compston (1994) was used to calculate a mean age for these populations. Additional zircon age histograms and probability density plots were calculated using an R script written by I. Sevastjanova based on the approach of Sircombe (2004).
40Ar/39Ar Geochronology
PMG sample LD10-084 (garnet-sillimanite schist) was crushed to gravel sized chips using the jaw crusher at Royal Holloway University of London. It was washed and sieved into 420–600 μm and 250–420 μm grain fractions. Biotite and white mica flakes were concentrated using flotation techniques and separated using a FRANTZ magnetic separator. Samples were finally hand-picked in order to ensure purity of >99%. Two biotite fractions (L2—250–420 μm & L3—420–600 μm) and one white mica fraction (L1—420–600 μm) were selected for analysis. The mica separates were analysed using the furnace step-heating technique in the Argon Laboratory at the Research School of Earth Science, The Australian National University, Canberra, Australia. Separates were irradiated in canister ANU#13 at the USGS Nuclear Reactor in Denver (USA) with the GA1550 biotite standard (98.5 ± 0.8 Ma; Spell and McDougall, 2003). Flux monitor standard GA1550 was analysed with the fusion technique with the LED continuous wave laser, and samples and standards were analysed in the VG1200 mass spectrometer with 100% gas release of 39Ar. Separates were analysed with 18–21 steps and with temperatures rising from 450°C to 1450°C (Lovera et al., 1989).
The reported data have been corrected for system backgrounds, mass discrimination, fluence gradients and atmospheric contamination. Errors associated with the age determinations are one sigma uncertainties and exclude errors in the age of the standard GA1550. Decay constants are those of Steiger and Jager (1977). The 40Ar/39Ar dating technique is described in detail by McDougall and Harrison (1999) and Forster and Lister (2009). Data reduction was done with a new adapted version of Noble Software. The data reduction was based on optimising MSWD on isotope intensities with an exponential best fit methodology. Data interpretation was carried out using the eArgon software using the approach by Forster and Lister (2004) and Beltrando et al. (2009). Data tables are presented in Supplementary Table S4, and a detailed methodology description is given in the Supplementary Material.
Geochemistry
Whole rock geochemical analyses were obtained for 16 igneous and 17 metamorphic samples at Royal Holloway University of London. Major element analyses were acquired by inductively coupled plasma atomic emission spectroscopy (ICP-AES) on a Perkin Elmer Optima 3300RL instrument with an Echelle spectrometer and a segmented-array charge-coupled-device detector. Sample powders were prepared with Li-metaborate flux for the fusion procedure. Data were averaged from 5 analyses and calibrated using international reference materials and a Gallium internal standard (Supplementary Table S5). Precision on triplicates was better than ±0.07%, and RSD was better than 5%. X-ray fluorescence (XRF) was used for trace element analyses. Sample powders were set in a PVP-MC binding solution and pressed into pellets. Analyses were performed using a PANalytical Axios sequential X-ray fluorescence spectrometer with 4 kW Rh-anode X-ray tube. Analyses were run four times to check for reproducibility. 30 to 40 international rock standards were used for calibration. Calibration graphs and comparisons between XRF and isotope dilution data for several elements are publicly available at https://www.royalholloway.ac.uk/research-and-teaching/departments-and-schools/earth-sciences/research/research-laboratories/x-ray-fluorescence-laboratory/. The quality of the straight line fit of these graphs is the best indicator of accuracy over a wide range of concentrations. Where there is more scatter, this can reflect poor precision of the XRF analyses relative to the calibrated concentration range (e.g., Sn, where precision is about ±2 ppm, and the calibrated range only 15 ppm); inaccuracies in the published standard data (e.g., S, Cl), or inaccuracies in the XRF data (e.g., at ≪100 ppm F). A wider range of trace elements were analysed for RT samples using ICP-AES for major and trace elements. Geochemical data were plotted using GCDkit by Janoušek et al. (2006). Data tables for major and trace elements are supplied in Supplementary Table S5 along with quality control data.
Chemical data for garnets of PMG samples LD10-084 and SW16 were acquired at Birkbeck College, University of London using a JEOL-733 Superprobe equipped with an Oxford Instruments ISIS energy dispersive system. Data tables for garnets are supplied in Supplementary Table S6.
RESULTS
Zircon Geochronology
Intrusive Rocks
Zircons from intrusive rocks of the Schwaner Mountains were analysed in samples LD10-038, LD10-048, LD10-100 and LD10-071 from the NSZ, LD10-103 and LD10-115 from close to the easternmost part of the NSZ-SSZ boundary, and LD10-011, LD10-074, LD10-75 and LD10-77 from the SSZ. Zircons typically show oscillatory zoning.
Three NSZ tonalite samples from the Sepauk Tonalite yielded Early Cretaceous (Aptian) ages of c. 112 to 114 Ma. 20 U-Pb zircon ages by SHRIMP from tonalite sample LD10-048 (Figure 5A) have a weighted mean age of 111.8 ± 1.1 Ma (MSWD = 1.2). For tonalite sample LD10-100 (Figure 5B) 25 ages by SHRIMP gave a weighted mean age of 114.2 ± 0.7 Ma (MSWD = 1.1). 15 concordant U-Pb zircon ages were obtained by LA-ICP-MS for tonalite LD10-038 (Figure 5C) and a coherent cluster of 12 were used to calculate a weighted mean age of 114.4 ± 1.1 Ma (MSWD = 1.3). An NSZ alkali granite (LD10-071) interpreted as Laur Granite yielded a Late Cretaceous (Cenomanian) age. 29 U-Pb zircon ages by SHRIMP (Figure 5D) yielded a weighted mean age of 96.8 ± 0.6 Ma (MSWD = 0.9).
[image: Figure 5]FIGURE 5 | Zircon U-Pb weighted mean age calculation and Tera-Wasserburg diagrams for plutons in the NSZ, the eastern part of the Schwaner Mountains (potentially SSZ), and the Jurassic basement of the SSZ. (A) LD10-048 Sepauk Tonalite NSZ, (B) LD10-071 Laur Granite NSZ, (C) LD10-100 Sepauk Tonalite NSZ, (D) LD10-038 Sepauk Tonalite NSZ, (E) LD10-103 Rantau Asem Tonalite NSZ-SSZ?, (F) LD10-115 Sukadana Granite SSZ?, (G) LD10-074 Belaban Granite SSZ, (H) LD10-077 Mentembah Granite SSZ. SHRIMP diagrams display ages uncorrected for common Pb and for LA-ICP-MS results common Pb corrected ages are displayed. Common Pb correction after Andersen (2002).
Tonalite LD10-103 (Figure 5E) from the easternmost NSZ-SSZ boundary yielded 50 concordant U-Pb zircon ages determined by LA-ICP-MS and 45 were used to calculate a weighted mean age of 88.1 ± 0.6 Ma (MSWD = 2.8). Granite sample LD10-115 (Figure 5F) from the same area (Figure 4) yielded 45 concordant LA-ICP-MS U-Pb zircon ages of which 42 gave a weighted mean age of 78.5 ± 0.7 Ma (MSWD = 1.3). The sample location is within the area mapped as the Sepauk Tonalite (Sumartadipura and Margono, 1996; Tate, 2001), but as the age is significantly younger than all other NSZ granitoids and comparable to the Sukadana Granite (van Hattum et al., 2013), we suggest that the Sukadana Granite and the SSZ extend into the easternmost Schwaner Mountains.
Samples from the SSZ include Jurassic and Cretaceous plutons. The oldest igneous rock dated is granite LD10-074 (Belaban Granite) (Figure 5G). 16 U-Pb zircon ages were determined by SHRIMP, and a cluster of 15 ages gave a weighted mean age of 186.7 ± 2.3 Ma (MSWD = 0.45). The sample contained one inherited age of 357.8 ± 4.2 Ma LD10-077 (Figure 5H) is another Jurassic granite sample with 49 concordant LA-ICP-MS U-Pb zircon ages, which gave a weighted mean age of 152.2 ± 1.2 Ma (MSWD = 3.7). No Early Cretaceous ages in the SSZ have been reported and none were found in this study. Granite LD10-011 (Figure 6A) from the northernmost SSZ yielded 44 concordant LA-ICP-MS U-Pb zircon ages and 43 gave a weighted mean age of 78.4 ± 0.5 Ma (MSWD = 1.1), comparable to the Sukadana Granite (van Hattum et al., 2013). The youngest igneous rock from the Schwaner batholith dated in this study is an alkali granite LD10-075 (Figure 6B) from the Sangiyang Granite. 19 U-Pb zircon ages acquired by SHRIMP yielded a weighted mean age of 72.1 ± 0.6 Ma (MSWD = 1.4).
[image: Figure 6]FIGURE 6 | Zircon U-Pb weighted mean age calculation and Tera-Wasserburg diagrams for post-subduction plutons in the SSZ: (A) Sukadana Granite LD10-011, (B) Sangiyang Granite LD10-075, (C, D) Menunuk Volcanics from the NSZ, and (E–H) metamorphic rocks from the Pinoh Metamorphic Group with (E) LD10-102 A, (F) LD10-124, (G) LD10-004B, (H) LD10-084. SHRIMP diagrams display ages uncorrected for common Pb and for LA-ICP-MS results common Pb corrected ages are displayed. Common Pb correction after Anderson (2002). Age cluster calculation for PMG rocks with the unmix function of Isoplot.
Volcanic and Sheared Volcanic Rocks—Menunuk Volcanics
Samples LD10-49 and LD10-60 are volcanic and sheared volcanic rocks from the NSZ at the northern margin of the Schwaner Mountains, and are Early Cretaceous. They were sampled from an area mapped as PMG 20 km east of Sungai Menunuk. No contacts with PMG rocks were observed. 20 U-Pb ages acquired by SHRIMP for sample LD10-049 (Figure 6C) range between 125 and 135 Ma (weighted mean age of 130.8 ± 1.1 Ma; MSWD = 1.3). 19 U-Pb SHRIMP ages for sample LD10-060 (Figure 6D) range between 127 and 135 Ma with one discordant slightly younger outlier. The weighted mean age of the sample is 132.1 ± 1.4 Ma (MSWD = 1.4).
Pinoh Metamorphic Group
The dated samples from the PMG include metapelites, meta-volcanic rocks, schists, and quartzites. Most zircons show oscillatory zoning, while a few zircons exhibit convolute zoned rims. Samples LD10-102A and LD10-124 are schistose meta-volcanic rocks with Cretaceous ages. 55 U-Pb ages were acquired by SHRIMP from sample LD10-102A (Figure 6E) with 48 being concordant. Except for one Triassic core age, the majority of ages are Early Cretaceous and form a group between c. 127 Ma and 110 Ma. They are from unaltered inner cores or grains that show some recrystallisation textures. This group has an Isoplot unmix age of c. 118.5 ± 0.4 Ma (Figure 6E). A younger age group (c. 88 Ma, Figure 6E) is from rims of zircons that show recrystallisation textures. Seven discordant Paleogene and Neogene ages have large common Pb (>10%) or high U, and were excluded from age calculations. 16 U-Pb SHRIMP ages from LD10-124 (Figure 6F) range from c. 120 to 130 Ma and gave a weighted mean age of 124.0 ± 3.7 Ma (MSWD = 6.7). A small number of ages cluster around c. 111–118 Ma. The older ages are interpreted as the age of volcanic activity and the younger ages to record later recrystallisation.
Samples LD10-004B, LD10-084, SW3G, LD10-058, LD10-069 and SW14 are schists and quartzites. 62 concordant U-Pb zircon ages were acquired with SHRIMP from quartzite LD10-004B (Figure 6G). 58 are Cretaceous, and 4 are inherited Permian, Carboniferous and Neoproterozoic ages. The Cretaceous population ranges from 76–141 Ma with a bimodal distribution. There is a major age peak at c. 110 Ma probably related to magmatism and a smaller one at c. 82 Ma likely related to recrystallisation. A small number of grains have ages close to c. 127 Ma.
There were no inherited pre-Cretaceous ages in samples LD10-084, SW3G and LD10-058. 17 U-Pb zircon ages acquired by SHRIMP from LD10-084 (Figure 6H) range from 90–133 Ma with the main population at c. 115 Ma. 44 U-Pb zircon SHRIMP ages were acquired from SW03G (Figure 7A). The distribution is unimodal with a major cluster in the Early Cretaceous that has a weighted mean age of 128.2 ± 1.5 Ma (MSWD = 2.5). One grain (2 spots) has an age of c. 105 Ma and may indicate recrystallisation at this time (Figure 7A). 43 U-Pb zircon SHRIMP ages from LD10-058 (Figure 7B) range from 110 to 140 Ma. The largest age cluster has a weighted mean age of 131.3 ± 1.0 Ma (MSWD = 1.2). The youngest age in the sample is c. 111 Ma (Figure 7B) and comes from a possibly recrystallised grain.
[image: Figure 7]FIGURE 7 | Zircon U-Pb weighted mean age calculation, Tera-Wasserburg diagrams for metamorphic rocks from the Pinoh Metamorphic Group (continued), and concordia plots and age histogram for metamorphic rocks from the PMG with inherited ages. SHRIMP diagrams display ages uncorrected for common Pb. (A) Terra-Wasserburg plot for SW3G with weighted mean age calculation. (B) Terra-Wasserburg plot for LD10-058 with weighted mean age calculation. (C) Tera-Wasserburg diagram for sample LD10-069 from the Pinoh Metamorphic Group. Two main age cluster calculated with the unmix function of Isoplot. Ages are plotted corrected for common Pb. (D) Conventional concordia diagram for sample SW14 from the Pinoh Metamorphic Group to display the abundant inherited ages. (E) Detrital zircon U-Pb histogram and probability density from modern river sand samples. Main population peaks at c. 112 Ma, 95 Ma, 82 Ma, and at c. 20 Ma.
25 concordant U-Pb zircon ages were acquired with LA-ICP-MS for LD10-069 (Figure 7C). The majority of ages range from 105 to 125 Ma and there are seven Permo-Carboniferous and three Proterozoic (1.56 to 1.83 Ga) inherited ages. Two major peaks were calculated at c. 110 and 120 Ma with the Isoplot unmix function and could both be related to magmatism. Three Neogene ages of 5.8 to 6.7 Ma were acquired from zircons with very bright CL images; they have high U contents (similar to LD10-102) and were ignored in the age calculations.
There are 62 concordant SHRIMP U-Pb ages (Figure 7D) from quartzite SW14. Cretaceous grains have a population with a peak at c. 80 Ma and a minor population at c. 117 Ma. The weighted mean age calculation for the three youngest grains yielded an age of 78.7 ± 1.3 Ma, which is similar to the Sukadana Granite and interpreted as metamorphic overprint. Other Cretaceous ages are c. 90, 105, 126, 135 and 142 Ma. The Early Cretaceous ages are likely related to magmatism contemporaneously with the deposition of the protolith of SW14. There are some Jurassic grains with ages between 161 and 175 Ma. In contrast to other PMG samples, the quartzite has a large number of inherited grains, and also a number of rounded zircons not seen the other samples. There is a Permo-Triassic age population with peaks at c. 200, 230 and 250–260 Ma (Figure 7D). Palaeozoic zircons include a small Silurian-Devonian population and scattered Cambrian, Ordovician and Carboniferous ages (Figure 7D). 14 Proterozoic ages have a peak at c. 1.8–1.9 Ga and are accompanied by scattered ages at c. 800 Ma, 1060–1250 Ma and 2.5 Ga (Figure 7D).
Modern River Sands
The metamorphic rocks of the Schwaner Mountains, and to some extent the intrusive and volcanic rocks, are difficult to access. Sampling requires long journeys up rivers, and logging and mining activity in some areas made access restricted or impossible. In order to check if any important age populations were missed, zircons from a number of modern river sands were dated with LA-ICP-MS. Although the precise source of zircons in river sands cannot be known it can be expected that if there are igneous and metamorphic rocks in the region with other age populations, these would be represented in river sands. 1025 zircon grains were dated from 8 samples collected from rivers that drain an area of c. 10,000 km2 of the central northern Schwaner Mountains, mainly the NSZ, including the Pinoh River and Melawi River near Nanga Pinoh, and the Mendawai River in the east. The areas drained by rivers from which these samples were collected are shown on Supplementary Figure S1 based on rivers and drainage basins in the global Hydro1K (2020) dataset. There were 837 concordant ages. The overwhelming majority (818 ages) are Cretaceous, with peaks between 115 to 110 Ma, at c. 95 Ma and at c. 82 Ma (Figure 7E). Early Cretaceous ages between 125 to 105 Ma are the most common. Inherited ages are very rare with only 5 grains older than Cretaceous. Two grains are Early Jurassic (199–189 Ma), one is Late Triassic (223 Ma), one is Permian (275 Ma), and the oldest grain is Silurian (425 Ma). Besides the dominant Cretaceous ages, there is a small age cluster of seven Paleocene ages and another seven Oligocene to Miocene ages (31 to 19 Ma).
40Ar/39Ar Geochronology
40Ar/39Ar geochronology of PMG garnet-sillimanite schist LD10-084 was conducted using one white mica fraction (L1) and two biotite fractions (L2 and L3) as explained in the Methodology section 40Ar/39Ar Geochronology.
White mica (L1) analysis yielded a single plateau age of 111.1 Ma ± 1.5 (MSWD = 4.6) indicated by the age spectrum (Figure 8A) and represents ∼80% of the 39Ar released. Thin section study indicates that white mica growth occurred during prograde replacement of staurolite porphyroblasts and the plateau age records this event.
[image: Figure 8]FIGURE 8 | 40Ar/39Ar plateaus and apparent age calculation for sample LD10-084. (A) L1: white mica, (B) L3: coarse biotite, (C) L2: fine-grained biotite.
Coarse-grained biotite (L3) is present throughout the sample. A similar single plateau of 111.0 ± 6.1 Ma (MSWD = 40.0) was obtained (Figure 8B), which accounts for ∼80% of 39Ar released. The large error and MSWD is a result of the age range of c. 116 to 110 Ma in the sample that may indicate two separate events during an earlier period of metamorphism (116.5 Ma) that has been overprinted by high temperature metamorphism at 110.1 Ma, or a long period of biotite growth.
Fine-grained biotite (L2) occurs along shear planes intergrown with fibrolitic sillimanite. Analysis yielded a complex age spectrum with two distinct age domains (Figure 8C): an age of 109.2 ± 0.3 Ma (∼10% of total 39Ar released), and an age of 26.8 ± 2.8 Ma (∼50% of total 39Ar released). Using methods described by Forster and Lister (2004) we interpret the older age at c. 109 Ma to come from larger grains (L3) broken in the crushing process and incorporated into the fine-grained fraction. The younger age is from fine-grained biotite formed probably during shearing of the rock at around 26.8 ± 2.8 Ma.
Petrography and Geochemistry
Major and trace element results from analysis of 14 intrusive, 9 volcanic and meta-volcanic, and 14 metamorphic rocks of the NSZ and the SSZ are displayed in Supplementary Table S5. Below we group our samples from different bodies by the ages determined. Table 2 summarises the U-Pb zircon ages of this and previous studies.
TABLE 2 | Zircon U-Pb ages of this study and literature data from the igneous and metamorphic rocks of the Schwaner Mountains. PMG samples marked with * are ages calculated with the unmix function of Isoplot and represent the igneous protolith ages and metamorphic overprint. Samples from Bladon et al. (1989) are marked with ** because there is no information given on how many zircons were analysed. + marks informal names for new plutons found in this study.
[image: Table 2]Igneous Rocks
Intrusive Rocks of the South Schwaner Zone
Samples of intrusive rocks from the SSZ include RT.A from the type locality of the Sangiyang Granite and LD10-075 west of Sangiyang Hill, RT.B from the type locality of the Belaban Granite and LD10-074 near the Belaban Granite type locality, and RT.C, RT.D and LD10-010 from the Sukadana Granite.
The Belaban Granite (186.7 ± 2.3 Ma, Table 2) samples (RT.B, LD10-074) consist predominantly of quartz, alkali feldspar and biotite which form large crystals. Quartz grains have straight boundaries and occasionally exhibit undulose extinction or a “chicken-wire” fracture pattern. Alkali feldspar microperthite grains also have straight boundaries and are often concentrically zoned. Biotite shows some irregular grain boundaries. Plagioclase and green amphibole are minor phases, and zircon and apatite are accessories. Titanite is relatively abundant, forming large prismatic grains. A few opaque minerals are present but no rutile. The lack of deformation textures indicates little deformation since emplacement. The samples have 73 to 77 wt% SiO2 and 3.9 to 4.7 K2O wt%, and are classed as high-K calc-alkaline granites (Figures 9A,B). They are peraluminous, calc-alkalic and alkali-calcic, ferroan (Frost et al., 2001; Figure 9C) and on trace element discrimination diagrams they plot as A-type and felsic granites (Whalen et al., 1987; Figure 9D) or as WPG, post-collision and VAG (Pearce et al., 1984; Figures 9E,F). According to Frost et al. (2001) ferroan granites can be A-type granites. Trace element spider plots show an enrichment of LILE over HFSE (Figure 10A). Most HFSE are enriched relative to N-MORB with pronounced depletions in P and Ti (Figure 10A). The trace element spider plots suggest A-type or WPG with enrichment in high field strength elements (e.g., Zr, Y) and depletion in large-ion lithophile elements (e.g., Ba, Sr).
[image: Figure 9]FIGURE 9 | Geochemistry classification diagrams of intrusive rocks of the Schwaner Mountains. (A) R1-R2 classification diagram (after De La Roche et al., 1980). (B) K2O-SiO2 classification (after Peccerillo and Taylor, 1976). (C) Granite classification diagrams (Frost et al., 2001). (D) A-type granite classification (after Whalen et al., 1987). (E, F) Tectonic setting of granitoids of the Schwaner Mountains (after Pearce et al., 1984).
[image: Figure 10]FIGURE 10 | Trace element spider diagrams for intrusive rocks of the Schwaner Mountains normalised to NMORB (Sun and McDonough, 1989). (A) Belaban Granite samples, (B) Sukadana Granite samples, (C) Sangiyang Granite samples, (D) Sepauk Tonalite samples and Laur Granite sample.
Sukadana (c. 78.5 to 85 Ma, Table 2) samples (RT.C, RT.D, LD10-010) are quartz monzonite and tonalite (Figure 9A). Dominant mineral phases include quartz, alkali feldspar (including microcline), plagioclase, biotite, amphibole, titanite, apatite and some epidote. Alkali feldspar can be up to 2 mm in length and is more abundant than plagioclase. Both form zoned crystals with some sericitisation. The Sukadana samples have high K2O (>3.5% wt%) with SiO2 of 60–68 wt% (Figure 9B). Samples with the greatest SiO2 content have K2O values close to 5 wt%. RT.C and RT.D are shoshonitic and LD10-010 is close to the shoshonite and high-K calc-alkaline boundary (Figure 9B). All samples are magnesian, with two being alkalic and peraluminous, and one calc-alkaline and metaluminous in the Frost classification (Figure 9C). The samples plot into the A-type granite field (Whalen et al., 1987; Figure 9D), and plot in the WPG field or at the boundary with VAG (Pearce et al., 1984; Figures 9E,F). The three samples show similar patterns on trace element spider diagrams normalised to N-MORB (Figure 10B). LILE are enriched compared to HFSE, with a negative Nb anomaly and a pronounced peak in Pb. HFSE have a very smooth pattern with only minor enrichment, and a small depletion of Ti (Figure 10B). The relative enrichment of Ba and Sr, as seen for the Sukadana Granite, in an A-type granite was, for Ba, interpreted by Creaser et al. (1991) as partial melting of a tonalite or granodiorite source. The enrichment in high field strength elements (Zr, Y, Yb) is consistent with an A-type granitoid.
The Sangiyang (72.1 ± 0.6 Ma, Table 2) samples (RT.A, LD10-075) have a coarse grained phaneritic texture with abundant alkali feldspar and quartz, which has straight boundaries and no obvious fracturing or undulose extinction. Alkali feldspar grains are commonly exsolved to microperthite or show simple twinning with no zoning and advanced sericitic alteration (Figures 11A,B). Magnetite inclusions are abundant. Locally, intergrown feldspar and quartz grains produce a granophyric texture, likely the product of late cooling of liquid approaching the cotectic. Some amphibole is present, which is mostly green with irregular grain boundaries, but a few are blueish in transmitted light. This alkali amphibole is only observed in this granite of the SSZ. Biotite is conspicuous by its absence. Apatite and zircon are common, along with some opaque minerals but titanite and rutile are absent. The Sangiyang Granite is geochemically comparable to the Belaban samples. The samples are alkali granites with SiO2 of 77 to 79 wt% and K2O above 4 wt%, which classes them as high-K calc-alkaline (Figures 9A,B). The samples are peraluminous, calc-alkalic and alkali-calcic, and ferroan (Frost et al., 2001; Figure 9C). In the trace element discrimination plots (Figures 9D–F) they fall clearly in the A-type field of Whalen et al. (1987) and in the WPG field of Pearce et al. (1984). LILE and HFSE are generally enriched relative to N-MORB, with LILE enriched over HFSE (Figure 10C). There are pronounced depletions in Ba, Sr, P, Eu and Ti, and a small trough in La and Ce (Figure 10C). Trace element spider plots indicate an A-type or WPG character with enrichment in high field strength elements (e.g., Zr, Y) and depletion in large-ion lithophile elements (e.g., Ba, Sr).
[image: Figure 11]FIGURE 11 | Representative field photographs and photomicrographs of intrusive rocks of the Schwaner Mountains. (A) and (B) Photomicrograph (PPL and XPL) of the Sangiyang Granite (DL10-075). Large alkali feldspar grains commonly are exsolved to microperthite and show advanced sericitisation. (C) Sepauk Tonalite outcrop in river section (LD10-036). (D) Insert photograph shows a typical Sepauk Tonalite in hand specimen (LD10-100). (E) Outcrop of the Laur Granite (LD10-071). (F, G) Photomicrograph (PPL and XPL) of the Sepauk Tonalite (LD10-036), consisting predominantly of plagioclase, quartz and amphibole. Amphibole in the photomicrograph shows twinning and euhedral shape. (PPL—plane polarised light; XPL—cross-polarised light).
Intrusive Rocks of the North Schwaner Zone
Intrusive rocks from the NSZ include the Sepauk Tonalite (c. 111.8 to 118.6 Ma) samples LD10-006, LD10-036 (Figure 11C), LD10-043 from the northern and central part, LD10-088, LD10-093 and LD10-100 (Figure 11D) from the easternmost part, and Laur Granite (Figure 11E) sample LD10-071 (96.8 ± 0.6 Ma). Sepauk samples contain plagioclase, quartz, amphibole, and biotite (Figures 11F,G). Accessory minerals include chlorite, epidote, titanite, rutile, zircon, apatite, and magnetite. Some samples exhibit myrmekitic textures, indicative of late stage metasomatism (Collins and Collins, 2013). Most samples are phaneritic, but a few have granoblastic textures, indicating that later recrystallisation has taken place. Some samples show evidence of shearing, with quartz recrystallisation along shear planes. Samples from the northern part have SiO2 of 58 to 65 wt%. Two of the eastern samples have the lowest SiO2 contents of 53 to 57 wt%. Samples with higher SiO2 are tonalites, which is the dominant rock type of the NSZ intrusive rocks, and those with lower SiO2 are diorites to gabbro-diorite (Figure 9A). Most samples have low K2O, many below 2.2 wt%, which classes them as calc-alkaline (Figure 9B). Sample LD10-100 has K2O of 2.9 wt% which brings it into the high-K calc-alkaline field. The samples are magnesian, calcic or calc-alkalic, and metaluminous (Frost et al., 2001; Figure 9C). In the tectonic discrimination diagrams (Figures 9D–F) they plot in the unfractionated OTG (I & S-type) field of Whalen et al. (1987) and clearly in the VAG field (Pearce et al., 1984). With ASI (aluminium saturation index) values below 1.0 (Figure 9F) and relatively high Na2O (>3.1 wt%) the rocks are I-type granitoids. The trace element patterns show a strong enrichment of LILE relative to N-MORB and HFSE with a pronounced negative Nb anomaly and a trough in La and Ce (Figure 10D). HFSE are close to N-MORB with slight depletion of heavy incompatible elements. The trace element pattern suggests a volcanic arc origin.
The only exception to the relative uniform geochemical character of the NSZ samples is LD10-071 (Laur Granite), which is significantly younger (c. 97 Ma) than the dominantly Early Cretaceous ages in the NSZ. It has a coarse-grained phaneritic texture with abundant quartz, alkali feldspar and plagioclase. Biotite and amphibole form large crystals with irregular grain boundaries. Chlorite is often present at biotite grain margins. Quartz occurs as large grains with undulose extinction, and smaller irregular grains around large feldspars. Alkali feldspar occurs as large grains, commonly with concentric zoning and simple twinning. Small epidote veins are present in some larger grains. Plagioclase occurs as smaller grains, commonly enclosed within alkali feldspar. This sample has 75 wt% SiO2 and 4.8 wt% K2O giving a high-K calc-alkaline character (Figure 9B). The Laur Granite sample is classed as alkali granite (Figure 9A). According to the Frost et al. (2001) classification, the sample is ferroan, alkali-calcic and peraluminous (Figure 9C). It plots in the felsic granite field of Whalen et al. (1987), but depending which elements are used it can also be classed as an I & S type or an A-type granitoid (Figure 9D–F). In the tectonic discrimination diagrams (Figures 9E–F) of Pearce et al. (1984) it falls at the boundary of VAG and WPG, which is also the field for post-collision granites (Pearce, 1996). Trace element spider diagrams show an enrichment of LILE relative to N-MORB and HFSE typical for a volcanic arc (Figure 10D). The sample has a negative Nb anomaly, depletion of P, and enrichment of Pb. HFSE show a slight enrichment relative to N-MORB with depletion of Ti.
Volcanic and Sheared Volcanic Rocks
Volcanic rocks from the NSZ that extend into the northern part of the SSZ include tuffs, ignimbrites and lava flows of intermediate to acidic composition. Quartz, biotite and plagioclase are the dominant minerals that form porphyroblasts in a fine-grained matrix. The matrix consists of quartz, muscovite-sericite and biotite. In some cases the volcanic rocks appear to have a thermal metamorphic overprint, identifiable as mineral recrystallisation and alteration. Some samples have been overprinted by a shear fabric similar to that observed in the intrusive rocks of the NSZ and the PMG, and could therefore be assigned to the PMG. Porphyroblasts can be rotated by this shear fabric.
Geochemical analyses indicate that the volcanic rocks are dacites and rhyolites with one mafic trachybasalt from the SSZ and one picrobasalt from the NSZ (Figure 12A). K2O contents range from 1.7 to 5 wt% and the samples are calc-alkaline, high-K or shoshonitic (Figure 12B). The very wide range of K2O and SiO2 contents suggest that the samples may represent different magmatic phases or were affected by alteration. Trace element compositions suggest a subduction-related volcanic arc character (Figure 12C). The trace element spider diagram shows an enrichment of LILE over HFSE with depletion in Nb and enrichment in Pb (Figure 12D). HFSE are slightly enriched or depleted relative to N-MORB. The dated sample LD10-049 (Menunuk Volcanics) has a slightly different trace and major element composition compared to the rest of the volcanic samples with significant lower Ce, Pb, Sr and P values (Figures 12D,E), which may indicate that this sample is part of a different magmatic phase. Trace element discrimination diagrams for the picrobasalt sample suggest an N- to E-MORB character. The trace element spider diagram shows a pattern that is slightly enriched relative to N-MORB (Figure 12F).
[image: Figure 12]FIGURE 12 | Geochemistry classification diagrams and trace element spider diagrams of volcanic and metamorphic rocks of the Schwaner Mountains. (A) TAS diagram for classification of extrusive rocks (after Le Bas et al., 1986). (B) K2O-SiO2 classification (after Peccerillo and Taylor, 1976). (C) Th/Yb-Nb/Yb classification diagram for extrusive rocks (after Pearce, 2008). (D–G) Trace element spider diagrams of volcanic and metamorphic rocks of the Schwaner Mountains normalised to NMORB (Sun and McDonough, 1989) for: (D) Volcanic rock samples, (E) Menunuk Volcanic sample and PMG quartzites and hornfels, (F) Picrobasalt sample, and (G) PMG samples.
Pinoh Metamorphic Group
The PMG rocks crop out almost exclusively in the NSZ of the Schwaner Mountains. The rocks are predominantly metapelites, although metabasites and quartzites are also found. Metapelites are predominantly andalusite-cordierite schists (Figure 13A), andalusite schists, biotite schists (Figure 13B), garnet-andalusite schists and garnet-sillimanite schists (Figures 13C–E). Rocks of higher metamorphic grade are garnet-biotite gneisses and andalusite gneisses. There are also a number of contact metamorphic andalusite-cordierite hornfels. Mineral assemblages include biotite, quartz, feldspar, andalusite, fibrolitic sillimanite, cordierite and garnet. Andalusite, cordierite, biotite and garnet usually form porphyorblasts in fine-grained matrix (Figures 13A,C,D) within a shear fabric. Muscovite pseudomorphs (replacement of possible andalusite) were also observed (Figure 13E). Quartzites (Figures 13F,G) contain >80 wt% quartz with other mineral phases, including biotite, muscovite and chlorite. Remnant compositional layering is formed by biotite-rich horizons. Textures suggest static recrystallisation of quartz grains followed by deformation-induced high temperature recrystallisation. Metabasites are foliated amphibolites consisting of abundant amphibole with plagioclase, epidote and apatite. The scarcity of sand-sized detrital grains such as zircon in all PMG samples, and the small grain size of those which are present, indicate that the protoliths were fine grained sedimentary rocks, such as muds or volcanic ashes.
[image: Figure 13]FIGURE 13 | Representative field photographs and photomicrographs of metamorphic rocks of the Schwaner Mountains. (A) Photomicrograph (XPL) of andalusite porphyroblast with chiastolite-type inclusion trail morphology (LD10-064, andalusite-cordierite schist). (B) Photomicrograph (PPL) of fibrolitic sillimanite growth along shear fabric in biotite schist (LD10-004B). (C, D) Photomicrograph (PPL and sketch) of garnet-sillimanite schist LD10-084. Shear fabric of sillimanite-biotite intergrowth deforms around white mica, biotite and garnet porphyroblasts. (E) Photomicrograph (PPL) of replacement white mica pseudomorph showing abundant sillimanite rods. (F) Quartzite outcrop in river section showing remnants of compositional layering (LD10-058). Close-up of quartzite hand specimen with alteration on surface.
Petrographic observations of the metamorphic rocks were recorded and summarised on Tectonic Sequence Diagrams (Forster and Lister, 2008; Figure 14A). At least three major periods of deformation are recorded: 1) low grade metamorphism (F0) interpreted as recording burial of sedimentary protoliths, 2) low pressure-high temperature metamorphism (ΔC), characterised by andalusite- and cordierite-bearing mineral assemblages and 3) shearing (Sz), often in association with fibrolitic sillimanite growth.
[image: Figure 14]FIGURE 14 | (A) Tectonic Sequence Diagram for the Pinoh Metamorphic Group (PMG), illustrated by sketches of thin sections. F0 is earliest fabric, ΔBt is biotite growth, ΔC is low pressure-high temperature metamorphism characterised by andalusite- and cordierite-bearing mineral assemblages, and Sz is shearing. (B) Double ternary garnet end-member diagram for garnet-sillimanite schist samples LD10-084 and SW16 of the Pinoh Metamorphic Group (after Suggate and Hall, 2014). Garnets in both samples are spessartine-rich almandines. Shaded area shows garnets from low pressure-high temperature terranes for comparison (data from Suggate and Hall, 2014). Fields: 1) granites, 2) granulite and high-Mg pelites, 3) blueschists, 4) calc-silicates, skarns and rodingites, 5) ultrabasics, 6) basic rocks sub-ophiolites.
The mineral assemblages of the PMG are broadly similar to Buchan rocks from the Grampian Terrane in NE Scotland (Hudson, 1985; Viete et al., 2010; Viete et al., 2011). Garnets from two garnet-mica sillimanite schists of the PMG were analysed by electron microprobe. Garnet formulae were calculated for 24 oxygens (Supplementary Table S6), and garnet end-members calculated using the method of Suggate and Hall (2014). The garnets are almandine-rich (Fe2) with 59.8 to 65.8% in sample LD10-084 and 57.4 to 60.8% in sample SW16, but have relatively high amounts of the spessartine (Mn) end-member. Garnets of sample SW14 have up to 24.1% and garnets in LD10-084 up to 14.5% of the spessartine end-member. The presence of garnet is often suggested to indicate medium to high pressure metamorphism, but high-Mn almandine garnets similar to the observed PMG garnets are found in rocks of the Buchan succession of NE Scotland and formed at pressures below 3.5 kbar (Viete et al., 2010). Figure 14B displays the garnet end-member composition of the analysed samples in double ternary diagrams in comparison to garnets of low pressure-high temperature terranes (after Suggate and Hall, 2014).
Geochemical analyses indicate compositional trends for PMG rocks that resemble igneous rocks. Metapelites have a dacitic composition, quartzites and quarzitic hornfels have rhyolitic character and metabasites have a basaltic composition (Figure 12A). Metapelites have relatively restricted SiO2 contents of 58.5 to 66.6 wt% with K2O contents of 2.3 to 3.9 wt%, which are higher than those of the volcanic rocks of similar SiO2 contents (Figure 12B). Trace element compositions closely resemble those observed in intrusive and volcanic samples and the PMG rocks have a volcanic arc affinity (Figure 12C). What is particularly striking is the similarity of plots of the metamorphic rocks and the volcanic rocks of the Schwaner Mountains on trace element spider diagrams (Figure 12G). Some metapelites of the PMG also resemble slightly sheared volcanic rocks and can also be named meta-volcanic rocks (e.g., LD10-102 A, LD10-124). Some PMG quartzites/hornfels also resemble the Menunuk Volcanics sample (Figure 12D).
DISCUSSION
Magmatism in the Schwaner Mountains
The new and literature U-Pb geochronology results from the Schwaner Mountains are displayed on Figure 15 and are listed in Table 2. Based on the results of this study and previous work (e.g., Williams et al., 1988; Bladon et al., 1989; van Hattum et al., 2013; Hennig et al., 2017), there were several pulses of magmatism.
[image: Figure 15]FIGURE 15 | Summary plot of Triassic to Cretaceous zircon U-Pb ages and subdivision of igneous phases in western Borneo. NSZ and SSZ from SW Borneo Block. NWSZ from West Borneo (part of Triassic Sundaland). Northern Granitoids from West Sarawak and central Kalimantan (Kuching Zone). (* age data from Hennig et al. (2017); ** age data from van Hattum et al. (2013); + age data from Setiawan et al. (2013)).
Triassic Magmatism in Sundaland
The oldest magmatic rocks in the Schwaner Mountains are Triassic. They are from the NWSZ which was part of West Borneo at the SE edge of Sundaland in the Triassic and are separated from SW Borneo by a suture (Figures 1B, 2B) as explained by Hennig et al. (2017). The I-type granitoids were interpreted as the product of Triassic Paleo-Pacific subduction beneath Sundaland (Hennig et al., 2017). No other Triassic igneous rocks have been found in the large area of the Schwaner Mountains (NSZ and SSZ) investigated in this study or in previous studies (e.g., Williams et al., 1988).
Jurassic Within-Plate Magmatism
Early Jurassic Phase at c. 190 Ma: Belaban Granite
The Belaban Granite is the oldest granitoid found in the SSZ with a zircon U-Pb age of 186.7 ± 2.3 Ma (Figure 15), significantly older than the biotite K-Ar age of 153.5 ± 3.5 Ma of Haile et al. (1977) and Bladon et al. (1989). It also contains the only pre-Jurassic inherited zircon (357.8 ± 4.2 Ma) identified in the igneous rocks of the NSZ and SSZ of the Schwaner Mountains. Geochemically it is a WPG or A-type granite (Figures 9, 10), and we suggest this reflects a rift-related character. Rifting of the Australian margin was underway from the Triassic (e.g., Longley et al., 2002) and the Belaban Granite is suggested to be associated with extension in the Gondwana margin in NW Australia.
Late Jurassic Phase at c. 150 Ma: Mentembah Granite
In the area of the Belaban Granite we found another Jurassic granitoid provisionally named the Mentembah Granite after the highest mountain nearby. The U-Pb age of 151.2 ± 1.2 (Figure 15) is similar to the 153.5 ± 3.5 Ma K-Ar age for the Belaban Granite (Haile et al., 1977) which may indicate that the K-Ar age was reset during Late Jurassic magmatism. The U-Pb age is also similar to an inherited zircon age in the Sukadana Granite (van Hattum et al., 2013). This suggests widespread Jurassic magmatism in the SSZ during extension within the NW Australian margin which led to separation of the Banda (SW Borneo) and the Argo (East Java-West Sulawesi) blocks in the Late Jurassic (Hall, 2012; Hennig et al., 2016, Hennig et al., 2017).
Cretaceous Subduction-Related Magmatism
The different phases of Cretaceous magmatism are shown on Figures 15, 16.
[image: Figure 16]FIGURE 16 | Probability density summary of Cretaceous (to Jurassic) zircon populations for comparison. Intrusive rocks: 1) Sepauk Tonalite, 2) Laur Granite, 3) Rantau Asem Tonalite, 4) Sukadana Granite, and 5) Sangiyang Granite. Menunuk Volcanics correspond to the volcanogenic protolith of the PMG. Sepauk Tonalite corresponds to thermal metamorphism phase 1) Rantau Asem Tonalite and Sukadana Granite correspond to thermal metamorphism phase 2) Modern river sands show multiple age populations that correspond to the intrusive rocks with additional ages being derived from so far not discovered igneous rocks.
Early Cretaceous Phase I at c. 130 Ma: Menunuk Volcanics
Volcanic and sheared volcanic rocks were sampled from the northern margin of the NSZ relatively close to the type locality of the Menunuk Volcanics to which we conclude they belong. The rocks have a rhyolitic composition and a volcanic arc signature (Figure 12). They yielded ages of c. 130 to 132 Ma (Figure 15) which are the first radiometric ages for this volcanic group. Two quartzites of the PMG have similar protolith ages (Figure 15) and geochemistry (Figure 12), and are interpreted here to represent metamorphosed Menunuk Volcanics. Several other PMG samples also have inherited zircons of this age (Figure 15). We interpret all these ages as marking a major Cretaceous magmatic phase I at c. 132 Ma following subduction initiation beneath SW Borneo. This implies docking of SW Borneo with southeastern Sundaland before this, since both (NSZ and NWSZ) record this magmatic phase (Hennig et al., 2017).
Early Cretaceous Phase II at c. 115 Ma: Sepauk Tonalite
The predominant tonalites and diorites of the NSZ have ages between 110 and 120 Ma (Figure 15), a volcanic arc trace element signature and relatively low K2O (Figures 9, 10). The Sepauk Tonalite is the main batholith in the NSZ (Figure 4) which we interpret formed during Cretaceous phase II of Paleo-Pacific subduction. As with the older magmatic rocks, no inherited zircons were found. This is probably a result of remelting immature volcanic arc material or may indicate they are mantle derived.
Several PMG samples show magmatic or recrystallised zircons of this age, suggesting they are either volcanic products of phase II or slightly older volcanic rocks subsequently recrystallised at c. 110 Ma (Figure 15). A granodiorite of 118.6 ± 1.1 Ma from the NWSZ (Hennig et al., 2017) is interpreted as part of phase II further supporting the suturing of West Borneo and SW Borneo before this time.
Late Cretaceous Phase III at c. 100 Ma: Laur Granite
The Laur Granite is an alkali granite which is significantly younger (96.8 ± 0.6 Ma) than the Early Cretaceous Sepauk Tonalite (Figure 15). It is a felsic granite which plots at the VAG and WPG boundary (Figure 9). On the trace element spider plot there are some similarities to the Sepauk Tonalite (Figure 10D). A subduction-related tonalite from the NWSZ (Hennig et al., 2017) yielded an age of 101.5 ± 0.6 Ma relative similar to the Laur Granite (Figure 15), and is geochemically more similar to the Sepauk Tonalite. This supports a subduction-related origin interpretation for the Laur Granite. Inherited zircons in the Rantau Asem Tonalite have also similar ages around 100 Ma (Figure 15). We interpret this to indicate that phase III extended from the NWSZ to the easternmost part of the Schwaner Mountains where the Rantau Asem Tonalite was found. We interpret the Laur Granite as subduction-related, and this phase produced a range of rock types from alkali granite to tonalite.
Late Cretaceous Phase IV at c. 90 Ma: Rantau Asem Tonalite
A tonalite at the eastern end of the Schwaner Mountains yielded an age of c. 90 Ma (Figure 15). It is petrographically similar to the Sepauk Tonalite samples, but as it is significantly younger, we name it the Rantau Asem Tonalite (derived from a nearby village). Two PMG samples yielded recrystallised zircons with this age and a Jurassic meta-granitoid from the NWSZ was interpreted by Hennig et al. (2017) to be metamorphosed at this time (Figure 15). This indicates a large area was affected and we interpret this widespread c. 90 Ma magmatism to be the final subduction-related phase in the NSZ.
Late Cretaceous Within-Plate Magmatism
Late Cretaceous Phase V Within-Plate Magmatism at c. 80 Ma: Sukadana Granite
The Sukadana Granite of the SSZ was dated in this study from samples collected close to the boundary with the NSZ and in the far east of the Schwaner Mountains where granitoids were previously assumed to be part of the Sepauk Tonalite. The new U-Pb ages of c. 79 Ma (Figure 15) are slightly younger than K-Ar ages of c. 81 to 89 Ma (Table 1) reported by Haile et al. (1977), Bladon et al. (1989) and De Keyser and Rustandi (1993), and biotite/whole-rock Rb-Sr and zircon U-Pb ages of c. 80 to 85 Ma (Tables 1, 2) of De Keyser and Rustandi (1993) and van Hattum et al. (2013), indicating that the phase of magmatism that produced the Sukadana Granite was probably from c. 78 to 85 Ma based on the more precise U-Pb zircon and Rb-Sr data.
The Sukadana Granite is characterised by high K2O values that led Williams et al. (1988) to identify a suite of Schwaner Mountains Potassic Granites. Geochemically it comprises mainly granites with a WPG or A-type signature (Figures 9, 10). Sample LD10-010 has a trace element signature similar to the Sepauk Tonalite with slight enrichment in HFSE suggesting partly remelting of a Sepauk Tonalite. Sample EK14-10 from the NWSZ has a similar age (Hennig et al., 2017) and we interpret it as Sukadana Granite or contemporaneous equivalent (Figure 15). The Pueh and Gading granites, which are part of the Upper Cretaceous Northern granites in Sarawak and Kalimantan (Figure 2), have similar ages to the Sukadana Granite (Hennig et al., 2017) and indicate that smaller plutons were intruded near the northern margin of the Kuching Zone close to the Lupar Line at the same time as the Sukadana Granite (Figure 15).
Late Cretaceous Phase VI Within-Plate Magmatism at c. 70 Ma: Sangiyang Granite
The youngest phase of Cretaceous magmatism in the Schwaner Mountains found in this study is recorded by the Sangiyang Granite, dated as 72.1 ± 0.6 Ma (Figure 15). The sample was collected from a NNW-SSE striking mountain complex previously mapped as Sukadana Granite west of the type locality Bukit Sangiyang. The Sangiyang Granite samples are alkali granites and are the most SiO2-enriched granitoids of this study. In the tectonic discrimination diagrams they are clearly identified as WPG or A-type granites, supported by the trace element spider plot (Figures 9, 10), which we interpret to have been emplaced after the larger Sukadana Granite.
Modern River Sands
The river sands were collected mainly from the central NSZ and SSZ from rivers that drain approximately 10,000 km2 of the total 74,000 km2 area mapped as granites (Pieters and Supriatna, 1990; Tate, 2001), based on rivers and drainage basins in the global Hydro1K (2020) dataset. Figure 16 suggests the majority of zircons were derived from the intrusive rocks of the NSZ with minor contributions from the Menunuk Volcanics and PMG, and from the Sukadana Granite of the SSZ. The area drained by the sampled rivers suggests little or no contribution from the Jurassic plutons of the SSZ as there are only two Jurassic zircons in the sands. The main peak in the river sands correlates with the Sepauk Tonalite age of c. 112 Ma (Figure 16). A strong peak at c. 105 Ma indicates a granite that has so far not been found. The Laur Granite age correlates with a peak at c. 96 Ma, and the Rantau Asem Tonalite broadly correlates with a wider peak between 88 to 92 Ma in the river sands. A relatively broad peak between 76 and 85 Ma corresponds to the Sukadana Granite. The abundance of zircons of Sukadana Granite age supports the suggestion that the Sukadana Granite is more widespread in the Schwaner Mountains than previously assumed. The youngest peak in the river sands is at c. 70 Ma and slightly younger than the Sangiyang Granite indicating that magmatism did not stop until the end of the Cretaceous (Figure 16). A small population at c. 61 Ma suggests some Paleocene magmatism. The youngest ages around 20 to 25 Ma belong to zircons probably derived from the Neogene Sintang Suite that intruded the Schwaner granitoids (Breitfeld et al., 2019). There is one Triassic, one Permian and one Silurian zircon in the river sands, which we suggest is explained by recycling of the few older zircons from nearby PMG. There is no evidence that the Sundaland basement of the NWSZ extends into the NSZ, and the river sands support the conclusion that there are no Triassic granites anywhere in the NSZ and SSZ.
Age of the Pinoh Metamorphic Group
This study confirms the results of Davies et al. (2014) that the metamorphic rocks are not Paleozoic. Magmatic zircons within the PMG range from c. 110 to 135 Ma and indicate that most protoliths were initially formed in the Early Cretaceous (Figures 15, 16) and incorporated some older detrital grains. The oldest Cretaceous ages of the PMG and the Menunuk Volcanics are indistinguishable and we conclude that some PMG rocks are the metamorphosed products of the Menunuk Volcanics or contemporaneous volcaniclastic equivalents. Early Cretaceous zircons (c. 110–120 Ma) correlate with the Sepauk Tonalite and suggest that other PMG rocks are metamorphic products of igneous activity contemporaneous with Cretaceous phase II (Figure 15). Recrystallised zircons of c. 110 Ma in PMG samples also indicate a thermal overprint that coincides with phase II (Figure 15). This thermal overprint is also recorded in the 40Ar/39Ar analysis of L3 coarse biotite (+broken biotite in L2) and L1 white mica (Figure 8). A later phase of thermal metamorphism is recorded only in recrystallised zircons (and not by Ar geochronology) and ranges from c. 80 to 90 Ma. This coincides with phase IV Rantau Asem Tonalite and phase V Sukadana Granite magmatism (Figure 15). The Mn-rich almandine garnets indicate Buchan-type HT-LP metamorphism which was associated either with phase II and/or phases IV/V magmatism implying contemporaneous extension.
After Cretaceous metamorphism, there was a PMG shearing event (Sz) in the Late Oligocene (Figure 8) recorded by 40Ar/39Ar ages of fine-grained biotite (L2) associated with biotite-fibrolite intergrowth. The age of c. 27 Ma is very similar to 40Ar/39Ar ages from the West Sarawak Metamorphics (Breitfeld et al., 2017) and to apatite fission-track ages in East Kalimantan interpreted as recording major denudation and uplift in central Borneo (Moss et al., 1998). This suggests that southern and central Borneo were likely affected by a major shearing event in the Late Oligocene which directly preceded the main Sintang Suite magmatism at c. 20 Ma in the same area (Breitfeld et al., 2019).
Origin of Triassic and Older Zircons
No inherited grains older than Jurassic have been found in igneous rocks of the NSZ. The Belaban Granite in the SSZ has a single Carboniferous inherited zircon. Four samples from the PMG yielded in total 66 inherited zircons older than 160 Ma (Figure 17). LD10-102B has one, LD10-069 and LD10-004 have a small number and there are abundant grains in SW14. The main Phanerozoic peak is Triassic-Late Permian (200–260 Ma) and there are 23 grains with ages from Permian to Cambrian. The 18 Precambrian ages are scattered between c. 0.6 to 2.5 Ga with a pronounced peak at c. 1.8 Ga. The paucity of older zircons is not a sampling problem; we spent considerable time processing samples trying to recover older zircons after the unexpected discovery of Cretaceous zircons in PMG samples. Although there was no previous dating of the PMG, we had expected, like others, the PMG to be much older. Furthermore, as noted above, there are only three pre-Jurassic zircons in the 837 concordant zircon ages from river sands.
[image: Figure 17]FIGURE 17 | Display of inherited zircon ages of the Pinoh Metamorphic Group and comparison to the Karimunjawa Arch (Banda Block) (data from Witts et al., 2012), Bird’s Head of West Papua (data from Gunawan et al., 2012), and Mesozoic basement rocks in the West Borneo province (data from Breitfeld et al., 2017; Hennig et al., 2017). The Karimunjawa Arch and the Bird’s Head data are from Triassic rocks, therefore no Jurassic zircons are present.
A Sundaland West Borneo source for Triassic and older grains is possible but compared to the PMG (Figure 17) West Borneo has a bigger Late Triassic peak and lacks any Proterozoic ages between 0.6 and 1.8 Ga (Hennig et al., 2017). An alternative is that the inherited grains were detrital grains in sandstones that formed the sedimentary cover of the SW Borneo Block when it was within the Gondwana NW Australian margin. The Phanerozoic PMG ages resemble those from the Karimunjawa Arch (Witts et al., 2012), south of Borneo in the Java Sea (Figure 1B), which was at the southern edge of the Banda (SW Borneo) Block (Figure 3) before rifting. The Carboniferous zircons of the PMG are slightly younger than those in the Karimunjawa Arch, which could be explained by lead-loss. However, Precambrian ages differ markedly (Figure 17); the Karimunjawa Arch lacks the distinctive 1.8 Ga peak of the PMG and instead has its main peak at c. 1.4 Ga—a feature more similar to the Argo Block (Figure 3) (Zimmermann and Hall, 2019), but the Karimunjawa Arch lacks the common Archean zircons of that block (Smyth et al., 2008). Overall, the Triassic and older zircon ages from the PMG and the river sands are most similar to the Bird’s Head (Figure 17; Gunawan et al., 2012; Zimmermann and Hall, 2016) and consistent with a Banda Block origin. There may have been also a West Borneo contribution in the Cretaceous to the PMG volcaniclastic sediments.
Early Mesozoic Position of SW Borneo
As plate tectonic models for SE Asia developed, the region was divided into terranes which were thought to have been derived from China or Australia. Metcalfe (e.g., 1990, 1996) suggested that there were two important continental terranes of possible South China/Indochina origin in western Borneo, Semitau and SW Borneo, separated from Sundaland (East Malaya) by a suture offshore in the Sunda Shelf. Later, SW Borneo was interpreted as continental terrane rifted from the NW Australian margin in the Jurassic (e.g., Hall et al., 2009; Metcalfe, 2009; Hall, 2012) which was added to Sundaland in the Early Cretaceous (Figure 3). Recent studies (Setiawan et al., 2013; Hennig et al., 2017) have shown there are Triassic meta-granitoids in the NWSZ meaning that the Sundaland-SW Borneo suture is within Borneo, rather than offshore as suggested by Metcalfe. West Borneo, of approximately similar extent to the Semitau terrane, was part of Sundaland by the Triassic (Figure 3A) and includes rocks with an Indochina affinity. In NW Kalimantan and West Sarawak there are Triassic arc-related sediments (e.g., Sadong Formation, Balaisebut Group), igneous rocks (e.g., Jagoi Granodiorite, Serian Volcanics) and metamorphic rocks (e.g., West Sarawak Metamorphics, Embuoi Complex). Sediments of the Sadong Formation have thereby a Cathaysian flora (Kon’no, 1972). Breitfeld et al. (2017) and Hennig et al. (2017) interpret these rocks to be the product of west-directed Triassic Paleo-Pacific subduction (Figure 3A). Thus, our interpretation (Hall, 2012; Hennig et al., 2017; Breitfeld et al., 2017) is that SW Borneo (Banda Block) separated from NW Australia in the Late Jurassic, was added to Sundaland in the Early Cretaceous to form the West Borneo-SW Borneo suture (Figures 1, 2) and then the East Java-West Sulawesi (Argo Block) was added later in the Cretaceous at c. 90–80 Ma (Smyth et al., 2007) at the Meratus Suture which terminated subduction in the region until the Cenozoic.
Burton-Johnson et al. (2020) have recently challenged the view that SW Borneo was added in the Cretaceous and suggested that it was already part of Sundaland in the Triassic. Triassic and Jurassic granitoids in NE Sabah (Segama Valley) have long been known based on K-Ar dating (Kirk, 1968; Leong, 1974) but these and other pre-Cretaceous radiometric ages from Sabah were dismissed as spurious (e.g., Hutchison, 1992; Hutchison, 2005; Omang and Barber, 1996) because they were significantly older than the Cretaceous radiolarian ages from the Chert-Spilite Formation which were assumed to be the cover to a Sabah ophiolitic basement. U-Pb zircon geochronology by Burton-Johnson et al. (2020) confirmed the Triassic and Jurassic ages of the granitoids which they suggested were arc rocks that intrude ophiolitic rocks. They suggested these could be correlated with West Borneo granitoids (Hennig et al., 2017) and volcanics (Breitfeld et al., 2017) and proposed that a Triassic and Jurassic arc of Sabah was an autochthonous continuation of the Sundaland Paleo-Pacific arc, and that SW Borneo was part of Sundaland in the Triassic. We summarise in the next section the principal objections to this proposal.
Segama Granitoid Correlations: Sundaland or Australian Origin?
Burton-Johnson et al. (2020) interpreted the Segama granitoids to intrude older ophiolitic rocks although conceded that “it is hard to prove” that the [intruded] basalt is truly ophiolitic rather than the product of non-ophiolitic arc magmatism. They suggest that a 217 Ma K-Ar age from a metagabbro from Darvel Bay may support the ophiolitic option although they fail to observe that this is more than 30 Ma younger than their U-Pb ages from the Segama granitoids. The descriptions of the mainly basic metamorphic rocks intruded by the granitoids (Leong, 1974) do suggest an ophiolitic or arc origin. However, this provides no information on the position of the Segama granitoids in the Triassic which could have been almost anywhere in the West Pacific.
For example, Triassic sandstones, together with Jurassic-Cretaceous metamorphic rocks, have been dredged from the South China Sea north of Sabah, and Triassic and older K-Ar ages were obtained from detrital biotites in the sandstones (Kudrass et al., 1986). Although Triassic granites have not yet been found, Jurassic and Cretaceous granitoids from the South China Sea contain Triassic and older inherited zircons and these are interpreted as part of a Mesozoic accretionary complex at an Andean-type Paleo-Pacific subduction margin (e.g., Yan et al., 2014; Xu et al., 2016). Thus, an East Asian margin origin is plausible. Triassic sandstones from the Bird’s Head of New Guinea contain abundant Triassic and older zircons indicating a continental Andean-type subduction setting at the north Australian margin during the Paleozoic until the early Jurassic (e.g., Audley-Charles, 1991; Metcalfe, 1996; Gunawan et al., 2012; Zimmermann and Hall, 2016). Thus, northern Australia is another possible location.
The nearest possible correlative Triassic (Bladon et al., 1989) metamorphic rocks, gabbros and granitoids in Borneo are part of the Busang Complex in central Kalimantan 700 km from Sabah (Figure 1B). They are thought to be part of a melange (Tate, 1991; Pieters et al., 1993a) beneath Cretaceous sedimentary rocks (Heryanto and Jones, 1996). West Borneo is even further away (1000 km). But even if the hypothesis of a continuous arc over such a great distance is accepted all the arc rocks are north of the NSZ and separated from West Borneo and the Kuching Zone by sutures (the West Borneo-SW Borneo suture of this paper and the Boyan Suture of Metcalfe (1990).
As we have pointed out above there is no evidence of Triassic granites anywhere in the NSZ or SSZ of the SW Borneo Block, an area of c. 74,000 km2. However, on the basis of similar Jurassic ages Burton-Johnson et al. (2020) suggest the Segama granitoids can be correlated with a NWSZ meta-granodiorite. However, this meta-granodiorite records multiple Jurassic igneous phases (Hennig et al., 2017; Figure 15), which are not present in the Segama granitoids. The Jurassic SSZ rock of this study is of WPG character, while the Segama granitoids are arc-related. We suggest a correlation of granitoids, across at least one suture zone, and in case of the SSZ rock of different character, is implausible.
Burton-Johnson et al. (2020) appear to consider all the ophiolites of Borneo to be a single unit. Given the number of suture zones identified in Borneo (e.g., Hutchison, 1989; Metcalfe, 1990; Metcalfe, 2013) which include ophiolites we question this assumption. They imply that a Pt-Os age of 197.8 ± 8.1 Ma (Coggon et al., 2011) obtained from alluvial grains of platinum-group minerals (PGM) collected at an uncertain location from a river in the Meratus Mountains not only dates the Meratus ophiolite but also indicates that the ophiolite formed at the southern margin of the SW Borneo Block in its present-day position. Ophiolitic, radiolarian-bearing (Wakita et al., 1998), volcanic (Sikumbang, 1986) and HP-LT metamorphic rocks (Parkinson et al., 1998) are found within the well-known Cretaceous Meratus suture (Metcalfe, 1990) east of SW Borneo. None of these rocks can be assumed to have formed in their present position and all are generally interpreted to have been accreted to SW Borneo during Cretaceous subduction (e.g., Metcalfe, 1990; Wakita et al., 1998). Thus, the Meratus ophiolite gives no information about the position of SW Borneo in the Triassic. Furthermore, it is worth noting that the source of alluvial grains found in rivers is commonly difficult to identify, and a Meratus ophiolite source for the PGM suggested by Coggon et al. (2011) is simply an assumption. Alluvial diamonds from rivers in the Meratus area and western Borneo illustrate this problem well and the source of these diamonds remains uncertain; nonetheless recent studies (e.g., Kueter et al., 2016; White et al., 2016) have been used to support the tectonic model we have proposed.
The confirmation of Triassic and Jurassic ages by Burton-Johnson et al. (2020) for arc-related igneous rocks in Sabah does not answer the question where they were located in the Early Mesozoic. As observed above, both northern Australia and East Asia/eastern Sundaland were subduction margins. Metcalfe (1990) identified a Mangkalihat terrane in NE Kalimantan that separated from NW Australia in the Late Jurassic, and included this (Metcalfe, 2013) as part of the East Java-West Sulawesi terrane of Hall et al. (2009). Hennig et al. (2016) identified an Australian-derived terrane spanning NW Sulawesi, NE Kalimantan and East Sabah as an Inner Banda Block rifted in the Late Jurassic. Igneous and metamorphic rocks from this block in Sulawesi have Triassic inherited zircons (Hennig et al., 2016; van Leeuwen et al., 2016). Other possibilities are that the Sabah arc rocks were situated somewhere further north in the East Asian margin, or were even in an intra-oceanic position in the Pacific. There is no possibility of obtaining faunal or palaeomagnetic evidence that could help to solve this problem since none of the granitoid areas retain any sedimentary cover and there are no suitable rocks or paleohorizontal markers to use in palaeomagnetic investigations. The only way to resolve this question is using zircon data, but currently there are too few analyses from the Segama granitoids, or other rocks in Sabah, that might help. Our study, and that of Burton-Johnson et al. (2020), both indicate the need for new high-quality dating studies in Borneo.
CONCLUSION
• Jurassic within-plate or A-type granites in the SSZ formed during rifting of the SW Borneo Block in the Jurassic from NW Australia and are not related to subduction.
• The rocks of the Schwaner Mountains in the NWSZ, NSZ and SSZ are mainly a product of Cretaceous magmatism indicated by Cretaceous zircons in all metamorphic and igneous rocks. Cretaceous igneous rocks in the NSZ and NWSZ are interpreted to record magmatism in a volcanic arc due to subduction from c. 135 to 90–85 Ma.
• After subduction ceased at c. 90–85 Ma, there were at least two phases of post-collision magmatism that are predominantly exposed in the SSZ. The large Sukadana Granite occupies most of the SSZ and is dated as c. 85 to 79 Ma. It was intruded by smaller stocks of the Sangiyang Granite at c. 72 Ma. Contemporaneous with the Sukadana Granite was the emplacement of smaller granitoid bodies near to the Lupar Line in West Sarawak and central Kalimantan.
• There is no evidence for a continuation of the Triassic and Jurassic Paleo-Pacific subduction margin from West Borneo (the Triassic eastern Sundaland margin) into SW and central Borneo. It is unlikely that the West Borneo basement extends south of the Ketapang area where within-plate granites indicate SWB rifting and are not related to subduction.
• The Pinoh Metamorphic Group, which has previously been interpreted as part of an ancient Paleozoic core to SW Borneo, is predominantly composed of Cretaceous metapelites. We suggest that the metapelites were derived from volcaniclastic sediments erupted between c. 135 to 110 Ma, and subsequently metamorphosed during granitoid emplacement from 120–80 Ma. Garnets of the PMG are spessartine-rich almandines that indicate HT-LP Buchan-type metamorphism and formed during Cretaceous granitoid emplacement.
• A few detrital pre-Jurassic zircons in the PMG rocks and river sediments recording ages from the Triassic to the Precambrian indicate reworking of some older material during deposition of the PMG protoliths. They are interpreted to be sourced by cover of the SW Borneo basement which originated close to the Bird’s Head, with possible contributions from the Karimunjawa Arch and West Borneo basement.
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Anisotropy of magnetic susceptibility (AMS) analyses have been used widely in many applications that include studying lava flows. In this paper, we introduce an auxiliary parameter, i.e., preferred pore orientation, on the use of AMS for lava flow studies on the basaltic lava samples from Batur Volcano in Bali Indonesia. We also examine the effect of sample position in lava flow outcrop to the relationship between preferred pore orientation and AMS. The samples are subjected to petrographic analyses as well as to magnetic measurements and micro-computed tomography (μCT) imaging. Preferred pore orientations were obtained by quantified the long-axis of the vesicles from the images. The correlation was evaluated by measuring the angle between the maximum susceptibility axes and the preferred pore orientations. All samples show that the maximum susceptibility axes are parallel with the flow direction. Three out of six samples of two lava flows from the same eruption show a positive correlation between AMS and preferred pore orientation, where both parameters point to the northeast direction. A difference of sample position in the outcrop of lava flow was observed as a possible factor that influenced the results for the preferred pore orientations. Samples which were taken from the summit of the lava flow have pore orientation parallel to the lava flow direction. While samples which were taken from the foot slope of the lava flow have pore orientation perpendicular to the lava flow direction. This study provides further evidence that pore orientation might be positively correlated with the AMS.
Keywords: preferred pore orientation, micro-computed tomography, Batur volcano, Bali, Indonesia, anisotropy of magnetic susceptibility
INTRODUCTION
The use of anisotropy of magnetic susceptibility (AMS) analyses in lava flow studies has been found to have unpredictable results (Khan, 1962; Wing-Fatt and Stacey, 1966; Halvorsen, 1974; Symons, 1975; Kolofikova, 1976; Knight and Walker, 1988; Cañón-Tapia et al., 1995; Herrero-Bervera et al., 2002; Zhu et al., 2003; Panaiotu et al., 2011; Maggart, 2016; Martin et al., 2018; Atarita et al., 2019). The main difference in the conclusions from these studies was how the lava flow directions aligned with the principal magnetic susceptibility axes. Even when a correlation is irrefutable (Cañón-Tapia and Pinkerton, 2000), these results have made it difficult to make a generalized statement with regards to the correlation between flow direction and AMS (Cañón-Tapia, 2004).
On the other hand, imaging techniques for rock investigations have developed rapidly in recent years, most notably micro-computed tomography (μCT). The number of geosciences studies that have incorporated this method has been increasing rapidly (Ketcham and Carlson, 2001; Mees et al., 2003; Cnudde et al., 2006; Kaestner et al., 2008; Mao et al., 2012; Voorn et al., 2015). Visualization of the rocks’ pore space has to be done using a method that can achieve high-resolution results, given the small dimension of rock pores, and is suited for small samples. μCT seems to be apt for the requirements. It is plausible that a thorough analysis of the shapes of the vesicles can give a good indication for the flow direction. Vesicles are formed when there is a drop in pressure during rock formation, which increases gas content inside lava (Lockwood and Hazlett, 2010). According to Waters (1960) as well as Peterson and Hawkins (1971), the inclination of pipe vesicles inside lava flow and long-axis of ellipsoidal shaped vesicles near base and upper part of lava flow can infer the directions of the flow.
Thus, there is a possibility that distribution of pore orientation can be correlated with AMS in determining the flow direction. As concluded by Atarita et al. (2019) in their introductory study, the correlation between AMS and preferred pore orientation is evident but not thoroughly established, as the research in this regard is still insufficient (see also Wing-Fatt and Stacey, 1966; Cañón-Tapia et al., 1997; Atarita et al., 2019). In this study, a more comprehensive approach is carried out by combining AMS and preferred pore orientation (using μCT) analyses on well-dated and well-oriented lava flows from Mount Batur in Bali, Indonesia. The objective is to test the viability of this combined analysis in clarifying the use of AMS in studying lava flows.
SAMPLING SITES AND SAMPLE PREPARATIONS
The samples were taken with permission from Batur Global Geopark in Bali. The Geopark covers the main cone of Mount Batur, the parasite cone of Mount Abang, the main caldera, Sampeanwani hill, Bukit Puraknya landslide, Mount Bunbulan lava blockage, and various eruption products (Figure 1). Mount Batur had erupted 25 times since 1800, with the last eruption occurred in 2004. The eruptions were usually Strombolian type, which produced mostly basalt and basaltic andesite lava flows (Geomagz, 2012a).
[image: Figure 1]FIGURE 1 | Geological map of Batur Mountain (Sutawidjaja et al., 1992). Black point indicates the sampling location.
The sampling sites were within a lava flow, which is the product of the Mount Batur 1849 eruption (Wheller, 1986; Sutawidjaja et al., 1992) (see Figure 1). The 1849 lava is relatively fresh, while the direction of the lava flow is still clear; it seems to still be in accordance with the direction of the lava flow when it was formed. In most places, lava flows from Mount Batur are categorized as blocky and ʻAʻā lava (Geomagz, 2012b). The lava flow shows rugose morphology, and each flow can be differentiated by hilly-elongated forms. Some samples contain around 5% pore space with a size range from 1 to 10 mm. The various size of vesicles defines the lava structure and presume or infer the flow direction. For the 1849 eruption event, lava spread from the crater to the south-west direction.
According to the previous study (Atarita et al., 2019), the position of the sample in the outcrop of the flow may have influenced the results for the preferred pore orientations. In this study, we took six hand-sized lava flow samples at different positions from two lava outcrops. Magnetic compass orientation and clinometer were conducted before retrieving the samples. The samples were then coded as BTR2–BTR7 in order to examine the effect of sample position in the outcrop, and its relationship to the preferred pore orientation and AMS. Samples of BTR2, BTR3, and BTR4 were taken within the same lava flow outcrop, while BTR5, BTR6, and BTR7 were taken from another flow within close proximity to the first flow. It is apparent that these are two different flows but the possibility of them being parts of a larger one cannot be ignored. BTR3, BTR6 and BTR7 were taken from the summit or the upper part of the lava flow outcrop, while BTR 2, BTR4 and BTR5 were taken from the foot slope or the bottom part of the lava flow outcrop.
For this study, all samples were prepared as cylindrical cores, six core specimens for each sample. The dimension of each core was 2.5 cm in diameter and 2.2 cm in height. All six specimens of each sample were used in magnetic susceptibility measurements while one specimens of each sample were used for μCT measurements and then later used to generate pore space images.
METHODS
Petrographic
Petrographic analysis was carried out to identify rock types, textures, and mineral orientation due to lava flows that may be present in all rock samples. This analysis was conducted at a facility of PT FERG Geosains Indonesia, a private company offering services in petrographic analyses. Petrographic analysis is performed by making a thin section of each sample and then observing the thin section using a polarizing microscope. Then to calculate mineral orientation, it used the Crystal Size Distributions (CSD) correction plugin installed on the ImageJ program (Schneider et al., 2012). This plugin quantifies the textures (Higgins, 2000; Higgins, 2002; Higgins and Chandrasekharam, 2007), in this case is the plagioclase, with manual identification by the user picking and tabulating the values of plagioclase orientation. The preferred plagioclase orientation is analyzed from the rose diagrams.
Rock Magnetics
Magnetic susceptibility is a physical parameter that represents how a certain mineral can get magnetize from an outside magnetic field. Magnetic susceptibilities of rocks can have different values if measured in different directions. In a three-axis coordinate system, there are three principal magnetic susceptibilities: maximum susceptibility (K1), intermediate susceptibility (K2), and minimum susceptibility (K3) with Km as the mean value (Km = (K1 + K2 + K3)/3). In an isotropic medium, the magnitudes of these three susceptibilities are identical. However, they are different in an anisotropic medium, where K1 > K2 > K3.
Magnetic susceptibility of the samples was measured in low-frequency (χLF), at 470 Hz (Sudarningsih et al., 2017a; Sudarningsih et al., 2017b) using Bartington Susceptibility Meter instrument at the Faculty of Mining and Petroleum Engineering, Institut Teknologi Bandung. The measurements were based on the nine directions technique by Girdler (1961a) but were modified to be carried out in six directions: north-south (A1), east-west (A2), down-up (A3), north-east (A4), north-down (A5), and east-down (A6). The measurements were conducted three times for each direction. The standard deviation is 2% or less. As control, one specimen of each sample was randomly selected and its AMS was measured in full nine directions.
Table 1 lists the AMS parameters that are discussed in this study. The shape parameter, T (Jelinek, 1981) is defined as T = (2η2–η1–η3)/(η1–η3), where η1 = ln K1, η2 = ln K2, and η3 = ln K3. Positive T value (T > 0) means that the specimen has oblate shape while negative T value (T < 0) indicates prolate shape (Tarling and Hrouda, 1993). The AMS ellipsoid represents the vectorial sum to the susceptibility ellipsoid arising from each grain (Cañón-Tapia, 2004). Parameters L and F represent lineation and foliation respectively where L = K1/K2 and F = K2/K3. The degree of anisotropy (P%) represents how anisotropic a sample is and is defined as P% = 100% × (K1–K3)/K3. Meanwhile, the corrected anisotropy degree Pj is defined as
[image: image]
where [image: image] is defined as
[image: image]
TABLE 1 | Magnetic anisotropy parameters for all specimens.
[image: Table 1]Micro-Computed Tomography Imaging
Micro-computed tomography (µCT) measurements were carried out using a Bruker MicroCT Scanning Devices—SkyScan 1173 instrument at the Faculty of Mathematics and Natural Sciences, Institut Teknologi Bandung. The datasets are reconstructed to produce slices of 2D images using NRecon software (by Bruker MicroCT). In order to differentiate between the matrix and the pore space, the images were stacked into 3D model and filtered using BLOB3D software (by The High-Resolution X-ray Computed Tomography Facility at The University of Texas at Austin/UTCT) (Ketcham, 2005). After filtering, the 3D pores will appear as gray parts within the images. These filtered images were then analyzed using the CSD correction for identification of preferred horizontal and vertical pore orientation. Considering the 3D distribution of pores in each sample, two perpendicular images seen from above and seen from the side perpendicular to the assumed maximum axis were used to quantify respectively the declination as well as the inclination of the preferred pore orientation.
RESULTS
Petrographic Analyses
The results of petrographic analyses are shown in Figure 2. All samples (Figures 2A–F) are of a similar rock type, i.e., basalt. The most dominant texture is pilotaxitic in which small plagioclase laths are randomly oriented and grouped around larger phenocrysts as opposed to trachytic texture in which the small plagioclase laths are oriented in flow direction. Pilotaxitic is typical of aphanitic matrix of basalts. As show in Figure 2, the plagioclase laths in BTR3 and BTR4 are oriented in SW-NE direction which is the direction of lava flow. In contrast, the plagioclase laths in BTR6 are oriented perpendicular to the direction of lava flow while that in BTR2, BTR5 and BTR7 are oriented in E-W direction.
[image: Figure 2]FIGURE 2 | Mineral orientation based on petrographic analyses on thin sections for representative specimens of BTR2 (A), BTR3 (B), BTR4 (C), BTR5 (D), BTR6 (E), and BTR7 (F). Notes in BTR2 (A) show typical pore, groundmass and mineral (i.e., plagioclase). Red arrows indicate north direction.
Anisotropy of Magnetic Susceptibility
As shown in Table 1, the Km, Pj and P% values of all specimens are rather similar inferring that the samples are of the same rock type and confirming the results of petrographic analyses. The mean values of P% (shown as P%mean in Table 1) are in the range of 3.681–6.108%. This degree of anisotropy is similar to what others have found for samples from lava flows (Girdler, 1961a; Girdler, 1961b; Khan, 1962; Zananiri and Kondopoulou, 2004; Atarita et al., 2019). Table 1, however, shows some variations in the ellipsoidal parameters, i.e., T, L, and F, which could be derived from varying cooling experience. Based on the shape parameters, BTR3, BTR4, and BTR7 are mostly oblate, while the other sites are mostly prolate (see also Figure 3). There is no consistent relationship that can be concluded between the shape parameters and the sampling position of all samples. Borradaile and Henry (1997) warned that the shape of the AMS ellipsoid could not be calibrated or referred to a particular physical process as it combines contributions from minerals whose individual AMS ellipsoids are of different shape. As shown in Table 1, AMS measurements in nine and six directions show similar values of Km but they show discrepancies in P% values that vary from 0.563% for BTR2_3 to 3.459% for BTR5_6. Meanwhile the discrepancies in the direction of K1 is, on average, 36°.
[image: Figure 3]FIGURE 3 | A plot of shape parameter (T) and the corrected degree of anisotropy (Pj). Positive values indicate an oblate shape, whereas negative values indicate a prolate shape.
The declination and inclinations of each susceptibility axes (K1, K2, and K3) for all specimens of all samples are projected onto the lower hemisphere of equal area stereoplots (Figure 4). Mean vectors and 95% area of confidence are calculated using Jelinek statistic (Jelínek and Kropáček, 1978). Figure 4 shows that AMS data are mostly clustered and consistent, as can be seen with small circles of confidence. The maximum and minimum axes generally have medium inclinations while intermediate axes have shallow inclinations. The directions of the mean vector of all principle susceptibility axes of all samples are consistent (Table 2). The direction of the maximum axes of all samples are parallel to the lava flow directions from the eruption sources as reported by Wheller (1986).
[image: Figure 4]FIGURE 4 | The declination and inclinations of each susceptibility axes for all specimens are projected onto the lower hemisphere of equal area stereoplots of (A) BTR2; (B) BTR3; (C) BTR4; (D) BTR5 and (E) BTR6; and (F) BTR7. Large filled symbols represent the mean vector of each corresponding axis. Circles show the 95% area of confidence. K1 = maximum susceptibility, K2 = intermediate susceptibility, and K3 = minimum susceptibility.
TABLE 2 | Directions of mean principal susceptibility axes of the samples (BTR2 to BTR7).
[image: Table 2]Preferred Pore Orientation
The pore space images obtained using µCT method are shown in Figure 5. Based on the shapes of the vesicles, the samples are divided into two types: a) spherical shaped vesicles, and b) ellipsoidal shaped vesicles. BTR2, BTR3, and BTR4 are the former type while BTR5, BTR6, and BTR7 are the latter ones. This confirms the initial assumption that the samples are from two different flows. This could happen because of the different local flow mechanisms as well as flow viscosities, where the first flow (type a) had significantly slower velocity, prompted the vesicles to obtain their original shapes while type b caused deformations to the vesicle shapes.
[image: Figure 5]FIGURE 5 | Pore distribution images of (A) BTR2; (B) BTR3; (C) BTR4; (D) BTR5 and (E) BTR6; and (F) BTR7 seen from the top (circles) and the side (rectangles) of the core specimens. Gray area represents the pores. Round images are the vertical view of each sample while rectangular images represent the side view. N indicates north directions. Vertical streaks are from where the pores intersect the scan field.
In order to find more rigorous results, quantitative analysis was done to quantify the flow direction from the pore images. The results of CSD analysis of the pore images were then transformed into rose diagrams to find the distribution and the preferred pore orientation (declination and inclination) (Figures 6, 7). This method resulted in each sample having a set of declinations. In order to determine the actual declinations of each sample, we observed the declination where the corresponding inclination is tilted upwards.
[image: Figure 6]FIGURE 6 | Rose diagrams of horizontal slices of (A) BTR2; (B) BTR3; (C) BTR4; (D) BTR5; (E) BTR6; and (F) BTR7 specimens that were used in μCT imaging. These diagrams show the distribution of the declination of pores orientation. Vertical axis represents North-South direction while horizontal axis represents East-West direction. Red arrows indicate the declination of the preferred pore orientations.
[image: Figure 7]FIGURE 7 | Rose diagrams of vertical slices of (A) BTR2; (B) BTR3; (C) BTR4; (D) BTR5; (E) BTR6; and (F) BTR7 specimens that were used in μCT imaging. These diagrams show the distribution of the inclination pores orientation. Vertical axis represents Up-Down direction while horizontal axis represents North-South direction. Red arrows indicate the inclination of the preferred pore orientations.
The correlation between AMS and preferred pore orientation was evaluated by calculating the angle between all susceptibility axes with the preferred pore orientation. The values were evaluated using Stereonet program developed by Richard Allmendinger (see Allmendinger et al., 2012; Cardozo and Allmendinger, 2013). Based on the results (see Table 3), BTR2, BTR4, and BTR5 have preferred pore orientations that are perpendicular to the flow direction (correlated with K2). On the other hand, the rest of the samples have preferred pore orientation aligned with the flow direction (correlated with K1).
TABLE 3 | Preferred pore orientation and the angle between preferred pore orientation and either K1, K2, or K3.
[image: Table 3]Comparison between Figures 2, 6, show that horizontally the preferred pore orientation in BTR2, BTR5, and BTR7 is in the same direction as the mineral orientation, while that in BTR4 is perpendicular to the mineral orientation. The horizontal preferred pore orientation in BTR3 and BTR6 are respectively about 45 and 60° respectively from the mineral orientation. More comprehensive comparison between preferred pore orientation and mineral orientation would require imaging vertical mineral orientation that unfortunately is not available at this time.
DISCUSSION
AMS results with respect to the flow direction is often inconsistent. The most common conclusion is that lava flow direction is parallel with the maximum susceptibility axes (K1), as reported in (Knight and Walker, 1988; Herrero-Bervera et al., 2002; Zhu et al., 2003; Panaiotu et al., 2011). MacDonald et al. (1992) added that this is only the case if the lava had a laminar flow while Cañón-Tapia et al. (1995) concluded that this happens if we take account for the local lava flow direction. This latter hypothesis has been further supported by the results of Kolofikova (1976) that found characteristic differences between the end and the toe of the lava flow. While Khan (1962) found that only the intermediate axes are parallel with lava flow direction, several other studies (Wing-Fatt and Stacey, 1966; Halvorsen, 1974; Symons, 1975; Kolofikova, 1976) concluded that AMS was not always reliable for such cases.
AMS data of all samples are well-defined, with the high level of confidence shows the reliability of the results. Wheller (1986) reported that the 1849 lava from Mount Batur has north-east flow direction. This confirms the results of the AMS data (Figure 4), in which the maximum susceptibility axes of all samples point to the relative north-east direction. Although Bascou et al. (2005) suggested that the lower part of the lava provides the best indicator for the flow direction of the lava flow direction, there seems no disturbance in AMS data correlating to the sampling sites, which were taken from the upper part of the lava, as Atarita et al. (2019) encountered. Also, no influence from magnetic ellipsoid shape to the results has been observed, as observed also by Atarita et al. (2019). No geological deformities have been observed on the field and no indication that of the lava flows have been altered by any means of geological activities.
Based on the images from μCT method (Figure 5), the relatively larger sized from 1 to 10 mm, denser vesicles were observed in all samples as suggested by Aubele et al. (1988), Caballero-Miranda et al. (2016) as well as by Sahagian et al. (2002). Samples from flow 1 (BTR2, BTR3, and BTR4) have spherical shaped vesicles, resulting in more evenly distributed pore orientations, as can be seen in Figures 6, 7. It can be assumed that this is the effect of the slow movement of the lava, which will form spherical shaped vesicles. Another reason this happened is that the topography around the lava does not have a rather dramatic slope, which could cause the lava to flow with slower speed.
Quantitative result shows that for all three samples, not one preferred pore orientation that points toward the north-east direction (Table 3). We investigated the correlation between AMS and preferred pore orientation by measuring the angle between the pore orientation with each susceptibility axis. The smaller the angle in K1 and K2 (Asterisk) means that they may have a positive correlation (Table 3). While the declination is rather to east-west direction, then Table 3 suggests that the preferred pore orientation of BTR3 lies closest to the maximum susceptibility axis. On the contrary, BTR2 and BTR4 have their preferred pore orientation lie closest to the intermediate axes (Figure 8).
[image: Figure 8]FIGURE 8 | Sample location and 3D model lava in Batur Volcano area with pore orientation rose diagram for BTR2, BTR3, and BTR4 sample. Reddish area is lava flow which the samples were obtained. Yellow dashed lines indicate the summit of lava flows. Red arrows indicate the compression and dilatation axes at the sampling sites.
On the other hand, two out of the tree samples from flow two have north-east bound declinations. Ellipsoidal shaped vesicles made the quantitative analysis became more reliable than that of flow 1. Both BTR6 and BTR7 have preferred pore orientation to the north-east direction, closest to the maximum susceptibility axes, as confirmed in Table 3. Another anomaly occurs with BTR5, while having ellipsoidal shaped vesicles, the preferred pore orientation of BTR5 aligns closest to the intermediate axis. The difference of sample position in the outcrop of lava flow was observed as a possible factor that influenced the results for the preferred pore orientations. Samples which were taken from the summit of the lava flow have pores orientation parallel with lava flow direction. Because the orientation of the ellipsoid pore in the lava controlled by compression and dilatation stress cause by lava movement (Bernabeu et al., 2016). In the mechanical stress orientation, the ellipsoid pore orientation parallel with the dilatation axis. The top part of the lava low has a dilatation axis oriented to the lava flow direction at the hill slope, that is pulled down by the gravitation force. While samples which were taken from the foot slope of the lava flow, will have pore orientation perpendicular to lava flow direction. At the foot slope, the lava flow has a compression orientation in the lava flow direction due to the bottom flow friction and the movement becomes slowdown, and the dilatation axis should be perpendicular to flow direction.
CONCLUSION
Three out of six samples (BTR3, BTR6, and BTR7) show a positive correlation between AMS and preferred pore orientation. The preferred pore orientations for all three samples point to the northeast direction, nearly parallel with the maximum susceptibility axes (K1). The remaining sites have the same direction of their AMS with respect to other sites, although their preferred pore orientation aligns with the intermediate axes (K2). The most feasible explanation of why the results differ might be because of the different sample position in the outcrop of lava flow. Samples which taken from the summit of the lava flow have pores orientation parallel with lava flow direction. While samples which taken from the foot slope of the lava flow, will have pores orientation perpendicular with lava flow direction. Because the ellipsoid pores shape should be oriented to the dilatation axis direction. No geological deformities have been observed in the field and there is no indication that of the lava flows have been altered by any other of geological activities. This study show that the method shows some promise and should be further investigates in different types of lava flows. This could potentially be a solution in future studies about lava flow direction.
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Three-dimensional outcrop models, or Digital Surface Models (DSMs), have proved their capacity in many geoscience studies. Along with the advantage in the rapid acquisition, DSMs are capable of creating virtual models of fractured outcrops to be interpreted for further analysis. This paper reports the DSM robustness by comparing the result of fracture-lineament measurement using DSMs and discusses the possible causes of error that might occur. The first method applied in this study is the scanline method to collect fracture data directly from outcrops, measuring more than 1,400 fracture data. The second method is applying fully automatic and manual fracture identification by optimizing hill-shaded DSMs. Two well-exposed granite outcrops in Bangka, Indonesia, are designed for the pilot area. Structure-from-Motion (SfM) photogrammetry is utilized to generate the DSMs, where a series of aerial images are captured using Unmanned Aerial Vehicle (UAV). The images are then processed into hill-shaded DSMs to be automatically analyzed following the algorithm in PCI Geomatics software and manually assessed. The textures of DSMs are also used in fracture identification through RGB filtering as the third method. The results show that the semiautomatic measurement using RGB-filtering texture has the closest pattern to the scanline data compared to the hill-shaded DSM method. The differences rely on several conditions, such as the geometry and texture of the outcrops. Eventually, methods of fracture identification using DSM are expected to be capable as options in preliminary fracture data collecting on outcrops, especially when the scanline is unable to be performed.
Keywords: photogrammetry, drone, fracture, structural geology, granite, bangka
INTRODUCTION
Digital Surface Models (DSMs), or also known as three-dimensional outcrop models/digital outcrop models, have played many important roles in geoscience research. Generating georeferenced outcrop models using a drone has been proven to help geological mapping in dolomite (Madjid et al., 2018), sedimentology research (Westoby et al., 2015), and observing gas plumes of a volcano (Jordan, 2015) among many other researches on bringing outcrops into the digital world. In terms of collecting fracture data on an outcrop, the scanline method is one of the common procedures (Priest and Hudson, 1981; Mauldon et al., 2001). This method simply uses measuring tape and geological compass to study the fracture behavior of rocks (Peacock et al., 2003) and represent the regional model (Chesnaux et al., 2009) or as an analog to a subsurface model (Guerriero et al., 2010). However, a variety of factors can prohibit the method from being used during fieldwork, such as time-consuming and safety concerns.
Various publications discuss the capability of DSM to collect fracture data such as automatic fracture identification (Vasuki et al., 2013). By using UAV to capture sets of pictures of the outcrop to create a DSM, fracture detection is applied to identify lineaments that are interpreted as fractures. The process has also been used, for example, to classify joints, bedding, and other discontinuity features on outcrops (Kottenstette, 2005; Roncella et al., 2005; Micklethwaite et al., 2012; Bemis et al., 2014). However, most of the experiments are concerned with the capability of DSMs to report very comprehensive features, whilst the need to verify the robustness of the system is seldom attempted. Thus, along with the benefits of using DSM, this study aims to test fracture detection methods for DSMs relative to the traditional scanline method.
Two granite outcrops are chosen to test the methods. The outcrops are labeled SL01 and SL02, which are located on Bangka Island, Indonesia (106.1628°E longitude and 1.8688°S latitude for SL01 and 106.1735° longitude and 1.8771° latitude for SL02). These granites are grouped into hornblende-bearing granites as part of the Southeast Asia Late Triassic granite tin belt (Mangga and Djamal, 1994; Ng et al., 2017). Fractures are identified on both outcrops, interpreted as the result of a tectonic event that formed the Bentong-Raub Suture during Late Triassic-Early Jurassic when Sibumasu Block and Indochina were collided with each other (Metcalfe, 2017) or later.
MATERIALS AND EQUIPMENT
The capability of displaying a very detailed 3D digital outcrop on a workstation is one of many benefits of the DSM. The typical resolution of a DSM reaches around 0.1–0.5 m (Pringle et al., 2006). Moreover, the rapid acquisition during fieldwork and the capability to get through physically unreachable locations are other advantages in using UAVs to create a DSM. Nonetheless, as suggested by Jordan (2015), there are at least three drawbacks of UAV. The first weak point is the reliance on the weather. Bad weather conditions may interrupt the flight and consume more battery power. Other disadvantages are flight-time limitations and local regulations. In this study, a DJI Mavic Pro drone with a 12-megapixel mounted camera is used to capture sets of images of the outcrops during fieldwork. The images are later processed using Structure-from-Motion (SfM) photogrammetry (Westoby et al., 2015; Madjid et al., 2018; Hansman and Ring, 2019) to construct a three-dimensional model. Fracture data of the outcrops have also been collected with the linear scanline method by using a measuring tape and geological compass to later ground truth and validate the results of DSM methods.
METHODS
Three different methods are applied to get the results of the fracture data of the outcrops, which are the linear scanline method, automatic and manual identification on hill-shaded DSM, and semiautomatic fracture determination on RGB-filtering DSM textures. The methods are basically based on feature identification on contrast changes of the DSMs, following the feature detection method on DSM by Bemis et al. (2014), Micklethwaite et al. (2012), and Vasuki et al. (2014). The hill-shaded DSMs are those which are processed into the digital elevation model and then later interpreted both manually and automatically. Meanwhile, since the fracture identification is based on the color of DSMs, the RGB-filtering methods are also applied to get higher contrast changes. The lineament data are also processed with a simple triangulation method (Fernández, 2005; Bemis et al., 2014; Vasuki et al., 2014) to get the true strike and dip values. The method is performed by defining points at each end and midpoint of every lineament. Subsequently, the height of the DSM is extracted to the points to obtain a triangular plane of the fractures.
Fracture Sampling Using Linear Scanline
As the most conventional and reliable technique to collect fracture data, the linear scanline method has been carried out at the outcrops. The measurements are used as validation of the other methods of collecting fracture data using hill-shaded DSM and RGB-filtering DSM. To cover all fractures at the selected outcrops, nine scanlines have been executed. Four scanlines were conducted at SL01 (SL0101, SL0102, SL0103, and SL0104) and five scanlines were conducted at SL02 (SL0201, SL0202, SL0203, SL0204, and SL0205), to cover all fractures at these selected outcrops (Figures 1–3).
[image: Figure 1]FIGURE 1Imagery of the outcrops: (A) SL01 and (B) SL02 along with the projection of linear scanlines location (red lines). Both outcrops are located on Bangka Island, Indonesia (106.1628°E longitude and 1.8688°S latitude and 106.1735° longitude and 1.8771° latitude for SL01 and SL02, respectively).
[image: Figure 2]FIGURE 2Detailed picture of the fracture network on SL01 with the handle of the hammer pointing south. Fractures on the outcrop are mainly trending E-W and NE-SW; fine-sized fractures are very common, trending E-W (marked with red dashed line).
[image: Figure 3]FIGURE 3Aerial view of SL02. At least two fracture orientations can be distinguished: an E-W (red dashed line) and a NE-SW (light blue dashed line).
Fracture Identification on Hill-Shaded Digital Surface Models
Initial fracture identification involved DSM processing into hill-shaded digital elevation models. To create DSMs, as many as 91 georeferenced images of the outcrops were collected using a drone and processed to construct the digital model of the outcrops. Later, the models go through a hill-shading process to obtain clear geometry of the fracture lineaments. Subsequently, the generation of automatic and manual lineament from hill-shaded DSMs is executed. Manual fracture identification follows the Yamaguchi Method (Yamaguchi, 1985), which defines the relationship between the resolution of images (R) and optimum image-scale for interpretation of satellite imagery data (S). According to the method, the value of S should fit the formula, where [image: image]. Since the resolution of DSMs in this study is 1 cm/pixel, the manual fracture interpretation in this study is confined on 1 : 10 scale.
The automatic fracture identification was processed using Geomatica software from PCI Geomatics. The minimum length of automatically generated lineaments was set equal to the minimum length of the fractures, which has been manually identified. The main purpose of this determination is to avoid mislead lineament generation in differentiating features between fractures and artifacts. The other two parameters, the angular difference threshold and the lineament radius, are relying on the resolution of DSM. We set a step of 10° for the angular difference threshold, which specifies the maximum angle to create a segmented line because the direction data are plotted on rose diagrams at intervals of 10°. The lineament radius (defined as the radius of pixel to detect lineament continuation) is set at 20 pixels (40 cm), which is the minimum observable fracture length (Figure 4).
[image: Figure 4]FIGURE 4Images of hill-shaded DSM of the outcrops captured from the top, with colored lines as the fracture lines on both outcrops. Lineaments at panels (A, B) are generated automatically, whereas lineaments at panels (C, D) are the result of manual interpretation.
Fracture Identification on Red-Green-Blue-Filtering Digital Surface Models
In this method, the textures of DSMs are used to determine fractures at the outcrops. Similar to the hill-shaded DSM method, DSMs of the outcrops (Figure 1) are also required to obtain very detailed textures. Furthermore, the RGB (Red-Green-Blue) value of the textures was filtered to highlight the fractures from the outcrops. This process inverts the real texture of the DSM and subsequently, the contrast is manually adjusted for the optimum visual results. The fractures are later interpreted by a semiautomatic process. The DSMs are first processed with automatic fracture-lineament identification using Geomatica software, and subsequently, the lineaments are manually reinterpreted (Figure 5).
[image: Figure 5]FIGURE 5Results of RGB-processed lineaments from the texture of DSMs as fracture lineaments from the semiautomatic process in the outcrops SL01 (A) and SL02 (B).
RESULTS
Based on the outcome of lineament identification using DSMs, fractures are well identified on both hill-shaded DSMs and RGB-processed DSMs methods (Figures 4,5). The numbers of lineaments also varied, with the RGB-processed methods providing the maximum number of identified fractures. In terms of fracture direction, various patterns are well recorded on both outcrops. To assess the robustness of all the DSMs methods compared to the scanline, we display the results in rose diagrams (Figures 6,7) and stereographic projections (Figures 8,9). For the first outcrop (SL01), the E-W trend (080°–100°) is the major direction, covering 31% of all data (Figure 6). Subordinate fractures also occur at NE-SW (030–040°) and N-S (000–010°) trends, comprising 8% and 2% of all data, respectively. Similar trends are also shown in RGB-processed DSM. A slight difference in pattern is shown from the results of the hill-shaded DSM, where the E-W trend is shifted around 10° in a counterclockwise direction to 070–080°.
[image: Figure 6]FIGURE 6Three lineament trends are distinguished from all methods on SL01 outcrop. The results of the scanline (black graphs), automated hill-shade (orange graphs), manual hill-shaded (blue graphs), and RGB-filtered DSM (green graphs) methods are portrayed on rose diagrams.
[image: Figure 7]FIGURE 7Plots of the lineament trends obtained from scanline (black graphs), automated hill-shade (orange graphs), manual hill-shaded (blue graphs), and RGB-filtered DSM (green graphs) are portrayed on rose diagrams.
[image: Figure 8]FIGURE 8Lower-hemisphere stereographic projections of fracture planes generated from the simple triangulation method for SL01 outcrop. All DSM methods show nearly identical outcomes compared to the result from the scanline regarding true strike direction and dip angle.
[image: Figure 9]FIGURE 9Stereographic projections of fracture planes for SL02, generated from the simple triangulation method. Similar to the result from SL01, the outcome from all DSMs methods is nearly identical to the result from the scanline method.
The results of the scanline method at SL02 site show the occurrence of fractures trending E-W (080–090°) as the major trend, covering 20% of all data (Figure 7). Minor sets of fractures are oriented NE-SW (030–040°) and N-S (355–000°), encompassing 9 and 5% of all data, respectively. These trends are well recognized in both methods using DSMs. Shifted trends also appear, where the NE-SW trend is rotated in a counterclockwise direction to 020–030° on all of the DSM-based methods. In addition, the dip value of every lineament has also been processed by using a simple triangulation method. The results are shown in lower-hemisphere stereographic projections (Figures 8,9).
DISCUSSION
The results obtained from DSM methods and scanline differ by about 10° for both investigated outcrops (Figures 6,7), because DSM methods measure only apparent and not true strike. Each point at the edge of various lineaments from DSM methods has a different height; thus, it can be assumed that some of the lineaments record apparent strike directions. To prevent apparent strike recording, the conversion of lineaments into planes has been done. Based on the results shown in stereographic projections (Figures 8,9), it can be concluded that methods using DSM provide nearly identical results with the scanline method. Overall, the strike acquired from DSM methods compared to those obtained from the scanline deviates by less than 8°, with a maximum of 23° deviation on fractures striking E-W at the SL01 site.
The DSM methods show promising results in treating the dip values of each fracture population, as well. The highest deviation among all peaks on the projection is only 8°. However, the dip values tend to widely disperse. Several identified fractures are roughly horizontal (Figures 8,9). These gently steeping fracture planes are generated from the simple triangulation method where the elevation difference between each of the points is extremely low.
Obvious differences in the population of the E-W trend at SL01 outcrop between the three methods are also distinguished from the rose diagrams and the stereographic projections. According to field observation, hairline fractures with the E-W trend do not play any role in controlling the outcrop geometry and have not been recorded on the DSM texture (Figure 2). Thus, the number of this fracture trend is underestimated on the DSM. It is apparent that a field observation should be conducted before performing fracture identification from DSM.
Among all, the method using RGB-processed DSM appears to be more accurate. All fracture directions are recorded very well at both outcrops obviously because the RGB-processed method has the advantage to display fractures more accurately than the hill-shaded DSM. The fracture identification on the hill-shaded method also tends to be more dependent on outcrop geometry in recording the presence of fractures. Moreover, during the process of automatic lineament interpretations, numerous artifacts (e.g., vegetation, mud, rock boundaries, and shadows) are also misinterpreted as fractures.
In summary, methods of fracture measurement using DSMs are highly dependent on the geometry and texture of the outcrop. Errors may occur during the process, such as misidentified apparent strike for true strike direction, misleads in displaying major-minor trends in rose diagram due to the presence of hairline fractures, lack of lineament data if the outcrop relief is unable to produce high contrast in hill-shading process, and the presence of artifacts. As far as the apparent strike problem is concerned, a simple triangulation method may be used to transform the fracture lineaments into planes to achieve the true strike and dip value of the identified fractures. Field observation directly to the outcrops is important to mitigate mislead due to the presence of hairline fractures and artifacts.
Nonetheless, all DSM methods in this study demonstrated similar lineament patterns to the actual measurement of fractures in the field via the scanline method. Fractures oriented N-S, NE-SW, and E-W from scanlines are all recorded well using hill-shaded and RGB-filtered methods on both outcrops. Thereby, along with UAV advantages, such as capturing detailed outcrop features, covering a large area, and saving time, methods using DSM are a suitable option for collecting fracture data on outcrops, when the scanline method is unable to be conducted during fieldwork.
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The flank failure and collapse of Anak Krakatau on December 22nd, 2018 triggered a destructive tsunami. Whether the prior activity of the volcano led to this collapse, or it was triggered by another means, remains a challenge to understand. This study seeks to investigate the recent volcano submarine mass-landslide deposit and emplacement processes, including the seafloor morphology of the flank collapse and the landslide deposit extent. Bathymetry and sparker seismic data were used during this study. Bathymetry data collected in August, 2019 shows the run-out area and the seafloor landslide deposit morphology. Bathymetry data acquired in May, 2017, is used as the base limit of the collapse to estimate the volume of the flank collapse. Comparisons between seismic data acquired in 2017 and 2019 provide an insight into the landslide emplacement processes, the deposit sequence, and structure below the seafloor. From these results we highlight two areas of the submarine-mass landslide deposit, one proximal to Anak Krakatau island (∼1.6 km) and one distal (∼1.4 km). The resulting analysis suggests that the submarine-mass landslide deposit might be produced by a frontally compressional, faulted, landslide, triggered by the critical stability slope, and due to the recent volcanic activity. Blocky seabed features clearly lie to the southwest of Anak Krakatau, and may represent the collapse blocks of the landslide. The seismic analysis of the data acquired in August, 2019 reveals that the blocky facies extends to ∼1.62 km in the width around Anak Krakatau, and the block thicknesses vary up to 70.4 m. The marine data provides a new insight into the landslide run out and extent, together with the landslide deposit morphology and structure that are not available from satellite imagery or subaerial surveys. We conclude that the landslide run out area southwest of the recent collapse, is ∼7.02 ± 0.21 km2.
Keywords: bathymetry, tsunami, flank collapse, shallow seismic, single-channel seismic, Krakatau
INTRODUCTION
The SW flank of the volcanic island Anak Krakatau, Indonesia collapsed on December 22nd, 2018, after six months of volcanic activity. The collapse occurred at 20:55 WIB (UTC+7) and generated a tsunami that began impacting the coastline of the surrounding Sunda Strait from 21:27 local time (Grilli et al., 2019; Walter et al., 2019). According to the Indonesian National Disaster Management Authority, the tsunami caused 437 fatalities, 14,509 injuries, and significant destruction (BNPB, 2019). Seismometer records from the Indonesian Agency for Meteorology, Climatology and Geophysics (BMKG) show 1–2 min of a signal frequency thought to be attributed to the flank failure, followed by 5 min of high-frequency energy attributed to the flank failure (Walter et al., 2019).
Flank collapse volcanic landslides is considered to be among the largest-volume mass movements in the world (Moore et al., 1989; Masson et al., 2002; Le Friant et al., 2003). The collapses, if adjacent to water bodies, can generate destructive hazards including tsunamis, such as those of Montagne Pelee, Martinique, Lesser Antilles and Nisyros volcano, Greece (Keating, 2000; Tibaldi et al., 2008; Le Friant et al., 2003). For Anak Krakatau, this scenario was previously investigated by Giachetti et al. (2012), who modeled a tsunami resulting from the partial destabilization of the southwest volcanic flank.
During the 2018 Anak Krakatau activity, a tsunami with run ups up to 13 m struck the coastal areas of Banten and Lampung (Figure 1) (Muhari et al., 2019; Putra et al., 2020). Tsunami modeling suggests a landslide from the SW volcanic flank can generate a far field tsunami with focused directions of run up (Grilli et al., 2019; Zengaffinen et al., 2020). This focusing results from the influence of the Krakatau islands. There is evidence of tsunami interaction with these islands, which are the 40 m run ups on southern Sertung, and 50 m on Rakata (Muhari et al., 2019; Heidarzadeh et al., 2020). Muhari et al., (2019) concluded that the short-period tsunami waves were caused by the landslide. Ye et al. (2020), confirmed a seismic magnitude of Mw 5.1 from seismic data. Walter et al. (2019), suggest from Synthetic Aperture Radar (SAR) satellite images, that the collapse from the SW volcanic flank is due to magma-tectonic processes. The SAR data shows that the present-day cone, and a significant part of the island, failed into the sea (Grilli et al., 2019; Walter et al., 2019; Williams et al., 2019; Perttu et al., 2020) (Figure 2).
[image: Figure 1]FIGURE 1 | Bathymetric and DEM map of study area setting. Fault name abbreviations: ESF=East Tabuan Fault, WTF=West Tabuan Fault, WKF=West Krakatau Fault, SFZ=Sumatran Fault Zone (From BATNAS and DEMNAS, http://tides.big.go.id/DEMNAS/).
[image: Figure 2]FIGURE 2 | Google satellite imagery before and after 2018 eruption.
Previous studies of submarine mass-movements on volcanic islands discovered phenomena such as erosion, volcanic debris avalanche, overrunning volcanic debris flow, and down-slope propagating seafloor failures (Watt et al., 2012a; Watt et al. 2012b; Watt et al. 2014). Significant volcanic activity is known to precondition slope instability, or even to directly trigger precursory collapses (Moore et al., 1989; Watt et al., 2012a; Hunt and Jarvis 2017; Clare et al., 2018; Hunt et al., 2018). The role of these precursor and failure mechanisms in triggering the flank collapse of Anak Krakatau on December 22nd has been discussed in several studies (Grilli et al., 2019; Walter et al., 2019; Williams et al., 2019). The recent flank collapse and volcanic edifice deposit in the offshore of the December 22nd, 2018 AK flank collapse, however, has not yet been studied. Here, we investigate this collapse from pre and post-event deposits of December 22nd Anak Krakatau, based on pre and post-event submarine data. In order to study the collapse, we use bathymetry acquired in August, 2019 and May, 2017. Then, we compare seismic data acquired in 2019 with data from 2017. The main objectives of this study are addressed from the following questions. First, what is the nature of the landslide deposit, is it a blocky landslide, a debris flow, or somewhere in between? Secondly, if collapse blocks are present, what is their orientation? Thirdly, what does the interior structure of the blocks reveal about their transportation and deformation history? We explore the acoustic heterogeneity and reflection pattern from seismic profiles to trace the structure within the landslide deposit and seafloor morphology onto which it was emplaced. Moreover, we look into how the landslide (and the blocks in particular) interacted with the seafloor during transport. Finally, we outline the nature of the landslide deposit, the run out onto the seafloor, quantify an approximate landslide volume and the landslide emplacement processes. The study has implications for global volcanic island hazard assessments in the future, and also for the validation of tsunami modeling that can be applied to other scenarios to develop or test mitigation strategies.
Geological Background
Anak Krakatau lies in the Sunda Straits, between Java and Sumatra, Indonesia. It is in the transitional zone between frontal subduction of Indo-Australian plate beneath Java and oblique subduction beneath Sumatra (Hamilton, 1979; Huchon and Pichon, 1984; Malod et al., 1995; Susilohadi et al., 2009). It is located in a volcanic complex at N20°E, which extends from Mt. Rajabasa to Panaitan Island, and includes the Krakatau Islands (Harjono et al., 1991; Deplus et al., 1995). The magmatic activity at Anak Krakatau is hypothesized to be controlled by the activation of a NW–SE trending fault system (Susilohadi et al., 2009). History tells us that it is one the most active volcanoes in the world, with numerous eruptions and landslides over the last century (Zen, 1970; Deplus et al., 1995; Jaxybulatov et al., 2011; Giachetti et al., 2012). The most notable eruption was the 1883 explosive, caldera-forming, event, which led to a destructive tsunami killing 36,000 people (Auker et al., 2013). During its evolution, Anak Krakatau experienced periods of strong activity with notable eruptions in 1883, 1929, 2007, 2008 and 2018 (Self and Rampino, 1981; Agustan et al., 2012; Grilli et al., 2019).
Deplus et al. (1995) proposed two models for past caldera collapse at Krakatau (e.g. 1883). Firstly, by the propagation of pyroclastic flows from gravitational collapse of the eruption column, followed by unroofing of the magma chamber, which triggered a tsunami when the pyroclastic flows entered the sea. Secondly, from debris flows oriented toward the intersection of prehistoric caldera, located in northwest Rakata, with a, giant, landslide generating the major tsunami. On the other hand, based on tomography imaging, the shallow and deep magma melt lenses below Anak Krakatau are suggested as residing at several levels within the crust (Jaxybulatov et al., 2011).
MATERIALS AND METHODS
In August 2019, a collaboration between the Indonesian Institute of Sciences, the Marine Geological Research and Development Centre, the National Oceanography Centre, Southampton, and the British Geological Survey completed a marine survey of Anak Krakatau. The survey utilized single-channel seismic and multibeam bathymetry in order to image the marine subsurface conditions of Anak Krakatau after the catastrophe. We use seismic and single beam bathymetry data acquired in May 2017 to interpret the pre-2018 event seafloor condition and investigate the dynamic change in between years. A further consideration is the changes during the six month time interval between the 2018 collapse and the acquisition of the seismic data in 2019, which we cannot take into account with our data set.
The bathymetry data from the 2019 survey had a 5 m grid over a total area of around 39.5 km2. Teledyne Reson T20-P multibeam echosounder (10–160° swaths) and R2Sonic 2026 bottom detection range finder (6 mm resolution) were used to image the seafloor of the basins to the SW and NE of Anak Krakatau volcano. The survey utilized single-channel seismic to image the subseabed characteristics of the landslide deposits. To minimize the effects of heave, a Teledyne TSS-DMS 05 was installed on the multibeam echosounder transducers. Navigation was recorded from a Trimble SPS 462 GPS and data logger in a Hydropro data format. Trackline artefacts were removed or smoothed in CARIS software and tidally corrected. The bathymetry data acquired in 2017 is single beam with frequency 50/77/200 kHz CHIRP resulted in a 25 m grid. These bathymetry data were tidally corrected using the Matlab script tide which is reduce the tidal effect up to ±5 m. Then the bathymetry data analyzed using Oasis montaj, ArcGIS and Qgis software. To calculate the total approximate volume of the post collapsed blocks, we estimated the difference between the two bathymetry data.
We utilized sparker seismic reflection profiles from 2017, and sparker seismic data acquired in 2019, 6°months after the catastrophe. The 2019 seismic acquisition used a sparker fired at a 500°millisecond rate with 250°millisecond sweep rate and 1200°KVA power generator as the source. The receiver sensor was a 24 m length hydrophone with a frequency range 300–10,000 Hz, connected to Khron Hite bandpass filter (30–3,000 Hz). The record length was 500°millisecond, 375°m, converted to depth using a seawater velocity of 1500 m/s. Data from 2017 has a 360°millisecond record length, around 260°m in depth, with the other parameters the same as those of August, 2019. The vertical resolution of the seismic profiles is about 4–6°m, and the lateral resolution is about 2°m, with the speed of the boat maintained at 4°knots. The seismic profiles were processed and plotted using Seismic Unix.
The raw seismic data includes artefacts such as noise and short-long multiples. To increase the signal-to-noise ratio, and avoid misinterpretation, advanced processing was necessary. First observations of the raw seismic data indicate seawater and swell noise (Figure 3A). We applied a bandpass filter to reduce this noise by the design and application of a boxcar filter (180, 200, 1800 and 2000 Hz). We analyzed the amplitude spectrum distribution in order to design the bandpass filter (Figure 3B). A spherical divergence correction was applied to reduce the spherical Earth effect. Another process, predictive deconvolution, was applied to decrease reverberation (Figure 3C). To calculate the depth conversion, we refer to the study of P-wave velocity measurement in materials deposit in the Nankai trough, which gives a range of the natural compressional wave velocity about 1,600–2000°m/s (Schumann et al., 2014). If we use this range of the natural P-wave velocity, this would affect the resultant thickness by nearly 10% (Deplus et al., 2001). Here, our study assumed P-wave velocity of 1760 km/s, based on the average deposit velocity of unconsolidated sand deposits from the Ritter volcanic Island (Karstens et al., 2019). A further consideration is that the landslide blocks from Anak Krakatau are coherent masses of interbedded basalts, which have higher P-wave velocities.
[image: Figure 3]FIGURE 3 | Seismic Processing section from Profile SKC-05A 2019. (A) Raw data with spectrum amplitude. (B) Data applied bandpass filter with window 180, 200, 1800, and 2000 Hz. (C) Deconvolution and spherical divergence applied.
RESULTS
Bathymetry
The bathymetry acquired in 2017 is much lower resolution (25°m) than that from 2019 (5°m), but it does show the broad seafloor morphology before the collapse. There is a deep caldera southwest of Anak Krakatau (Figure 4A), and a steep seafloor slope close to the island where it changes from zero at the coast, to 250 m depths within a 750 m lateral distance. The high resolution bathymetry from 2019, shows a much more detailed morphology of the flank collapse deposits to the southwest of Anak Krakatau (Figure 4B). The rough surfaces that make up the submarine volcanic debris-avalanche deposits are clearly different from the surrounding smoother-surfaced seafloor, as seen in the southern Lesser Antilles and western Canary Islands (Deplus et al., 2001; Masson et al., 2002; Watt et al., 2014). The extent of the submarine-mass landslide deposit, from the margin of the rough seafloor bathymetry (white dotted line on Figures 4C,D), is approximately 1.5 km southwest of Anak Krakatau. The area of the submarine-mass landslide deposit, or blocky facies in the southwest region, is approximately 7.02 ± 0.21 km2 (shown by a red dotted line in Figure 4C). We quantify the volume and distribution of flank collapse by calculating the difference between the two bathymetry data sets, which resulted in an approximate total volume of the flank collapse of about 0.298 ± 0.04 km3 and has been distributed arbitrarily on the southwest of Anak Krakatau, indicated by the black to white color scale (Figure 4E). This estimate, however, does not include sedimentation between 2017 and the collapse of December 2019, the erosion of material via the flank collapse, and sedimentation during the subsequent post-collapse period of enhanced volcanism; all factors that would reduce this estimate.
[image: Figure 4]FIGURE 4 | Bathymetry map shows the collapse block result from 22nd December 2018 AK eruption. (A) Single-beam bathymetry maps acquired in 2017. (B) Multi-beam bathymetry maps acquired in 2019. (C) Bathymetry maps 2019 with interpretation of seafloor morphology post-event of the flank collapse (The white-striped line interpreted margin of the collapse, the red-striped line is the estimation of the coverage area of the landslide, the yellow-rounded considered as small-blocks deposit). (D) Bathymetry maps 2019 with blow up the limit of the landslide. (E) The volume area resulted from the subtraction between bathymetry acquired in 2019 and acquired in 2017.
On the 2019 data, there is a difference in thickness between the large blocky region close to Anak Krakatau, and the more distal, smooth-surface region. The large blocky features are interpreted as collapse blocks from the volcano. There are at least five large blocks which are hundreds of meters in size and dimensions (Table 1). The low-resolution of 2017 bathymetry data allowed us to only estimate each block's geometry in terms of height, weight, and length but not the volume. In addition, there are not only the large blocks, but also with other materials, such as boulder-sized and disaggregated small fragments (Figure 4C). Submarine channels define the outer margins of the landslide deposit where density currents bypass the landslide deposits and flow into the deeper basin floor. The gully features in the bathymetry are difficult to trace due to the subsequent volcanism and mass wasting from the volcanic edifice.
TABLE 1 | The large collapse blocks’ dimension as a result of December, 22nd 2020 Anak Krakatau event.
[image: Table 1]Sparker Seismic Reflection 2017 and 2019 Profiles
On seismic profiles from 2017 there is a featureless seafloor with a depositional sequence highlighted by the contrast of the high amplitude reflections between the different layers (Figure 5B). At least three parallel layers are discerned, based on the contrast amplitudes of the reflectors (Figure 5A). The uppermost sediment layer has thickness of about 15°milliseconds (two-way travel time), which approximates to 13.2 m. The underlying second and third layers, have thicknesses of up to 20 and 17°milliseconds or 17.6 and 14.9 m. The basal reflector is clearly defined, and is approximately 50°milliseconds, or 44°m, below the seafloor surface. The profile also shows an undulation reflector near Sertung Island, away from the coast of Anak Krakatau (Figure 5A). This undulation is hard to interpret but could be an intrusion or a collapsed block.
[image: Figure 5]FIGURE 5 | Seismic Profile SS_11C (2017 Data) with 3:1 exaggeration (The black striped line is basement, yellow striped line is consider as young deposit, meanwhile pink and sky light-brown striped line are older deposit). (A) Interpreted of the Seismic Profile SS_11C. (B) Un interpreted of Seismic Profile SS_11C. (C) The Seismic Profile SS_11C location.
The 2019 seismic data contrast markedly with the seismic from 2017 (Figure 6). There is the blocky facies seen on the bathymetry, a variation in layer thickness in the subsurface, backfill sediment, compressional faults, and base of the older stratigraphy. Because of the 6°months time interval between the collapse and the acquisition of the seismic data, there are changes that we cannot account for with our data set. From seismic line SKC_03, we identify a sequence of deposits resulting from the flank collapse of December 22nd, 2018 (Figure 6). As a consequence of the emplacement process, the submarine-mass landslide deposit comprises two areas; a proximal one located close to Anak Krakatau and a more distal one (Figure 6A). The proximal versus distal areas were defined from the internal reflection characteristics of chaotic, disturbed, undisturbed, or well-layered seismic reflections (Brunet et al., 2016). The proximal area is correlated to the collapse of the volcanic blocks and hummocky surface morphology that incise the seafloor (Watt et al., 2012b). This area is characterized by chaotic reflections that are disrupted, discontinuous and low amplitude. The distal area is associated with the deposition far away from the center which appears in single landslide deposit in seismic profile (Watt et al., 2012a). This area display well-layered reflections of high-amplitude, which are continuous and parallel.
[image: Figure 6]FIGURE 6 | Seismic Profile SKC-03 (2019 Data) with 5:1 exaggeration (The light-brown striped line is consider as basal collapse block). (A) Interpreted of the Seismic Profile SKC-03. (B) Un interpreted of Seismic Profile SKC-03. (C) The Seismic Profile SKC-03 location.
The Proximal Area
The proximal area is characterized by the collapse blocks, infilled with backfilled deposits (Figures 6A, 7A). The lateral extent of the proximal units is ∼1.6 km. In general, the internal seismic reflections of the proximal units show a chaotic and disturbed seismic amplitude. In the profile SKC_03, the proximal units closest to the coast, comprise a backfilled deposit, which overlies a blocky seabed, that we interpret as landslide blocks and debris avalanche deposits above the base of older stratigraphy (Figure 6A). The backfilled deposits are up to 32°milliseconds (two-way travel times) or ∼28.1 m in thickness. The base of the collapse blocks on the seismic profile is difficult to identify as the base of older stratigraphy, due to the low resolution of the seismic at this depth. The bottom limit of collapse blocks is recognized from the semi-flat seismic reflectors, from which we estimate a thickness of about 80 millisecond, or around 70.4 m (Figure 6A). Additionally, the collapse blocks on the seismic profile are similar to the collapse blocks 2 and 3 identified on the bathymetry (Figure 4C). The blocky facies extent almost 1.62 km along seismic profile SKC_03 (Figure 6A). The seismic reflections also show several diffractions from point-source reflectors with sharp edges, which identify the hanging wall and footwall of the collapse blocks. The hanging wall position is lower relative to the footwall, and indicates the faults to be compressional.
[image: Figure 7]FIGURE 7 | Seismic Profile SKS-05A (2019 Data) with 2:1 exaggeration (The light-brown striped line is consider as basal collapse block). (A) Interpreted of the Seismic Profile SKC-03. (B) Uninterpreted of Seismic Profile SKC-03. (C) The Seismic Profile SKC-03 location.
Seismic SKS-05A profile crosses the proximal unit and is characterized by an irregular top reflection and minimal internal structure (Figure 7A). The irregular top shows a very rough seafloor comprising numerous small blocks, which are interpreted as the remnants of Anak Krakatau’s volcanic edifice. The blocky features on the seafloor are partly buried by the overlying deposits (Figure 7A). The lateral spread of the proximal area varies from east to west, and has an average thickness of 18°millisecond, or about 15.8 m. The large block 1 is centered in the eastern part of the profile, while the western part is filled by well-bedded and smaller-blocky features. There is a side-swipe (ghost echo), which is due to the rough seafloor (Figure 7A).
The Distal Area
The distal units extend from the southwest limit of the landslide block area to the very rough edge of the preexisting caldera basin in the south west. The lateral extent of the distal units is nearly 1.4 km. On seismic profile SKC_03 (Figure 6A) reflections in the distal unit are continuous and well-layered reflections. The flank collapse deposit does not fully reach to the limit of the distal unit, except on some lines the underlying sediment is a deformed package rather than debris flow, which may have failed in situ as seen in Montserrat, Lesser Antilles (Watt et al., 2012b; Watt et al., 2014). The thickness of the lower, well-layered debris flow is up to 16°millisecond (two-way travel times) or 14.1°m, while the overlying, younger deposit thickness is up to 15°millisecond or around 13.2 m. The younger deposit displays sub-parallel bedding, with high amplitude reflectors, with the absence of volcanic blocks or specific structures, indicating that it was deposited as a turbidity current. The underlying units (green dotted lines on Figure 6A), are deeper, buried, debris flows, which are probably from older collapses. A sketch of the distal and proximal units is summarized in Figure 8.
[image: Figure 8]FIGURE 8 | Interpretations model of seismic Profile SKC-03 distance vs. depth (m) shows the collapse blocks and eroded sediment layers during 22nd December 2018 Anak Krakatau Event (The depth conversion using constant velocity of 1760 km/s).
DISCUSSION
From Grilli et al. (2019) and Walter et al. (2019), the flank collapse of December 22nd resulted from 6 months of slope destabilization before eventual failure. In this paper, we show the products of the flank collapse from hydroacoustic data. The interpretation of seismic profile SKC_03 is a blocky facies seabed above an older stratigraphy, showing that the volcanic edifice was partly disaggregated when it entered the sea (Figure 8). From the bathymetry data acquired in August, 2019 we see large blocks and boulders in the southwest of Anak Krakatau, not present in the 2017 bathymetry, while on the subaerial imagery there is also a significant change in the morphology of Anak Krakatau (Grilli et al., 2019; Walter et al., 2019; Williams et al., 2019; Perttu et al., 2020).
Previous investigations suggest two possible failure mechanisms to account for the collapse of Anak Krakatau (Grilli et al., 2019; Walter et al., 2019; Williams et al., 2019). Firstly, a multi-stage collapse of the volcanic flank, with the products distributed on the southwest of Anak Krakatau. This scenario was suggested by Williams et al. (2019) who concluded that the cone of Anak Krakatau was not removed during the flank collapse, but during subsequent volcanic activity. Their study proposed a submarine failure at around 9°pm local time (UTC+7) with a collapse volume of ∼0.1 km3 that generated the tsunami, with later smaller edifice collapse following, with volume of 0.004 km3. The problem with this interpretation is that, from the numerical modeling of Grilli et al. (2019), even if combined, these volumes are too small to explain the recorded Tsunami.
The second failure mechanism proposed is that the flank collapse was one event, with a larger volume than proposed by Williams et al. (2019) (Grilli et al., 2019; Zengaffinen et al., 2020). The failure mechanism in this instance may have resulted from the steep gradient of the southwest Anak Krakatau slope, and the growth of significant lava flows in this region. Giachetti et al. (2012) simulated a failure mechanism of Anak Krakatau in 2012 with a volume of 0.28°km3, which is similar to our approximate estimation of the 2018 event. Grilli et al. (2019) used numerical modeling to show that a single main failure was sufficiently rapid to generate the tsunami. Paris et al. (2020), presents a preliminary model of the volcanic collapse based on coupled granular rheology and coulomb friction. In addition, Zengaffinen et al. (2020), modeled the Anak Krakatau flank collapse using a depth-averaged visco-plastic with BingClaw landslide model. From this, the authors were able to reproduce the tsunami elevation amplitudes recorded in the field surveys. Both Paris et al. (2020), and Zengaffinen et al. (2020) conclude that the uncertainty in their models results from the effects of sea currents and the (unknown) seafloor surface in their models, that is required before a final failure mechanism can be identified.
Our approximate volume results, from submarine data, shows a larger than expected volume involved in the flank collapse (0.298 ± 0.04 km3), compared to William et al., (2019), who proposed ∼0.1 km3 which is less than half that of Grilli et al. (2019). Whether the emplacement of the flank collapse deposit occurred as single or multi-stage process remains a question, considering the aspect related to resolution and sedimentation between 2017 and 2019, the erosion due to 2018 collapse and the deposition of volcanic tephra as a result of the intense volcanism that followed the collapse. Due to a low resolution in bathymetry data acquired in 2017, the aspect cannot be addressed any further to estimate the flank collapse's total minimum volume. However, it allows us to calculate the approximate maximum volume of the flank collapse. In this study, we show that the emplacement of the flank collapse, produced disaggregated blocks that display internal dipping faults caused by compressional forces resulting from failure (Figure 8). As a result of failure, and as shown in the bathymetry and seismic (Figures 4, 6), the flank collapse is distributed into several blocks and boulders with various dimensions. The distribution of the blocky facies covers an area of about 7.02 ± 0.21 km2. Finally, the backfill sediment deposited on top of the collapse blocks has a variable thickness.
CONCLUSION
We present bathymetry and seismic data acquired 6°months after the 2018 Anak Krakatau eruption. The evidence of the flank collapse is found within two areas of the submarine-mass landslide deposits, which we separate into proximal and distal regions. Our submarine-mass landslide deposit analysis suggests that it is typical of a frontally compressional faulted landslide, triggered by critical instability due to the ongoing volcanic activity. The margins of the landslide are recognized by a smooth-seabed surfaced area interpreted as a debris flow resulting from the emplacement of a volcanic debris avalanche. From analysis of the seismic profiles, we conclude that the blocky facies extent is nearly 1.6 km and the thickness of the blocks are up 70 m. The blocky features southwest of Anak Krakatau are recognized as collapse blocks from the 2018 flank failure. The flank collapse itself is fan-shaped and its distribution is southwest of Anak Krakatau, with a surface coverage of about 7.02 ± 0.21 km2. From a comparison of before and after bathymetry, this study finds the volume of the collapsed mass to be 0.298 ± 0.04 km3. However, this volume should be considered a maximum, as it does not allow for sedimentation in the landslide area between 2017 and data acquisition in 2019, the erosion of material from the flank collapse, and sediments deposited during the post 2018 collapse period of enhanced volcanism before the 2019 data were acquired; all factors that would reduce it. Our discussion has developed two scenarios for the mechanism of this the tsunami, with the most likely that the main phase of failure caused critical instability of the slope, which culminated in a frontally compressional fault landslide. This scenario agrees with the study of Grilli et al. (2019) in that our flank collapse volume is sufficient to generate the recorded Tsunami.
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Herein, we applied the fault instability criterion and integrated it with the static Coulomb stress change (ΔCFS) to infer the mechanism of the 2016 Mw 6.5 Pidie Jaya earthquake and its aftershock distribution. Several possible causative faults have been proposed; however, the existence of a nearby occurrence, the 1967 mb 6.1 event, created obscurity. Hence, we applied the fault instability analysis to the Pidie Jaya earthquake 1) to corroborate the Pidie Jaya causative fault analysis and 2) to analyze the correlation between ΔCFS distribution imparted by the mainshock and the fault instability of the reactivated fault planes derived from the focal solution of the Pidie Jaya aftershocks. We performed the fault instability analysis for two possible source faults: the Samalanga-Sipopok Fault and the newly inferred Panteraja Fault. Although the maximum instability value of the Samalanga-Sipopok Fault is higher, the dip value of the Panteraja Fault coincides with its optimum instability. Therefore, we concluded that Panteraja was the causative fault plane. Furthermore, a link between the 1967 mb 6.1 event and the 2016 Mw 6.5 earthquake is discussed. To analyze the correlation between the fault instability and the ΔCFS, we resolved the ΔCFS of the Pidie Jaya mainshock on its aftershock planes and compared the ΔCFS results with the fault instability calculation on each aftershock plane. We discussed the possibility of conjugate failure as shown by the aftershock fault instability. Related to the ΔCFS and fault instability comparison, we found that not all the aftershocks have positive ΔCFSs, but their instability value is high. Thus, we suggest that the fault plane instability plays a role in events that do not occur in positive ΔCFS areas. Apart from these, we also showed that the off-Great Sumatran Fault (Panteraja and Samalanga-Sipopok Faults) are unstable in the Sumatra regional stress setting, thereby making it more susceptible to slip movement.


Keywords: 2016 Mw 6.5 Pidie Jaya earthquake, fault instability, Mohr-Coulomb failure criterion, off great sumatran fault, static coulomb failure stress




INTRODUCTION


According to the Coulomb failure criterion (Sibson, 1985; Oppenheimer et al., 1988; Zoback, 2007), failure on a plane of rock can happen if shear stress acting on the plane exceeds the failure resistance. Failure-resistance components include the rock cohesive strength and internal friction multiplied by normal stress acting on the plane. This basic concept is widely used by researchers to obtain two main methods, which relate to 1) fault reactivation potential or fault instability (Vavryčuk, 2011; Leclère and Fabbri, 2013) and 2) earthquake interaction (King et al., 1994). Both methods are important for gaining knowledge about earthquake occurrences. Fault reactivation potential estimates the ratio in which a fault plane is optimally oriented, based on the Mohr-Coulomb diagram (Sibson, 1985; Leclère and Fabbri, 2013). The ratio is high when a fault plane is optimally oriented and low when the fault plane is disoriented. The potential of fault reactivation was introduced for the first time by Sibson (1985) and further developed by other researchers, each using a unique name for this phenomena: slip tendency (Morris et al., 1996), reactivation-tendency (Tong and Yin, 2011), fault instability (Vavryčuk, 2011), and 3D fault reactivation (Leclère and Fabbri, 2013). Earthquake interaction is explained using a Coulomb failure assumption in a well-known method, namely, the Coulomb Failure Stress Change (ΔCFS) (King et al., 1994). Based on calculating stress changes before and after an earthquake, an increase in ΔCFS is associated with subsequent events, while a decrease in ΔCFS is related to the stress shadow effect (King et al., 1994).

The Pidie Jaya earthquake struck the Pidie Jaya district in Aceh, Indonesia, on December 7, 2016, at 05:03:33 local time. It was followed by aftershocks which were detected up to one month after the event. Regional and local networks in Indonesia recorded these aftershocks (Supendi et al., 2017; Muzli et al., 2018). The regional stations of the Agency for Meteorology, Climatology and Geophysics (BMKG) recorded large aftershocks, while the Pijay-Net temporary local stations, deployed jointly by BMKG, German Research Center for Geosciences (GFZ-Potsdam), Institut Teknologi Bandung (ITB), and Syiah Kuala University (UNSYIAH), also recorded aftershocks including those having small magnitudes. Moreover, global networks, such as the United States Geological Survey (USGS) seismic stations, also detected some aftershocks. However, the aftershocks from these three catalogs show an ambiguous fault plane orientation, as depicted in Figure 1.
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FIGURE 1 | 
Mainshock and aftershocks (BMKG, Pijay, and USGS network) of the Pidie Jaya 2016 earthquake. Focal mechanism (mainshock) is from BMKG. The relocated BMKG aftershocks (December 7–19, 2016) from Supendi et al. (2017) are plotted with a yellow pentagon. Relocated Pijay aftershocks (December 14, 2016–January 15, 2017) from Muzli et al. (2018) are plotted with blue circle. USGS aftershocks (December 6–17, 2016) are plotted with a gray square. The relocated Pijay network aftershocks are creating planar fault that dips 63° toward southeast (Muzli et al., 2018); white stars are relocated past events from Hurukawa et al. (2014). Samalanga-Sipopok Fault is taken from Barber et al. (2005). Panteraja Fault is taken from Muzli et al. (2018). Seulimum and Aceh Faults are taken from the National Center for Earthquake Studies of Indonesia (PUSGEN). The figure was modified from Kusumawati et al. (2019b) and Sahara et al. (2019).



Two catalogs show a northeast-southwest aftershocks trend (Muzli et al., 2018; USGS), while one catalog depicts a northwest-southeast aftershocks trend (Supendi et al., 2017). By using the fault instability method, Sahara et al. (2019) conclude that the Pidie Jaya fault plane orientation has a northeast-southwest aftershock trend which is more unstable in Sumatra regional stress.

Along the east side of the 2016 Mw 6.5 Pidie Jaya earthquake lies a nearly 180° strike fault, the Samalanga-Sipopok Fault (Barber et al., 2005). The historical 1967 mb 6.1 earthquake took place between the Samalanga-Sipopok Fault and the Pidie Jaya earthquake (Hurukawa et al., 2014; Muzli et al., 2018). Hurukawa et al. (2014) relocate past events in the Great Sumatran Fault (GSF), including the 1967 mb 6.1 event, using Modified Joint Hypocenter Determination. After the relocation, the 1967 mb 6.1 event moved closer to the Samalanga-Sipopok Fault, as seen in Figure 1. This suggests that the fault is active; thus, it should not be overlooked.

Based on the BMKG report, the suspected causative fault for the 2016 Pidie Jaya earthquake is the Samalanga-Sipopok Fault (Djatmiko, 2016). This fault has been well documented in prior studies (Keats et al., 1981; Cameron et al., 1983; Genrich et al., 2000; Barber et al., 2005). Coming later, however, Muzli et al. (2018) did not associate the event with this fault due to the fact that neither of its focal mechanism strikes aligns with the strike of the Samalanga-Sipopok Fault. Instead, Muzli et al. associated it with an unidentified sinistral fault, which they suggest as being either the newly inferred fault in the west, the Panteraja Fault, or the same fault that was responsible for the 1967 mb 6.1 event. Nevertheless, some obscurity has arisen: the relocated 1967 mb 6.1 event is in the proximity of the Samalanga-Sipopok Fault, suggesting a link to that fault. In order to elucidate this obscurity, we proposed a fault instability analysis of the Pidie Jaya earthquake’s possible causative faults to analyze their relation to the 1967 mb 6.1 event.

As previously mentioned, the ΔCFS could show the likely region of subsequent events by the stress increase area. However, previous studies have shown that some aftershocks were located in the stress shadow areas (Kusumawati et al., 2019a; Kusumawati et al., 2019b). Despite that, stress increases along the order as small as 1 bar were reported, which could trigger subsequent events (Harris, 2000). The triggered events are assumed to be optimally oriented planes (King et al., 1994). Optimally oriented planes mean that the fault planes are unstable in the current regional stress field. The fault instability method could quantify fault plane stability. Thus, it might be insightful to perform a fault instability analysis prior to ΔCFS. Such an analysis might give insight into why ΔCFS “succeeded” in one area or “failed” in another area.

The second objective of this study is to calculate the fault instability of fault planes and then compare these to ΔCFS of the major earthquake as resolved on those planes. We applied the second objective to the M6.5 Pidie Jaya earthquake and its aftershocks.

To achieve these study objectives, we first describe fault instability (Vavryčuk, 2011) and ΔCFS (King et al., 1994) methods. Fault instability depends on the regional stress field, especially its orientation. Thus, preceding to the main analysis, we discuss the Sumatra regional stress and its stress perturbation possibilities. Then, we analyze the fault instability on faults related to the first objective and on aftershock fault planes related to the second objective. The results and discussion are included in the last section.




METHOD AND DATA




Fault Instability and Coulomb Failure Stress (ΔCFS)


Brittle failure of a rock under triaxial stress is governed by the Coulomb failure criterion (Sibson, 1990):


[image: image]


where τ is the shear stress acting on the plane, C the rock cohesive strength, μ the rock internal friction, σ′ the effective normal stress, and P the fluid pressure in rock. Shear failure occurs when the shear stress (τ) on the failure plane exceeds the failure resistance, i.e., rock cohesive strength (C) and rock internal friction (μ) multiplied by the effective normal stress (σ′) (Oppenheimer et al., 1988; Sibson, 1990). Thus the Coulomb failure stress function is written as Eq. 2a (Oppenheimer et al., 1988):
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Failure will occur when CFS ≥ 0. Eq. 2a has a positive sign for compression. This is changed to negative for compression in Eq. 2b (σ″ = −σ). Coulomb failure stress function basically calculates the changes in stress. This is due to the lack of original stress state knowledge (Harris, 2000). Hence, Eq. 2b becomes Eq. 3. Cohesion vanished as it is assumed to be constant over time (Harris, 2000).


[image: image]


Positive ΔCFS is associated with the subsequent event, while negative ΔCFS is associated with stress shadow effect (King et al., 1994). This can be clearly seen from the ΔCFS basic equations, Eqs. 2, 2a. In order for an earthquake (failure) to occur, shear stress acting on a plane has to be greater than the failure resistance; hence, CFS needs to be positive (vice versa for negative ΔCFS).

When the fault is in a reactivation condition, its cohesive or cementation strength is rather low (C ≈ 0) (Sibson, 1990). Under this condition, the Coulomb failure criterion (with the Mohr circle) is plotted in Figure 2. Vavryčuk (2014) formulates fault instability in the above condition (C ≈ 0). If the linear line touches the Mohr circle, i.e., the red dot in Figure 2, failure on a plane will occur. The red dot marks the most unstable and most susceptible fault to failure, which is called the principle fault (Vavryčuk, 2014). Vavrycuk scaled the most unstable fault to 1 and the most stable fault to 0 and defined fault instability using the following equation:


[image: image]


where τ

c
 and σ

c
 are the shear and effective normal stress along the principle fault (red dot in Figure 2), while τ and σ are the shear and effective normal stress along the observed fault (black dot in Figure 2). σ
1, σ
2, and σ
3 (in Eq. 4; Figure 2) are the effective regional stresses (Vavryčuk, 2014). Fault instability (I) has a range between 0 and 1, with 1 signifying the most unstable fault plane orientation in a certain regional stress field.


[image: Figure 2]



FIGURE 2 | 
Fault instability definition [modified from Vavryčuk (2011) and Vavryčuk et al. (2013)].




Vavryčuk (2014) modified Eq. 4 so that it can be evaluated from friction coefficient (μ), shape ratio (R), and directional cosines (n). Directional cosines (n) define the fault plane inclination from the regional stress axes. The modified equation is as follows:
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where σ and τ are
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Aside from μ, R, and n, a regional stress (maximum horizontal stress) orientation is also important in fault instability calculations, specifically in calculating n. The slip direction (rake) of the observed fault plane is assumed to be parallel to the maximum horizontal stress (S
H) (Kinoshita et al., 2019). The S
H orientation is incorporated in n, as shown in Eq.8 (n for strike-slip regime S
H > S
v > S
h):


[image: image]


where δ is the observed fault plane’s dip and α is the observed fault plane’s strike subtracted by S
H. We applied Eq. 5 in this study to analyze the instability of faults related to the Pidie Jaya earthquake.




Regional Stress Parameter


Regional stress information is needed to calculate fault instability. Thus, appropriate regional stress data should be calculated or inferred carefully. The stress inversion of focal mechanism data could be applied to obtain regional stress data, typically the orientation (Vavryčuk, 2014). In our study area (the North Sumatra Basin, see Figure 3A), it was not possible to infer the in situ stress using focal mechanism; this was mainly due to the small number of available earthquake focal mechanisms within a wide time span. Hence, in this study, we inferred the stress orientation and magnitude from existing studies.
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FIGURE 3 | 

(A) Sumatra tectonic setting (modified from Barber et al. (2005)), well field location (Mount and Suppe, 1992; Hennings et al., 2012), regional station networks (open triangle), and research area (red square). (B) GCMT events from June 1976 until the M6.5 Pidie Jaya 2016 earthquake. (C) ΔCFS resolved on Panteraja structure. Depth 20 km, μ 0.4. The transparent focal mechanisms showing the selected nodal plane, used as ΔCFS source faults.



The present-day maximum horizontal stress (S
H) orientation is generally assumed to be aligned with the plate convergence vector. For instance, Kinoshita et al. (2019) used this assumption in their study of slip tendency at the forearc area of the Nankai Zone. In Sumatra, the relative plate convergence vector defined from Global Positioning System (GPS) data is N14°E (Sieh and Natawidjaja, 2000). However, studies show that, on a local scale, Sumatra’s SH does not strictly align with N14°E. From the focal mechanism inversion, Sahara et al. (2018) found a variation of the SH orientation at −1° to 2.2°N of the GSF, i.e., N12°E ± 12°, N32°E ± 10°, and N10°E ± 10° from −1° to 2.2°N, respectively. Mount and Suppe (1992) observed an arc-normal SH orientation at the back-arc basin. They found that borehole breakouts in central and southern Sumatra oil field basins show consistent elongation of the maximum horizontal stress at N39°E ± 3.9° and N50°E ± 4.1°, respectively. Though not strictly parallel with the plate convergence vector (N14°E), Mount and Suppe (1992) suggested that strong coupling between the subducting Indo-Australian Plate and overriding Sunda Plate is the underlying force in these basins. Tingay et al. (2010) suggested the orientation in these areas is perpendicular to the adjacent subduction zone, which is slightly oriented NNE-SSW in northern Sumatra and primarily oriented NE-SW in the central to the southern part.

The Pidie Jaya earthquake occurred in the back-arc basin of the northern part of Sumatra Island. Due to lack of local SH information about this area, we inferred the SH orientation from the nearest basin, that is, from the central Sumatra Basin, to be N39°E ± 3.9° (Mount and Suppe, 1992). In this calculation, we considered the uncertainty range (±3.9°) to cover the possibility of SH which may be less than N39°E in our study area. We inferred the stress magnitude from the in situ stress measurement in the Suban field, South Sumatra, i.e., SH 340 bar/km, Sv 240 bar/km, and Sh 180 bar/km (Hennings et al., 2012).




Parameters of Panteraja and Samalanga-Sipopok Faults


For the first objective in this study, we aim to conduct a fault instability analysis of the Pidie Jaya earthquake to locate the possible causative fault. We took two faults related to the possible causative fault into consideration: the Samalanga-Sipopok and the Panteraja Faults. The strike of the Samalanga-Sipopok Fault was approximately ∼180° (Barber et al., 2005). The strike and dip of the Panteraja Fault were inferred from Pijay-Net aftershock distribution done by Muzli et al. (2018). The uncertainty was approximated from the width of the aftershock distribution, as shown in Figure 4. We found that the strike is 43.6° ± 4.7° and the dip is 61.2° ± 1.6°. Due to the lack of knowledge about the fault dip for the Samalanga-Sipopok Fault, we calculated fault instability of all possible dips (0°–90°) for both faults.
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FIGURE 4 | 
Strike and dip estimation of Panteraja Fault based on the 2016 Pidie Jaya aftershock distribution (Muzli et al., 2018). The star depicts Pidie Jaya mainshock from the Global Centroid Moment Tensor.



For the fault’s friction coefficient (µ), we estimated the maximum friction coefficient from the Mohr diagram of the stress magnitude data (SH 340 bar/km, Sv 240 bar/km, Sh 180 bar/km). We found that the failure line is tangent to this Mohr circle at µ of 0.32. Though this value might represent the principle fault's friction coefficient at the place where this data is taken, we still used it as a constraint for estimating the maximum value that we should consider in this study. In addition to the maximum friction coefficient, we also used several smaller friction coefficient values: 0.30 and 0.28.




The M6.5 Pidie Jaya Earthquake Slip Model and the Focal Mechanisms of the Aftershocks


In the second objective, we aimed to compare fault instability and ΔCFS results to the Pidie Jaya aftershocks. We calculated the fault instability of the focal mechanisms of the Pidie Jaya aftershocks. For the ΔCFS, we calculated the stress change imparted by the Pidie Jaya mainshock to the aftershock focal mechanisms. We used Coulomb3.3 software (Lin and Stein, 2004; Toda et al., 2005; Toda et al., 2011) to calculate the ΔCFS. We assessed both the nodal planes of the focal mechanism in the fault instability as well as the ΔCFS calculation. The Pidie Jaya mainshock slip model and focal mechanisms we used (Figure 5) refer to the results of Muzli et al. (2018) and Rusli (2017).
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FIGURE 5 | 
Events, focal mechanisms, and slip model grid (green and blue lines) of the 2016 Pidie Jaya aftershocks used in this study refer to the results of Supendi et al. (2017), Muzli et al. (2018), and Rusli (2017).



The focal mechanisms of the Pidie Jaya aftershocks might provide additional focal mechanism data for this area. Revisiting the possibility of inverting stress orientation from focal mechanism data, we plotted the P/T axes of the focal mechanism of the Pidie Jaya aftershocks in Figure 6, using STRESSINVERSE code (Vavryčuk, 2014). The P/T axes of the focal mechanisms could show the direction of maximum and minimum principal stress direction acting on the focal mechanism. From Figure 6, we can see that most of the aftershocks create a convergent cluster of principal stress axes; however, some points deviate, which is shown by red open circles in the lower half-circle and blue positive signs in the left half-circle. This deviation might show slight variation in the direction of local stress acting on the focal mechanisms. The azimuth of (average) maximum principal stress or sigma 1 is oriented approximately NNW, as shown by the green dot in Figure 6. The orientation of maximum principal stress could represent the SH direction. However, in this case, inverting stress orientation from aftershock data might represent the local stress orientation as the result of the mainshock stress perturbation. Thus, we did not invert the regional stress orientation from the focal mechanism of the Pidie Jaya aftershocks.
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FIGURE 6 | 
P/T axes of Pidie Jaya aftershock focal mechanisms.







RESULTS




Sumatra Regional Stress Analysis



Vavryčuk (2011) suggests that the major earthquake could impart large stress perturbation which might rotate the orientation of the regional stress. Therefore, it is necessary to analyze the possible stress rotation in the study region. Stress rotation can be observed indirectly from ΔCFS distribution. When the earthquake's stress drop is much larger than the regional deviatoric stress, the optimum slip planes near the fault might be rotated (King et al., 1994).

For that purpose, we conducted a ΔCFS analysis of the major events preceding the Pidie Jaya earthquake. The nearest stress perturbation source in our study area comes from GSF activity in northern Sumatra. Therefore, we conducted static ΔCFS preanalysis using these events. GSF focal mechanisms data during the period of June 1976–December 2016 were compiled from the Global Centroid Moment Tensor Catalog (Figure 3B). We estimated the ΔCFS and found that ΔCFS stress change is small in the target study area (less than 1 bar), as shown in Figure 3C. Thus, the SH rotation due to GSF events is likely insignificant in our study area.

Another possible stress perturbation source arises from subduction zone activity, especially the 2004 Sumatra-Andaman M 9.2 earthquake. Hardebeck (2012) analyzed the stress rotation due to the Sumatra-Andaman earthquake in its rupture zone area, excluding inland Sumatra. Hardebeck found that the earthquake generates stress rotation in the rupture zone which rotated back after several months in the southern rupture zone area (≈2°–5°N). In addition, Rafie et al. (2019) analyzed stress rotation in inland Sumatra. The moderate rotation was found in the northern part of GSF (≈3°–6°N), yet Rafie et al. noted that this result should be cautiously interpreted because of limited available input data (earthquake data). Our study area (4.5°–5.5°N) is in the Northern Sumatra Basin and is off the GSF; therefore, the impact of the megathrust event might be even lower. Moreover, though the area might be exposed to stress rotation, there is a possibility of return rotation to occur.




Fault Instability of Panteraja and Samalanga-Sipopok Faults


We calculated the fault instability of the Panteraja and Samalanga-Sipopok Faults using approximated strikes of 43.6° and 180° for each fault. The maximum horizontal stress orientation we used is N39° ± 3.9°E and the magnitudes are SH 340 bar/km, Sv 240 bar/km, and Sh 180 bar/km. We varied the friction coefficient into three values: 0.32, 0.30, and 0.28. The results based on these input parameters are plotted in Figure 7. The right pane shows instability vs. dip values, while the left pane shows the Mohr diagram for strike and dip combinations in the right pane. Though the Samalanga-Sipopok Fault has higher instability in these figures, we could see that the Panteraja Fault also shows increasing instability values at dips of 40°–70° regardless of the friction coefficient. Optimum dip values for the Panteraja Fault to undergo a slip in this case might lie in dips of ≈40°–70°. Moreover, the Pidie Jaya aftershock distribution shows a dip of 61.2° ± 1.6°, which lies inside the optimum dip values. The higher instability values of the Samalanga-Sipopok Fault might be related to the slip of preceding events, e.g., the mb 6.1 1967.
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FIGURE 7 | 
Instability results with constant strike values 43.6° for Panteraja and 180° for Samalanga-Sipopok Faults. Dip values were varied from 0° to 90°. The coefficient friction (μ) is 0.32 for (A), 0.30 for (B), and 0.28 for (C). The right pane is instability vs. dip values and the left pane is the Mohr diagram. Regional maximum horizontal stress orientation is N39° ± 3.9°E; N35.1°E for the dashed line, and N42.9°E for the solid line, but N39°E for the pentagon and circle line. Star shows Panteraja Fault with strike 43.6° and dip 61.2°.



Instability, as shown in Figure 7, is plotted with varying friction coefficients but constant SH values. Hence, the Mohr circle is intersected at two points with the failure line. In real conditions, the Mohr circle will decrease and become tangent only to the failure line at one point. Therefore, we again calculated the instability of the Panteraja Fault with a smaller SH magnitude, utilizing Eq. 9:
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where ѱ is the arcus tangent of the friction coefficient, which we varied into 0.32, 0.30, and 0.28. We found that decreases in SH magnitude will cause a slight increase in the peak of instability curve of the Panteraja Fault, as shown in Figure 8.
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FIGURE 8 | 
Instability of Panteraja Fault at dips of 40°–70°, using different friction coefficients and SH magnitudes. The Sv, Sh magnitudes, SH orientation, and strike of Panteraja Fault are kept constant: Sv 240 bar/km, Sh 180 bar/km, N39°E, and 43.6°, respectively. The stress magnitudes refer to Hennings et al. (2012), while the stress orientation refers to Mount and Suppe (1992).






Fault Instability and ΔCFS in M6.5 Pidie Jaya Aftershocks


Fault instability was calculated on both nodal planes of the Pidie Jaya aftershocks in Figure 5. We grouped the nodal planes into NE-SW and NW-SE based on their strike orientation. Using the nodal plane parameter, we calculated instability for each event and plotted these in the Mohr diagram in Figure 9A. The majority of the aftershocks have higher instability for NE-SW nodal planes, except for events 9 and 12 (Figure 9B)). In the Mohr diagram, these NE-SW nodal planes are clustered mostly near the left inner circle where the mainshock would be, as seen in Figure 7. We also calculated ΔCFS as imparted by the mainshock to the NE-SW and NW-SE aftershock nodal planes. Most of the aftershocks experienced stress change in the range of ±1 bar. We plotted the ΔCFS results in Figure 9C. The friction coefficient used to generate results in Figure 9 is 0.32. We only used µ 0.32, because we found that smaller friction coefficients (0.30 and 0.28) in this case did not flip the result. The list of nodal planes and the results are in Supplementary Table S1.
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FIGURE 9 | 
Instability of NE-SW and NW-SE aftershock focal mechanism nodal planes plotted in Mohr diagram (A) and in a graph of instability vs. event number (B). The ΔCFS of 2016 Pidie Jaya mainshock resolved in the NE-SW and NW-SE aftershock focal mechanism nodal planes (C). The open blue circle and yellow square in (A) and (B) are instability values calculated using SH N35.1°E and N42.9°E. The others are calculated using SH N39°E.







DISCUSSION


The seismic history of the northern Sumatra region was analyzed by Hurukawa et al. (2014), who gathered and relocated historical earthquake data along the Sumatran Fault up to 2012. In the northern part of Sumatra, events from 1935 to 2012 were detected in the Hurukawa Catalog. The 1967 mb 6.1 earthquake occurred near the 2016 Pidie Jaya earthquake. The 1967 earthquake moved closer to the Samalanga-Sipopok Fault after relocation. We suggest the 1967 event to be related to Samalanga-Sipopok Fault activity. Other than the 1967 event, there is no historical M ≥ 6.0 earthquake recorded by the catalog around the Samalanga-Sipopok or Panteraja Faults (Supplementary Figure S1).

Based on GPS observations, the northern part of GSF has slip rates ranging between 16 and 20 mm/year (Ito et al., 2012). By using these slip rates as estimated slip rates for the Samalanga-Sipopok and Panteraja Faults, we were able to estimate the accumulated slip on these faults. The mb 6.1 1967 was the oldest event near the Samalanga-Sipopok Fault, as recorded in the Hurukawa Catalog. Thus, the accumulated slip of the Samalanga-Sipopok Fault from 1967 up to 2016 is approximately 0.78–0.98 m. Regarding the Panteraja Fault, there is no historically large event (M ≥ 6.0) in northern Sumatra recorded in the years spanning 1935–2012. Roughly estimated, the approximated accumulated slip of the Panteraja Fault since 1935–2016 is 1.30–1.62 m. It is worth noting that, given the limited seismic catalog we have for northern Sumatra, 1.30–1.62 m is the possible lower limit of slip accumulation in the Panteraja Fault. Nonetheless, from these calculations, we could see that Panteraja Fault has a larger accumulated slip than Samalanga-Sipopok Fault; hence, it is building up more stress than the Samalanga-Sipopok Fault, making it more susceptible for an earthquake occurrence.

A fault with a higher instability value is more susceptible to undergo slip. From Figure 7, we see that the Samalanga-Sipopok Fault has higher instability values than the Panteraja Fault. However, the Panteraja Fault has a unique fault instability feature. The instability curve peaked at a dip range between 40° and 70°, reaching the maximum values. This dip range might be revealing the most optimum dip for the Panteraja Fault to have an earthquake; the reactivated structure for the Pidie Jaya 2016 earthquake has a dip value of 61.2° ± 1.6°, which coincides with the optimum dip range. Based on the seismic history and the fault instability analysis, we suggest that Panteraja was the causative fault plane of the 2016 Pidie Jaya earthquake.

In attempting to resolve the ΔCFS on the aftershock focal mechanism nodal planes, one should infer the fault plane carefully because if one nodal plane has a positive stress change, the other may have a negative stress change (Toda et al., 2011). Thus, Toda et al. (2011) suggest that the fault plane should be inferred, based on independent information such as seismic alignment. While for fault instability calculation, local redistribution of Coulomb stress might activate a cluster of events with slightly low instability values, as suggested by Vavryčuk et al. (2013) in their study using swarm events. Indeed, analysis of the Pidie Jaya aftershock fault instability and ΔCFS comparison should be carried out cautiously. Therefore, we used the aftershock alignments to further confirm the results.

Recalling the instability result in Figure 9B, most of the NE-SW nodal planes have higher instability, except for events 9 and 12 which have slightly smaller instability at the NE-SW orientation. Then, we tried to plot the aftershocks focal mechanisms with the NE-SW nodal planes highlighted, in Figure 10. We also colored the focal mechanisms in this figure based on the ΔCFS result for the NE-SW nodal plane. Particularly for events 9 and 12, we plotted the NW-SE nodal plane and their ΔCFS results. Faults with higher instability are interpreted as faults which are more susceptible to failure. In the case of the Pidie Jaya aftershock focal mechanisms, we suggest that they failed in the NE-SW nodal plane. This is because the main fault of the mainshock ruptured in the NE-SW direction, as shown by the sharp alignment of local events and GPS observation. Gunawan et al. (2020) found that, by using the NE-SW fault plane orientation that extends to the offshore as the mainshock, the synthetic and observed displacement in nearby GPS stations fits very well. However, for events 9 and 12, the failure plane might be flipped to NW-SE. The first week aftershocks recorded by the BMKG regional network show sparse NW-SE event orientation. Approximately 78.4% of these regional aftershocks are concentrated in depths of 0 –15 km. Events 9 and 12 are located at the northern tip of the local aftershocks; they have shallow depths and occurred eight days after the mainshock. We suggest that there may have been a possible conjugate failure at a shallow depth in the NW-SE direction (aside from the NE-SW main fault failure), in which events 9 and 12 might have failed. This might confirm the identified cracks which are once thought to be associated with the possible NW-SE mainshock fault plane (right-lateral faulting) (National Center for Earthquake Studies of Indonesia (PUSGEN), 2017) but later suspected as the secondary effect of the NE-SW mainshock fault plane (Gunawan et al., 2020).
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FIGURE 10 | 
Map view of the ΔCFS of 2016 Pidie Jaya main shock resolved in the NE-SW aftershock focal mechanism nodal planes; except for events 9 and 12. The focal mechanisms are colored, based on the ΔCFS value. Bold nodal lines are the chosen nodal planes. Numbers above the focal mechanisms show the event number.



The ΔCFS and fault instability comparison for each aftershock (marked as aftershock event numbers) is plotted in Figure 11. From the comparison, we found that fault instability and ΔCFS do not have similar trends. However, the comparison showed that some of the events with negative ΔCFS have high instability values (above 0.7). This might give insight regarding the occurrence of events in the negative ΔCFS. The Coulomb stress is not sufficient to trigger other events in the negative ΔCFS area, yet some events occurred there, as can be seen in Figure 10. These events might exist as they are optimally oriented beforehand, which is shown from their high instability value.
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FIGURE 11 | 
Comparison of instability and ΔCFS of Pidie Jaya aftershocks nodal planes. All events, except events 9 and 12, are plotted using their NE-SW instability and ΔCFS results. Both instability and ΔCFS calculation used a friction coefficient of 0.32.






CONCLUSION


We have conducted a fault instability analysis of the Pidie Jaya earthquake and described its relation to ΔCFS distribution. By using the fault instability method for the Pidie Jaya causative fault analysis, we concluded that neither the fault responsible for the 1967 mb 6.1 event nor the Samalanga-Sipopok Fault is the causative fault; however, we strengthened the Panteraja Fault as the causative fault, due to its dip which coincides with the optimum dip range.

Aftershock events located in the stress shadows were found to have a quite high fault instability, which indicates that these are the reactivation of critically stressed fractures (Figure 11). Therefore, we showed that fault instability of the preexisting fractures plays a role in inhibiting or promoting the occurrence of aftershock events.

The GSF is a well-documented active Fault in Sumatra. Besides the GSF, northern Sumatra is also exposed to off-GSF faults, i.e., the Panteraja, Samalanga-Sipopok, and Lhoksemauwe Faults (Barber et al., 2005). Several historical earthquakes, as well as recent earthquakes, were located around these faults, indicating that these off-GSF faults are also active. Moreover, our fault instability calculation has shown that the off-GSF (Panteraja and Samalanga-Sipopok) faults are unstable in the Sumatra regional stress setting. This is shown by the high instability value, thereby making it more susceptible for slip movement, stress build-up, and finally fault failure (earthquakes), which could occur in its return period (Hardebeck and Okada, 2018).
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Grain size, as one of sedimentological proxies, coupled with a detailed description of the sedimentary structures and luminescence dating were used to unveil the sediment sources and transport process of the Holocene ancient coastal storm events recorded in the beach ridge plain, wet swale and muddy environments at Prachuap Khiri Khan, in the Southern Peninsula of Thailand. In this study, a total of 141 sand samples were collected from the shore-normal ridge-swale topography and analyzed for layers of candidate storm deposits, revealing at least 21 candidate coastal storm events. The grain size distribution of beach sediments was, in general, unimodal, while the candidate storm sediments revealed a mixed combination of multimodal, bimodal and unimodal distributions. Plots of mean grain size against skewness and kurtosis and of skewness against kurtosis could differentiate storm deposits from shore-normal beach sediments. Sedimentary structures preserved in the ancient coastal storm deposits included parallel and inclined landward laminations, mud rip-up clasts, layers of shell fragments, a pebble grain, normal and reverse grading and sharp lower and upper contacts. Candidate storm layers overlain on a dry beach ridge intervened with mud in a swale showed a finer and thinner landward deposit. Marine shell fragments, smaller foraminifers, ostracod and scaphopod (tusk shell), were well preserved. Based on optically stimulated luminescence dating and a correlated accelerator mass spectrometry age, multiple layers of sand derived from different frequencies of coastal storms were deposited over the middle to late Holocene.
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INTRODUCTION
Along the world’s coastlines, it is necessary for coastal communities to prepare for the inevitable effects of extreme coastal disasters, such as typhoons or hurricanes, which are one of the direct results from the present day global climate variations. The appropriate coastal management, defensive measure, warning system and emergency evacuation procedure to mitigate from these extreme events should be taken into account seriously. At present, the sedimentary record is one of the geological evidences that can be used to indicate previous environmental changes and the coastal mechanism of high energy events, such as tsunamis and extreme coastal storms. High energy events that cause an abrupt flooding of sea water can form deposits of sand layers inland (commonly known as washover deposits) that vary in shape, thickness and the preservation potential of sedimentary structures (Donnelly, 2005). The existence of washover deposits on both the surface and subsurface is evidence to support that the area had been affected by coastal storm events. Therefore, searching for geological records of coastal storms in the past is important for building future communities with coastal resilience.
In Thailand, candidate sand sheets of extreme coastal storm events have been recognized (e.g., Phantuwongraj et al., 2008,Phantuwongraj et al., 2010; Phantuwongraj and Choowong, 2012; Kongsen et al., 2016; Williams et al., 2016). The characteristics and sedimentary structures of a storm overwash deposit include lamination, normal and reverse grading, washover fan, mud rip-up clast, sharp top and basal contacts, wedge shape, marine shell assemblage, marine microfossils, and diatoms (e.g., Liu and Fearn, 1993; Liu and Fearn, 2000a; Liu and Fearn, 2000b; Donnelly et al., 2001; Liu, 2004; Donnelly, 2005; Elsner, 2007; Liu, 2007; Williams, 2010; Phantuwongraj et al., 2013; Williams, 2013; Williams et al., 2016). Furthermore, they are often identified in paleotempestological studies. Paleotempestology investigates buried offshore and/or beach sediments that were transported inland by prehistorical storm surge waves on low-lying areas that are located abruptly behind the sea and then preserved well by muddy sedimentation in the low energy condition. These form a sand layer that is a key indicator of a coastal storm event archived in the geological record (Liu and Fearn, 1993; Liu and Fearn, 2000a; Liu and Fearn, 2000b; Liu, 2004; Liu, 2007).
However, recognizing an anomalous sand layer buried in the subsurface of various coastal environments from an extreme coastal disaster (high energy event) has a number of difficulties. A way to distinguish coastal storm and tsunami deposits is still needed, although various diagnostic keys to define these events have been reported and developed (e.g., Nanayama et al., 2000; Goff et al., 2004; Tuttle et al., 2004; Kortekaas and Dawson., 2007; Morton et al., 2007; Nott, 2007; Choowong et al., 2008; Jankaew et al., 2008; Komatsubara et al., 2008; Phantuwongraj and Choowong, 2012). The depositional process of these events depends on several controlling factors from place to place, such as the intensity of the event, duration, surge height, types of vegetation, beach morphology, elevation, micro-topography, sediment supply, sediment composition, and mineralogy (Morton and Sallenger, 2003; Tuttle et al., 2004; Jagodziński et al., 2012; Phantuwongraj and Choowong, 2012).
It is known that Thailand has been exposed to five extreme coastal storms (two typhoons and three tropical storms) in the past century. These were the typhoon Vae (1952), tropical storm Harriet (1962), typhoon Gay (1989), tropical storm Linda (1997), and tropical storm Pabuk (2019) (Figure 1A). Typhoon Gay in 1989 was considered as one of the worst case extreme coastal storm events in the Gulf of Thailand (GOT) and led to catastrophic damages to the country with a cost of at least 11 billion Bahts and about 800 fatalities (Vongvisessomjai, 2009; Williams et al., 2016). However, Thailand only started keeping official records of storm data from 1951, and so the prehistoric and historic records are lacking.
[image: Figure 1]FIGURE 1 | Location of the study site at Kui Buri, Prachuap Khiri Khan Province, southern peninsular Thailand. (A) The map shows southern Thailand with tracks of tropical storm (TS) and typhoon (T) striked to the coastal area, sites of documented storm deposits, and localities of historical sea-level change mentioned. (B) Orthophotograph of the beach ridge and swale, with (C) a close up of the swale and recent beach sediment showing the transect lines and sample locations.
Consequently, with several attempts to improve our understanding regarding geological records of historic and prehistoric coastal storm events in Thailand, the major objectives of this paper were aimed to 1) present a sedimentological approach for discriminating storm and beach deposits based on sedimentary criteria; and 2) to use of statistical grain size parameters derived from grain size analysis as a locally valid indicator for sediment source and the transport process found from ancient coastal storm deposits. In addition, this study also expands the sedimentological work of Williams et al. (2016) regarding regional cyclone frequency based on the optically stimulated luminescence (OSL) dating and a correlated age that provides chronological representative ages of an event.
GEOLOGICAL SETTING OF THE STUDY AREA
Kui Buri Area
We continued and extended the search for possible ancient storm deposits in the same swale but further to the north 2 km where Williams et al. (2016) discovered them from Kui Buri, Prachuap Khiri Khan Province, southern peninsular, Thailand. The hypothesis was that the distinctive features of the geomorphological setting here was the potential preservation site of prehistoric coastal storm events. Particularly, the low-lying swale behind the beach ridge was the targeted area (Figure 1B). This swale is located at 12° 03′ 46″ N and 99° 55′ 24″ E between two beach ridges that we named as the outer and inner beach ridge (Figure 1B). The outer beach ridge was located 450 m perpendicular and 300 m long parallel to shoreline. Three transect lines were measured (Figure 2A). Although, parts of the swale in the north and south of the study area have been modified by the construction of shrimp ponds (Figure 2B), the selected study area has not been disturbed by anthropogenic activity (Kongsen et al., 2016).
[image: Figure 2]FIGURE 2 | Photographs of the study site showing (A) the three transect lines across the beach ridge where a former washover fan lobe was overlain on the shore-normal beach ridge, (B) shrimp ponds within the swale in the north (C) trace of reworked sand from washover deposits overtopping onto the swale surface during the rainy season, and (D) the condition of the wet swale when the gouge cores were drilled.
The floor of the swale is 0.6 m above mean tide level (MTL). Fine-grained particles (silt and clay) were found on the subaqueous ground surface of the swale, which presumably were transported during heavy rainfall and/or flooding from a tidal channel during high tides (Figure 2C). Thus, the sedimentation of swale environment here is likely to be relatively constant and from a low energy condition. The water level in the swale varies from 10 to 50 cm depth, depending on the local swale topography (Figure 2D). Also, tidal creeks, sedge and mangrove (Rhizophora apiculate) were commonly observed. During site reconnaissance, sand compounded with broken shell debris was observed, and was on the back part of the outer beach ridge surface which was possibly transported from beach and offshore area.
Additionally, the habitat of marine species, especially recent foraminifera has been investigated in the GOT where is located closed to this study area. Jumnongthai. (1983) collected the sediment samples of sand surface (station 1) in the GOT in order to study recent foraminifera at 36 m depth from the sea surface. 16 genera of benthic foraminifers and ostracods were found which consisted of Ammonia sp., Amphistegina sp., Asterorotalia pulchella, Cellanthus craticulatus, Cibicides spp., C. wuellerstorfi, Elphidium spp., Florilus sp., Miliammina sp., Operculina ammonoides, Quinqueloculina spp., Reophax spp., Reusella sp., Rotalia spp. and Textularia sp. Most of them are common in the shallow water which live between depths of 29–74 m.
According to the literatures of the history of sea-level highstand and beach ridge progradation, the age of sea notch at Sam Roi Yod National Park, near the study area (Figure 1A), and beach ridge plain at Kui Buri, Prachuap Khiri Khan has been reported (Choowong et al., 2004; Surakiatchai et al., 2018). The age of 14C radiocarbon dating from oysters at the sea notch walls at Sam Roi Yod National Park provided the period of time the oysters lived in and tentatively reflected two breaks in the gradual regression, times when the sea level had been stable which linked to the sea level high stand around 6,500 years ago (Surakiatchai et al., 2018). The highstand was at 3–4 m height above the present MSL, as evidenced from the small uppermost sea notch. The OSL dating data of beach ridge plain at Kui Buri also revealed the progradation of beach ridge started after the sea level reached the highstand at around 7,000 years ago (Surakiatchai et al., 2018). The beach ridge and swale in this research (inner and outer beach ridge) (Figure 1B) locate at the outermost part of beach ridge series resulted from the period of sea level regression (Choowong et al., 2004; Surakiatchai et al., 2018).
Impact of Past Coastal Storms
With respect to the impact from modern coastal storm events, when considering the storm tracks (Figure 1A), it seems that the sedimentary traces of these coastal storms would be preserved in the area where the coastal storms approached or traversed across. However, sedimentary analysis of these modern coastal storms in this site has not been performed. Rather, reports on coastal storm deposits and paleotempestology research in Thailand are sparse. Roy (1990) reported the remains of sedimentary clues from typhoon Gay, which hit Thailand in December 1989, at a small beach in the GOT at the Khao Huai Khrok area (Figure 1A), Prachuap Khiri Khan, southern peninsular, where 40 cm thick sand mixed with heavy minerals was found. Floating debris (storm marker) was observed at an elevation around 1.6 m above high tide level.
Almost 2 decades later, Phantuwongraj et al. (2008) described sand sheets, varying from 4 to 60 cm in thickness, found in a muddy environment near Chaiya, Tha Chana and Leam Talumpuk (Figure 1A), southern peninsular in the GOT. The detailed sedimentary structures described by Phantuwongraj et al. (2008) contained sharp upper and lower contacts with the muddy layers, and they suggested these unusual sand layers were likely to be potential sedimentary traces of tropical storm Harriet (1962), typhoon Gay (1989) and tropical storm Linda (1997).
Subsequently, Phantuwongraj et al. (2010) described multiple layers of paleo-storm sand sheets found in a swale located 1 km inland from the present shoreline near Panang Tak area (Figure 1A), Chumphon, southern peninsular, in the GOT. However, in both these places, the depositional ages of the candidate storm sand sheets have not been confirmed since no dating data was available (Phantuwongraj et al., 2008; Phantuwongraj et al., 2010).
Similarly, tropical storm Linda hit the Kui Buri area in 1997 and was not only comprised of a landfall close to this study area, but its track way also ran across the Prachuap Khiri Khan area to the west coast at the Andaman Sea (Figure 1A). However, no reported sedimentary traces of tropical storm Linda have been found. Therefore, we infer that the missing sediments of tropical storm Linda may be caused either by the disturbance from anthropogenic activity along the coastal area, such as recreational construction (resorts and hotel), fisheries (shrimp and fish pond farming) and coastal agriculture, or the spontaneous reworking and erosional processes.
APPROACH AND METHODS
Remotely Sensed Data Interpretation and Topographic Survey
Aerial photographs and satellite images of Kui Buri area were interpreted to locate swales or lowlands most likely to preserve ancient storm deposits. To confirm the interpretation of the data from aerial photographs and satellite images, field checks were performed after finishing the coastal geomorphologic interpretation.
Beach profiles (Figure 3A) were surveyed using a total station survey camera SOKKIA (SET630R), where surveying was performed at sea level and measured westwards across the outer beach ridge, swale and inner beach ridge respectively (Figures 3A,B). Distance measurement using the fine average measurement mode with prism, which the accuracy is ± (2 + 2 ppm X D) mm. All stations were also referenced by a hand-held GPS. Moreover, topographic profiles were referenced to local tide level at the time of survey. Then, elevation were converted to meters a.m.s.l. by following the method of Williams et al. (2016) using tide tables obtained from the nearest tide gauge stations at Ko Lak, about 25 km south of Kui Buri (Thai Royal Navy, 2015). At Kui Buri, mean sea level is 1.61 m above the tide datum of mean lowest low water (m.l.l.w.) and MTL range was 1.05 m. The MTL was set to zero point, whereas the high tide level HTL and low tide level LTL ranged 0.525 m from the top and the bottom lines of the zero point (Figure 3).
[image: Figure 3]FIGURE 3 | (A) Cross-sections with irregular topography of the outer beach ridge, swale and inner beach ridge measured by a total station survey camera. The OSL ages of beach ridge are also shown. (B) Close up of the swale where the locations of aluminum tubes and gauge cores were drilled. A wedge-shaped extension of storm sand sheet with landward thinning was observed. The OSL dating of the washover fan lobe sediment gave an age of deposition between 1,200 and 2,600 years ago.
Sediment Sampling and OSL Dating
Site reconnaissance was conducted by a gouge core to estimate the depth of the potential ancient storm layer under the subsurface at around 2 m depth. After examining subsurface sediments and finding anomalous sand layers, coring was applied to retrieve the stratigraphy along three transects in the swale perpendicular to the shoreline at a distance from 350 to 450 m inland (Figure 1C). An aluminum tube of 3 inch in diameter and 2 mm thick was used and a total of 17 core samples were dug (cores 1–17). All cores were of 1–3 m depth from the surface. All coring locations were referenced by a hand-held GPS. The space between each core was about 7–8 m.
All sample cores retrieved from the swale were sealed by duct tape and then transported to the sedimentology lab at the Department of Geology, Faculty of Science, Chulalongkorn University for analyzing and sampling. Aluminum cores were cut lengthwise and sediment samples within cores were divided into two sides crosswise. Then, logging and photographing of each core was performed. Nearly all the retrieved core samples showed a continuity in the candidate storm-induce washover deposits, the exceptions being some cores in the central swale (cores 5, 6, 11, 12, 16, and 17; Figure 1C). However, core samples of transect 1 are solely described in this paper because the rest of cores yielded similar characteristics as candidate washover deposits.
In transect 1, candidate storm layers were only recognized in cores 1–4. Samples of the candidate storm sediment were then picked at every 0.5 cm, especially in the place where sedimentary structures (lamination) were observed. Unstructured candidate storm layers were collected every 1 cm. For comparative analysis, beach sediments that originated from the shore-normal process were collected, and are named here as recent beach 1, recent beach 2, and ridge sediments 1–3 (Figure 1B).
A total of 136 samples picked up from candidate layers of ancient storm and five samples of beach sediments were analyzed using the laser granulometric method, and the data were computed using the logarithmic method of moments (Krumbein and Pettijohn, 1938; McBride, 1971; Blott and Pye, 2001). In addition to grain size analysis, all selected sediments were discriminated into sub-samples to detect their physical properties, including composition (Fritz and Moore, 1988; Rothwell, 1989; Rosenthal et al., 2018), roundness and sphericity (Powers, 1953), under a light microscope. Sub-samples were first dried in an oven at 70°C for 24 h, and then dry-sieved through a 63 µm sieve (mesh 230) to gain a sand fraction without finer particles. By doing this, a clear visualization of the sand assemblages under a microscope for identifying each mineral could be conducted without the problem of the finer-grains surrounding the sample and masking the view.
Furthermore, in the fieldwork along the outer and inner beach ridges, we excavated small pits at approximately 40 cm depth from the beach ridge surface for collecting quartz-rich materials to be used for the OSL dating. A total of six OSL samples were collected for establishing the lateral age of the beach ridge formation. The locations of the OSL sample sites are shown in Figure 1B. In addition, a further four OSL samples were collected at the back of the outer beach ridge vertically. A trench of 85 cm depth was dug here and the deeper samples were made by coring (core 1). The trench profile itself contained two candidate storm layers at 50–58 cm and 65–72 cm depth intercalated with shore-normal beach ridge deposits (Figure 3). Distinguishing storm and beach deposits from sand-over-sand features in a trench is always challenging. In principle, we differentiated them using the difference in color of the sand layers and the presence of marine shell fragments as a key to define candidate storm layers in the field. A number of marine micro-organisms, including foraminifera, ostracods and scaphopods (tusk shell), were found in the candidate storm sediments, while almost 99% of quartz is the main composition of shore-normal layers.
All locations of OSL samples were referenced by a hand-held GPS. A total of 10 OSL samples, designated as K1 to K10 (Table 1 and Figure 1), were obtained and then divided into two parts for the equivalent dose (ED) and annual dose (AD) analysis. The ED samples collected from an approximately 40 cm depth from the ground surface were put in a 0.5 cm thick wall and 1.5 inches diameter of PVC tubes in order to avoid exposure to sunlight. Sand surrounding the ED samples were collected for AD analysis in a lightproof plastic bag. The OSL samples were analyzed by the Quaternary Dating Laboratory, Department of Geology, Faculty of Science, Chulalongkorn University, Bangkok, Thailand. A small portion of each AD sample was separated for water content analysis. The remains were dried at 40°C and sieved through an 841 µm (mesh 20) sieve and a pan. The pan sand fraction (290 g) was kept for measuring the natural radioisotopes concentration, including uranium (ppm), thorium (ppm) and potassium (%) using high-resolution gamma spectrometry, and analysis of the data was based on a standard table (Bell, 1979) and the calculated cosmic ray dose rate (Prescott and Hutton, 1994).
TABLE 1 | Results of OSL dating from inner, outer beach ridges and trench.
[image: Table 1]The ED samples were analyzed at night under a subdued red light. Samples of ED sands were wet-sieved through 74 and 250 µm sieves (mesh 60 and 200), and the 74–250 µm diameter sand fraction was etched by 25% (v/v) hydrofluoric acid for 20 min, washed with distilled water, cleaned with 35% (v/v) hydrochloric acid for 20 min, rinsed with distilled water and dried at 40°C for 48 h to obtain the purified quartz. The ferro-minerals in the dried-aliquot-sized samples (74–250 µm) were then separated using an iso-dynamic magnetic separator to provide a homogeneity of the ED samples.
The OSL analysis of the ED samples was performed using a Risø OSL/TL reader equipped with a calibrated 90Sr/90Y beta radiation source and a blue (470 ± 20 nm) light source (Bøtter-Jensen, 1997; Bøtter-Jensen et al., 2000). Aliquot-sized grains were attached to a 9.8 mm diameter stainless-steel disc in a monolayer using silicone oil. The single-aliquot regenerative (SAR) technique was employed to assess all ED samples with test doses around 10% of the estimated natural dose (N) (Murray et al., 1987; Murray and Wintle, 2000). Based on the ED distribution, the minimum age model was applied in this study (Duller, 2008). The key criteria applied for rejection of individual ED value included recuperation <5%, the recycling ratio within 10%, test dose error <10%, depletion ratio within 10% of unity, adequate fit of the growth curve and enclosure of DE by regenerative doses. The OSL decay curve, growth curve, dose recovery, recycling ratio, and recuperation of each ED sample and each age are presented in an online Supplementary Material.
RESULTS
Stratigraphy and Sedimentary Structures From Core Samples
Core 1 (140 cm long) was located at 275 m from the present shoreline in the most seaward location of transect 1, and at a similar location of the trench (Figure 3B). The trench profile at 0–85 cm depth contained two candidate storm layers. We started collecting core 1 at the bottom surface of a trench (at 85 cm depth). Two additional candidate storm layers were found at 10–36 cm and 127–128.5 cm depth (Figure 4). At 36–127 cm depth, an oxidized mud layer was observed. Thus, we also collected four candidate storm layers found at the trench and core 1, as appeared in the stratigraphy (Figure 3B). Sedimentary structures of these candidate storm layers in this core consisted of parallel lamination (Figure 5A), shell fragment layer (Figure 5B), sharp lower and upper contacts with mud layers (Figure 5C).
[image: Figure 4]FIGURE 4 | Stratigraphy of core 1 with the position of the sedimentary structures observed in the core together with the distribution of the mean grain size, sorting, skewness and kurtosis throughout the vertical profile.
[image: Figure 5]FIGURE 5 | Close up of the internal sedimentary structures of the sand sheets from cores 1 and 2 showing (A) parallel lamination, (B) layers of shell fragments with sharp contact with mud underneath, (C) sand sheet between upper and lower muds, (D) mud rip-up clasts, (E) landward inclined lamination, and (F) marine shell fragments.
Core 2 was the longest core in transect 1 (300 cm long), and was located 7 m inland from core 1 (Figure 1C). Remarkably, a total of 21 candidate storm layers were recognized in this core. The first candidate storm was found at 20–55 cm depth, containing a gradational upper contact with black silty sand layer and a sharp basal contact with oxidized mud layer (Figure 6). Pebble and shell fragments were also observed in this candidate storm event. At 55–180 cm depth was a layer of oxidized mud deposits that likely belonged to the sediment of the swale environment. Below 180 cm depth, 20 dark gray layers of candidate storm events compounded with shell fragments were observed throughout the depth from 180 to 300 cm, each interbedded with a dark mud layer, showing sharp top and lower contacts (Figures 3B, 8). Sedimentary structures of candidate storm layers in this core were mostly similar to the candidate layer of storm in core 1, especially the sharp upper and lower contacts. Remarkable sedimentary structures in this core included mud rip-up clasts (Figure 5D), inclined landward laminated sand (Figure 5E), and a shell fragment layer (Figure 5F). The inclined landward lamination observed in core 2 may represent the distal part of storm deposits (Figure 3B), where the flow contributed to the characteristic foreset bedding (Phantuwongraj et al., 2013).
[image: Figure 6]FIGURE 6 | Stratigraphy of core 2 with a vertical plot of the mean grain size, sorting, skewness and kurtosis. See details of the sedimentary structures of core 2 (square box) in Figure 5D–F.
[image: Figure 8]FIGURE 8 | Stratigraphic correlation of cores 2, 7 and 13 of transects 1, 2 and 3, respectively. These cores were drilled at the margin of a washover fan lobe to a depth of almost 3 m. Multiple layers of candidate storm sand sheets were extensively observed at depths between 180 and 280 cm. All candidate storm layers were referenced to the AMS dating of sand sheets with a depth comparatively correlated with Williams et al. (2016).
Core 3 (80 cm long) was collected in the wet swale, and was located 7 m inland from core 2. One candidate storm layer compounded with shell fragments was found at 10–29 cm depth (Figure 7). Sedimentary structures contained sharp upper and lower contacts with oxidized mud layers. Notably, a pebble was also observed at 28 cm depth. Bioturbation, such as rootlets, appeared on the top of core.
[image: Figure 7]FIGURE 7 | Top layer of the candidate storm deposit recognized from core 3, showing the sharp contact with the mud layer underneath. Candidate storm sediments were characterized by medium sand that is poorly to very poorly sorted, similar to deeper candidate storm characteristics (see Figure 4).
Core 4 was 80 cm long and was collected in similar wet swale to Core 3. One thin layer of an inclined landward candidate storm sand compounded with shell fragments was observed at 41–45 cm depth. This candidate storm layer showed sharp upper and lower contacts with oxidized mud layers. Cores 5 and 6, 62 and 67 cm long, respectively, were collected in a similar wet swale to Cores 3 and 4. The candidate storm sand layer was absent, but an oxidized mud layer was observed in both cores. The absence of the candidate storm sand layer in these cores may be associated with the low intensity of the storm surge energy.
At transect 1, based on the thickness of the candidate coastal storm layers that appeared in the stratigraphy of cores 1–4, the first candidate storm layers of each core were correlated using the sharp contacts, color of sand layer, composition, marine fossil and microfossil. The characteristic of thinner landward deposits or a wedge-like shape was clearly observed (Figure 3B).
Additionally, the longest cores from transects 1–3 (Cores 2, 7 and 13) were collected parallel to beach orientation and the correlation is shown in Figure 8. Storm unit 1 is thickest and located in a distal part of a washover fan lobe. As mentioned above, the major keys used to correlate the candidate storm layer include the existence of marine fauna and microfauna, sharp contact, color of sand layer, thickness, and composition. However, the number of depositional events in the candidate storm layers found in each core differed. The maximum and minimum number of candidate coastal storm layers, 21 and 12 layers, were recognized at cores 2 and 7, respectively. Core 13 was composed of 13 candidate storm layers.
Sedimentological Properties of Sand Sheets
Composition
Sediment composition of the candidate storm and the recent beach 1 and 2 (presented in an online Supplementary Material) consisted mostly of quartz, feldspar, heavy mineral, shell fragment debris, marine shell fossils (bivalves and gastropods) and marine microorganisms (foraminifera, ostracods and scaphopods) (see location of sampling points in Figure 1B). Sand sediments from beach ridge samples 1–3 contained almost totally quartz sand without bioclast. The sediment composition of recent beach 1 and 2 was relatively similar to the candidate storm sediments found in the swale environment, which varied between 60 and 70% quartz sand and 20–30% bioclast. The rest of composition was feldspar and heavy minerals in a very low content (1–3%). However, there were some samples of candidate storm sediment that contained a high percentage of bioclast content of up to 70%. The increased bioclast content from top to bottom at depths of 21–36 cm in core 1 was dominant. Marine microfossils, especially foraminifera, ostracod and scaphopod (tusk shell), were found dominantly in all candidate storm sediment samples.
The variety of sphericity and roundness of the sand found in the candidate storm sediments (presented in an online Supplementary Material) varied from low to high with very angular to sub-rounded sand. On the other hand, beach sediments usually showed a high sphericity with sub-angular to sub-rounded sand, except for the sediment of ridge 3 that was classified as very angular to sub-angular with a low sphericity. It is suggested that in general that the grain properties and types of marine species were similar, due to remobilization of sediment in each coastal environmental zone to deposit in the swale by storm surges.
Grain Size and Grading
In this study, the mean grain size of the storm vs. the beach sediments was remarkably different. The mean grain sizes of sediment from recent beaches 1 and 2 and the inner beach ridge 3 were classified as fine sand varying between 2.33 and 2.41 phi scale, while ridge sediments 1 and 2 appeared as medium sand, ranging between 1.90 and 1.50 phi scale. Mean grain sizes of candidate storm sand varied over a wide value, ranging from very fine to coarse sand (3.99–0.98 phi scale) but without very coarse sand. In addition, the mean grain sizes of the candidate storm sediments showed a clear vertical variation in core 1 (Figure 4). Three sets of normal and two sets of reverse grading were found within the laminated sand layer of core 1 (top to bottom). Grading of cores 1 and 2 showed several intervals of inverse and normal grading, whereas, core 3 showed only one part of inverse and normal grading.
The mean grain size of the candidate storm sediments of core 2 consisted mainly of very fine to fine sand. There were at least five samples that showed medium sand. Sets of normal and reverse grading (from top to bottom) were also observed (Figure 6). Notably, the mean grain sizes of the candidate storm sediments of core 2 began to decrease slightly when compared with core 1 that contained very fine to fine sand (Figure 6). The mean grain size of core 3 was primarily fine to very fine sand and a pebble was also observed. The vertical variation in this core tended to show both fining and coarsening upwards (top to bottom) (Figure 7). Candidate storm sediments of core 4 contained only very fine sand, where the uppermost sample was characterized as coarse silt. Based on mean grain sizes, the deposits of candidate storm sediments found in this transect clearly show a landwards-fining trend.
Sorting
The sorting values of the beach sediments ranged between 0.62 and 1.02 phi scale, indicating moderately to moderately well sorted, except for recent beach 1 that was collected close to the present sea level and showed a poorly sorted nature. Sorting values of candidate storm sediments ranged between 1.94 and 0.42 phi scale, showing a poorly, moderately, moderately well, and well-sorted nature. However, only three samples of the candidate storm sediments contained a well sorted sediment (core 2 at 236–238 cm depth). The vertical variations in the sorting values were also similar to the mean size (Figures 4, 6, 7). In other words, there were fluctuations in the sorting in the four ranges of core 1. Vertical changes in the sorting values from moderately to poorly sorted sand in core 1 were observed at a depth of 15–22, 23–29, 29.5–33, and 33.5–36 cm (Figure 4). Sorting values of core 2 showed three vertically opposite patterns (top to bottom) from poorly to moderately sorted at a depth of 9–15, 16–46, and 47–55 cm (Figure 6). Sorting values of the candidate storm sediments of core 3 displayed a poorly to moderately sorted nature, whereas sorting from top to bottom of core 4 were poorly to moderately sorted.
Skewness
Skewness indicates the asymmetry of a given frequency distribution. The positive value of skewness indicates coarse dominated element, while negative value of skewness is fine (Folk and Ward, 1957). The skewness values of the beach sediment samples from the study area ranged between −0.74 and 0.02 phi scale. The recent beaches 1, 2 and ridge sediment 3 were classified as coarse skewed, while ridge sediments 1 and 2 were classified as symmetrical in nature. The skewness of the candidate storm sediment samples was apparent in the ranges of a very fine-skewed, fine-skewed, symmetrical, coarse-skewed and very coarse-skewed nature that ranged between −3.76 and 1.11 phi scale. However, the skewness values associated with the candidate storm sediments in each core were relatively complicated (Figures 4, 6, 7). For example, most of the skewness values of the candidate storm sediments of core 1 tended to be coarse-skewed, where other samples were shown as symmetrical, fine skewed, and very coarse-skewed (Figure 4). The main skewness values of the candidate storm sediments of core 2 were symmetrical. Subsequently, the minor values were present as fine skewed and coarse skewed, with only a few samples showing values in the very coarse skewed nature (Figure 6). Variation in the skewness values were also found in the candidate storm sediments of core 3, which consisted of symmetrical sediments at 15–23 cm depth, while fine-skewed sediments were found at 26–32 cm depth (Figure 7). The skewness values of the candidate storm sediments of core 4 showed coarse skewed and very coarse-skewed nature.
Kurtosis
Kurtosis is used to measure the degree of concentration of the grains relative to the average (Blott and Pye, 2001). The kurtosis values are similarly a function of the standard deviation; high kurtosis values are more apt to occur in well-sorted distributions, and low kurtosis values are more apt to occur in poorly sorted distribution (Cadigan, 1961). The low value of kurtosis displays the flattened shape of the curve (platykurtic), while the high value exhibits normal (mesokurtic) to very highly peaked shape (leptokurtic). The kurtosis values of the candidate storm and beach sediments, presented the different nature of distribution. Kurtosis values of candidate storm fell under a very platykurtic, platykurtic, mesokurtic, leptokurtic, and very leptokurtic nature of distribution, ranging between 1.44 and 12.33 phi scale. However, the beach sediments displayed kurtosis values ranging in between 2.42 and 3.94 phi scale which fell under a platykurtic to early leptokurtic nature.
Grain Size Distribution
The grain size distribution curves of both the candidate storm and beach sediments were plotted and compared (Figure 9). The beach sediment curves showed only a unimodal distribution, falling under the range of fine and medium sand. In contrast, the candidate storm distribution curves showed three types of characteristics: unimodal, bimodal and multimodal distributions that fell under all ranges of sediment sizes, varying from clay to pebble in content. Based on the grain size distribution curves (Figure 9), the candidate storm sediments were similar to beach sediments and mostly fell under the sand-sized modes.
[image: Figure 9]FIGURE 9 | Plots of the particle size distribution curves of candidate storm sand in comparison with the shore-normal beach deposit. Normal beach deposits showed only a unimodal distribution, whereas curves of the candidate storm deposits were clearly displayed as a unimodal, bimodal and multimodal distribution.
Age Determination of the Candidate Storm Deposits
Results of the OSL age determination obtained from the two beach ridges are shown in Table 1. The OSL dating results suggested the age of the inner beach ridge was 3,650 ± 140 to 3,034 ± 106 years ago (samples K5 and K4, respectively), while the ages of the outer beach ridge were in the period of 2,090 ± 70 to 1,160 ± 30 years ago (samples K2 and K1, respectively). Additionally, two cross-checking ages of the inner and outer beach ridge (samples K6 and K3, respectively) had ages of 3,034 ± 106 and 1,220 ± 40 years ago, respectively. We can infer that the age of the beach ridge plain in the southwestern part of the study area was older than in the northeastern part, with an age gap (hiatus) between the beach ridges of around 1,000 years ago. The four OSL ages derived from the latter part of the outer beach ridge (samples K7–10) indicated its formation during the late Holocene, giving ages from the top to bottom of 1,200 ± 30, 2,100 ± 140, 2,520 ± 230, and 2,650 ± 350 years ago at a depth of 20, 50, 65, and 85 cm, respectively. It is noted that the age of the two candidate storm layers at 50–58 and 65–72 cm depth was 2,100 ± 140 and 2,520 ± 230 years ago, respectively.
DISCUSSION
Sedimentary Diagnostic Key for Identifying Storm Deposits
The ancient washover deposits from the storm surge in this study area were interpreted based on the evidence found in both the surface and subsurface stratigraphy. Coastal swales, in general, have tied up calm water (low energy condition) such that fine particles brought in during heavy rain fall and/or high tide often progressively settle down in a suspension pattern. The presence of fine particles, such as clay and/or mud sizes is, therefore, regarded as the common sedimentation in the swale located at the southern part of this study area (Williams et al., 2016).
However, the stratigraphical evidences found in cores of this study at the Kui Buri swale, particularly the sand layers with sharp lower and upper contacts, were considered as the key feature of storm events. Sedimentary structures, including parallel and inclined lamination, mud rip-up clast, layers of marine shell fragment, and sharp lower and upper contacts, indicated clearly the unusual process generated from a high energy event and transported sediments of each coastal zone into the swale environment.
Similar laminated structures of sand layers were observed at the southern part of Kui Buri, which indicated the interaction between the flow regimes and bottom current of the storm surge waves (Phantuwongraj et al., 2008). The laminated sand observed in this area reflected that the wave energy must have been strong enough to overtop the beach ridge and flow into the swale. The mud rip-up clasts found in core 2 in this area indicated that an eroded mud surface was torn up by the strong wave process and then laid down as a layer at the same time of deposition (e.g., Williams, 2013). Fragments of marine organisms (shells) were observed within the sand layers which have sharp lower and upper contacts with mud layers of swale. This is relatively clear that the sand layers found in stratigraphy were transported landwards from a marine origin.
Traces of abandoned channels remained observable in the western part of the study area, where Kui Buri River is located. However, these sedimentary structures found in the sand sheets were impossible to have been formed by fluvial transportation. Although flowing from flooding in the past can eroded sand sediment from older landward beach ridges and redeposited in this swale, but it is refuted with the composition of the sediment we microscopically detected. The candidate storm sediment is backed up with the existence of marine microfossil while beach ridge sediment has no microfossil concentration. This is because marine organisms, such as calcareous foraminifera, ostracods and scaphopods, and marine shell fragments were found in every candidate storm layer. Most of the species of foraminifers found belonged to Quinqueloculina spp., Spiroculina spp., Elphidium sp., Asterorotalia sp., Trochammina sp. and Ammonium sp., which have various specific marine habitats, living on the sand surface of the open sea (shallow water), and are commonly found along the GOT (Jumnongthai, 1983; Melis and Violanti, 2006). Most importantly, it is almost impossible that the fossils of scaphopods (tusk shell), which commonly live in the mud or sand surface of the sea using their feet to burrow, would be in the harsh condition of this swale. The adaptation of some marine fauna may tolerate the very low salinity from increasing rain water, but in the summer, the swale will become dry. Thus, the swale was not the actual habitat for these marine microfauna. In any case, the swale water may be of a brackish nature because in periods of sea level maxima the sea water might be moved landwards through a channel where its boundary connected with the GOT. However, the dominant sedimentary structure (i.e., sharp contact) is too abrupt to be formed by the gradual movement landwards or seawards from the sea level rise.
Slope wash, or mass wasting process, in this area can be ruled out because the elevation of the topography at this site is not high enough to move sand-sized materials landwards and to form sand layers in the swale during heavy rainfall. Although, the instability of the beach ridge formation can move landwards to form a sand layer, the composition of the sand looks different. That is, the composition of the beach ridge sand was at least 99% quartz, especially at the outer beach ridge (ridge sediment 3), but the sand composition in the swale had a relatively high concentration of bioclast content. This indicates that slope wash or mass wasting process in this area is highly unlikely.
Prehistorical and historical tsunami events deposited in this area can also be ruled out since no prehistorical and historical records of tsunami deposits have been recognized so far in the GOT. Only the Andaman coast of Thailand experienced devastating tsunami events, both recent (2004 Indian Ocean tsunami) and prehistoric (Jankaew et al., 2008). However, some researchers have pointed out that the possibility of a future tsunami in the GOT from a submarine tsunamigenic earthquake in the South-China Sea where the subduction zone is located. The nearest tectonic subduction zone close to the GOT is located at the Manila Trench at approximately 2,500 km. A magnitude Mw 9.0 submarine earthquake from the Manila Trench (Ruangrassamee and Saelem, 2009) would provide a maximum wave height of around 0.65 m directed toward the GOT coast.
Distinguishing Storm From Shore-normal Sediments
The common question on how to distinguish storm deposits from shore-normal sediments has always arisen among geoscientists. The simple answer taken here is that storm deposits are always overlain on beach sand and so they form as sand over sand layers. Although, they have similar sand features, they definitely are formed by different processes. Therefore, the way to distinguish storm from shore-normal sediments, especially from a beach ridge plain like in this study area, is challenging. Comparison between the grain size distribution curves of candidate storm and shore-normal beach sediments was performed (Figure 9) from which we suggest that they can be partly separated by the presence of various modal distributions that vary in the grain size of sediments in each coastal environmental zone and the depositional mechanism.
Frequency distribution curves of the beach sediments fall under fine and medium sand. In contrast, in many candidate storm sands the distribution curves exhibit a complex mixture of multiple modes, which means that the sediments were transported from mixtures of various sediment sources. Notably, the modes of some candidate storm distributions also fell under the range of clay, silt and pebble (Figure 9). The concordance of each mode reflects the correspondence of various sizes. Similar grain size distributions of both candidate storm and beach sediment distributions may indicate the environmental zone shown in the frequency curve associated with the transportation of a wave run-up. This suggests that beach sediments were swept into the swale by high energy waves of a coastal storm in the past.
Based on stratigraphy, all the candidate storm layers were discriminated by the presence of sedimentary structures, such as parallel and inclined landward lamination, mud rip-up clasts, marine shell fragment layer, and sharp lower and upper contacts. These structures were analyzed along with the data derived from the grain size analysis of candidate storm sediments and revealed the impact of each flow and inundation regime of the coastal storm wave. In the initial stage, multiple wave sets of storm surges progressively increased by the strong wind speed of the coastal storm (swash regime) (Sallenger, 2000; Morton and Sallenger, 2003; Masselink and Heteren, 2014). Later, they overtopped on the beach ridge and transported an amount of eroded sediment landwards into the swale. During this stage, the inundation regime (Sallenger, 2000), which resulted from the increased surge velocity and surge height, lead to the sedimentary structures of the shell fragment layer (Figure 5F), laminated sand (Figures 5A,E), mud rip-up clast (Figure 5D), and multiple set of reverse and normal grading (Figures 4, 6, 7). This multiple grading reflected the hydrodynamic regimes during the inundation of the storm surge which were associated with the flow depth and indicated the upper flow regime conditions of a unidirectional, turbulent and high velocity flow (Cheel, 1990; Fielding, 2006).
In this process, grain size frequency distribution curves of the candidate storm sediments showed different modes compared to the curves of each coastal environmental zone of the shore-normal beach sediments (Figure 9). Moreover, the mean grain sizes of cores 1–4 point out that the coarser and heavier sand grains settled down first at the location in the processes of rolling, sliding, and saltation (cores 1–3), where the most seaward side forms the thickest sand layer (e.g., Liu, 2007).
While the influx of lighter sand grains along with the surge current was deposited as a suspension (Core 4), thinner and finer landward deposits (wedge shape) were formed (Figure 3B). In the latter stage, the lower flow regime condition resulting from the decreased surge energy led to a lamina flow condition and formed an unstructured candidate storm layer, as observed in the mean grain size variation in the candidate storm sediments of core 1 (Figure 4).
However, based on the grain size distribution curves of the shore-normal beach and candidate storm sediments (Figure 9), the difficulty to elucidate the source of candidate storm sediments in the range of very fine sand to silt in this study was evident. The possibility that the source of candidate storm sediments are from the swale itself and nearby creek or river channels by terrestrial flood can be ruled out based on the evidence of marine microfossil found in candidate storm deposits, while it does not appear in swale or creek sediments. Several finer sizes of storm sediments present in the comparative graphs have been transported from offshore during an extreme coastal storm. Wind speed and a high wave energy generated from an extreme coastal storm could stir up the entire water column with resuspended fine particles (fine sand, very fine sand, silt and mud) from the sea bottom surface where its depth was not too deep (Shanmugam, 2008).
In addition, the absence of finer sand at the recent beach was considered as a normal circumstance because the surf zone and/or breaker zone had significant impacts on the recent beach. Some of fine-grained particles were subjected to oscillatory water movement, where they were carried seawards by those waves from the breaker zone (Bagnold, 1963; Ingle, 1966) when the beach was adjoined to the open-sea. The sediment grains smaller than 0.150 mm (>2.75 phi) would be dispersed evenly within the water column and be carried offshore in a continual suspension. Additionally, grains smaller than 0.150 mm (>2.75 phi) are commonly absent from beach sand along open coasts, as the majority of grains smaller than 0.140 mm are probably in suspension under all wave conditions (Friedman, 1967). However, the presence of major modes of candidate storm sediments ranging from clay, silt and pebble was not associated with the beach sediments, which suggested that the depositional process of a coastal storm event in the past remobilized the pre-existing sediments of each coastal zone landwards by storm surges.
An ability to differentiate the environmental zone between the river, beach, dune, and berm was made by plotting the statistical parameters derived from grain size analysis, including the mean grain size against sorting, skewness and kurtosis (e.g., Folk and Ward, 1957; Mason and Folk, 1958; Friedman, 1961). These plots are very beneficial because the source of sands that belong to various environments have significantly different natural dynamic processes (Friedman, 1967). An attempt was made in this paper to differentiate storm and beach sediments (Figures 10, 11). The clearest and nearly complete separation group between candidate storm and shore-normal beach was the plot of the mean grain size against sorting (Figure 10A).
[image: Figure 10]FIGURE 10 | Plot of the mean grain size vs. (A) sorting, (B) skewness, and (C) kurtosis (phi scale) from the beach sediment and candidate storm sediments of cores 1–4. Plot of the mean grain size vs. sorting shows the differentiation of storm and beach sands clearer than the other two scatter plots, while the plot of mean grain size vs. skewness and mean grain size vs. kurtosis show a trend. Green color polygon indicated beach sediment, blue color polygon with dash line indicated candidate storm sediments of cores 1, and gray color polygon with dash line indicated candidate storm sediments of cores 3, respectively.
[image: Figure 11]FIGURE 11 | Plot of sorting vs. (A) skewness and (B) kurtosis, and (C) the plot of skewness vs. kurtosis (which seems likely to help differentiate beach sand from candidate storm deposits more than the other two plots and was statistically significant). Green color polygon indicated beach sediment.
The statistical trends of plotting the candidate storm sediments were evaluated by plotting the mean grain size against the skewness and kurtosis and the skewness against kurtosis (Figures 10B,C,11C). The plot of mean grain size against skewness showed a significant trend of direct variation, where the more the mean grain size decreased, the more the skewness value decreased (Figure 10B). On the other hand, the plots of the mean grain size against kurtosis and that of skewness against kurtosis show a reverse variation where the more the mean grain size decreased, the more the kurtosis values increased (Figure 10C), and the more the skewness value decreased, the more the kurtosis value increased (Figure 11C). The mean grain size, skewness and kurtosis values of the candidate storm sediments tended to be clearly associated with each other.
Age of the Ancient Storm Deposits and the Beach Ridges
The OSL dating results derived from the two beach ridges in the study area were used as an age control and also to help explain the evolution of the beach ridge formation in the past. Based on the OSL dating results, the inner beach ridge formed 3,650 ± 140 to 3,034 ± 106 years ago, while the outer beach ridge was formed 2,090 ± 70 to 1,160 ± 30 years ago. It is possible that the swale was formed about 2,090 ± 70 years ago after the outer beach ridge started accumulating. These ages for the beach ridges are consistent with the marine regression period, where a series of beach ridges prograded seawards as a result of the gradual decrease in sea level (Choowong et al., 2004).
The four OSL datings in the vertical depth of the outer beach ridge (trench) at 20, 50, 65, and 85 cm depth gave ages of 1,220 ± 30, 2,100 ± 140, 2,520 ± 230, and 2,650 ± 350 years ago, respectively. These ages are very important because, among the number of these four OSL ages, they consisted of two OSL ages of two candidate coastal storm events found at 50–58 cm and 65–72 cm depth (2,100 ± 140 and 2,520 ± 230 years ago). Although, the depositional age of storm deposits at the deeper part (more than 85 cm depth) cannot be defined because there is no age-depth control in this study. However, we inferred from the results of the AMS dating of a nearby location (Williams et al., 2016) that it is 6,977 cal y B.P. at a depth 140 cm from the swale surface. If so, it can be concluded that the four extreme coastal storm events occurred in the periods of 2,100 ± 30 years ago to 6,977 cal y B.P. and the rest of the storm layers in the deeper part (20 layers) must be older than 6,977 cal y B.P.
As mentioned earlier in the part of geological setting, the ages of OSL dating resulted from our work can be related to the deposition of candidate storm sand layers during the period of progradation. Multiple candidate storm layers recognized from cores confirmed that the swale in this study area used to be a lagoon. Basically, a lagoon has a high preservation potential for the deposits of extreme coastal storms because the barrier beach sand itself is a major sediment source. Multiple layers of sand sheets intervened with pure mud are evidence to support their deposition in a lagoon environment.
CONCLUSION
In this study, records of ancient storm deposits were confirmed by sedimentological characteristics. The preservation of geological records of extreme storm events discovered along the coastal zone of the GOT suggests that the area is sensitive to such extreme storm events. Definitely, at Prachuap Khiri Khan southern peninsular Thailand, at least 21 layers of candidate coastal storm layers provide, as sedimentological evidence that can be used as analogs for further research. These sedimentological analogs can be applied to areas that have similar geomorphological and geological conditions in this region.
Grain size distributions and statistical parameter plots were used to help differentiate candidate storm and shore-normal beach sediments in this study area. The plots of mean grain size against skewness and kurtosis and the plot of skewness against kurtosis show a trend. In conclusion, the shore normal-beach deposit was commonly described by a unimodal distribution, whereas candidate storm sediments appeared to have multimodal, bimodal and unimodal distributions, even in the same sand sheet.
The sedimentary structures of these storm deposits were similar to those that have been described in the literature. They include parallel and inclined landward laminations, mud rip-up clast, layer of shell fragments, pebble, normal and reverse gradings, sharp lower and upper contacts, and finer and thinner landward wedge-like shape deposits, plus the presence of marine microorganisms, including foraminifers, ostracods and scaphopods. These sedimentological characteristics described in this paper can be applied as a diagnostic key (locally valid indicator) or geological proxies of storm deposits in the region.
The OSL-based chronology and correlation with AMS age reported by Williams et al. (2016) provide the preservation potential of coastal storm frequency in the period of the middle to late Holocene. Linkage and application of this kind of paleotempestological research will increase our understanding of such hazards and be part of our responsibilities to mitigate the risk for coastal communities.
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Using high quality regional seismic lines, we evidence major structures resulting from successive phases of tectonic events that affected the Luconia shelf from the Upper Cretaceous to Pliocene. Each tectonic event (Classified as Event 1–Event 3) is associated with different episodes of limestone growth in Luconia Province. The successive limestone growths are used as markers in constraining the timing and style of tectonic deformation. The poly-stage closure of the Proto South China Sea (PSCS) from the Upper Cretaceous to Lower Miocene led to the formation of compressional structures in its southern portion (South PSCS) providing elevated topography for the growth of the oldest limestone found in this area during the Upper Eocene to Lower Oligocene (Event 1). Based on contrasting seismic reflectors, morphology, and depositional patterns, the offshore Upper Eocene-Lower Oligocene limestone growth is correlated to the onshore Engkabang-Karap limestone. The southern part of Luconia was subjected to a continuous compression until the Lower Miocene at a time where the northern side of the Luconia Province was experiencing subsidence due to the rifting of the South China Sea (Event 2). The compression in the south generated elevated anticlines, triggering the growth of the Upper Oligocene to Lower Miocene limestone. By the end of the rifting event in the Lower Miocene, tectonic quiescence had enabled widespread carbonate growth in Luconia from the Middle to Upper Miocene. Regional compression due to the major uplift of Borneo hinterland (Event 3) triggered paramount clastic influx (gravity tectonics) to the offshore perturbating the limestone reef growth in Luconia. The impact of these interrelated shortening and stretching phases led to major crustal thickness variations and a prominent tilt of the Luconia platform that may highlight intricate feedbacks at the transition from compression to extension. While the southern side of the Luconia’s crustal fragment was anchored into Borneo hinterland, crustal extension in the northern region of Luconia led to a hyper-stretched crust characterized by low angle detachment faults and highly rotated blocks rising the mantle to its shallowest.
Keywords: luconia province, south China sea, limestone growth, extensional tectonic, compressional tectonic
INTRODUCTION
The Luconia Province in offshore Sarawak stands out as one of the oldest continental fragments drifted from the South China block through seafloor spreading and presently attached to onshore Borneo Island, particularly North Sarawak. It has been serving Malaysian as one of the highly explored oil and gas province for the past decades, particularly within the Middle to Upper Miocene limestone reservoir. The Luconia Block drifted from the South China block through seafloor spreading, that started in the southwest sub-basin at around 23.6 Ma based on the deep tow magnetic anomalies and IODP Expedition 349 cores (Li et al., 2014). The spreading ceased at about 16 Ma (Briais et al., 1993; Li et al., 2014) when part of Luconia’s crustal fragment collided with Borneo mainland (Hutchison, 2005). The closure of the southern portion of Proto-South China Sea (PSCS) (Rajang Sea) shortened dramatically the Rajang Accretionary Wedge inducing a major uplift onshore Sarawak. This was followed by denudation of the topography during the post-collision relaxation phase. By the Oligocene, the drifted Luconia continental fragment experienced rifting of the South China Sea, with a major crustal stretching affecting the north of the block (Savva et al., 2014) while, synchronously a major crustal shortening occurred in the south. This event was pursued by a tectonic quiescence where the most explored limestone reservoirs were deposited within the Central Luconia and its surrounding, before their demise in the Upper Miocene, attributed to the regional subsidence all over the South China Sea and Pliocene compression and uplift in Sabah (Kessler and Jong, 2015). Contrasting structural fabrics are preserved in different parts of Luconia Province, owing to a tight succession of tectonic events. While the southern region is dominated by a large-scale fold and thrust belt, the northern side is characterized by horst and graben structures bounded by low angle normal faults. Coincidently, the shape, geometry and orientation of the limestone build-ups varies in difference parts of Luconia (Figure 1A). It is known now that most of the Luconia limestone build-ups grow on tectonic high structures (Koša, 2015; Jamaludin et al., 2018) and formed as pinnacle-conical shape build-ups, commonly grow in the southern Central Luconia, and elongated build-ups commonly found within the central section of the province. Meanwhile, the northern section of Central Luconia is proven to host larger and rounded shape carbonate build-ups (ie: Mega Platform) (Ting et al., 2011). In this paper, we demonstrate a close relationship between major vertical motions during regional tectonic events and the growth of limestone build-ups in Luconia by utilizing the carbonate biostratigraphic markers, strontium dating and regional seismic profiles to reconstruct the structural evolution of the studied area. This paper presents different phases of limestone growths during the Tertiary as the key markers in constraining the timing and style of deformational events in Luconia Province from the Eocene to Pliocene.
[image: Figure 1]FIGURE 1 | (A) Location of the study area within the South East Asia setting with rectangle highlighting the map in (B). (B) The geological provinces in offshore Sarawak, divided by major Cenozoic and recent faults. Middle to Upper Miocene and recent limestone build-ups are common in the Central-West-North Luconia Provinces. Map in (C) is highlighted in (B). (C) 2D seismic lines presented in this study, with the well locations are shown, overlay with satellite gravity from Sandwell and Smith, (1997).
A very large partially published database provides the details on the Miocene limestone of Luconia, but very little record the relationship between limestone deposition and the tectonic evolution of this area remains poorly understood. With an access to unpublished high resolution regional seismic data and selected deep wells (Figure 1B), we further explore the evidence of limestone deposition from the surrounding regions, including the Balingian-Tinjar Provinces to establish the contingency of different tectonic events and transition from one event to the other. A comprehensive geological model illustrates the incidence of the three geological events (Event 1–Event 3) on the regional structures and limestone growth episodes discussed in this paper.
Geological Background
Geological Setting
The Luconia Province in offshore Sarawak is divided into its’ geographic position of North-, Central- and West- Luconia Provinces based on geo-tectonic characteristics of the basins. This region was heavily faulted during the Cretaceous-Oligocene (Figure 1A) owing to the evolution of the South China Sea (SCS). Present-day, active faulting due to gravitational tectonic are common in the Champion-Baram delta, West Luconia and East Natuna basins (Figure 1A). Among those, Central Luconia Province is characterized by prolific carbonate reservoirs that varies in the build-ups size, shape and orientation (Figure 1A). The carbonate reservoirs are often drilled within the Middle and Upper Miocene limestone sections and have been individually described predominantly in terms of sedimentology and reservoir properties (Epting, 1980; Ali and Abolins, 1999; Vahrenkamp, 1996, 2004; Gartner et al., 2004; Zampetti et al., 2004a; Ting et al., 2010; Ting et al., 2011; Koša, 2013; Koša, 2015; Hamdan and Jamaludin, 2018; Warrlich et al., 2019).
The Sarawak Basin is filled with post-Middle Eocene sediments that unconformably deposited above the Rajang Accretionary Prism (Madon et al., 2013). The evolution of the Sarawak basin began in the Upper Cretaceous-Eocene, through rifting of the southern margin of the South China, originating from the underplating of the Proto-SCS underneath Borneo. The effects of the underplating are seen along the Rajang Fold-Thrust Belt which covers much of Sarawak and continues into Sabah (Balaguru and Hall, 2008; Hall and Breitfeld, 2017; Chang et al., 2019). In Sarawak, the closure of Proto-SCS or locally known as the Rajang Sea took place since Upper Cretaceous and the spreading completely stopped by the Middle Miocene (Chang, 2020 and references herein). This event lead to the formation of Rajang Accretionary Wedge and induced a first collisional-compressional episode on the Sarawak inland. However, evidence for the ancient subduction zone beneath present-day Sarawak is almost entirely lacking (Cullen et al., 2013; Hall and Breitfeld, 2017). According to published studies, the collision had initiated the development of a post-orogenic foreland basin (Mat-Zin, 1996; Madon, 1999; Hesse et al., 2009) with molasse deposits in the post-Oligocene evidenced by shallow marine shelf progradation. Since the Upper Miocene, a succession of inversion and uplift events took place across the Sarawak basin. At the same time, denudation of the hinterland of Sarawak through weathering processes had generated a large amount of sediments that were transported through deltaic systems to the offshore basin of Sarawak, inducing a gravitational collapse of this unstable pile of sediments (Sapin et al., 2013; Pubellier and Morley, 2014; Jamaludin, et al., 2014; Ilao et al., 2018; Jamaludin, et al., 2018).
Central Luconia is separated from the Baram-Balabac Basin in the east and the Dangerous Grounds in the northeast by an outstanding tectonic feature known as West Baram Line (WBL), a 50 km wide fault zone (Cullen, 2014) (Figure 1A). The onshore extension of the WBL was interpreted to be the Tinjar Line (TL) (Figure 1B) highlighting the northern boundary of the Luconia crustal fragment that collided with Borneo during Lower-Middle Miocene (Sapin et al., 2011), thus closing a part of the Proto- SCS. Both fault lines appear to have been episodically reactivated during the Cenozoic. To the west of Luconia Province is the West Balingian Line. It is easily recognized on regional gravity anomalies map where a discontinuous line of narrow elongated grabens (Mat-Zin, 1996), marks the boundary between Central and West Luconia Provinces.
Stratigraphy Framework
The lithostratigraphy in the offshore Sarawak is defined by Cycle nomenclature, from Cycle I to VIII (Figure 2), where Cycle I being the oldest sediments recorded. The base of Cycle I was defined as the Rajang or Sarawak Unconformity at approximately 39 Ma (Ho, 1978; Hageman et al., 1987). Deep marine sediments are also found in Cycle I until the Lower Miocene, where the facies evolve to shallower depositional environments. Sedimentation began with non-marine to coastal plain sediments within Cycle I and II (Lower Miocene (24–19 Ma) (Ho, 1978; Hageman et al., 1987) and having more marine influence from Cycle III (Upper Lower Miocene to Middle Miocene (18–16 Ma) (Madon et al., 2013). Tatau and Nyalau formations of central onshore Sarawak are regarded as equivalent to the offshore subsurface of Cycle I and II. Cycle III and younger units do not have onshore equivalents in Sarawak except in the Miri area, where Upper Miocene-Pliocene deformation uplifted part of the delta (Morley et al., 2003; King et al., 2010).
[image: Figure 2]FIGURE 2 | (A) Seismo-stratigraphy chart of this study correlated with Sarawak’s stratigraphy based on Ho (1978) and Hageman et al., (1987). Four major unconformities are base Oligocene Unconformity (BOU), base Miocene Unconformity (BMU), Middle Miocene Unconformity (MMU) and Lapan Unconformity (LU) which is equivalent to Shallow Regional Unconformity (SRU). (B) Horizons and seismic facies for Cycle I to Cycle VIII. (C) Horizons and seismic facies for the mantle, lower-upper crust and Pre-Cycle I sequence.
Several unconformities were recognized in this region and they represent regional tectonic events which took place during a short time (Steuer et al., 2014; Morley, 2016). However, the identification of unconformities in the southern part of the SCS including Luconia and Dangerous Grounds remains a challenge because of their diachronous nature and influenced by the uplifting and erosional events (Steuer et al., 2014), For example, the Breakup Unconformity (BU) which indicates the transition from rifting to drifting gets younger in SW direction following the propagating rift (Franke et al., 2014). The age approximation for BU in northeast is close to the Eocene-Oligocene boundary at 33.9 Ma (Lunt, 2019) based on the age-depth plot of Li et al. (2014) and Larsen et al. (2018), and younger (28–23 Ma) in the southwestern part of the SCS (Barckhausen et al., 2014). To tackle this issue, the efforts to correlate the unconformities across the southern part of the South China Sea using biostratigraphy constrained is on-going (ie: Lunt, 2019; Lunt, 2020; Morley et al., 2020) and these works will greatly improve the understanding of basin evolution in the region.
The Oligocene- Miocene boundary at 24–22 Ma is marked by a prominent unconformity known as the Top Crocker Unconformity (TCU) (van Hoorn, 1977; Hazebroek and Tan, 1993; Hall et al., 2008; Cullen et al., 2010; van Hattum et al., 2013) in the onshore or equivalent to the base Miocene Unconformity (Figure 2) (BMU). In this paper, we will use the term BMU. BMU marks the onset of collision (Morley, 2016) with a transitional period of about 5–7 Ma or 4–9 Ma (Lunt, 2019) between the onset of subduction of continental crust and final jamming of the subduction zone in NW Borneo. The recognition of the BMU stands out and is relatively easy to date and differentiate with strong facies change as seen in Mulu-1 well in North Luconia (Madon et al., 2013; Lunt and Madon, 2017; Lunt, 2019).
Another profound unconformity and traceable event in the whole southern SCS including Sarawak is the Middle Miocene Unconformity (MMU) (Figure 2) that marks the boundary of Cycle III and IV. The term Middle Miocene had led to misinterpretation or misplaced of the interpretation for this unconformity, as interpreters have the tendency to interpret the unconformity in the Middle Miocene, as seems to befit the name (Lunt and Madon, 2017). Doust (1981) described the Sarawak MMU as the most important subsidence event that commenced in middle Miocene time, at the same time as the subsidence in the China basin, along a network of NNW-SSW trending normal faults. An updated age constrain of this unconformity was finally available when Krebs (2011) conducted graphic correlations of biostratigraphic data from over 70 wells in the whole Sarawak margins and found the age of the unconformity to be Upper Lower Miocene (∼17–19 Ma). The MMU has been informally re-named as the Early Miocene Unconformity (EMU) in Madon et al., (2013). Many wells in the offshore Sarawak see major changes in the lithofacies between the rocks of Pre-MMU (predominantly Cycle III rocks) with a consistent increase in clay and shale associated with a reduction in sands, silts and calcareous sediments, which suggests a sudden subsidence and a sharp reduction in rate and energy of sedimentation (Madon, 1999; Lunt and Madon, 2017).
At the end of Cycle V, at about 8 Ma, a major event overseeing the demise of Luconia limestone, is associated with rapid uplift of onshore Sarawak and increase of sediment supply to the offshore, hence disturbing the Luconia carbonate production. This event corresponds to the Lapan Unconformity (Figure 2) (Lunt, 2020), a regional expression of what is locally recognized in northern part of Borneo as the Shallow Regional Unconformity (SRU) (Levell, 1987).
MATERIALS AND METHODS
Regional seismic (2D) profiles and deep-seated wells across Central Luconia Province were utilized in this study (Figure 1B). Some of the seismic lines encompasses subsurface information from the neighboring provinces which include the North Luconia, West Luconia and Balingian Provinces, which gives an advantage in the interpretation of the regional structural framework. The 2D seismic profiles were acquired by several companies including Schlumberger and Shell in the late 1980s to 1990s and been reprocessed between 2010 and 2012. The seismic data was processed by several companies which include CGG, Veritas and Shell. The data went through standard routine processing which include noise removal using low-cut, hi-cut filtering and Tau-P attenuation, followed by removal of multiples using Surface Related Multiple Attenuation (SRME) and Radon Demultiple. Finally, the data went through Kirchoff Pre-stack Depth Migration (PSTM) before stacking for interpretation. Integration of published seismic images in this region have been used to improve the understanding on the regional framework and guide our interpretation. Well to seismic tie was performed on five deep wells that reached Cycle I and/or Cycle II. These wells are in the south, central and north of Central Luconia Province, thus providing a solid subsurface correlation for the entire study area. In this study, the well tops are labeled based on the Sarawak Stratigraphic Cycles (Cycle I–VIII) in each of the wells. Lada Hitam-1 and F6-6 wells (Figure 3) in the central zone of Luconia Province produced a good correlation between the seismic wavelets’ response and synthetic seismogram. Both wells are used as control points for regional seismic interpretation. Accurate age controls based on biostratigraphy from the wells are calibrated with the seismic within the Lower Miocene to recent sediments and subsequently correlated laterally. A total of eleven horizons were picked to represent the offshore Sarawak sedimentation. This include the seabed, Cycle VI–VIII, Cycle V, Cycle IV, Cycle III, Cycle II, Cycle I, Pre-Cycle I, Upper Crust, Lower Crust, and the Moho. Moho, Upper and Lower Crusts horizons are is only visible in a few deep and long seismic lines (Figures 4, 5). Geological interpretation of the seismic data was conducted based on the latest review of Sarawak’s stratigraphy by Lunt and Madon (2017), and incorporated markers from the key wells (Figure 1B).
[image: Figure 3]FIGURE 3 | Seismic and well correlation for time-depth conversion for Lada Hitam-1 and F6-6 wells in the central part of Luconia Province provide confidence in interpretation of the seismic data. The depth values (Z) for both wells are labelled with corresponding interpreted seismic horizons.
[image: Figure 4]FIGURE 4 | Uninterpreted and interpreted seismic line across N-S of Luconia Province. The northern part is having low angle detachment faults and thinner crust in boudinage shapes while the southern part exhibit high angle normal faults and thicker crust. Thermal anomalies are observed at point of crustal necking between shallow and deep-water section with Moho seen to bend into the subsurface. Location of the line is shown in Figure 1B. Rectangle box is representing the zoom in section for Figure 6. Numbering 1 and 2 are corresponding to the tectonic events discussed in this paper.
[image: Figure 5]FIGURE 5 | Uninterpreted and interpreted seismic line across E-W of Luconia Province. The western part has thicker crust compared to eastern side. More high angle normal faults are seen in the eastern section within Cycle VI–VIII sequences. Location of the line is shown in Figure 1B. The numbering 1–3 are corresponding to the tectonic events discussed in this paper.
RESULTS
Seismic Facies
Like most of the sub-basins in the southern South China Sea, the Luconia Provinces are filled with Cenozoic sediments with abundant of Middle to Upper Miocene carbonate build-ups. Horizons are labeled based on Sarawak’s stratigraphic cycles and grouped into three mega-sequences, “Pre-cycle I,” “Cycle I-III” and “Cycle IV-Present” (Figure 2) to relate with the sediment deposition and tectonic events at a particular time frame. Accompanying Table 1 summarized the seismic expression characteristics that are used to differentiate the seismic sequences. In this work, we have interpreted four unconformities. These unconformities are the base Oligocene Unconformity (BOU) at 30–32 Ma, dividing the top section of Pre-Cycle I sediments with overlying Cycle I sediment. The second unconformity observed is base Miocene Unconformity (BMU), marked at 22–23 Ma. The appearance of BMU is seen as changes in the seismic facies from hummocky with low amplitude section at the top of Cycle I to sub-parallel and moderate amplitude Cycle II sediments. The third recognized unconformity is the Middle Miocene Unconformity (MMU), dividing Cycle III and Cycle IV sediments and lastly, the Lapan Unconformity at approximately 8 Ma and is interpreted mainly in the southern part of the study area. A detailed description of these unconformities is described in the seismic sequences sections on this paper.
TABLE 1 | Summary of the characteristic and seismic expression for each seismic sequence interpreted in this paper.
[image: Table 1]Lower and Upper Crust
The lower and upper crust for the Luconia Province is hardly documented because of limited depth coverage of the seismic data. With the privilege to interpret several long and regional seismic lines, we documented the lower and upper crust of Luconia Province as homogenously thick in the central to southern parts of the province. The crustal layers are faulted and formed as boudinage shape in the deep-water section of the province (North Luconia). The top of the crust is interpreted at depth between −6,500 and −7,500 ms (Figures 4, 5). The top of the upper crust is determined by its high amplitude with semi-divergent reflectors (Figures 6, 7). Within the crust, strong amplitude reflectors are clustering in few sections where the listric faults terminate. Although the quality of the reflectors at depth are poor, a clear transition between two seismic facies is observed. Additionally, the lower crustal unit has clear ductile boudinage features whereas the upper crust is affected by clear brittle offsets along the listric normal faults (Figure 4). The Moho is imaged in few seismic profiles (Figures 4, 5). In the deep-water section, the Moho layer is detected to be shallower at −7,500 to −8,000 ms while it is picked at −10,000 to −12,000 ms elsewhere in the Luconia Province. The transition of different depth for the Moho is seen as a major crustal necking between the shallow and deep-water section of Luconia Province. Coincidently, high amplitude reflectors stacking on top of each other at depth approximately −5,000 to −7,000 ms are observed underneath G02-1well (Figures 4, 6), at point where the Moho reflectors disappear at depth. This crustal necking (Figure 4) is also evidenced through thermal anomalies, reported by high Hydrogen Sulfide (H2S) in the G02-1 well (Shell, 1989). The thermal anomalies appeared as very high amplitude, strong frequency with wavy to chaotic reflectors are seen in the mantle. It appears similarly in the crust layers and Pre-Cycle unit at the same positions seen in the mantle (Figures 4, 6).
[image: Figure 6]FIGURE 6 | Zoom in section from Figure 4 to highlight the geological features interpreted including the shale diapirs, seismic facies and characteristics of limestone build-ups in Luconia.
[image: Figure 7]FIGURE 7 | Seismic line oriented in NW-SE, crossing Rebab-1 well. Interpretation of Middle Miocene limestone is based on the well-seismic correlation and guidance of geophysical characteristics of the reflectors. The Upper Oligocene and Upper Eocene limestone are interpreted based on the geophysical characters. Location of the line is shown in Figure 1B. Annotation 1–3 are referring to Event 1–3 discuss in this paper.
Pre-Cycle I Sequence
The Pre-Cycle I sequence was deposited during the Eocene. It is known to overlay the Pre-Tertiary upper and lower crusts. No wells penetrate to the sediments in Pre-Cycle I sequence; thus, the interpretation is fully based on the seismic response. The seismic reflectors within Pre-Cycle sequence are subjected to a resolution loss due to dispersing wave energy. Parallel, moderate amplitude reflectors are visible at the transition between the Top of Pre-cycle I and the base of Cycle I. Within the Pre-Cycle I sequence; the seismic reflectors are weak and show hummocky textures with transparent patches which are observed at faults terminations.
Sediments in the Pre-Cycle I sequence appears in wedge-shaped and controlled by the thrust faults (Figure 4). The top of Pre-Cycle sediment in the southern part of Central Luconia is marked as bright amplitude with sub-parallel reflectors, covered by low amplitude, low frequency chaotic reflectors (Figures 6–8). Pre-Cycle I sequence is overlain by base Oligocene Unconformity (BOU) (Figure 2). The BOU is interpreted at depth −5,000 ms or approximately at depth 10,500–12,000 m. It appears as parallel to sub-parallel with moderate amplitude reflectors dividing the Pre-Cycle I and Cycle I sediments. Toward the south of Luconia Province, appearance of BOU is more prominent with high amplitude reflectors. The BOU in the south of the province is interpreted at the top of anticlinal structures (Figures 7–10). Changes in seismic facies is observed at the top of Pre-Cycle sediment and the overlying Cycle-I sediment, and this is useful in marking the base Oligocene Unconformity (BOU) in the data.
[image: Figure 8]FIGURE 8 | Seismic line oriented in SW-NE, crossing Rebab-1 well. Interpretation of Middle Miocene limestone is based on the well-seismic correlation and guidance of geophysical characteristics of the reflectors. The Upper Oligocene and Upper Eocene limestone are interpreted based on the geophysical characters. Shale diapir is seen to seep from Early Miocene sediments (Setap Shale) to the younger sediments through faults. Location of the line is shown in Figure 1B. Annotation 1–3 are referring to Event 1–3 discuss in this paper. The depths in meter (m) are representing the well to seismic tie values for the seismic markers.
[image: Figure 9]FIGURE 9 | Above) Correlation of seismic line in Figure 7 with a control line from offshore to onshore in Engkabang-Karap Anticline of Tinjar Province. Below) Interpreted section of the correlation of seismic line in Figure 7. The annotation 1–3 is referring to Event 1–3 discuss in this paper. Upper Eocene to Middle Miocene limestone successions are observed at almost similar depth in the offshore and onshore. The interpretation of Engkabang West anticline is guided by Jong et al. (2016). Inset map is showing the orientation of A-A′ line from offshore to onshore.
[image: Figure 10]FIGURE 10 | Correlation of lithological interpretation (from the core and cuttings) and seismic interpretation of (A) Lada Hitam-1 well; (B) Rebab-1 well; and (C) A1-1 well. Pollen and nannofossils found in the rock samples are annotated in the lithological logs, giving more confidence in the age control.
In the North Luconia, the Pre-Cycle I sequence is characterized by a relatively massive sediment at thickness equal to 2 km (Figures 4, 6). However, the same sequence appears much thicker in the southwest and central section of the province, ranging from 3 to 5 km in thickness (Figures 4, 5).
Cycle I–III Sequence
Cycle I to III are group together as a single sequence representing the sedimentation from Lower Oligocene to Lower Miocene (Figure 2) considering the timing of deposition and similar structural patterns found within Cycle I–III. The depth of marker for Cycle I is interpreted at −4,832 m (−3,250 ms) based on Rebab-1 well (Figure 10B) in the south of Central Luconia. The seismic reflectors within Cycle I are showing thin patches of high amplitude and high frequency reflectors (Figures 2C, 6). The high amplitude, high frequency reflectors are surrounded by sediments that give response of low amplitude most probably shale or mud-dominated rocks. The boundary of Cycle I and II is marked by the Base Miocene Unconformity (BMU) (Figure 2). BMU is recognized based on the facies changes from moderate to low amplitude reflectors in Cycle I (Upper Oligocene) to bright amplitude in Cycle II (Upper Miocene). The seismic markers for Cycle II and III have strong amplitude, high frequency reflectors with wavy to sub-parallel patterns (Figures 2B, 6). The sedimentation of Cycle I–III is thickening toward the north of Luconia with isochron map of Cycle I–III sequence shows a thickness of 800–1,500 m in the southern to central part of Luconia and 1,400 to 2,000 m of sediments in the north.
The top of this sequence is interpreted as Middle Miocene Unconformity (MMU), at the boundary of Cycle III and Cycle IV unit. The MMU is marked based on the high amplitude response at the top of Cycle III. The high amplitude response on MMU is related to the changes in high velocity response within the younger cycles at the top with lower velocity sediments in Cycle I to III sequence. The lithology of Cycle I to III sequence is analyzed based on core data of four deep wells: A1-1 and Rebab-1 in the south and Bako-1 and Jintan Deep-1 in the north. Cycle II sediments in the south of Central Luconia toward the Balingian Province consists of limestone with rare shales as seen in Rebab-1 and A1-1 wells. The lithology of Cycle I in the north of Central Luconia is dominated by limestone with dolomite in the upper part of Cycle I followed by increasing appearance of sandstone and shales interbedded with the limestone (Shell, 1972; Lunt, 2019). At the base of Bako-1 well in North Luconia Province, a gradual transition from hemipelagic chalks to deep marine clays is observed (Madon et al., 2013).
Cycle IV–VIII (Present) Sequence
This sequence includes sediments deposited in Cycle IV to Cycle VIII, dated from Middle Miocene to present-day. Cycle IV and V sediments show characteristics of moderate to high amplitude with sub-parallel reflections. Locally mounded and chaotic reflections are also common. Small scale faulting intercepts with the deposition of Cycle IV and V sediments. Commonly, Cycle IV is dominated by widespread limestone that grows into pinnacle and flat top carbonate buildups (Figures 4–6). This is recognized in the seismic based on the rapid changes in the amplitude at the top of the limestone buildups. The high amplitude, high frequency (thick) reflectors in mounded shape are also notable within Cycle V at the Central and North Luconia Provinces as limestone continued to deposit. However, in the southern part of Luconia, Cycle V shows moderate amplitude with low frequency (thin) reflectors in parallel-straight shape (Figures 2B, 6). The difference in seismic response of Cycle V sediments in the central-north and south of Luconia indicate more siliciclastic sediments (ie: siltstone, shaly silt and sandy silt/shale) were deposited in Cycle V within the southern part of Luconia. This is confirmed by the gamma ray logs and cores of Rebab-1 and A1-1 wells (Figures 10B,C). Meanwhile, the seismic responses recorded within Cycle VI–VIII are having low frequency, moderate to high amplitude with laminated parallel seismic facies (Figures 2B, 6). In the central to northern part of Luconia, low amplitude, almost transparent sections are identified within the sediments deposited in Cycle VI–VIII (Figure 6).
The base of Cycle IV–VIII sequence is a continuous reflector of MMU, as explained in Cycle I–III Sequence. Within Cycle IV–VIII sequence, there is one notable reflector that shows changes from low amplitude, low frequency, and weak seismic response to strong layering with high amplitude reflectors. It is mark as an unconformity within the post-rift sequence at the transition of Upper Miocene to Lower Pliocene sedimentation (Figure 2) annotated as the Lapan Unconformity (LU). Lapan Unconformity is traceable in few seismic lines in the south and central of Luconia Province, with more profound appearance at the southern region (Figures 7–9).
Carbonate Growth in Luconia Province
Generally, the carbonate build-ups within Central Luconia and its surrounding basins are recognized based on the high amplitude and high frequency seismic reflectors, along with distinguished morphology of a flat-top elongated build-ups or conical shape with stringers on both sides of the build-ups (ie: Figures 2B, 6). Most of the Middle-Upper Miocene carbonate build-ups served as prolific reservoirs for the hydrocarbon, and their exploration wells have recovered valuable cores. Multiple wells penetration allows reliable age determination among the sediments in Cycle IV–Cycle VIII, including the Middle- Upper Miocene carbonate. Despite the extensive Middle-Upper Miocene carbonate buildups that are always been highlighted; older carbonate build-ups are also preserved within the Luconia Province. The carbonate growth in Central Luconia from the Upper Eocene to Upper Miocene is presented in the following section.
Upper Eocene-Lower Oligocene limestone on Inverted Structure
In the south of Central Luconia, seismic reflectors showing possible limestone deposition are found as deep as −8,000 m (approximately at −4,000 ms) and located at the core and limbs of the anticlines within Cycle I sediments (Upper Eocene–Upper Oligocene) such that found underneath the Rebab-1 and A1-1 wells (Figures 7–9). This is only seen on seismic and are not confirm by any drillings since the exploration wells did not drill to this depth. Based on seismic profile, the Eocene- Oligocene limestone tend to grow on top of humps at the anticlines and expand laterally instead of growing vertically as usually seen in the younger Miocene build-ups of Central Luconia (Epting et al., 1980; Zampetti et al., 2004a; Zampetti et al., 2004b; Jamaludin et al., 2014; Koša, et al., 2015). However, the earlier growth of limestone within the Upper Eocene-Lower Oligocene in Central Luconia is not commonly illustrated due to limited data as well as its’ distribution is skewed toward the onshore. The potential Upper Eocene-Lower Oligocene limestone interpreted underneath Rebab-1 and A1-1 wells (Figure 9) are possibly related to 272 m thick Eocene-Oligocene massive dolomitic limestone tested in Engkabang-1 and 210 m mudstone and wackestone in Engkabang-West wells (Kessler and Jong, 2017). These wells are approximately 70–80 km away from the Engkabang-Karap Anticline, within the Tinjar Province (Figure 1B).
Upper Oligocene- Lower Miocene (Cycle I–II) Limestone
The deepest recorded limestone in the south of Central Luconia was detected at depth 3469 m in A1-1 well with the occurrence of Miogypsinoides sp. and lacking Miogypsina sp, along with increase occurrence of Florschuetzia tribolata sp. (Biffi and Calcaterra, 1988) in fossiliferous limestone with subordinate silty and calcareous shale (Figure 10C) indicating the transition of Upper Oligocene- Lower Miocene. In Rebab-1 well, consistent appearances of Sphenolithus heteromorphus nannofossil are recorded from 3471 to 4,462.5 m in the core (Baky et al., 1992), representing age no older than near base NN4 at roughly 17.7 Ma, (Raffi et al., 2006).
Although the fossils were found in ditch cutting samples and possibly resulted from the caving of the well, the limestone in Rebab-1 well is assigned for the Lower Miocene, and this is coherent with strontium isotopic dating of the samples (P. Lunt, personal communication, August 2020). Evidence of an older limestone deposition in Rebab-1 well is supported by the large proportions of the Cicatricosisporites dorogensis assemblage at depth 4,480 to 4,720 m (Baky et al., 1992) which is a typical form of pollen in the Oligocene (Figure 10B). The appearance of this species indicates the existence of Oligocene limestone, most probably mud-dominated according to light color of Cicatricosisporites dorogensist. The seismic response for the Lower Miocene top carbonate in Rebab-1 well correspond with the bright amplitude, positive and thick wavelet (Figures 7, 8).
The constraint in timing of the limestone has been first dated using Strontium isotopic dating by Vahrenkamp (1998) and re-look by Allan et al., (2009). The age of this limestone is established in the G2-1 well core within the middle Cycle II limestone on two samples which yield 87Sr/86Sr ratio of 0.708490, that roughly indicate age of 18–19 Ma (range 17.0–19.8 Ma -Lower Miocene) (Figure 11) (Allan et al., 2009). The diagenesis and dolomitization of the samples in G2-1 and G10–1 wells gives limitation in obtaining the precise dating (Figure 11C). Samples from deep marine clay on top of this limestone give slightly older age compared with the Strontium isotopic dating. There is presence of index foraminifera of Tf1-2 which include the Lepidocyclina, Miogypsina and Cycloclypeus (Allan et al., 2009) in Cycle II limestone (2,882–2,884 m) in G2-1 well. Thin limestone stringers in the underlying Cycle I contain the ancestral Miogypsinoides without Miogypsina(Figure 11A) and hence dated as Te4 (Upper Oligocene) (Lunt and Allan, 2004). Initially, the deposition of Lower Miocene (Cycle II) limestone is interpreted to extend to G10–1 build -ups (20 km NE of G2-1) based on the occurrence of Spiroclypeus (2,137 m) and Eulepidia (2,186 m) in dolomitic limestone (Figure 11B). However, the strontium dating of rock sample from G10-1 well at depth 1,626.7 m indicate 87Sr/86Sr ratio of 0.70878, referring to age of 14.9 Ma (Middle-Upper Miocene) (Figure 11C) (Allan et al., 2009). This led to confusion for the age of the limestone, most probably due to some tilting in the underlying sediments of Cycle I and older. The occurrence of massive limestone is also found in Jintan Deep-1 well (20 km to the west of G02–1) at depth 3,545 m along with of Miogypsina sp. and Cycloclypeus, sp in several sections (Hassan and Mohamed, 1998) indicates age no older than Lower Miocene (Cycle II).
[image: Figure 11]FIGURE 11 | (A) Lithological interpretation and snapshot of well-seismic calibration for G2-1 well showing the top of limestone at Cycle V/VI boundary. (B) Core interpretation and snapshot of well-seismic calibration for G10–1 well. Lines location are presented in Figure 1B. (C) Strontium isotope dating for G2-1 and G10–1 core samples (highlighted depth) from Allan et al., 2009. Rock samples from G2-1 (depth 2,881.4 to 2,884.2 m) yield age of 17.0–19.8 Ma while rock samples from G10–1 (depth 1,540 to 1,640 m) gives age between 11.0 to 14.9 Ma. Benthic foraminifera found in the samples are labeled in (A,B), as cross-check for the strontium isotope dating.
The Lower Miocene limestone (Cycle II) form as continuous to sub parallel reflectors often preserving bright amplitude but the thickness is lesser compared to the Middle-Upper Miocene limestone (Figures 7–9). Locally mounded reflector with presence of chaotic features are often found within the Lower Miocene limestone. These seismic characteristics are used to interpret the existence of Lower Miocene limestone in the central part of Central Luconia. Lada Hitam -1 well with total depth of 3,661 m (the deepest well in central section of the study area) reached rock samples of interbedded limestone and sandstone with presence of Florschuetzia levipoli and Cribroperidinium giuseppe at depth 3,174 m (Hulsbos et al., 1991). The presence of these pollen is indicative for Lower Miocene or older age and matches with high amplitude, high frequency wavelets representing the Lower Miocene limestone in Lada Hitam build up (Figure 10A).
Widespread Middle-Upper Miocene (Cycle IV and V) limestone
The Middle -Upper Miocene (Cycle IV and V) limestone in Central Luconia Province is widely distributed within the central part of the province, while, only streak of Cycle IV and V limestone in shale and silty sediments were found at the south part of Central Luconia. The changes indicate the growth of limestone had stopped earlier in the south of Central Luconia, but massive limestone continued to deposit in the central to north of Central Luconia. The Middle–Upper Miocene limestone build-ups are easily recognized in seismic data as pinnacle or conical shape with limestone stringers on both sides of the flanks. An elongated flat top limestone build-up is also common within Middle–Upper Miocene (Cycle IV and V) (Figure 6). Most of the limestone build-ups in the Central Luconia are connected to each other at the base of the limestone (Cycle III or Cycle IV base carbonate), creating an interconnecting network at the base of the build-ups (Figure 2B). Most of the Middle-Upper Miocene limestone are gently affected by normal faulting, usually at the edge of the build - ups (Figure 6) and act as a migration pathway for the hydrocarbon in the deeper section of the reservoirs.
The strontium age dating for some carbonate build - ups in the central section of Central Luconia Province yield consistent age of Middle -Upper Miocene. As example, strontium age for samples in E8 build-up provides 87Sr/86Sr ratio of 0.78820 that reflect age range of 12.4–16.1 Ma (Allan et al., 2009).
Structural Interpretation
North and Central Parts of Luconia
Based on our data, the deep-water section of Sarawak is controlled by faulted blocks with low angle, normal and listric faults that rooted at the boundary of the upper and lower crusts creating the wedge boudinage pattern (Figure 4). The thickness of the crust changes drastically from thin (approximately 3.0–4.0 km) with boudin-shaped in the north to thicker (approximately 5.5–6.0 km) and homogenous pattern in the south. It is observed as crustal necking at the transition of shallow and deep-water section of the study area (Figures 4, 6). Gravitational anomalies in the location of the crustal necking is at the highest value (40- >50 mGal) indicating the shallowest basement level in Central Luconia Province (Figure 1B).
Consistently thick, and elevated crust is observed in the West to Central Luconia Provinces (Figure 5). The depth of the upper crust is interpreted at −5,000 ms from West to Central Luconia and it becomes deeper at −6,000 s underneath F14 well and continuously deepening to -−7,500 s in the eastern side of the West Baram Line (Figure 5). Gravitational anomalies from the free-air satellite indicate average of 25–30 mGal in the west to central part and gravity response increase to 45 mGal in the transition of the West Baram Line (Figure 1B). Thickness of the crust in the south of Central Luconia is inconclusive since our seismic data only able to visualize as deep as the pre-cycle sediments. Based on the gravitational anomalies from free-air satellite gravity, the crustal layers in the south of Central Luconia lies very deep in the subsurface because the gravity anomalies are less than 0 mGal indicating a deep basin (Figure 1B).
The faults in the south of Central Luconia are steeply dipping, shallow rooted with smaller offsets compared to faulting in the north of Central Luconia, similar finding in Jamaludin et al. (2014), Jamaludin et al. (2018). Most of the faults in the south and central parts of Central Luconia only cut through sediments in Cycle I–V (Lower Miocene- Upper Miocene) but locally, younger faults have been observed within the Cycle VI–VIII eastward. The formation of faults within Cycle IV and younger sediments indicate that faulting activity persisted within the post-rift sequence and had no relationship with the crust-involved tectonic events. Almost all Cycle IV–V limestone build-ups were affected by moderate faulting. The faults concentrated at the edges of the limestone build-ups with evidence of potential sub-marine landslide within the limestone build up as presented in Zampetti et al. (2004b). All faults that cut through Cycle IV–V sediments are due to post-depositional faulting and appear to be high-angle normal fault.
Based on G2-1 and G10-1 wells and seismic profiles intersecting with these wells, the base Miocene Unconformity (BMU) and Middle Miocene Unconformity (MMU) in both wells are correlated. The BMU in G2-1 & G10-1 wells (Figure 11A) is indicative of transition from Cycle I to Cycle II, which mark the beginning of base Cycle II limestone in both wells. A major syn-rift fault is interpreted just underneath total depth of Jintan Deep-1 well (Figures 4, 6) and the BMU of Jintan Deep-1 and G2-1 wells are correlated too (Lunt, 2019). The transition of Cycle I to Cycle II sediments in these wells are moderately affected by faults, proving evidence of localized tectonic during Upper Oligocene- Lower Miocene.
Southern Part of Luconia
The southern part of Luconia-Balingian Provinces evidence contrasting structures as compared to the North and Central Luconia Provinces. A combination of compressional and extensional tectonics defined the southern region of Central Luconia. The seismic profiles show at least three episodes of compression and are describe as Event 1 to Event 3 in this paper. Event 1 indicate the oldest compressional structure possibly dated back to the Upper Cretaceous to Eocene. Folded stratigraphy that formed during Event 1 indicate continuous anticline and syncline structures from the southern part of Central Luconia to the onshore section (Figures 7–9). In our interpretation, the rocks affected by this event are sediments deposited in Pre-Cycle and Cycle I. Based on our data in the southern part of Central Luconia, the anticline and syncline structures are asymmetrical type with gentler limb at one side. The folds are moderately affected by faults and act as the base for younger sediments to deposit. The wavelength from the core of the anticline to another varies from 50 to 70 km.
Anticline structures are also evidenced in the Upper Eocene to Lower Miocene sediments. This is classified as Event 2 (Figures 7–9). Compression in Event 2 affected sediments in Cycle I-III, creating uplifted structures at depth approximately 8–10 km (−4,000 to −5,000 ms in TWT). The folds formed during Event 2 shows different characteristics in the offshore and onshore domain of the study area (Figure 9). In the Balingian Province, the folds are gentler, less asymmetrical with wide-angle limbs compared to the older folds in Pre-Cycle sediments. However, the folds of Event 2 in the onshore section (ie: Tinjar Province) are showing tight angle. Folded strata of Cycle I-III in Event 2 are affected by normal faulting. The normal faults within the limbs and core of the anticlines are rooted into the sedimentary rocks of Pre-Cycle unit. Some of the faults also act as reverse faults. In the onshore section (Tinjar Province) within Engkabang-Karap Anticline (Figure 9), the folded strata of Event 2 were offseted by high angle normal faults on both side of the limbs. The faults are closely spaced at the core and limbs of the anticline. The carbonate development in Engkabang Anticline was initiated on pre-rift faulted and compressed sequence inferred as Middle Eocene (41.0–50.5 Ma), based on biostratigraphy analysis from Shell (1960), published in Jong et al. (2016). The transition from Cycle II (Lower Miocene) to Cycle I (Upper Oligocene) in the sediment is detected by the increase of amplitude preserved in the seismic wavelets corresponding to the top of Cycle I. This abrupt change in seismic facies in Cycle I–Cycle II (Upper Oligocene- Lower Miocene) is believed to represent an important event at 22–23 Ma, marked by the Base Miocene Unconformity (BMU) in this study. This is supported by the finding of nannofossil of NN4 (Baky et al., 1992), indicating age of 17.7 Ma (Raffi et al., 2006) in core sample from Rebab -1 (Figure 10B) as explained in Upper Oligocene- Lower Miocene (Cycle I-II) limestone of this paper. Seismic facies changes between Cycle III limestone and Cycle IV limestone in the southern part of Central Luconia is marked by the Middle Miocene Unconformity (MMU). Cycle III (Lower Middle Miocene) limestone exhibit thin seismic reflections compared to the Cycle IV (Middle Miocene) (Figure 8) which has better acoustic impedance at the top of the cycle. The limestone deposition is more widespread both horizontally and vertically after the MMU.
The southern part of Central Luconia also evidence third episode of compression, marked as Event 3 in this study (Figures 7–9), which is seen in sediments of Cycle V–VIII, dated in Upper Miocene to Pleistocene. Cycle V–VIII sediments are gently folded with evidence of uplifted topography in the onshore section, preserved in Miri. Normal, tight angle, branching faults are commonly seen in Cycle V–VIII. An unconformity is recognized at Cycle V to Cycle VI transition (Upper Miocene to Lower Pliocene) based on changes in seismic facies. This is equivalent to the Lapan Unconformity (LU). LU is traceable in all seismic profiles (Figures 7–9) at the southern section of Central Luconia. However, this unconformity is rarely preserved in the other parts of Luconia Province.
Shale Diapir and Gas Cloud
Few seismic profiles in the southern and northern part of the study area exhibit very poor and chaotic seismic reflections throughout Cycle II toward Cycle VI–VIII. It looks like a gas cloud seeping out from the deeper part of the subsurface to the younger rock cycles. This is interpreted as diapiric mobile shale or mobile clay, originated from Cycle I/II mud dominated sediments. The diapiric mobile shale is seen to be sealed under the anticline structures in the southern region of Luconia Province and believed to be originated from Lower Miocene (Cycle II) Setup Shale. The anticline structures trapping diapiric mobile shale (Figure 8) in the near-shore Sarawak is very much alike to the structures seen in Ampa and Seria anticlines in offshore Brunei (Brunei Shell Petroleum, 1996; Darman and Damit, 2003; Morley et al., 2003; Morley et al., 2008). Meanwhile, in the North Luconia Province, the occurrence of mobile shale appears as injected pipe material form into diapiric shapes. The shale diapirs are seen to be originated from the Oligocene–Lower Miocene deposits in Cycle I and II and intruded into the younger sediments in through rifting faults that are common in the northern part of Central Luconia. The mobile shales seen in our data is thought to be similar with shale diapirism induced by gravity-driven system in West Luconia Deltas (Xu et al., 2019) and Bunguran Trough (Jong and Barker, 2014; Jong et al., 2017). Similarly, the over pressure shale is commonly seen as mud volcanoes and mud pools in the onshore of Miri-Tinjar Provinces, including on the surface of Engkabang-Karap anticline (Karap Mud Volcano) (Kessler and Jong., 2016; Kessler and Jong, 2017). The shale diapir is not commonly observed in the central section of Luconia Province, due to the homogenously thick crustal layers in the central part. However, at the boundary of Central Luconia with West Luconia and Tatau Provinces, a seismic profile (Figure 5) shows vertically disrupted chaotic reflections, and these are interpreted as gas clouds The gas clouds cover the limestone build-ups and are trapped within the build-ups.
DISCUSSION
Regional seismic lines supported by few exploration wells in Luconia Province allow us to evaluate the impact of several tectonic events affecting the area at different timing of limestone growth. Three episodes of limestone growth were detected in Luconia Provinces, each of them representing different tectonic events (Figure 12).
[image: Figure 12]FIGURE 12 | (A) Geological model plan view showing the closure of Proto-South China Sea (PSCS) and docking of Luconia continental fragment with Borneo. (B) The cross-sections summarizing the tectonic events and growth of limestone on top of Luconia shelf. Number 1–3 refers to Event 1–Event 3. Event 1: The closure of the southern part of the PSCS (Upper Cretaceous–Eocene) had triggered extensional tectonic from the active rifting of the present day SCS in the north. Event 2: Upper Eocene- Upper Oligocene where extension in the north of Luconia shelf due to second phase of SCS rifting and wrenching tectonic in the south of Luconia. Proto-SCS almost closed and subducted in the norther part. Event 3: Upper Miocene to present day where Borneo underwent regional compression and uplift, inducing gravity driven system that transported the sediment from onshore to offshore, which responsible for the demise of Miocene limestone.
Event 1: Compression in the South, Extension in the North (Cretaceous -Eocene)
Despite many tectonic reconstructions and opinions on the timing and nature of closure for the Proto- SCS (Holloway, 1982; Tapponnier et al., 1982; Taylor and Hayes, 1983; Tapponnier et al., 1986; Hinz et al., 1989; Hall, 2002), this oceanic crust had a Mesozoic age (Barckhausen and Roeser, 2004; Barckhausen et al., 2015) and the spreading completely stopped by the Middle Miocene (Chang, 2020 and references herein). The southern drift of the Southern China (Luconia and Dangerous Grounds) toward the southern margin is believed to have pushed the oceanic crust of Proto-SCS (Rajang Sea in Sarawak) and finally under thrusted (subducted) beneath West Borneo (Madon, 1999; Hutchison, 2005; Madon et al., 2013; Hennig-Breitfeld et al., 2019) and induced the uplifting of the Rajang Group in the onshore Sarawak (Figure 12A). The Rajang Group was compressed and uncomformably overlain locally with variable ages of sediments from Upper Eocene Tatau Formation to Upper Oligocene Nyalau Formation.
In the present-day offshore section of Sarawak, the uplifted topography of Rajang Group is imaged as anticlinal structures buried in the subsurface (Figure 12B (1)) at depth more than 8 km. The compressional structures from the collision are mostly preserved in the southern part of Central Luconia and Balingian Provinces. The buried anticlinal topography is not seen in the central and north sections of Luconia since the impact of the collision is more preserved landward. Even though no wells penetrate to the top of these anticlines, our moderate to good quality seismic data provide sufficient image of these structures (Figures 7–9). Based on the characteristics of the seismic response on top of these compressional structures, we determined the earliest limestone growth in this province, conceivably grow during the Upper Eocene to Lower Oligocene (Figure 12B (1)). We compared the seismic reflections and pattern in the anticline structures in the south of Central Luconia with Engkabang-Karap Anticline in the onshore (Figure 9) and find similarities in the morphology of the structures. However, the degree of compression is higher in Engkabang-Karap Anticline, compared to the anticlines seen on seismic. This imply the amount of compression is higher in the landward of Sarawak. We suspect the deeply buried limestone that grow on top of these anticline structures are similar to the Engkabang -Karap Limestone based on the oldest age dating (41.0–50.5 Ma based on Shell, 1960) from Engkabang West well (Kessler and Jong, 2016). It is also suspected that the Eocene- Oligocene limestone is equivalent to Melinau limestone outcrop section in Batu Gading, Sarawak that was documented in Adams (1965) and Lunt (2014), which deposited within the Pre- Cycle to Cycle I sediments. Unfortunately, the age and composition of the sediments in Pre-Cycle I and the composition of the crust are poorly known in the offshore. Pre-Cycle I is notably dated from 37 to 43 Ma in Madon et al. (2013) paper, coincides with the rifting of the South China Sea in the north. Apparently, the Pre-Cycle I rocks onshore Sarawak consist of the Belaga, Kelalan and Mulu Formation of the Rajang Group from age 35.4 to 98.0 Ma (Kessler and Jong, 2016).
When the southern part of Luconia including the onshore section was experiencing the compression from the closure of the Proto-SCS and uplifting of the Rajang Group (Figure 12A (1)), it also experienced active rifting in the north, similar to the crustal shortening in Palawan that was induced by the closure of the Proto-SCS at the time where South China Sea is rifting in the North. The effect of the South China Sea rifting had somehow triggered the formation of extensional faults in the crust and is preserved within the lower and upper crusts in the whole southern South China Sea (Fyhn et al., 2013; Franke et al., 2014; Savva et al., 2014; Gozzard et al., 2019), including the North and Central Luconia Provinces as presented in this paper. The lower and upper crust are thinner and elongate with lithospheric mantle tending to exhume into the sediments above the crust (Figure 4). The mantle however does not reach the sedimentary units as observed in the more stretched region in the Phu Khanh, Nam Con Son, Reed Bank, and Dangerous Grounds areas (Fyhn et al., 2009; Cullen et al., 2010; Savva et al., 2013, 2014; Morley, 2016; Wu and Suppe, 2017). Exhumed and exposed mantle materials are suggestive for weak crust in the presence of high heat flow (Li et al., 2014). Although thermal anomalies are seen in the seismic profile (Figure 4), the continental crust of Luconia appears thick enough to escape mantle exhumation in this area compared to the northern region (ie: Vietnam basins). Moreover, the extension factor (Te) in the continent-ocean boundary (near Dangerous Grounds) indicate modern values below 10 km, while in the northern (close to Taiwan), the Te of 13 km (Clift et al., 2002) is recorded, thus reflecting a major asymmetry in the thermal state of the two South China Sea margins with less thermal activities and mantle exhumation in the Dangerous Grounds and Luconia.
Event 2: Rifting of the South China Sea and Continuous Compression in the South (Upper Eocene- Upper Oligocene)
By the Upper Eocene to Oligocene, the rifting of the South China Sea had pushed Luconia continental crustal fragment toward the south so that it started to underplate the West Borneo and thus promote compression in the Rajang Accretionary Wedge Group (Hutchison, 2004; Fyhn et al., 2009) that was still forming from the on-going closure of the Proto-SCS (Figure 12A (2)). Albeit the uncertainty in the timing of Luconia shelf underplating with Sarawak mainland, thicker, elevated, faulted and compressed crustal layers are widely observed in the southern part of Luconia to the onshore of Sarawak, particularly in the Tinjar Province. Following this event, base Oligocene Unconformity (BOU) is interpreted. BOU marks the transition from cluster of isolated and elevated grabens in the Eocene to a more widespread sedimentation in Oligocene (Kessler and Jong, 2016). BOU forms as consequence of docking of Luconia continental fragment with Borneo. This is similar to Madon (1999) suggestion that Luconia drifted and collided with West Borneo Basement in the Lower Oligocene (37–32 Ma). The existence uplifted topography from the first compressional event during Eocene were impacted by the second compressional event, creating wrench faulting (Kessler and Jong, 2016) at the core and limbs of the folds in the southern part of Luconia (Balingian and Tinjar Provinces). Limestone dated from the Upper Oligocene -Middle Miocene were found to be deposited at the core of the anticline and spread laterally toward the limb of the folds (Figure 12B (2)). The growth of this limestone indicates the crust was sustained at shallow level for a period from Oligocene to Middle Miocene (Franke et al., 2014), allowing suitable water depth for the carbonate growth.
During this time, the northern part of Luconia crust was already experiencing active rifting, creating lots of listric faults offsetting the sediments that were deposited. Syn-rift faulting are mainly observed in the northern section of the area (Figure 4). The faults rooted deep into the boundary of upper and lower crust, originated from the earlier formed faults during Upper Cretaceous- Eocene when rifting was active in Palawan and surrounding. The deep seated listric faults seen in the northern part of Central Luconia and North Luconia (Figure 12B (2)) are similar to observation made by Pichot et al., (2014), Franke et al. (2014) and Liang et al., (2019) in the other SW sub-basins of the SCS, particularly in the Dangerous Grounds and Nam Con Son Basin. The listric faults exhibit common patterns in the whole SW sub-basins of the SCS, indicating a consistent degree of deformation that affected the whole southern South China Sea. Palawan and the surrounding areas in the north had finally changed the spreading direction from N-S to SW- NE at 23.6 Ma (transition from Upper Oligocene to Lower Miocene), when a ridge jump occurred in the NE sub-basin and opened the SW sub-basin of the South China Sea (Li et al., 2014; Savva et al., 2014; Sibuet et al., 2016). Change in the direction of the South China Sea spreading had affected the sediments in Luconia Province. We marked this as the base Miocene Unconformity (BMU). This imply the Luconia region was receiving the echo from the rifting of the South China Sea in the Reed Bank and Palawan during Lower to Middle Oligocene. Apart from that, the rifting of the SCS is synchronized with the Upper Oligocene warming (Zachos et al., 2001) based on oxygen isotope dating from ODP site 1,148 in the northern part of the South China Sea (Zhao et al., 2001) and Mi-1 glaciation at 23.1 Ma (Miller et al., 1998). This event coincides with change from seasonal to more perhumid climates at the beginning of Lower Miocene (Morley, 2012), suggesting wetter climate than Lower Oligocene (Morley et al., 2020) (end of Event 1 in this paper). This is equivalent to the base of Cycle II deposition in Sarawak and wetter climate facilitated the beginning of limestone expansion in South East Asia including Central Luconia. We are certain on the existence of limestone patches within Upper Oligocene (22–23 Ma) were deposited at least in the southern part of Central Luconia, as evidenced on seismic data (Figures 8, 9). The main expansion of limestone growth in Central Luconia begins at 18–19 Ma (Cycle III) based on the Strontium isotopic dating from limestone samples of G2-1 and G10–1 that indicate Lower Miocene age (Cycle II) (Figure 11) and the fossils found in limestone samples of Rebab-1, A1-1 and Lada Hitam-1 wells (Figure 10). The Lower Miocene limestone then continue to grow as thick pinnacle and platform type carbonate build-ups after Middle Miocene (after 16–17 Ma), following the end of rifting for the South China Sea.
Event 3: Regional Compression and Uplift of Borneo, Inducing Gravity Tectonic in Luconia
Luconia was a tranquil geological province during Middle -Upper Miocene, owing to the end of rifting in the northern part of Luconia and completion of the collision in the southern part (Figure 12A (3)). The tectonic quiescence was disturbed by a regional compression by the end of Upper Miocene–Pleistocene until recent time affecting the frontal wedge areas especially Sabah and Palawan (Franke et al., 2008; Sapin et al., 2011). This deformation which is believed to have affected the onshore and offshore section of Borneo, including Luconia Province may not be due to important crustal shortening. During this time, West Baram Line had already become inactive-passive fault (ancient fault) (Cullen et al., 2010). The regional uplift in onshore Sabah and Sarawak during Quaternary is observed in the subsurface of Luconia Province as gentle mild folded stratas, affecting only the southern and eastern region of the province (Figure 12B (3)). A more obvious folding due to Quaternary regional uplift is evidenced as Miri Anticline in the onshore of Sarawak. Another observation includes shale tectonics that occurred in the shallower part of Sarawak cycles. The intruded shale is coeval with the recent deformation and is able to mobilize due increase in fluidity related to over pressure (Chang et al., 2019). In the transition from offshore to onshore (Figure 9), the anticline structures seen to be in the older section of Cycle II (Lower Miocene) syncline. There is possibility for the Cycle II anticlines to be swells due to Upper Miocene- Pleistocene compression, that induced the escape of Setap Shale (Cycle I-II sediments) to be injected into younger stratigraphic layers (See Shale Diapir and Gas Cloud above). However, a precaution need to be imposed in interpreting the relation of Lower Miocene syncline swelling due to Event 3, considering the slow velocity of the shale/gas diapir with the surrounding sediments may induced the bow-tie effect that look similar to syncline.
CONCLUSION
This study explores the architecture of the crust in Luconia Province and evaluate three different records of limestone growth in response to the tectonic activities that affected the Luconia Province since Cretaceous till present day. Interpretation on the kilometer-length seismic profiles illustrated different characteristic of the crustal layers. The northern part of Luconia exhibit thinned, segmented crustal layers that were offset by low angle detachment faults, rooted into top of the ductile lower crust. The changes from thin to thick crustal layers is evidence by the crustal necking at the transition of shallow and deep-water section, with existence of thermal anomalies within the sedimentary units in the northern part of Luconia, indicating weak crust and possible bending of the Moho into the subsurface.
The earliest limestone growth recorded in Sarawak is dated in Upper Eocene, mainly found in the southern Luconia and Balingian Provinces, and preserved mainly in the onshore of Tinjar Province (Engkabang-Karap Anticline). The growth of Upper Eocene limestone is found at the core of anticline and thinly distributed to the limbs of the anticline that resulted from the closure of the Proto South China Sea (Rajang Sea) (Event 1). An attempt to correlate the Upper Eocene-Lower Miocene limestone found in Tinjar Province with offshore section (nearshore) of Luconia-Balingian Provinces is conducted based on the seismic patterns and morphology of the reflectors beneath Rebab-1 well. The second episode of limestone growth is within Upper Oligocene to Lower Miocene, when the subduction of the Rajang Sea underneath mainland Borneo was coming to an end. At the same time, the rifting of the present-day South China Sea is active in the northern margin of Luconia shelf. The Upper Oligocene to Lower Miocene limestone is evidenced as Cycle II-III carbonate rocks that attracted to the elevated anticline structures in the south of Luconia Province and grow as patches of limestone in the central and north part of the province. The third episode of limestone growth in Luconia Province is throughout Middle to Upper Miocene, after the rifting of the South China Sea has ended. The Middle to Upper Miocene limestone grows as pinnacle and flat top build-ups with continuous carbonate layers from Cycle IV to Cycle V. By Lower Pliocene, the whole Borneo underwent regional uplift that resulted in more clastic materials from the onshore to the offshore (gravitational tectonic) and leading to the demise of the limestone growth in Luconia. Finally, this paper highlights the presence of an Upper Eocene- Lower Oligocene limestone on anticlines that demonstrates the occurrence of a major compressional event in the Eocene affecting mostly the southern part of Luconia-Balingian-Tinjar Province. Based on the evidence of successive limestone growth on compressional structure within this region, we show that episodic compressional pulses were affecting the south of Luconia until very recently. Ultimately, from this paper, we show that deformations from the long tectonic episodes experienced by the Luconia Block do not only take place within the wedge of Borneo, but are also recorded offshore of Sarawak, particularly in Luconia Province. The capability of carbonate to flourish in this region in this region in contrasting growth stages at different time will allow further comparison to be done with the other surrounding basins such that in the Dangerous Grounds and offshore of Palawan.
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Local earthquake data was used to determine a three-dimensional (3D) seismic attenuation structure around the aftershock source region of the 2018 Lombok earthquake in Indonesia. The aftershocks were recorded by 13 seismic stations from August 4 to September 9, 2018. The selected data consist of 6,281 P-wave t∗ values from 914 events, which had good t∗ quality in at least four stations. Our results show that the two aftershock clusters northwest and northeast of Lombok Island have different attenuation characteristics. A low P-wave quality factor (low-Qp), low P-wave velocity (Vp), and high ratio of P-wave velocity and S-wave velocity (Vp/Vs), which coincide with a shallower earthquake (<20 km) northwest of Lombok Island, might be associated with a brittle area of basal and imbricated faults influenced by high fluid content. At the same time, the high-Qp, low Vp, and low Vp/Vs, which coincide with a deeper earthquake (>20 km) northeast of Lombok Island, might be associated with an area that lacks fluid content. The difference in fluid content between the northwest and northeast regions might be the cause of the early generation of aftershocks in the northwest area. The significant earthquake that happened on August 5, 2018, took place in a region with moderate Qp, close to the contrast of high and low-Qp and high Vp, which suggests that the earthquake started in a strong material before triggering the shallower aftershocks occurring in an area affected by fluid content. We also identified an old intrusive body on the northeast flank of the Rinjani volcano, which was characterized by a high-Qp, high-velocity, and a high Bouguer anomaly.

Keywords: Lombok earthquake 2018, aftershock, temporary station, spectral fitting, P-wave attenuation tomography


INTRODUCTION

Lombok Island is located in West Nusa Tenggara and is part of the Sunda Arc, Indonesia, which is controlled by the subduction of the Indo-Australian Oceanic Plate beneath the Eurasian Plate with a relative motion of 70 ± 1.0 mm/year to the north (Koulali et al., 2016). The tectonic activity in this region forms the Flores Back-arc Thrust (FBT), which lies north of Flores, Sumbawa, and Bali (Hamilton, 1979; Silver et al., 1983). The term FBT, was first used by Silver et al. (1983) to map the forwardmost thrust to reach the surface above the decollement of the zone of the back-arc thrust north of Flores Island. According to the interpretation of 2D seismic reflection profiles (Silver et al., 1983; Yang et al., 2020), the complicated geological structure in the FBT is expressed by low-angle main basal faults and high-angle imbricate thrusts and its associated faults.

Two major geological structures significantly control the seismicity of Lombok Island (Figure 1): the megathrust in the south due to the subduction of the Indo-Australian Plate beneath the Eurasian Plate (Hamilton, 1979) and the FBT north of Lombok Island which dips to the south (Hamilton, 1979; Silver et al., 1983; Irsyam et al., 2017). The FBT occurs because of the accommodation of energy from the megathrust (Irsyam et al., 2017) which extends in an east-west direction with an estimated convergence rate of around 5.6–6.0 mm/year (Susilo et al., 2018). FBT extends from the north of central Flores Island to the northern part of Sumbawa Island (Hamilton, 1979). However, further research conducted by Silver et al. (1983) using seismic reflection data shows that this thrust extends further west to the Bali Basin.


[image: image]

FIGURE 1. (A) Map showing the major tectonic boundaries of Indonesia. The blue rectangle denotes the Lesser Sunda Islands and the black rectangle denotes the Lombok Island. The red jagged line denotes the subduction zone. (B) Map showing the Lesser Sunda Islands (from west to east): Bali, Lombok, Sumbawa, Flores, Sumba, Pantar, Alor, and Timor Island. The black jagged lines denote the back-arc thrust in the north of the islands and the black lines denote the faults (Irsyam et al., 2017; Afif et al., 2020). (C) Map of Lombok Island and the surrounding area which shows the distribution of the initial hypocenters from Afif et al. (2020). The hypocenters plotted here are the selected hypocenters from the spectral fitting process. The colored circle shows the depth of the earthquakes. The blue inverted triangles are the seismic stations, the big red triangle is the Rinjani volcano, the small red triangles are a group of volcanoes that are no longer active, and the yellow stars are the significant earthquakes.


A series of major earthquakes in 2018 occurred in the northern part of Lombok Island which caused severe damage to the Lombok region. On July 28, 2018, at 22:47 (UTC), the first earthquake (Mw 6.4) struck the island and on August 5, 2018, at 11:46 (UTC) a second, more massive earthquake (Mw 7.0) took place west of the first event with both epicenters located north of Rinjani volcano (Figure 1). These earthquakes were followed by light to moderate aftershocks for several days (≤Mw 5.5); they extended northwest and induced a moderate event (Mw 5.9) on August 9, 2018, at 05:25 (UTC). On August 19, 2018, other two strong earthquakes struck Lombok Island; however, the epicenters were located northeast of the island. The first earthquake occurring on August 19, 2018 (Mw 6.3), took place at 04:10 (UTC), and the second earthquake (Mw 6.9) took place at 14:56 (UTC). After these earthquakes, aftershock activities extended northeast and further south. In the previous study of Sasmi et al. (2020), a total of 3,259 aftershock events have been identified with magnitudes ranging from Mw 1.7 to 6.7 and the depth between 5 and 25 km. The focal mechanism solutions from the Global Centroid Moment Tensor revealed that the Lombok earthquakes have a reverse fault mechanism with the strike generally oriented in an east-west direction parallel to the FBT (Sasmi et al., 2020).

The source area of the series of earthquakes occurring north of Lombok Island is an interesting study area as it produced a series of large earthquakes in a short amount of time (less than a month). Some studies have been conducted in this area; e.g., a study of the hypocenter and magnitude analysis of the 2018 Lombok aftershock, which suggests that spatial and temporal clustering of the seismicity may be linked to the segmentation of the Flores oceanic crust (FOC) (Sasmi et al., 2020). A body-wave travel time tomography study using a local network has also been done, which provide information about the characteristics of the mainshock and aftershock source regions (Afif et al., 2020). The recent study by Lythgoe et al. (2021) shows the influence of thermal squeezing in controlling the rupture in the Lombok seismogenic zone.

In this study, we applied seismic attenuation tomography to further investigate the characteristics of the source region. Seismic attenuation is the amplitude decrease of propagating waves due to the inelasticity and the inhomogeneities of the Earth, which are then parameterized using the dimensionless quality factor Q (Eberhart-Phillips, 2002; De Siena et al., 2010). This parameter primarily depends on temperature and fluid content (Karato, 2004; Wang et al., 2017); hence, seismic attenuation tomography is suitable for investigating very heterogeneous regions such as volcano, fault, and subduction zones (Eberhart-Phillips, 2002; Liu and Zhao, 2015; Wang et al., 2017). Several studies on attenuation tomography have been carried out to understand the physical state of fluids in a porous medium and reveal new details about the geometry of faults (Rietbrock, 2001; Hauksson and Shearer, 2006; Chiarabba et al., 2009; Muksin et al., 2013; Liu and Zhao, 2015; Komatsu et al., 2017; Wang et al., 2017). An attenuation tomography study of the southern California crust shows that the transition between high and low attenuation zones coincides with a major Late Quaternary fault (Hauksson and Shearer, 2006). The attenuation study done in the Southwest Japan Arc by Liu and Zhao (2015) shows that a high attenuation anomaly could be identified in or around the active faults. Previous attenuation studies were also successfully carried out to further investigate in detail the source zone of the Mw 7.3 2016 Kumamoto earthquake, Japan (Komatsu et al., 2017; Wang et al., 2017). Wang et al. (2017) estimated the attenuation model of the source zone of this earthquake and found that the mainshock occurred in a low attenuation and high-velocity zone in the upper crust underlain by high attenuation and low-velocity anomalies.

In this study, we estimate the Qp structures beneath the source region of the 2018 Lombok earthquakes using the same local network as Sasmi et al. (2020) and Afif et al. (2020). We aim to reveal the generation of the destructive earthquakes, the causes of spatial clustering of the seismicity in the 2018 Lombok earthquake, and any other geological features that could be identified using attenuation results. The integration of Qp structures and the P- and S-wave velocity structure from Afif et al. (2020) could give a better understanding of the source region.



PREVIOUS GEOLOGICAL AND GEOPHYSICAL STUDIES

The interpretation of the seismic profile north of Lombok Island by Yang et al. (2020) reveals that there are three principal stratigraphic units (from deep to shallow levels): the basement, the Upper Miocene limestone, and Pliocene to present-day young sediments. The basement depth is relatively deep in the western part, which implies that the accumulated sediment in the west is thicker than the accumulated sediment in the east. The active basal fault and imbricate fault in the western part are in the sediment layer, while the active fault intersects the basement in the east (Yang et al., 2020). Two strike-slip faults were also identified in the western and eastern parts of Lombok Island, which extend in a south-north direction: the Lombok Strait Strike-Slip Fault in the western part of Lombok Island which crosses the FBT, and the Sumbawa Strait Strike-Slip Fault in the eastern part of Lombok Island (Irsyam et al., 2017).

The currently active Rinjani volcano is located in the northern part of Lombok Island. The Rinjani caldera that can be seen today is the result of the paroxysmal eruption of the Samalas volcano. The AD 1257 Samalas volcanic eruption was one of the most massive, explosive Holocene eruptions and released a large amount of volcanic sulfur into the atmosphere globally (Lavigne et al., 2013). Based on the volcanic activity report from the Center for Volcanology and Geological Hazard Mitigation Indonesia the Rinjani volcano has not shown a significant increase in volcanic activity after this series of earthquakes and the last eruption occurred in 2016 (Global Volcanism Program, 2018).

Several geophysical studies have been conducted around the Lombok Islands. Based on the 1978 Flores earthquake and gravity data, McCaffrey and Nabelek (1984) found evidence of a 30° dipping southward active thrusting of the FOC beneath Lombok, which also confirmed by seismic velocity tomography of Widiyantoro et al. (2011). From the gravity regional study done on Lombok Island, a high Bouguer gravity anomaly of around 140 mGal was found northeast of the Rinjani volcano, which can be interpreted as the expression of an igneous rock or magmatic conduit (Sukardi, 1979; Zubaidah et al., 2010).

Afif et al. (2020) in their recent tomographic velocity study revealed that most of the significant earthquakes occurred at the edge of a high-velocity region where the stress concentration is expected to be the highest. The following aftershock is clustered in a low velocity and high-Vp/Vs zone. Afif et al. (2020) interpreted this zone as a highly fractured fault zone with a large amount of fluid. They suggest that the presence of fluid might accommodate the slip by lubricating and reducing the friction on the fault. After initiating some significant earthquakes, the relaxation of the stress in the subducting oceanic crust caused the generation of further events in areas where fluid infiltration had weakened the crust. They also interpreted a low velocity and high-Vp/Vs region located beneath the Rinjani volcano as caused by the presence of high temperatures and/or magma. A high-velocity and low-Vp/Vs on the eastern flank of Rinjani are interpreted as a cooled intrusive complex supported by a high Bouguer anomaly (Sukardi, 1979).



DATA AND METHOD

In this study, we use a temporary station network installed one week after the first large event of the 2018 Lombok earthquake sequence that occurred on July 29, 2018. Thirteen stations were deployed from August 4 to September 9, 2018, with the main purpose to monitor the aftershocks pattern and to obtain the subsurface image around the source zone. The coordinates of the stations are provided in Supplementary Table 1. We used aftershock data from the previous study done by Afif et al. (2020). We calculated the path-averaged attenuation factor (t∗) as a function of the travel time and dimensionless quality factor using the spectrum-fitting analysis before performing the tomography inversion.


Determining t∗

The attenuation structure can be estimated based on the amplitude decay of seismic waves which can be quantified through the t∗ parameter. The observed amplitude spectrum Aij(f) from event i to station j can be described as (Scherbaum, 1990; Muksin et al., 2013):

[image: image]

where f denotes the frequency, Rj(f) the site response, Ij(f) the instrumental response, and Bij(f) the absorption spectrum. The far-field source spectrum Si(f) can be expressed by the following equation (Muksin et al., 2013):

[image: image]

where Ω0i is the long-period spectral level including geometrical spreading factor (Hauksson and Shearer, 2006) and fci is the source corner frequency. The high-frequency decay factor γ is assumed to be 2; hence, Eq. 3 is equivalent to a Brune type ω2 source model (Brune, 1970). In terms of the whole path attenuation, the absorption spectrum Bij(f) is given by Haberland and Rietbrock (2001) as:
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with tij denoting travel time. The site response Rj(f) is described by a station correction operator [image: image] (Haberland and Rietbrock, 2001):
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The [image: image] operator is estimated simultaneously with the attenuation inversion as a travel time station correction in velocity inversion tomography (Nugraha et al., 2010). In addition, we set the transfer function of the seismometer to 1 since we only model the observed amplitude spectra in the passband of the seismometer and we are not using the absolute amplitudes (Haberland and Rietbrock, 2001). Using Eqs 1–4, the observed amplitude spectrum Aij(f) can be expressed as (Eberhart-Phillips, 2002; Muksin et al., 2013):
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The term [image: image] is often described by the station-dependent κ parameter (Anderson and Hough, 1984). Based on numerical tests and observations by Rietbrock (2001) and Shearer et al. (2006), assuming γ is 2 and Q is frequency independent, this provides a good fit for the observed amplitude spectra (Hauksson and Shearer, 2006):

[image: image]

We apply the spectrum-fitting procedure from Nugraha et al. (2010) using a grid search technique to estimate the above-mentioned attenuation parameters in Eq. 6. In evaluatingt*, the velocity recorded in the time domain is transformed into velocity amplitude spectrum in the frequency domain using Fast Fourier Transform (FFT). The P-wave spectrum is calculated from the vertical component of the seismogram in a window length of 2.56 s (0.56 s before and 2 s after the P-wave arrival) while the noise spectrum was taken 3.06 s before the arrival time of P-waves with the same window length (Figure 2) to calculate the signal-to-noise ratio (SNR).
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FIGURE 2. Example of spectral amplitude fitting of one earthquake in ten stations (location is shown by inset map). For each plot, we show the normalized time-series waveform data of the vertical component (top panel) and the signal and noise spectra (bottom panel). The window used in the analysis is 2.56 s (0.56 s before the arrival time and 2 s after the arrival time). The signal used in the study is within the blue-shaded windows, and the noise is within the gray-shaded windows. The gray line is the noise spectrum, the black line is the signal spectrum, and the blue line is the model (calculated) spectrum.


We first determine the average frequency corner f_c for each event before calculating t∗ since there is a trade-off between f_c and t∗ (Scherbaum, 1990). We obtained f_c ranging from 0.2 to 13.3 Hz. The Ω0 and t∗ are determined for a frequency range of 1–25 Hz by fitting Eq. 6 to the P-wave observed spectrum using previously calculated f_c. Two selection criteria were applied to ensure reliable estimation of t∗; each event needs to have at least four t∗ values and have SNR above 2-decibel (dB). We obtained 6,244 t∗ data from 914 events for P spectra (Figure 2). Since there are certain event criteria used in the data set, the number of earthquakes used for tomography attenuation differs from the velocity tomography of Afif et al. (2020). The minimum and maximum t∗ values used in the inversion are 0.001 and 0.1, which are similar to the values in the Southern California attenuation study done by Hauksson and Shearer (2006) and the Northern and Central California study by Lin (2014).



Attenuation Tomography

The relationship between the attenuation operator t*, quality factor Q, and velocity V can be expressed in the following equation:
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where ds is the distance along the ray path from hypocenter i to station j. Given the a priori velocity model, [image: image] only depends on the Q−1 values along the ray path; hence, Eq. 1 is similar to travel time tomography with known origin time and travel times (Haberland and Rietbrock, 2001).

We apply the SIMULPS2000 code by Thurber and Eberhart-Phillips (1999) to obtain a 3D frequency-independent Q_p structure from the t* values. The SIMULPS2000 code has been widely used in research on attenuation, such as in studies on the southern California crust (Hauksson and Shearer, 2006), the western Japan subduction zone (Nugraha et al., 2010), the Tarutung geothermal fields (Muksin et al., 2013), and Kilauea volcano (Lin et al., 2015). For the model parameterization, we used a similar grid size as the 3D velocity model of Afif et al. (2020) with a horizontal spacing of 10 km and vertical spacing of 10 km from 0 to 60 km depth (Figure 3). We also use the hypocenter location and origin times determined simultaneously with the 3D velocity inversion of Afif et al. (2020) using Simulps12 (Evans et al., 1994).
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FIGURE 3. (A) The vertical cross-section positions (AA′, BB′, CC′, and DD′ lines) relative to grid node; the earthquakes plotted in the cross-sections are located within the areas indicated by the black rectangles (6 km in width); (B) the ray paths on 3D grid node; (C) the map view of ray paths; (D) the east-west cross-section of ray paths; (E) the northeast cross-section of ray paths. The inverted blue triangles indicate the stations; the gray lines indicate the ray paths; the open circles indicate hypocenters; the red plus marks indicate the grid nodes, the red triangle is the active volcano of Rinjani, the black lines are active faults, and the jagged black line is the FBT based on Irsyam et al. (2017).


Inversion usually depends on the initial models; hence, to obtain a robust Q_p model, we searched for an optimal homogenous 1D Q_p for the initial model. We ran a series of single-iteration inversions with Q_p values varying from 100 to 700 and chose Q_pwhich gives the minimum data misfit. As shown in Figure 4A, the Q_p value of 300 gives the minimum root-mean-square (RMS) of data misfit and the RMS varies from 0.01999 to 0.02628 s.
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FIGURE 4. (A) Initial constant Qp determined by the RMS of the attenuation operator t∗ residual. The RMS reaches the minimum value at Qp = 300. (B) Trade-off curve between data misfit and model variance for attenuation inversion. The optimal damping parameter for Qp inversion is 0.8.


In a tomographic inversion, damping parameters are needed to define how quickly the perturbation of the model can change (Lanza et al., 2020). The optimum values were determined from a trade-off curve between model variance and data variance by running a series of iteration inversions with a broad range of damping values (0.4–200), shown in Figure 4B, similar to the approach applied to the velocity model inversion (Lin, 2014). The inversion results show that the damping parameter of 200 has a very low Q_p perturbation value (maximum perturbation of 0.1). At damping values 0.4 to 2, the results of the Q_p anomaly pattern are similar, but with different perturbation values. Our results show that the smaller the damping, the stronger the perturbation of Qp so that each pattern shows an increasingly intense color. For Q_p inversion here, we choose a damping parameter of 0.8 which produces an optimal compromise between minimizing the data variance versus increasing the model variance in the trade-off curve (Figure 4B). We also provide the Q_p inversion result using a damping parameter of 1 in the Supplementary Figure 1 which shows similar results to the damping parameter of 0.8.



Model Resolution

The quality of the Q model was evaluated using three different methods: Diagonal Resolution Elements (DRE) (Menke, 2018), Derivative Weight Sum (DWS) (Toomey and Foulger, 1989), and Ray Hit Count (RHC), which are calculated during the inversion. The DWS measures the ray coverage of the data by estimating the total ray length that samples a node. The DRE provides a better estimation of the model resolution for each node since it measures the relative contribution of the hypothetical “true” model value to the estimated value. The best solution corresponds to a DRE value of 1; whereas, zero represents no resolution.

The quality of model resolution is shown by horizontal and vertical cross-sections which depict well-resolved parts of the study area. Figures 5, 6 show all three-resolution models. DRE for each profile has a range for values 0–0.8, while RHC has a range of values 0–2000, and DWS has a range of values between 0 and 900,000. We determined the well-resolved area quantitatively with the DRE value >0.1 (Lanza et al., 2020) bounded by the dashed line. All the resolution tests show that the area with good quality is located at 0 km down to a depth of 20 km where the largest well-resolved area appears at a depth of 10 km (Figure 5). However, at depth of 30 km, we observed that in the northwest area the DRE, DWS, and RHC still give resolution due to the deeper earthquake depth.
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FIGURE 5. Horizontal slice at 0, 10, 20, and 30 km depth for (A) Diagonal Resolution Element (DRE), (B) Derivative Weight Sum (DWS), and (C) Ray Hit Count (RHC) of Qp. Black and white colors indicate high and low values; white circles are the hypocenters.
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FIGURE 6. Resolution test results along cross-sections AA′, BB′, CC′ to DD′ (see Figure 3A) of the Diagonal Resolution Element (DRE), Derivative Weight Sum (DWS) and, Ray Hit Count (RHC) for Qp. Black and white colors indicate high and low values; white circles are the hypocenters.




RESULTS AND DISCUSSION

The tomographic attenuation results are shown in Figure 7 for the horizontal map at different depths and Figure 8 for the vertical cross-sections (AA′, BB′, CC′ to DD′ marked in Figure 3A). In these figures, P-wave velocity (Vp) is plotted as percent velocity perturbation relative to the 1D initial velocity model, Vp/Vs are plotted as absolute values, and Qp is plotted as an absolute value. The blue and red colors represent the higher and lower values, respectively, for the Vp, Vp/Vs, and Qp. The results of the data analysis and the model resolution quality (Figures 5, 6) show a good resolution structure in some regions of Lombok Island and around the Rinjani volcano.
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FIGURE 7. Depth slices showing seismic velocity structure Vp (first column) and Vp/Vs ratio (middle column) from Afif et al. (2020), and Qp (right column) at depth of 0, 10, 20, and 30 km. The color bar shows the variations in Vp, Vp/Vs, and Qp. The Vp are plotted as percent perturbations relative to the 1D initial velocity model, and Vp/Vs are plotted as an absolute value. Blue and red colors represent higher and lower values. The black dashed line in the Qp tomogram indicates well-resolved areas based on DRE (>0.1). The yellow stars represent the hypocenters of the significant event; white dots indicate aftershock hypocenters; the red triangle is the Rinjani volcano. The captions listing R1, R2, R3, and R4 are the regions interpreted in this work.
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FIGURE 8. The vertical cross-sections AA′, BB′, CC′ to DD′ (see Figure 3A), which show the seismic velocity structure for Vp (left column), Vp/Vs ratio (middle column), from Afif et al. (2020) and Qp (right column). The color bar shows the variations in Vp, Vp/Vs, and Qp. Vp plotted as percent perturbation relative to the 1D initial velocity model and Vp/Vs and Qp are plotted as absolute values. The blue and red colors represent higher and lower values. The black dashed line in the Qp tomogram indicates the well-resolved area based on DRE (>0.1). The white dots indicate the locations of hypocenters with a radius of 3 km from the centerline. The yellow stars represent the hypocenters of the significant events. The captions listing R1, R2, R3, and R4 are the regions interpreted in this work.


From the tomographic results and the hypocenters location, we observe four interesting anomalies (R1–R4 as shown in Figures 7, 8) that we consider to be the most significant with acceptable resolution.

1. R1 in the northwest part of the island parallel to FBT which coincides with the southward dipping aftershock cluster (section AA′-BB′). This region is characterized by low P-wave quality factor (low-Qp) (∼ 250 to 270), low-Vp (∼−6 to −10%), and high-Vp/Vs (∼ 1.78 to 1.81).

2. R2 in the northeast part of the island (section CC′–DD′). R2 is characterized by high-Qp (∼350), low-Vp (∼−8 to −10%), and low-Vp/Vs (∼ 1.60 to 1.64). The seismicity in this region corresponds to the August 19, 2018 mainshock and the following aftershocks with a deeper depth than most of the events in R1.

3. R3 in the north of Rinjani volcano at a depth ∼0–15 km (section BB′). This region is characterized by low-Qp (∼230), low-Vp (∼−6 to −10%), and high-Vp/Vs (∼ 1.78 to 1.80). We observe only a few events that occur in this region.

4. R4 in the area northeast flank of Rinjani volcano at a depth ∼0–20 km (Figure 7) which has high-Qp (∼340), high-Vp (∼ 7 to 10%), and low-Vp/Vs (1.60 to 1.64) values.

In order to interpret the velocity and attenuation tomography of the island of Lombok, a wide range of physical properties must be considered. In this region, we not only observe the subduction of the Indo-Australian plate in the south, but also the subduction of FOC beneath the Lombok Island which causes back-arc thrust faults in the north. Not far from the thrust faults zone (∼ 50 km), there is also the Rinjani volcano which is still active today. These geological settings cause the crustal conditions in this area to be unique and complex. Besides typical fractured and saturated rocks, there may be zones of partial melt with various melt percentages, accumulations of magma with various sizes, zones of hydrothermal alteration, zones with dense fracture, zones with high temperature, or other possibilities. Each of these crustal conditions has its own effect on seismic wave propagation. In general, a low-Qp together with high Vp/Vs anomaly have been interpreted as the existence of high temperature, partial melting, magma, or increase in fracture concentration in saturated rock (Sanders et al., 1995).

Many studies that examined the relationship between seismic wave properties and temperature at both high and low frequencies show similar results where the velocity and Q of seismic waves decrease with increasing temperature (Mizutani and Kanamori, 1964; Murase and McBirney, 1973; Kampfmann and Berckhemer, 1985; Christensen and Wepfer, 1989). Murase and McBirney (1973) measured rock properties on four igneous rocks (basalt, andesite, rhyolite, and tholeiite) over a range of temperatures including their melting interval at 100 kHz. They found that Vp decreased by about 50% and Qp decreased continuously from about 3000 to less than 10 from the solid temperature to melting temperature. Mizutani and Kanamori (1964) measured the physical properties of metal alloy and also found that Qp was about 90% lower in liquid compared to solid alloy.

The presence of fractures or pores in dry rock causes Vp and Vs to decrease where the reduction in Vp is greater than Vs so that Vp/Vs decreases (O’Connell and Budiansky, 1974). However, in saturated rock conditions, the existence of these fractures and pores will result in a decrease in Vp and Vs where the decrease in Vs is greater, hence, Vp/Vs becomes high (O’Connell and Budiansky, 1974; Moos and Zoback, 1983). Laboratory experiments by Mavko and Nur (1979) show that small amounts of water in fractured rocks can significantly increase attenuation. They also found that the low aspect ratio (i.e., flat) will cause relatively greater attenuation than more spheroidal porosity, therefore fractures have a relatively greater effect than pores.


Attenuation in the Source Area

The aftershock pattern of the 2018 Lombok earthquake could be divided into two clusters: the northwest cluster shallower than 20 km; the events of July 29, August 5, and August 9, 2018, took place in this area; and the northeast cluster which has a depth greater than 20 km and is the area where the August 19, 2018 events took place, as shown in Figure 1. The aftershocks are first concentrated in the northwest cluster (starting from August 4) before moving to the northeast cluster (starting from August 19), as also shown by previous study of Lythgoe et al. (2021).

In this study, we suggest that two factors could play an essential role in the 2018 Lombok earthquake sequence. The first factor that we suggest is the influence of fluid content which is similar to the 2016 Kumamoto, Japan earthquake (Komatsu et al., 2017; Wang et al., 2017) and the Tohoku, Japan earthquake (Liu et al., 2014). Based on experimental studies, Tenthorey et al. (2003) confirm that fluids could significantly affect the frictional strength and the stability of faults. From Figures 7, 8, our results show that the August 5, 2018 earthquake (Mw 7) is located in a region of moderate Qp (∼ 285), close to the contrast of high and low-Qp. This area also corresponds with the high-Vp anomaly. Most of the aftershocks that follow the major earthquake are at a shallower depth of 20 km, which is characterized by low-Qp and low Vp anomaly (Figure 8). Based on these properties, we suggest that the August 5, 2018 earthquake (Mw 7) was generated in a strong material layer of subducted FOC. However, the rupture area, identified by the aftershock distribution which has low-Qp and low Vp, might be affected by fluids, thus reducing fault friction, and could be the main cause of the aftershocks in this area (Tenthorey et al., 2003; Wang et al., 2017). Our attenuation structure findings support the previous seismic velocity study done by Afif et al. (2020) who state that large earthquakes take place in the boundaries of a strong material or at the barriers of the fluid content where stress has accumulated. The second factor that we suggest could play an essential role in this earthquake is the influence of thermal gradient. The recent study of Lythgoe et al. (2021) stated that there is an effect of thermal gradient from the deep magmatic system underlying Rinjani volcano and it controlled the rupture in the seismogenic zone.

We observe a significant low-Qp (∼ 270) anomaly at a depth between 0 and 10 km in the northwest cluster (indicated by R1 in Figures 7, 8). The low-Qp in R1 corresponds with the low-Vp anomaly and high-Vp/Vs (excluded the eastern portion of it). We suggest that at shallow depths (∼ 0 km), the low-Qp is correlated with sedimentary deposits in the Back-arc Basin. Sedimentary deposits are well known to be one of the causes of high attenuation (Hauksson and Shearer, 2006; Li et al., 2006; Bohm et al., 2013; Muksin et al., 2013). Bohm et al. (2013) found high attenuation in Kendeng Basin in Central Java. Muksin et al. (2013) found high attenuation in the Tarutung Basin, North Sumatra. The thick sedimentary deposit in R1 is formed by upper Miocene limestone overlain by the Pliocene to present-day young sediments with a depth range of 1–5.5 s two-way travel time from mean sea level (Yang et al., 2020). For the deeper depths (∼ 10 km), we suggest that the low-Qp (∼ 250) is associated with a brittle area; this is based on the evidence of basal and imbricated thrust fault from the 2D seismic profile north of Lombok Island found by Yang et al. (2020). This strong low-Qp anomaly is also associated with low-Vp anomaly and high-Vp/Vs as well as high seismicity. It corresponds to the anomaly caused by the presence of fractures in saturated rock based on laboratory experiments (O’Connell and Budiansky, 1974; Moos and Zoback, 1983). They found that in saturated rock conditions, the existence of fractures reduce Vp and Vs values where the decrease in Vs is greater, hence, Vp/Vs becomes high (O’Connell and Budiansky, 1974; Moos and Zoback, 1983). The fluid content in fractured rock provides a significant reduction in Q (Mavko and Nur, 1979). Once liberated, these fluids may drain through the active high angle imbricate thrust fault or migrate along the basal detachment fault (Ranero et al., 2008). Alternatively, the fluids could originate from the FOC dehydration beneath the Lombok Islands (Silver et al., 1983). This fluid might act as a driving factor for a smooth fault which then triggers seismicity.

The low-Vp, high-Vp/Vs, and low-Qp anomaly in R1 does not extend further to the east; based on the attenuation results (Figure 7), the anomaly has differing properties between the shallower earthquake cluster northwest and the deeper earthquake cluster to the northeast. In the northeast, the deeper earthquake cluster (indicated as R2 in Figures 7, 8) revealed high-Qp anomalies that correspond with low-Vp and low-Vp/Vs from ∼10 km onward. The low-Vp/Vs can be caused by fractures in the dry rock. The fractures reduce both Vp and Vs, but Vp is reduced more than Vs so that Vp/Vs has a low value (O’Connell and Budiansky, 1974). The high-Qp also supports the idea that fluids do not play a role in this zone. Thus, we suggest that the difference in Vp/Vs and the attenuation structure between R1 and R2 is mainly due to differences in the fluid content. Besides, we also argue that the difference in the fluid content between the northwest and northeast is causing the generation of aftershocks, primarily in the northwest. The presence of fluid can cause pressure to move first in the northwest area, before triggering earthquakes in the northeast due to the differences in pore pressure. Alternatively, the differences in attenuation characteristics and aftershocks distribution in R1 and R2 are probably due to the thermal gradient associated with the presence of the Rinjani volcano as stated in Lythgoe et al. (2021). The presence of a squeezing zone generated by a thermal push from the volcanic heat in the R1 might raise the seismogenic zone to the shallower crust so that the aftershocks in R1 (northwest area) are shallower than the aftershocks in R2 (northeast area).



Other Geological Features

The area north of the Rinjani volcano (indicated as R3 in Figures 7–9) at a depth of 0–15 km has a low-Vp, moderate to high-Vp/Vs, and low-Qp (∼ 230) at the depth ∼ 0–20 km. The Q value in this area is the lowest of all the areas. Seismicity in this area is relatively low and does not relate to clustered earthquakes in the north of the island (R1). Based on the previous studies by Supendi et al. (2020) and Yang et al. (2020) this area is composed of intensely deformed rock containing dense fractures. These dense fractures cause both Vp and Vs to be low (O’Connell and Budiansky, 1974). The low-Qp and high-Vp/Vs suggest that this area also contains fluids. In saturated conditions, the decrease in Vs is greater than Vp, so that Vp/Vs becomes high (O’Connell and Budiansky, 1974; Moos and Zoback, 1983). The small amounts of fluids distributed in thin fractures can also significantly cause Q to decrease (Mavko and Nur, 1979). In addition, we suggest that the high temperature also plays a role in causing this area to have the lowest Q. The indication of the presence of the high temperature is supported by the existence of thermal manifestations and surface alteration in the northern part of the Rinjani volcano (Sundhoro et al., 2000; Hadi et al., 2007). Thermal manifestations that appear on the surface are hot springs with temperatures up to 70°C (i.e., Sebau, Kukusan, Kalak, Segara Anakan I, Segara Anakan II, Segara Anakan III, and Segara Anakan IV) (Sundhoro et al., 2000; Hadi et al., 2007). Based on the velocity and attenuation characteristics and also an indication of high temperature, this region might contain fluids: either high temperature water-filled or melts (Nakajima and Hasegawa, 2006; Ramdhan et al., 2019). We suggest that the dense fractures at a depth of ∼ 0–20 km with high permeability may be the pathway for hot water to rise to the surface.
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FIGURE 9. Tectonic model of the Lombok based on seismicity, velocity, and attenuation tomography; (A) 2D interpretation of the crust beneath around Lombok based on the Vp model along section BB’ (Afif et al., 2020); (B) 2D interpretation for the crust beneath around Lombok based on the Qp model along section BB′; (C) schematic diagram around Lombok Island. An inverted triangle marks the surface fault location based on Irsyam et al. (2017). The yellow star denotes the M 7.0 (August 5, 2018) which has a thrusting fault mechanism (Global CMT Catalogue). The white dots indicate the locations of hypocenters with a radius of 3 km from the centerline. The red lines indicate the faults from Supendi et al. (2020) and the black lines indicate the faults from Yang et al. (2020). The green area near the red lines (faults) indicates the high-temperature fluid content. The dark blue sediment layer represents the UpperMiocene limestone, the green sediment layer represents the Pliocene to present young sediment, and the light blue layer represents the ocean. Note that the difference in the number of hypocenters is due to the difference in the number of events before the spectral fitting procedure (A) and after spectral fitting procedure (B,C).


R4 is located in the eastern flank of the Rinjani volcano and is characterized by a high-Vp, low-Vp/Vs, and high-Qp anomaly at a depth of 0–10 km (Figures 7, 8). This region also correlates with a high Bouguer anomaly (Sukardi, 1979) and a high-Vs anomaly based on ambient noise tomography (Sarjan et al., unpublished). Indrastuti et al. (2019) found a similar velocity anomaly beneath the Sinabung volcano using data from before the 2013 eruption; they suggest that the anomaly is related to old, cold intrusive deposits from the previous eruption. Other previous studies that found high-Vp anomalies around volcanoes also interpreted these as older intrusive bodies (Laigle et al., 2000; Tanaka et al., 2002; Syracuse et al., 2011). In line with this study, we interpret the R4 anomaly as the seismic expression of an old intrusive body which relates to the ancient Samalas volcano on the northeast flank of the Rinjani volcano. According to the geological map of the Sembalun Bumbung area (Sundhoro et al., 2000; Hadi et al., 2007), the modern presence of the Samalas volcano is marked by a group of volcanoes that are no longer active in this region (i.e., the Gonduri, Pusuk, Nangi, Anakdare, and Batujang volcano) (Figure 1).



CONCLUSION

We successfully estimate the 3D Qp structures around the source region of the 2018 Lombok earthquake sequence. The interpretations of the Qp structures in this study are supported by the Vp and Vp/Vs structures from a previous study (Afif et al., 2020) and the 2D seismic profiles north of Lombok Island (Yang et al., 2020). The main findings of this study are summarized as follows:

1. The clustered northwest and northeast earthquakes have different velocity and attenuation properties. The low-Qp supported by low-Vp and high-Vp/Vs in the northwest area might be associated with the high fluid saturation in this area. Conversely, the high-Qp, low-Vp, and low-Vp/Vs in the northeast area might be associated with the lack of fluids. We also suggest that the existence of fluid content might be the cause of aftershocks that happened in the northwest area before moving northeast.

2. The significant Lombok earthquake on August 5, 2018 is located in a moderate-Qp and associated with a high-Vp zone. This feature indicates that the Lombok earthquake sequence first ruptured in a strong material of the subducted FOC and triggered shallower aftershocks in areas with fluid contents.

3. The low-Qp, low-Vp, and high-Vp/Vs anomaly beneath the northern area of the Rinjani volcano indicates high-temperature fluids.

4. The high-Qp, high-Vp, and low-Vp/Vs anomaly at the northeast flank of the Rinjani volcano is considered to be an old intrusive body related to the ancient Samalas volcano.
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We have successfully conducted the first ambient noise tomography on the island of Lombok, Indonesia using local waveform data observed at 20 temporary stations. Ambient noise tomography was used to delineate the seismic velocity structure in the upper crust. The waveform data were recorded from August 3rd to September 9th, 2018, using short-period and broadband sensors. There are 185 Rayleigh waves retrieved from cross-correlating the vertical components of the seismograms. We used frequency-time analysis (FTAN) to acquire the interstation group velocity from the dispersion curves. Group velocity was obtained for the period range of 1 s to 6 s. The group velocity maps were generated using the subspace inversion method and Fast Marching Method (FMM) to trace ray-paths of the surface waves through a heterogeneous medium. To extract the shear wave velocity (Vs) from the Rayleigh wave group velocity maps, we utilize the Neighborhood Algorithm (NA) method. The 2-D tomographic maps provide good resolution in the center and eastern parts of Lombok. The tomograms show prominent features with a low shear velocity that appears up to 4 km depth beneath Rinjani Volcano, Northern Lombok, and Eastern Lombok. We suggest these low velocity anomalies are associated with Quaternary volcanic products, including the Holocene pyroclastic deposits of Samalas Volcano (the ancient Rinjani Volcano) which erupted in 1257. The northeast of Rinjani Volcano is characterized by higher Vs, and we suggest this may be due to the presence of igneous intrusive rock at depth.

Keywords: Rayleigh wave, cross-correlation, ambient noise tomography, 2018 Lombok earthquakes, neighborhood algorithm


INTRODUCTION

Lombok is part of the eastern Sunda Arc, a region of complex and active tectonics, including the Flores Back Arc Thrust which extends east-west from north of Flores to north of Bali Island, transform faults to the east and west of Lombok, and the margin of the Australian Plate to the south of Lombok (Figure 1). This tectonic activity results in a sequence of destructive earthquakes that occurred on July 29th to August 19th, 2018 (Afif et al., under review; Harsuko et al., 2020; Sasmi et al., 2020).
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FIGURE 1. (A) Map of Lombok, Indonesia showing 20 seismic stations used in this study. The black inverted triangle represents the station location while the red triangle represents the Rinjani Volcano. Black lines stand for active fault from Irsyam et al. (2017). (B) Temporary seismic station installation in the field.


The Indonesian Meteorological, Climatological, and Geophysical Agency (BMKG) reported that five significant events with magnitude greater than 6 occurred on Lombok during this period. The sequence began on July 29th with a magnitude 6.4 event, followed by magnitude 7.0 and 5.9 events that occurred on 5th and 9th August, respectively. On August 19th, two strong earthquakes with magnitudes 6.3 and 6.9 struck Lombok again. Historically, only a few significant earthquakes have affected Lombok, the largest being three earthquakes in the magnitude range 6.2–6.5 occurring in the strait west of Lombok in 1979. However, Lombok was strongly impacted by at least one historical event in 1815 that also affected Bali and Sumbawa (Wichmann, 1918) as translated by Harris and Major (2016). The study described here was undertaken in order to constrain shallow crustal structure that may influence the propagation of seismic waves, so that better forecasts can be made of ground motion in future earthquakes.

Limited geophysical surveys have been conducted for Lombok to constrain crustal structure using geomagnetic field observation (Zubaidah et al., 2009) and integrated modeling of gravity and magnetic anomalies (Zubaidah et al., 2014). Because the physical origin associated with tectonic activities which causes the observed potential field anomalies is not as obvious and direct as seismic waves induced by tectonic events such as earthquakes, studies using seismological methods are often better suited to obtaining hazard-relevant information. For example, Afif et al. (under review) used seismic tomography to reveal low P- and S-wave velocity anomalies beneath Lombok interpreted as indicating high fluid content in active fault zones. However, their study had limited resolution in the upper crust, which is important for better understanding how the geological conditions of Lombok’s shallow subsurface influence seismic waves. Figure 2 depicts the tomograms for depth 0 km and 10 km from the previous body wave study that shows the low velocity anomalies of Vs associated with the presence of fluid content in the fault zone (Afif et al., under review).
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FIGURE 2. Geological map of Lombok, West Nusa Tenggara modified from Mangga et al. (1994).


Ambient noise tomography (ANT), on the other hand, is widely used to image upper crustal structure. This method utilizes surface wave Empirical Green’s Functions (EGF) extracted from cross-correlated waveforms of ambient seismic noise recorded by pairs of seismic stations (Shapiro and Campillo, 2004; Sabra et al., 2005). ANT uses surface waves, and one particularly useful characteristic of surface waves is that they are dispersive, so that different frequencies are sensitive to properties at different depths, which allows us to obtain information about how seismic velocity varies with depth in the earth (Dziewonski et al., 1969; Snieder, 2004). ANT has been applied in Indonesia to learn about the shallow subsurface image of Lake Toba in North Sumatra (Stankiewicz et al., 2010), Central Java (Zulfakriza et al., 2014), Jakarta basin (Saygin et al., 2016), Bandung basin (Pranata et al., 2019), the upper crustal structure beneath East Java-Bali (Martha et al., 2017), West Java (Rosalia et al., 2020), and the Agung-Batur Volcano complex (Zulfakriza et al., 2020).

In this study, we applied ANT to delineate the seismic velocity structure in the shallow crust on Lombok. Despite the restrictions on spatial scale imposed by the limited land area, surface wave tomographic surveys have been carried out in volcanic island settings elsewhere of similar scale. In addition to Zulfakriza et al.’s (2020) survey of the nearby Agung-Batur volcanic complex mentioned above, other studies include the ANT surveys of La Réunion and Madeira islands by Mordret et al. (2014) and Matos et al. (2015), respectively, the microtremor survey of Jeju Island, Korea by Kim and Hong (2012), and tomographic imaging using earthquake-generated surface waves by Nunziata et al. (1999) to study the Campi Flegrei and Somma–Vesuvio volcanic complexes on the island of Sicily, Italy. All of these studies were focussed on resolving shear-wave structure in the upper crust, although Nunziata (2010) also resolved structure as deep as 60 km.

Better constraints on seismic velocities in the upper crust will help us understand how well (or poorly) seismic arrival time tomography resolves upper crustal structure (Afif et al., under review). It also will contribute to a better understanding of variations in earthquake ground motion caused by the 2018 earthquake sequence as well as provide improved forecasts of ground motion in future earthquakes.



GEOLOGICAL SETTING

Lombok is located between the islands of Bali and Sumbawa. Together these are the three westernmost of the Lesser Sunda Islands in the eastern Sunda Arc, where the Australian Plate subducts beneath the Sunda Block. The convergence rate between the Australian and Sunda Plates in this part of the Sunda Arc is about 80 mm/yr, with about 70 mm/yr of this convergence accommodated at the Java Trench south of Lombok, while the remaining 10 mm/yr of convergence is accommodated by the Flores Back arc Thrust (FBT, see Figure 1) north of Lombok (Koulali et al., 2016).

The FBT was first recognized on marine seismic surveys north of Alor in the east and Sumbawa-Flores in the west (Hamilton, 1979), but convergence associated with the FBT has since been recognized as extending across the Bali Basin and into Java (Silver et al., 1983; Koulali et al., 2016), where it may take the form of a blind thrust (Yang et al., 2020). The FBT had been interpreted as having formed due to incipient subduction polarity reversal by Hamilton (1979), and alternatively as involving detachment of subducted oceanic lithosphere (Price and Audley-Charles, 1983). Accommodation of convergence by the FBT appears to have been an important factor in the occurrence of the 2018 earthquakes, although Yang et al. (2020) suggest that these involved rupture of a system of splay faults, rather than the FBT itself.

From the geological map of Mangga et al. (1994), Lombok’s oldest lithological units are in the southern part of the island, which is composed of volcanic rocks, igneous intrusive rocks, and sedimentary rocks (Figure 2). The younger units appear on the northern part of Lombok and consist of Tertiary and Quaternary lavas. Alluvium as the youngest unit appears as deposits along Lombok’s eastern and western coasts. Overall, the lithology on Lombok is mostly controlled by the activity of Rinjani volcano located in the north-east of Lombok.

Lavigne et al. (2013) revealed a colossal volcanic eruption from Samalas volcano, adjacent to Rinjani, that occurred in 1257 and caused the largest volcanic sulfur release to the stratosphere in the past 7,000 years. The eruption deposited at least 40 km3 of tephra and ranks among the world’s largest Holocene explosive eruptions (Lavigne et al., 2013). Samalas pyroclastic flow deposits spread north, west, and southeast (Rachmat, 2016). The paroxysmal eruption of Samalas produced the Rinjani Caldera which can be seen today.



SEISMIC DATA ACQUISITION

We successfully deployed a local-scale seismic network on Lombok, which consisted of 20 temporary seismographic stations from 3rd August to 9th September 2018 (Figure 1). The data were collected across Lombok using a combination of broadband and short-period seismometers with different types of sensors (Guralp, Geobit, Lennartz, Far Field Nodal, and L4C). Each station consists of a sensor, a GPS clock, a data logger, and a power supply. The recorded data were stored on the data loggers, which could store up to 1 month of continuous waveform data. Every 3 weeks we visited each station to check its status, download the data, and replace the batteries. The Guralp and Geobit seismometers used in this study are broadband sensors which have a flat velocity response in the period range 0.1 – 33 s and 0.1 – 5 s, respectively. On the other hand, the Far Field Nodal, Lennartz, and L4C are short-period seismometers with a nearly flat velocity response in the period range of 0.01 – 0.1 s, 0.01 – 1 s and 0.05 – 0.5 s, respectively. The stations were located in places with firm ground and low levels of human activity. Other considerations such as permissions, safety, and station coverage were also used to choose station locations. Some seismometers were deployed in governmental and residential buildings, and others were buried in a bunker. The waveform data were recorded with a sampling rate of 100 Hz. The Seismometer network that was installed has a minimum and maximum interstation distance of 2 km and 68 km, respectively.

In this study, we ignored the effect of topography, as has been done in ANT studies of island volcanoes of similar scale (Mordret et al., 2014; Matos et al., 2015 for La Réunion and Madeira islands, respectively). While Rinjani’s maximum height of 3,726 m may seem significant compared to the scale of our study, heights greater than 2000 m are confined to the high relief along the edges of the Salamas caldera, including Rinjani itself. The vast majority of the volcanic edifice occupying the central part of northern Lombok has gentler relief, with heights less than 2000 m, and this tapers to the much flatter topography that characterizes the rest of Lombok (see Figure 1A). A study of the effect of similar topography on surface wave phase velocities in the 3-10 s period range has shown that estimated velocities are reduced by at most 0.7% (K’́ohler et al., 2012). While the shorter periods and wavelengths considered in our study may lead to larger errors, we surmise that they are unlikely to influence our conclusions, which are based mainly on variations in Rayleigh wave velocity outside the caldera that are much stronger than can be explained by topographic bias.



GREEN’S FUNCTION RETRIEVAL

The data processing steps used in this study followed Yao et al. (2006) and Bensen et al. (2007). Due to the different instrument types used in this study, the first processing step was removal of the instrument response using the pole-and-zero representation of the frequency response of each sensor, to obtain filtered displacement records.

The same data processing steps are then applied to all records to enhance the ambient noise signal in the waveform data prior to cross-correlation. The data were first decimated from 100 Hz to 20 Hz for computational efficiency. We then applied a bandpass filter in the period range 2 – 40 s, demeaned, applied one-bit time-domain normalization and spectral whitening in the frequency domain to reduce any records that contain earthquake signals. This step is important because thousands of events occur regularly during the period of deployment. After this data preparation was done, the daily cross-correlations were computed between all possible station pairs, producing daily time series which were then stacked to produce inter-station EGFs. The EGF that estimates the medium response can be written as (Saygin and Kennett, 2010):
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Where G(XA,XB,t) represents the EGF between two locations X_A and X_B (t donates time), V(XA,t) and V(XB,t) represent the continuous, vertical-component waveforms recorded at stations X_A and X_B, respectively, and τ denotes the lag time used in the correlation.

The information contained in the EGF includes the Rayleigh wave travel-time and the dispersion along the path between each station. In this study, 185 Rayleigh waves EGFs were extracted from all of the possible station pairs.

The EGFs we obtained generally have clear signals only for positive lags, as seen in Figure 3A. This asymmetry of the EGFs we obtained indicates that the ambient noise sources are not distributed evenly, and the geometry of the stations displayed in Figure 3B suggests that the dominant source is the coupling of the ocean waves to the solid earth in the Java Sea to the north of Lombok. ANT assumes an isotropic distribution of noise sources, so the lack of isotropy in our study is a potential source of bias in the EGF dispersion curves (e.g., Yao and van der Hilst, 2009). However, other studies have shown that in practice it is often possible to extract meaningful information from the EGFs even when the distribution of sources is not isotropic (Tsai, 2009; Colombi et al., 2014).
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FIGURE 3. (A) Examples of 1-month cross-correlations between station LOM07 with other stations. The cross-correlation result was filtered between 1 and 20 s. (B) The ray-path distribution between LOM07 with other stations.


The dispersion of the EGF surface waves was analyzed using the frequency-time analysis (FTAN) implementation of Yao et al. (2006). Parameters that we consider optimizing the results obtained from the dispersion curve are: the group velocity window is 0.1 to 4 km/s, the minimum signal to noise ratio (SNR) of EGFs is 5, the minimum inter-station path length is 1.5 wavelengths, and a period-dependent group velocity time window that was used to eliminate the presence of higher-order modes (Yao et al., 2006). Although Bensen et al. (2007) empirically established a minimum interstation distance of 3 wavelengths for reliably estimating surface wave EGFs, a study of data from the US Array by Luo et al. (2015) showed that EGFs for paths as short as 1 wavelength are consistent with and as reliable as those for longer paths. Our lower interstation path limit of 1.5 wavelengths is similar to that of Porritt et al. (2016), who also used FTAN to measure EGF group velocities in the Banda Arc. Based on this wavelength limit, the longest period that can be used in our study is 15 s (Figure 4). Using these criteria, we used FTAN to obtain dispersion curves from 120 of the 185 station pairs for which EGFs were estimated.
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FIGURE 4. Example of Time-Frequency Plot and Dispersion Analysis. The red line shows the SNR threshold. The Red dashed line shows the selected data. The brown area shows the maximum energy.




TOMOGRAPHIC INVERSION

We use fast marching surface tomography (FMST), which was developed by Rawlinson and Sambridge (2005) to obtain the tomographic image of group velocity. FMST implements a subspace technique for inversion, which is an iterative method in which an objective functional is minimized by using successive quadratic approximations of the function in an n-dimensional subspace (Kennett et al., 1988). At each step, the rays are retraced using the Fast Marching Method (Sethian and Popovici, 1999), so the non-linear relationship between velocity and travel time is accounted for. Regularization using damping and smoothing is needed to stabilize the inversion using a fixed grid size, and the result may depend on the initial model and the number of iterations. The FMST technique has been shown to be efficient, stable and robust even for strongly heterogeneous media (Rawlinson et al., 2010). The inversion uses damping and smoothing regularization to stabilize the inversion. The objective function (ϕ(m)) for the inversion problem is given by:
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Where m is a vector of the model parameters, m0 is the reference model, g(m) are the predicted group travel times, dobs are the observed group travel times, Ce is the data error covariance matrix, Cm is the covariance matrix of the model parameter, ϵ is the damping parameter, η is the smoothing parameter, and D is a smoothing matrix. The Rayleigh wave group velocity of the reference model m0 is the mean group velocity at each period. We use diagonal matrices for Ce and Cm, with diagonal entries of (0.1s)2 and (0.3 km/s)2, reflecting a priori variances for the data and the model, respectively.

We used the checkerboard (CKB) test to assess what part of our study area should be sufficiently well resolved by our data to justify the inversion of group velocity dispersion curves for shear wave velocity (Vs) depth profiles. The CKB test uses synthetic data generated on a “checkerboard” velocity structure (see Figure 5, upper panels), using exactly the same station pairs as the observed data, to which FMST is applied. Areas where the inversion is similar to the original CKB pattern are considered well resolved. We tried various CKB cell sizes of 20 ×20 km, 15 ×15 km, and 10 ×10 km at 3 s period to determine which sizes are well resolved in the study area (Figure 5, lower panels). From the result in Figure 5, it is shown that the CKB test can recover the initial velocity model at 15 ×15 km CKB cell size (Figure 5B). The CKB test at this size shows some “smearing” only at the western part of Lombok, which is due to the limited raypath coverage, whereas the 10 ×10 km cells size have much more smearing.
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FIGURE 5. The checkerboard test by using grid 20 ×20 km (A) 15 ×15 km, (B) 10 ×10 km, and (C) for period 3 s. Upper figures show the initial velocity model and the bottom figures show the recovery model.


The CKB test result with a 15 ×15 km cell size is shown in Figure 6 for periods of 1–6 s. In order to simulate the actual observations, normally distributed random noise with a standard deviation of 0.5 s was added to the synthetic data. The results for all periods 1–6 s show that the recovered model matches the initial model well in the northern part of Lombok, indicating good resolution. On the other hand, the CKB model recovery is poor at periods greater than 6 s, and in southern Lombok where raypath coverage is sparse.
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FIGURE 6. The recovery checkerboard test using a grid size of 15×15 km shown in period 1, 2, 3, 4, 5, and 6 s. The black triangles represent the station location.


The damping factor used in FMST to stabilize the inversion is determined from the trade-off curve between model variance and travel time misfit. We have varied the damping factor ϵ from 0 to 300 and determined that 30 is the best value located in the pivot position of the L-Curve. The same procedure was applied to determine the smoothing factor, i.e., analysis of the trade-off curve between model roughness and travel time misfit. The optimal value located in the pivot position of the L-Curve for the smoothing factor η is 35.



SHEAR WAVE VELOCITY INVERSION

The group velocity maps are inverted for shear wave velocity (Vs) by considering a regular grid of points spaced at 0.1° intervals over the study area. At each point the group velocity values as a function of period from 1 to 6 s define a dispersion curve that is inverted for a 1D Vs profile as a function of depth using the Neighborhood Algorithm (NA) of Sambridge (1999a; b). NA is a probabilistic sampling method that falls into the same class of inverse methods as genetic algorithms and simulated annealing, which use direct search methods to explore the model parameter space and find a range of models that provide an acceptable fit to the data (Sambridge, 1999a). We used the implementation of NA provided by the program “dinver” in the Geopsy software package (Wathelet et al., 2008), which inverts for a layered model and requires as a priori information the number of layers and a prescribed range of possible thicknesses and Vs for each layer. After trial and error we found that our data were best fit using a 5-layer model, in each of which Vs ranges from 1000–2000, 1250–2500, 1750–3000, 1750–3300, and 2000–3600 m/s, with thickness ranges of 500–1750 m, 1400–3500 m, 2000–5000 m, 4000–6500 m, and half-space, respectively. The Vs depth profiles obtained as the minimum misfit models in the inversion of dispersion curves at each grid point were interpolated to obtain a pseudo-3D Vs model for the upper crust of Lombok.


Rayleigh Wave Group Velocity Maps

Due to the limited raypath coverage in the study area, we restricted our interpretation to the area inside the dashed line shown in Figure 7. Figure 7 shows the Rayleigh wave group velocity obtained from tomographic inversion for periods 1 to 6 s, with the inset maps showing the raypath distribution in the study area. In this research, we did not consider periods greater than 6 s due to the poor resolution for longer periods.
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FIGURE 7. Result of Rayleigh wave velocity group tomograms for periods 1 and 6 s in Lombok. Insets show the ray path distribution in each period. Blue and red colors indicate high and low Rayleigh wave group velocity values, respectively.


The results shown in Figure 7 depict the spatial variation in Rayleigh wave group velocity for 1–6 s period, which are sensitive to Vs in the upper crust beneath Lombok, where body wave tomography typically yields poor resolution. From the tomographic group velocity maps in Figure 7, there are two prominent features shown in the west and east of northern Lombok that are relatively fast, whereas there is a low velocity anomaly that appears below Rinjani Volcano which continues northward and persists until a period of 4 s. We suggest that this low velocity anomaly reflects deposits of volcano eruption products.



Rayleigh Wave Group Velocity Sensitivity Kernels

The group velocity at different period is sensitive to the shear wave velocity structure at depth ranges as shown in Figure 8. The sensitivity profile provides the information of lateral variation that corresponds to the velocity structure in different depth ranges. We calculated the sensitivity kernels using the Program that was developed by Herrmann (2013) with a linear step. Then we obtained the shear wave velocity model from the dispersion curve of group velocity. We used AK135 velocity model (Kennett et al., 1995) as an initial model to determine shear wave velocity at different depths. We found that the Rayleigh wave group velocity at longer periods is more sensitive to deeper structures.
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FIGURE 8. Sensitivity kernels for group velocity of Rayleigh wave corresponding to the shear wave velocity model, computed using the code from Herrmann (2013) at periods of 1–6 s each indicated by different color.




Shear Wave (Vs) Velocity Maps

Figure 9 shows selected 1D Vs profiles inverted from group velocity dispersion curves obtained by sampling the images in Figure 7 on a regular grid of 56 points that covers Lombok Island in the study area as indicated in Figure 9A. The examples of inverted 1D profiles are shown for a grid point at (116.41°, −8.44°) (longitude, latitude, see Figure 9B) having a misfit value of 0.119 and for a point at (116.51°, −8.54°) having a misfit value of 0.067 (Figure 9C).
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FIGURE 9. Depth profile of Vs gained using Neighborhood Algorithm by dinver package of Geopsy. (A) Grid points of 1D Vs on this study area are shown in B,C. (B) 1D Vs profile at point 116.41° and 8.44°. (C) 1D profile at point 116.51° and 8.54°.


We interpolated the 1D Vs profiles obtained at all 56 grid points to create a pseudo-3D Vs model of Lombok (Figure 10). The result is depicted as map views of Vs structure from a depth of 0.5 km to 6 km beneath Lombok, showing only the Vs structure within that part of Lombok where the result is well constrained. There is a prominent low velocity anomaly located to the north of Rinjani Volcano that emerges from depth 0.5 to 3 km and disappears at greater depths. Besides the low-velocity anomaly, there is a high-velocity anomaly emerging in the northeast corner of Lombok which can also be seen in the Rayleigh wave group velocity maps.
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FIGURE 10. The shear wave velocity (Vs) maps of Lombok for different depth ranges of 0.5, 1.0, 2.0, 3.0, 4.0, and 6.0 km. The red triangle represents the Rinjani Volcano. R1, R2, and R3 zone marked by the black, blue, and red lines, respectively.




Discussion

Figure 10 shows the result of Vs variation beneath Lombok. The red and blue colors represent low and high Vs, respectively. Based on the map of Mangga et al. (1994) the surface geology of Lombok consists of relatively young sedimentary rocks formed during the Quaternary period (Figure 2). The northern side of Lombok consists of volcanic deposits from the activity of Samalas Volcano and Rinjani Volcano, which are loose and unconsolidated. There are also alluvial deposits in the form of alluvium or loose rock in the east of Lombok and the west of Mataram City. In general, the Vs and group wave velocity in Lombok has a similar pattern as the lithology distribution based on the geological maps on the surface. The pattern is also generally consistent with the Bouguer gravity anomaly (Sukardi, 1979). The body wave tomogram (Afif et al., under review) shown in Figure 2 at depth 0 km has roughly similar velocity pattern as in Figure 10 at depth 0.5, 1, and 2 km with a low velocity anomaly extending from north to east Lombok, whereas on the North-East side of Lombok there is a high velocity anomaly. From our results it can be concluded that this research provides resolution in shallow depth that body wave tomography could not provide clearly due to the limitation of method. Basically, this research explains the lithology and the volcanic deposits of eruption distribution on the upper crust of Lombok Island, whereas the body wave tomogram depicts the tectonic condition that triggered earthquake sequence in Lombok Island in 2018. Hence, the tomogram from ambient noise fails to explain the tectonic features of the body wave tomogram.

Based on the tomographic inversion results in Figure 10, we divide the result into 3 regions (R1, R2, and R3) to simplify the interpretation, with R1 and R3 corresponding to low Vs (1.0-1.5 km/s) and R2 to relatively high Vs (2.5-3.0 km/s). At 0.5 km depth, R1 extends from SW of the Salamas caldera to the northern coast of Lombok, R3 extends from the SE flank of Rinjani to the eastern coast of Lombok, and R2 lies between R1 and R3, extending from Rinjani Volcano to the NE coast of Lombok. At this depth R1 and R2 together form a pattern of low Vs that correlates remarkably well with the deposits of the pyroclastic density current (PDC) associated with the 1257 eruption of Samalas mapped by Lavigne et al. (2013).

The 1257 caldera-forming eruption of Salamas is thought to be the largest volcanic eruption of the past 7,000 years and left massive PDC deposits that still reach 35 m thickness 25 km from the caldera (Lavigne et al., 2013). These deposits are likely to have Vs lower than 500 m/s (Lazcano, 2010), but their thickness is not sufficient to account for the depth extent of the low-Vs anomalies R1 and R3, which reach as deep as several kilometers. We note, however, that Salamas has experienced explosive activity throughout the Holocene, with Métrich et al. (2017) having identified seven explosive Holocene events including two scoria fallouts overlain by massive pumice deposits. Although the pre-Holocene building stage of the Rinjani-Samalas volcanic complex was mainly characterized by effusive eruptions, the presence of andesitic lava flows suggests that explosive eruptions may also have occurred. Such activity could potentially generate the same type of interbedded tuff and lava deposits that are thought to be responsible for low Vs anomalies persisting to 1.6 km depth on the flank of the Somma-Vesuvio volcanic complex (Nunziata, 2010).

Region 2 (R2), located to the North-East of Mt. Rinjani, is characterized by relatively high Vs ranged from 2.5 to 3.0 km/s and extends to a depth of 6 km. This area coincides with a high Bouguer gravity anomaly (Sukardi, 1979). The relatively high Vs and positive Bouger anomaly is consistent with the presence of igneous intrusive rock at depth.

Figure 11 depicts vertical cross sections of our pseudo-3D Vs model for the upper crust of Lombok overlayed with the relocated hypocentres during the August – September 2018 period from Sasmi et al. (2020). As indicated in cross-sections C-C’ and B-B’, the low Vs associated with R3 and the northern part of R1 extend to greater than 4 km depth. In contrast, cross-section A-A’ shows that the southwest extension of R1 reaches less than 2 km depth. This suggests that Quaternary eruption products are filling a shallow basin, and we hypothesize that they overlay a basement of Tertiary volcanic rock that connects the two Tertiary volcanic units mapped in the surface geology along the northwest coast and in the center of Lombok (TQb in Figure 2).
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FIGURE 11. (A) Map of Lombok Island with three back lines show the tracks of the vertical cross-section at line A-A’, B-B’, and C-C’. (B) the vertical cross-section in Lombok Island passing through line A-A’, B-B’, C-C’, where line A-A’ and C-C’ passing through Rinjani Volcano with relocated hypocentres from Sasmi et al. (2020) marked by filled black circles. Blue and red colors indicate high and low shear wave velocity values, respectively.




CONCLUSION

We have conducted an ANT study to determine Vs in and around the source region of the 2018 earthquake sequences using a temporary local seismograph network. The ANT results image the upper crust of Lombok from depth 0.5 to 6 km which is poorly resolved by body wave tomography (Afif et al., under review). As the first local-scale ANT study of Lombok, we believe this study adds new insight into the shallow crustal structure of Lombok.

We used 20 stations in this study and successfully obtained 185 EGFs from cross correlation of inter-station ambient noise waveforms. The EGFs contained Rayleigh-wave energy in the period range 1 to 6 s and were used to generate Rayleigh wave group velocity maps for that period range using the FMST method. The Rayleigh wave dispersion curves obtained at each of 56 points distributed at 10 km intervals throughout Lombok were inverted to obtain depth profiles of Vs, which were then interpolated to obtain a pseudo-3D velocity model for the shallow crust.

From the Vs tomograms at fixed depth, we observe that the spatial pattern of Vs variations at shallow depth correlates well with the surface geology and Bouguer gravity anomaly maps (Sukardi, 1979 and Mangga et al., 1994). The low Vs anomalies appear to match well the pyroclastic density current deposits of the 1257 eruption of Salamas, but their much greater depth extent (4 km) indicates they may be associated with interbedded tuffs and lava flows from many previous Quaternary eruptions (Lavigne et al., 2013 and Métrich et al., 2017). An extension of the low Vs anomaly to the southwest of Mt. Rinjani, however, appears to fill a shallow basin whose basement may correspond to the Tertiary volcanics that outcrop along the northwest coast and in the center of Lombok. Taken together, this morphology of the Quaternary volcanic products supports the idea that, while Tertiary volcanic rocks crop out in the southern part of Lombok, subareal growth of the island is taking place to the north and east via the emplacement of younger, more andesitic volcanic products (Foden, 1983).

The mapping of upper crustal seismic velocity structure produced here could prove useful for understanding both earthquake and volcanic activity on Lombok, by making possible the high-precision determination of earthquake hypocentres and focal mechanisms. A limitation of this study, however, is the small number of stations used, providing only limited path coverage and resolution. Thus, other studies are needed to have a better understanding of the subsurface structure of Lombok.
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Gamma ray logs are most useful in identifying subsurface lithology and interpreting depositional environments. This study highlights the use of outcrop gamma-ray logs along with outcrop observations and total organic carbon (TOC) analysis to provide the stratigraphic framework of the organic-rich rocks of Huai Hin Lat Formation in central Thailand. The study reveals five sedimentary facies including (1) structureless sandstone, (2) structured sandstone, (3) interbedded sandstone and siltstone, (4) interbedded mudstone and siltstone and (5) calcareous mudstone. These facies can be grouped into two facies associations; mudstone-dominated and sandstone-dominated facies associations. The depositional environment was interpreted as lacustrine basin-fill subdivided into deep lacustrine environment and sublacustrine fan associated with the turbidity currents. The total gamma-log characteristics are closely related to the lithologies controlled primarily by clay mineral compositions. Whist, the use of spectral gamma-ray can reveal more details on depositional environments and conditions. In this study, U concentrations is proven to be useful in highlighting organic-rich rocks in low K and Th concentration successions due to its ability to be fixed in clay minerals and organic materials under an anoxic condition. Thus, the U spectral gamma ray is suggested to combine with conventional gamma ray log for depositional environment and recognition of organic-rich rocks.

Keywords: depositional environment, sedimentary facies, outcrop gamma-ray, source rock, Huai Hin Lat Formation


INTRODUCTION

Identification and reconstruction of depositional environments are important in petroleum exploration and development as they provide the necessary framework for delineation and prediction of petroleum system components in the basin, especially in frontier exploration areas. Source rock is one of primary concerned elements for petroleum potential evaluation and the occurrence of source rock is controlled by the depositional environments (Magoon and Dow, 1994; Law, 1999). Source rock and depositional environment assessments are typically based on geochemical analyses which can provide both quantitative and qualitative aspects of source rocks (Tissot and Welte, 1984; Peters and Cassa, 1994). However, in order to perform the geochemical analyses, rock samples are required. Thus, there is a limitation in the use of geochemical analyses to examine and evaluate petroleum source rocks in the frontier or immature explorations due to insubstantial or no subsurface samples.

Geophysical approaches such as seismic and well log interpretations have been widely used in petroleum exploration. It can be used to fulfill the gap of the geochemical analyses to investigate depositional environments as well as to assess petroleum source rocks in subsurface, particularly in frontier basins with limited availability of subsurface samples such as cutting, sidewall core, conventional core. Gamma-ray logs are a fundamental tool which is commonly used for lithological identification and stratigraphic correlation in subsurface (Myers and Wignall, 1987; Slatt et al., 1992; Rider, 1996). Gamma-ray logs measure the total γ-emission called total gamma-ray logs and differentiated contributions of potassium (K), uranium (U) and thorium (Th) called spectral gamma-ray logs. The patterns and shapes of gamma-ray logs can assist in facies analysis and interpretation of depositional environments (Selley, 1978; Cant, 1992; Rider, 1996; Nazeer et al., 2016). Moreover, gamma-ray logs and other wireline logs can be utilized to evaluate petroleum source rocks (e.g., Myers and Wignall, 1987; Passey et al., 1990; Lüning and Kolonic, 2003) and estimate total organic carbon (TOC) contents by using the gamma-ray and TOC linear relationship (e.g., Schmoker, 1981; Fertl and Chilingar, 1988; Huang et al., 2015; Aziz et al., 2020). Several investigations provided a relationship between gamma-ray logs, both total and spectral, and organic-rich intervals (e.g., Myers and Wignall, 1987; Lüning et al., 2000, 2004; Lüning and Kolonic, 2003; Correia et al., 2012; Gómez et al., 2016; Sêco et al., 2018). In general, total gamma-ray responses are closely related to fine-grained clay-rich sediments (shale, clay stone, mudstone). The organic matter preservation usually increases within these fine-grained sediments under an anoxic condition. Thus, high gamma-ray responses have been a valuable tool used to correlate a petroleum source rock. However, to evaluate petroleum source rock, the gamma-ray responses should be used with caution as it is dominantly influenced by mineral compositions (Myers and Wignall, 1987; Rider, 1996). Spectral gamma ray logs provide more information on the identification of organic-rich intervals, especially the U response (Myers and Wignall, 1987; Lüning and Kolonic, 2003). Outcrop gamma-ray log has been investigated for many years as it is useful for documenting changes in strata patterns, stratigraphic correlations and sequence stratigraphic interpretations (Myers and Bristow, 1989; Slatt et al., 1992; Davies and Elliott, 1996; Evans et al., 2007). It also provides a link between lithological features observed in outcrop and subsurface which improves the understanding of the subsurface data (Slatt et al., 1992, 1995; Aigner et al., 1995).

The Khorat basin located in northeastern Thailand covers much of the Indochina block and is believed to have complex tectonic activity during the late Paleozoic and Mesozoic (Minezaki et al., 2019). This basin has been explored for petroleum potential since 1962 and two commercial petroleum fields have been discovered since 1988 (Racey, 2011). The Late Triassic Huai Hin Lat Formation is believed to be one of petroleum source rocks in the Khorat basin (Booth, 1998). Due to the thick Mesozoic strata overlain the Huai Hin Lat Formation (Figure 1A), full drilling cores covered this formation are limited (Racey, 2011). Geochemical analyses on petroleum potential source rock of the Huai Hin Lat Formation are confirmed to have a good to excellent source rock (Racey, 2011). However, the lithology and depositional environments of this formation varies from place to place within the Khorat basin. Thus, outcrop gamma-ray log can be used to constrain the well log interpretation of this formation in the subsurface.


[image: image]

FIGURE 1. (A) Stratigraphy of the Khorat plateau including petroleum system elements and key events (modified from Racey, 2011). The red box highlights the Huia Hin Lat interval which is the studied Formation. (B) The classified member of the Huai Hin Lat Formation (Chonglakmani and Sattayarak, 1978).


The study area in the Phetchabun Province, situated in the western edge of the Khorat plateau, provides well exposed outcrop of the Huai Hin Lat Formation and can be used as an outcrop analog to enhance the understanding of the Huai Hin Lat Formation in the subsurface. This study highlights the first use of outcrop gamma-ray log investigation in Thailand along with detailed outcrop descriptions, facies analysis, the total organic carbon (TOC) analysis, aiming to identify and reconstruct the deposition environment of the study area. The results are useful for petroleum exploration and recognizing the organic-rich intervals. This contribution can also help in dealing with local and regional correlations of the Triassic anoxic events, especially within the Indochina block.



GEOLOGICAL SETTING

The Huai Hin Lat Formation is Late Triassic non-marine Formation distributed along the western margin of the Khorat Plateau and extended through the Khorat basin in subsurface (Booth, 1998; Booth and Sattayarak, 2011). It unconformably overlies the older Permian rock unit and is unconformably overlain by the younger Nam Phong Formation and the thick Mesozoic Khorat Group (Chonglakmani and Sattayarak, 1978; Figure 1A).

During the Late Permian to Middle Triassic, the Khorat basin in northeastern Thailand underwent the compressive deformation resulted from the collision of two main terranes, the Sibumasu (Shan-Thai) and the Indochina terranes, called the Indosinian I event (Booth and Sattayarak, 2011; Figure 1A). This event followed by the Late Triassic extension which created a series of half-graben basin in the Indochina Terrane leading to deposition of the Huai Hin Lat Formation (Chonglakmani and Sattayarak, 1978; Chonglakmani, 2011; Booth and Sattayarak, 2011; Racey, 2011). The depositional environment of the Huai Hin Lat Formation is broadly interpreted to have been a fluvial and lacustrine setting during the extension and half-graben development (Chonglakmani and Sattayarak, 1978). The Huai Hin Lat Formation consists of various lithologies which are characterized by different siliciclastic grain size. It was determined paleontologically as Late Triassic (Norian) age based on the Estheria fauna, spore and pollen (Haile, 1973; Kobayashi, 1973; Konno and Asama, 1973; Chonglakmani and Sattayarak, 1978). Chonglakmani and Sattayarak (1978) classified the Huai Hin Lat Formation into two major units, the lower and upper sequences, containing five members (Figure 1B). The lower sequence consists of the Pho Hai Member and the Sam Khaen Conglomerate Member, while the upper sequence composes of the Dat Fa Member, the Phu Hi Member and the I Mo Member (Figure 1B). The Pho Hai Member is characterized by the volcanic rocks including tuff, agglomerate, rhyolite, andesite and some interlayers of sandstone and conglomerate. The Sam Khaen Conglomerate Member, considered to be lateral equivalent unit of the Pho Hai Member, contains predominantly conglomerate with some intercalations of limestone beds, and normally found interfingering with sandstone and shale. Overlying the Sam Khaen Conglomerate Member or the Pho Hai Member, the Dat Fa Member composes of calcareous, carbonaceous shale, and argillaceous limestone with fossils. The Phu Hi Member is characterized by sandstone, shale and argillaceous limestone with some conglomerate. The I Mo Member, only presented in some areas, consist of volcanic rocks interbedded with shale, sandstone and limestone.

The outcrop of this study is located along the Highway 12 Lomsak-Chumpae in Lom Sak district, about 40 km north-east of Phetchabun Province (Figures 2A,B), central Thailand. The measured section is mapped as the Huai Hin Lat Formation (Figure 2C). This location yields well exposed and continuous outcrop of the Huai Hin Lat Formation which permits detailed stratigraphy and outcrop gamma-ray logging studies. The measured section is bounded by fold at the base and the outcrop strata can be tracked through the roadside (Figure 2D). The outcrop comprises a thick (7-14 m) dark-colored fined-grained interval that probably indicate a petroleum source rock composing high organic matters.
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FIGURE 2. Maps show the study location (A) Location of Phetchabun province, central Thailand, (B) close up of the study area in northwestern part of Phetchabun province, (C) the geological map of the study area which the study location situated in the Huai Hin Lat Formation, and (D) the studied outcrop provides continuous parallel beds of siliciclastic sedimentary rocks.




MATERIALS AND METHODS

The datasets used in this study consist of four parts: (i) the stratigraphic and facies descriptions, (ii) the total organic carbon (TOC) contents, (iii) the gamma-ray log measurements and (iv) X-Ray Diffractometer (XRD). A total 72.8 m of the measured section was described in detail based on the lithologies, grain sizes, textures and sedimentary structures. The sedimentary facies and facies associations were identified and integrated in depositional environment interpretation.

Thirty-three representative samples from all sedimentary facies were collected for total organic carbon (TOC) analysis. The samples were grounded into powder by an agate ball mill, and then, were analyzed for TOC contents by the CORE Laboratory in Houston, USA. The TOC values (wt%) were plotted against the stratigraphic succession, together with total and spectral gamma-ray logs to provide the relationship of organic-rich intervals and the gamma-ray trends.

The total of 380 gamma-ray measuring points were measured throughout the measured section. The total and spectral gamma-ray signals were measured by a RS-230 Super Spec handheld spectrometer with a 103 cm3 bismuth-germanate-oxide (BGO) scintillation detector (Radiation Solutions Inc., Canada). The detector measures an average value for a bowl-shaped volume with surface diameter of 80 cm and penetrating depth of 14 cm from outcrop surface (e.g., Løvborg et al., 1971; Myers and Wignall, 1987). The assay mode was chosen to provide the total gamma radiation and concentration of K (%), U (ppm) and Th (ppm). The gamma-ray measurements were performed at 15 to 30 cm interval depending on bedding boundaries and lithology variations. The counting time for each measuring point was 120 seconds. Each measurement was made on the flat surface with a full contact to the rock and perpendicular to the section wall. The reading values were automatically recorded by the instrument. The concentrations of U, K and Th of each point were converted to American Petroleum Institute (API) unit using the formula provided by Ellis and Singer (2008): γAPI = 4Th [ppm] + 8U [ppm] + 16K [%]. The total and spectral gamma-ray values were plotted against the measured section to characterize the gamma-ray patterns in this locality. The U/Th log was also provided to indicate the redox conditions throughout the measured section. Cross-plots of spectral gamma-ray components (K, Th, and U) were adopted to examine the relationship of K, Th, and U abundance in each sedimentary facies. The K/TOC, Th/TOC and U/TOC ratios were also presented to provide the relationship of spectral gamma-ray components with organic matter from the section. The simple linear regression analysis of these ratios was also performed.

Mineral composition of seventeen representative mudstone samples was determined using XRD in order to investigate the relationship between gamma-ray responses and mineral compositions in organic-rich samples. The operational conditions were set at 40 kV and 30 mA with 2 Theta 5-50 degree, increment 0.01 degree, scan speed 1 second per step. Semi-quantitative evaluations are based on the peak heights and areas summed to 100%. The mineral compositions were compared to the measured section and gamma-ray logs.



RESULTS


Sedimentary Facies and Facies Associations

The studied outcrop mainly consists of sandstone, siltstone and mudstone with minor calcareous mudstone and limestone (Figure 3). The measured section was described and identified into five sedimentary facies consisting of (1) structureless sandstone facies (F1; Figure 4), (2) structured sandstone facies (F2; Figure 5), (3) interbedded sandstone and siltstone facies (F3; Figure 6), (4) interbedded siltstone and mudstone facies (F4; Figure 7) and (5) calcareous mudstone facies (F5; Figure 7). The summary of descriptions and interpretation of processes in each facies is provided in Table 1 (detail descriptions of sedimentary facies are in the Supplementary Material). The stratigraphic log and facies identification as well as a total gamma-ray profile are illustrated in Figure 3. Five sedimentary facies were grouped into two facies associations, mudstone-dominated and sandstone-dominated facies associations, to represent the depositional environments of this locality. The representative logs, the facies components and depositional environments of each facies association are summarized and displayed in Table 2.
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FIGURE 3. The detailed stratigraphic log of the Huai Hin Lat outcrop correlates with the total gamma-ray log and identified sedimentary facies. (FAs: Facies associations, F1: Structureless sandstone, F2: Structured sandstone, F3: Interbedded sandstone and siltstone, F4: Interbedded siltstone and mudstone, F5: calcareous mudstone facies; c: clay, s: silt, vfs: very fine sand, fs: fine sand, ms: medium sand, cs: coarse sand).
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FIGURE 4. Representative photographs of structureless sandstone facies (F1). (A) Light gray structureless sandstone. (B) Yellowish sandstone with erosional and loading contact with siltstone and mudstone layers. (C) Mud rip-up clasts in sandstone bed. (D) Very fine argillaceous sandstone beds presented near the top of the measured section.
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FIGURE 5. Representative photographs of structured sandstone facies (F2). (A) Graded and laminated sandstone overlying structureless sandstone of F1. (B) Parallel (Tb) and wavy-ripple (Tc) laminations overlain by structureless mudstone (Te). (C) Small-scale trough cross laminations (D) Ripple marks observed on bedding surface. (E) Organic-rich layer with load and flame structures. (F) Mud rip-up clasts with various shape and size. (G) Wood, plant fragments and bioturbated sandstone. (H) Syneresis crack on the bedding surface. (I) Channel feature with mud clasts layers. (J) Small-scale channel-like feature.
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FIGURE 6. (A) Interbedded sandstone and siltstone facies (F3). (B) Small scale planar and through cross-laminations in sandstone bed of F3.
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FIGURE 7. (A) Interbedded siltstone and mudstone facies (F4) in the lower part of the section, overlying sandstone of F1. (B) Interbedded siltstone and mudstone facies in the middle part of the section showing mudstone beds are dominant. (C) Laminated mudstone intercalated with structureless siltstone. (D) Fossil of fish scales and fins found in F4 in the middle part of the section. (E) parallel beds of calcareous mudstone facies (F5). (F) Close-up textures of calcareous mudstone, showing laminations.



TABLE 1. Summary of sedimentary facies from the studied section.
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TABLE 2. Facies associations and representative logs.
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Facies Association 1 (FA1): Mudstone-Dominated Facies Association

Facies association 1 (FA1) consists mainly of fine-grained sedimentary facies including interbedded mudstone and siltstone facies (F4), calcareous mudstone facies (F5), and occasional thin bedded structureless sandstone facies (F1) (Table 2). The FA 1 occurs in two main parts of the measured section; the lower part from 0 to 14.7 m and the middle part from 37.5 to 45.3 m. The lower part is dominated by F4 with a short interval of F5 and a thin bed of F1 at the base of this facies association. Fossils and trace fossils are rarely observed in the lower part. The frequency of siltstone beds intercalated with the mudstone in this part is higher than those in the middle part (Figures 7A,B). The middle part mainly comprises F4 with mudstone dominant. The FA1 is bounded by an erosional surface at the top of the facies association which changes into sandstone-dominated facies association.



Facies Association 2 (FA2): Sandstone-Dominated Facies Association

Facies association 2 (FA2) composes of structureless sandstone facies (F1), structured sandstone facies (F2) and interbedded sandstone and siltstone facies (F3) (Table 2). This facies association is encountered from 14.7 to 37.6 m in the lower part of the measured section and from 45.3 to 72.8 m in the upper part of the measured section overlying the FA1. The structureless sandstone facies (F1) is more dominant in the lower part and often presented as amalgamated beds (Figure 3). The structured sandstone facies (F2) is the main component of this facies association, especially in the upper part (Figure 3). The structureless sandstone beds are often overlain by parallel laminated sandstone and gradually change into wavy to ripple laminations with occasionally topped by thin structureless siltstone or mudstone (Figures 5A,B). The interbedded sandstone and siltstone facies, normally found on top of F1 and F2, are more abundant in the lower part than those in the upper part that occasionally appear as short intervals (Figure 3). The wood and plant fragments including fish scales and bioturbation are locally observed throughout the FA2.



Total Organic Carbon (TOC)

The TOC contents in this study range from 0.02 to 0.99 wt%. The lowest TOC value is recorded from sandstone and the highest TOC value is found in mudstone. The source rock potential of samples from the section can be classified as poor (0-0.5%) to fair (0.5-1%) based on the classification of Peters and Cassa (1994). The summary of the ranges and averages of TOC values in each facies is presented in Table 3.


TABLE 3. Summary of total, spectral gamma-radiation values, U/Th ratios and TOC contents of sedimentary facies.

[image: Table 3]The TOC contents measured from the structureless sandstone facies (F1) show relatively low values, ranging from 0.02 to 0.31 wt% (Table 3). Similar to the F1, the TOC contents of the structured sandstone facies (F2) are generally low, ranging from 0.02 to 0.26 wt% (Table 3). The representative samples from interbedded sandstone and siltstone facies (F3) collected for TOC analysis are all siltstones which provide slightly higher TOC values (in average) than most of F1 and F2 samples, ranging from 0.10-0.15 wt%. The interbedded siltstone and mudstone facies (F4) yields a wide range of TOC contents from 0.14% in siltstone and up to 0.95% in mudstone. All TOC values from the collected samples are plotted against the stratigraphic log of the measured section (Figure 8). It can be observed that the TOC values from FA1 in the lower part seem to be averagely higher than TOC values analyzed from FA1 in the upper part. The TOC contents of calcareous mudstone facies (F5) show relatively higher values than other facie ranging from 0.59 to 0.99 wt% with average of 0.76 wt%.
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FIGURE 8. The lithology log of the studied section correlate with total and spectral gamma-ray logs composed of potassium (K), thorium (Th), uranium (U), U/Th ratios including the TOC abundance from the representative samples throughout the section. Facies association boundaries are presented in dash line. Two major coarsening upward cycles (large arrows) and several minor trends (small arrows) of the sections can be observed mainly from total gamma-ray log in correlation with the sedimentary facies from stratigraphic log. The abundances of clay minerals including chlorite, mica, illite and montmorillonite from mudstone samples are also included to provide the correlation with the other logs in the section.




Gamma-ray Responses

Total gamma-ray measurements in this study reveal highly variable values ranging from 16.0 to 79.0 (API unit). Spectral gamma-ray measurements are used to characterize the sedimentary facies and investigate a possible relationship between organic rich intervals and spectral gamma-ray responses. Ranges and average values of the total and spectral gamma-ray from each facies are summarized in the Table 3. The patterns and trends of total and spectral gamma-ray profiles are different in each sedimentary facies and provides a vertical change of facies associations (Figures 3, 8). The significant changes of gamma-ray trends usually correlate with changes in lithology related to mineral and clay contents. The spectral gamma-ray values are plotted to illustrate sedimentary facies along with the U/Th and the TOC profiles through the measured section (Figure 8). A clear differentiation of gamma-ray signals has been recognized between two facies associations representing different depositional environments (Figure 8). The gamma-ray pattern from the FA1 shows relatively high values corresponding to mudstone-dominated lithologies. The shape of the total and spectral gamma-ray logs from the FA1 is in a serrated or irregular shape. The gamma-ray pattern from the FA2 presents relatively low values due to the majority of sandstone presenting in this facies association. Most of the gamma-ray patterns show a low-amplitude box shape representing homogeneous lithology, such as high sand/shale ratio within the FA2. The characteristics of the total and spectral gamma-ray logs in each facies are described in the following sections.


Total Gamma-ray Responses

The overall trend of total gamma-ray in F1 is relatively low and ranges from 16.0 to 47.30 (API unit) with the average of 25.72 (Table 3). The pattern of the total gamma-ray log shows cylindrical or box shape with only small fluctuations and often has a clear boundary with mudstone- and siltstone-related facies of F3 and F4 (Figure 3). The gamma-ray response of F2 is similar to F1 having relatively low values for both facies (Figures 3, 8). The total gamma-ray values of F2 range from 18.00 to 46.80 API unit (Table 3). Graded structures can be observed from the total gamma-ray log with an increasing trend (e.g., at 29 m and 51 m). The gamma-ray responses of F3 range from 27.20 to 65.6 with average of 37.45 (API unit; Table 3). Serrated to irregular shape of total gamma-ray log from F3 is presented only in short intervals (less than 4 m thick) in the measured section. Gamma-ray responses from F3 are relatively high compared to surrounded sand-dominated facies, F1 and F2, due to lithology change into finer-grained sediments. The total gamma ray responses in F4 show relatively high values, ranging from 31.70 up to 79.00 (API unit) with the average of 59.74 (API unit). Gamma-ray responses of F4 are characterized by high amplitude with irregular shape (Figures 3, 8). The total gamma ray responses in F5 show relatively high values ranging from 43.20 to 59.60 with the average of 49.1 (API unit). However, the gamma-ray response reveals a slightly decrease in the calcareous mudstone interval within F5.



Spectral Gamma-ray Responses

The trend of the potassium log from F1 and F2 is relatively consistent with the total gamma-ray log showing a serrated box shape (Figure 8). Also, the Th and U values from F1 and F2 show a relatively low variance (Figure 8). The K, Th, and U responses from F3 show slightly high values compared to surrounded sandstone-dominated facies. These high values of the spectral gamma ray can be used to distinguish the interbedded sandstone and siltstone facies from sand-dominated facies in this study, possibly due to an increasing in clay minerals within siltstone beds. The spectral K and Th log patterns from F4 are normally consistent with the total gamma-ray log characterized by high-amplitude irregular shape. The variation of the spectral gamma ray in F4 are closely related to grain size and lithological variation in this facies. The K and Th contents in F4 range from 0.65 to 2.65% and from 1.80 to 5.60 ppm, respectively. Generally, the U response from F4 also presents relatively high values (1.00-3.00 ppm) with an irregular shape. However, the U response deviates from the K, Th and total gamma-ray in some parts of this F4, especially within high TOC zones (e.g., at 12.4 m and 45.1 m; Figure 8). From F5, the U concentration shows relatively high values coincident with the high TOC zones, while K and Th concentrations are relatively low compared to U concentration in the high TOC zones. Overall K and Th responses are similar in every facies though the measured section, but U responses are slightly different, especially in F5 where K and Th responses are decreased in calcareous mudstone. The high TOC zones in this study are not usually correlated with total gamma-ray responses. In contrast, the high concentration of U provides a relatively good correlation with high TOC in this measured section.



U/Th Log

The U/Th ratio is commonly used to indicate the redox conditions of the depositional system (Adams and Weaver, 1958; Wignall and Myers, 1988; Jones and Manning, 1994; Kimura and Watanabe, 2001; Lash and Blood, 2014; Zeng et al., 2015; Wang et al., 2017). The U/Th ratios in the measured section differ from 0.11 to 2.50 (Table 3), basically the value less than 0.5 indicates an oxic condition, 0.5 to 1.25 indicates a suboxic condition and more than 1.25 indicates an anoxic condition (Ferreira et al., 2020). The values of U/Th ratio show relatively high fluctuation throughout the section (Figure 8). In F1, F2 and F3, the values of U/Th ratio show relatively low values with high fluctuation. The average U/Th ratios of F1, F2 and F3 are 0.39, 0.44, and 0.42, respectively. The average value of U/Th ratio in F4 is 0.59 which is slightly higher than the F1, F2 and F3. The U/Th ratio of F5 can be clearly distinguished exhibiting relatively high values and the average value of 1.30. These high U concentrations indicate organic-rich mudstones with an anoxic condition based on U/Th ratio. The U peaks of the measured section are correlated with the calcareous mudstones and high TOC zones (Figure 8). It is also possible to observe that the U/Th ratio rises above 1.25 in the calcareous mudstone intervals suggested anoxic condition.



Mineral Composition From XRD Analysis

The mineral composition of the mudstone samples consists of quartz, calcite, siderite, and clay minerals which include chlorite, mica, illite, montmorillonite and kaolinite. The mineral composition results of the samples are presented in Supplementary Material. Chlorite, mica, illite and montmorillonite contents are plotted along the stratigraphic depth (Figure 8). Mica and montmorillonite are relatively abundant in the samples, while chlorite abundances are relatively low in all samples, especially in mudstone interval at the upper part of the section. The samples from F5 provide relatively low amounts of all clay minerals. In general, the contents of mica, illite and montmorillonite correspond to total gamma-ray, K and Th logs. A change in clay mineral contents (mica, illite and montmorillonite) from high to low is consistent with the decreasing trends from total gamma-ray, K and Th logs. In the other hand, the change in clay mineral contents is not consistent with U log (Figure 8).



Cross-Plots of Spectral Gamma-ray and TOC

The variation plots of spectral gamma-ray components (Th/K, Th/U and U/K) provide different distributions and trends in each sedimentary facies (Figure 9). The structureless sandstone facies (F1), structured sandstone facies (F2) and interbedded sandstone and siltstone facies (F3) tend to have lower Th, K and U contents from Th-K, Th-U and U-K cross-plots than interbedded siltstone and mudstone facies (F4) (Figure 9). These three facies fall within the same plotting area in every cross-plots. The interbedded siltstone and mudstone facies (F4) reveals relatively wide spread of data points with high contents in all spectral gamma-ray components (Th-K, Th-U, and U-K). The calcareous mudstone facies (F5) can be clearly observed with high U content in the Th-U and U-K cross-plots, but it overlaps with F1, F2 and F3 in the Th-K cross-plot (Figure 9). Thus, the Th-U and U-K cross-plots can be used to distinguished between sandstone and mudstone.
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FIGURE 9. Cross-plots of K, U and Th from outcrop spectral gamma-ray measurements of difference identified facies. (F1: Structureless sandstone, F2: Structured sandstone, F3: Interbedded sandstone and siltstone, F4: Interbedded siltstone and mudstone, F5: calcareous mudstone facies).


The U/TOC ratio shows a moderate correlation of linear regression (R2 = 0.4977; Figure 10) and is higher than both K/TOC (R2 = 0.2792; Figure 10) and Th/TOC ratios (R2 = 0.1744; Figure 10). Although the linear relationships of U/TOC, K/TOC and Th/TOC are not in a good fit with the linear equations, the high U contents coincide with the high TOC contents, especially in the F5. Correlation coefficient is calculated to provide a correlation between variables of spectral gamma ray (U, K, and Th) and TOC values. The results show that the correlation coefficients (r) of U/TOC, K/TOC and Th/TOC are 0.7055, 0.5284, and 0.4177, respectively. The correlation coefficient of U/TOC is relatively strong relationship compared with K/TOC and Th/TOC.
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FIGURE 10. Plotting of U, K, and Th concentrations and TOC in five sedimentary facies provides a scattering pattern of data points.




DISCUSSION


Depositional Environments and Trends

The depositional environment of the measured section is interpreted as an overall lacustrine environment with two subenvironments: deep lake basin containing mudstone-dominated facies (FA1), and sublacustrine fan comprising sandstone-dominated facies (FA2). The deposition of mudstone and siltstone of the FA1 suggests low energy environment deposited by suspension fall-out or low-density/dilute turbidity currents (Bouma, 1962; Middleton, 1993; Boulesteix et al., 2020), representing relatively deep lacustrine environment or in the lacustrine basin floor. The presence of plant fragments including leave and wood debris indicates non-marine terrestrial sources. However, the FA1 is encountered in two main parts of the measured section, upper and lower parts, and has slightly different features. These different features are probably caused by different conditions of the lake. For example, the presence of a short interval calcareous mudstone (F5) in the lower part of the measured section is possibly caused by an increasing in salinity or water depth within the lake during the time of the deposition. The depositional environment of the FA2 is interpreted as sublacustrine fan deposited from turbidity currents. The features observed in the FA2 including structureless sandstone, parallel laminated sandstone, wavy, ripple and cross laminated sandstone and structureless siltstone to mudstone represent Ta, Tb, Tc, and Te divisions of classic Bouma’s sequence (Bouma, 1962), respectively, indicating the deposition from turbidity current ranging from low-to high-density and concentration. However, the occurrence of complete Bouma sequence is rarely found, especially the parallel laminated siltstone of Td. The sequences are normally found as Tab (Figure 5A), Tabc, Tbc with occasional Te on the top of this association (Figure 5B). Sandstones mostly consist of medium to fine grains with little to no coarse-grained and conglomerate sediments. The majority of sandstone bodies both structured and structureless facies can be interpreted to represent the fan lobes (Prélat et al., 2009; Dodd et al., 2019), possibly in medial fan, while the interbedded sandstone and siltstone facies suggests relatively distal fan fringe of the sublacustrine fan (Dodd et al., 2019; Boulesteix et al., 2020).

Vertical trends of the depositional environments in the measured section reveal major and minor changes indicating changes in accommodation space and/or sediment supply. Two main cycles of the coarsening-upward trends can be distinguished from both the stratigraphic and the total gamma-ray logs (Figure 8). Each cycle contains vertical facies development from the FA1 to FA2. Small cycles of fining-upward trends are also presented in both facies associations. The FA1 illustrate small cycles (approximately 0.5 to 2 m.) changing from siltstone to mudstone, while the small cycles of the FA2 changing from amalgamated sandstone (F1 and F2) into intercalations of fine sandstone and siltstone (F3) (Figure 8).

The first cycle occurs in the lower part of the measured section (37.6 m thick) consisting of interlayered mudstone and siltstone packages at the base with a short interval of calcareous mudstone (F5) representing a deep lacustrine setting, and overlying sandstone-dominated succession (FA2) representing the sublacustrine fan, with an erosional contact at the base of the sandstone (Figures 3, 8). The change of vertical facies associations suggests progradation basinward of the sublacustrine turbidite fan to the deeper lacustrine environment which relate to decrease in accommodation space or an increasing in sedimentary supply, or a combination. Internally, apart from the decreasing gamma-ray trend corresponding to the facies change of F4 to more calcareous component of F5, the FA1 in the lower part also comprises small fining-upward trends (approximately 0.5 to 2 m.) which can only be observed in the total gamma-ray log, while the outcrop investigations do not clearly show these trends. These are possibly caused by the change of mineral compositions in the mudstones and siltstones indicating higher clay contents which reflects in the increase of gamma-ray values. The succession of the FA2 in the lower part contains short cycles fining-upward trends of sandstone bodies, representing turbidite lobes, grading into interbedded sandstone and siltstone, representing relatively distal lobes or lobe fringes, which can be observed in three cycles. These indicate moderate change in lake systems such as fluctuation of lake level, accommodation space and sediment supply (Bohacs et al., 2000).

The second cycle is presented in the middle to upper part of the section, starting from 37.6 to 72.8 m, with making the unit of 35.2 m thick (Figure 9). The boundary between the first and second cycles is marked by an abrupt upward deepening of facies from turbidite sandstones to deep lacustrine mudstone suggested a rapid change in depositional conditions. The major components and development of the facie associations in the second cycle are similar to the first cycle which generally contains the FA1 overlain by the FA2. There is a slightly difference between these two cycles leading to lithological variations. For example, the FA1 in the first cycle has a higher salinity or a higher water depth than the FA1 in the second cycle supported by the presence of calcareous component in the sediments and lack of paleo-biological activities within the sedimentary successions. As hydrology of the lake, controlled by accommodation and supply of sediment and water, affects sedimentary deposition, and higher salinity water of closed lake allows more chemical sediments to deposit (Bohacs et al., 2000). The higher salinity also has an effect on the abundance of biological activity in the lake suggested by rare bioturbation evidences due to the salinity stress (Buatois and Mángano, 2009). Interbedded between siltstone and mudstone is more frequency within the FA2 in the first cycle than in the second cycle. This may suggest that the variation in depositional conditions during the first cycle is higher than in the second cycle. The FA2 presented in the second cycle provides a progradation with a stacking pattern related to sublacustrine fan.



Source Rock Potential and Depositional Controls

Lacustrine shales of the Huai Hin Lat Formation have been recognized as one of potential source rock in the Khorat basin (Booth, 1998; Racey, 2011). The TOC contents are variable from approximately 0.2 to 5.0% (Racey, 2011) and from 1.9 to 10.09% from black shales and coaly shales in some locations (Arsairai et al., 2016, 2020). In this study, the total organic carbon contents show relatively low values from 0.02 to 0.99 wt% which can be classified as poor to fair potential source rock (Peters and Cassa, 1994). Rocks exceeding 0.50 wt% TOC are restricted to the samples from the mudstone-dominated facies association of the deep lacustrine environment (Table 3).

The deposition of organic-rich rocks in lacustrine environment is dominantly controlled by the relation of production, destruction and dilution (Bohacs et al., 2000, 2005; Katz, 2005). The production refers to the source of organic matter both allochthonous transported from land and autochthonous derived from algae and aquatic plant (Bohacs et al., 2000, 2005). The destruction of organic matter occurs by bacteria in oxygenated water condition, while the anoxic condition, usually occurred in deep bottom water where the oxygen is limited, enhance the preservation of the organic matter (Bohacs et al., 2000, 2005). The dilution of organic matter is caused by the abundance of clastic detritus that decrease the organic matter proportions (Bohacs et al., 2000, 2005). Even though the organic source from the algae and aquatic plant cannot be physically observed, the evidences from the studied outcrop reveal abundance of plant/wood fragment transported from land which can be the source of the organic matter in the basin. The frequency of siltstone intercalations in the FA1indicates the possibility of dilution by the clastic materials. Thus, the controls on the organic-richness in deep lacustrine facies from this location possibly relate to the preservation of organic matter due to the depositional area is probably not deep enough to allow the anoxic condition to prevailed, and the dilution by the disturbed detrital sediments from the turbidity current in the adjacent areas. However, the high salinity condition of deep lacustrine facies association in the lower part, representing by the calcareous mudstone facies, provide higher TOC which suggests that higher salinity of lake hydrology enhance the favorable condition for organic matter preservation which is consistent with the previous finding (e.g., Bohacs et al., 2000).


Using Gamma-ray Log for Interpretation of Depositional Environment and Recognition of Organic-Rich Intervals

Gamma-ray can successfully distinguish changes in lithology based on mineral compositions in this study. However, using the gamma-ray log shape alone can lead to misinterpretation as similar patterns and API values can represent several depositional environments (Selley, 1978; Cant, 1992). For example, the coarse-grained sandstone and calcareous mudstone intervals in this study cannot be distinguished from each other using the gamma ray responses and patterns alone. The coarse-grained sandstone and calcareous mudstone intervals show low response of gamma-ray, while mudstone intervals are indicated by high response of gamma-ray. The use of spectral gamma responses is then useful for detailed interpretation of depositional environments, because K, Th, and U are found to be abundant in different minerals and depositional environments. K is usually found within orthoclase (K-feldspar), mica (muscovite) illite and glauconite (Fabricius et al., 2003). Th is found in heavy minerals (e.g., monazite, zircon, and rutile) and can be fixed to clay minerals by adsorption (Hassan et al., 1976). U has greater mobility and transport than K and Th, and can be precipitated under reducing conditions leading to the adsorption of U into clay minerals or organic materials (Swanson, 1961; Fabricius et al., 2003; Ellis and Singer, 2008).

The minerals of chlorite, mica, illite and montmorillonite are observed in most non-calcareous mudstone samples from XRD analysis (Figure 8). These minerals are confirmed to have high K and Th concentrations in the non-calcareous mudstones, while the calcareous mudstones have low abundance of these minerals. Based on depositional environment interpretation and U/Th ratios, the thick mudstone sequence in this measured section is deposited in deep lacustrine with suboxic to anoxic conditions. Organic matter can be preserved in this environment giving a petroleum potential source rock. Without thermal maturation studies, we cannot discuss why the TOC values are low in this section. The calcareous mudstones are deposited in deeper water of stratified lakes and more reducing conditions than the non-calcareous mudstones deposited in suboxic condition based on U/Th ratio. The depositional conditions of the calcareous mudstones are likely to provide U adsorbed to organic materials. For example, the duration of anoxia that is possibly long enough for the uranium adsorption in deep water lake (Myers and Wignall, 1987; Lüning and Kolonic, 2003). Low K and Th responses in the calcareous mudstone intervals are likely caused by K- and Th-depletions of feldspars and clay minerals (chlorite, mica, illite and montmorillonite) (Figure 8). These minerals are usually deposited partly or completely in proximal fan or shallow water lake before reaching to deep water lake where the calcareous mudstone deposits. K- and Th-depletions are supported by calcite precipitation coinciding with low responses of K and Th in this interval. The calcite precipitation in the intervals has high impact on the total gamma-ray response showing low values as calcite provides low gamma radiation (Rider, 1996).

The non-calcareous mudstones have a higher concentration of K, Th, and U and can be clearly distinguished from the sandstone dominated facies association in this measured section. The calcareous mudstone facies shows low gamma-ray response which is similar to the sandstone-dominated facies association in this study. Without spectral gamma-ray responses, the calcareous mudstone interval would be grouped into sandstone-dominated facies. Thus, using the total gamma-ray log for indicating the organic-rich rocks could provide erroneous interpretation, especially in the intervals containing calcareous composition. The U spectral gamma ray is suggested to combine with conventional gamma ray log for depositional environment and recognition of organic-rich intervals.

The cross-plot of spectral gamma-ray values of each facies can be used to differentiate between the sedimentary facies. The K-Th cross-plot can be distinguished between sedimentary facies except for the F5 which overlapped with F3. This possibly relates to the similar amount of clay mineral contents in the F5 and F3. The cross-plots of U-Th and U-K are clearly distinguished the F5 facies due to high U component in this facies (Figure 9). As F5 facies having high TOC contents is characterized by low K and Th concentrations and high U concentration, the results of cross-plots suggest that the organic-rich intervals can be distinguished using the U component.

In addition, the U/TOC ratio shows a moderate correlation of linear regression (R2 = 0.4977; Figure 10) and is higher than both K/TOC (R2 = 0.2792; Figure 10) and Th/TOC ratios (R2 = 0.1744; Figure 10). The moderate correlation on U/TOC could be resulted from several factors such as primary uranium concentration, lithological composition, sedimentation rate and duration of anoxia, and diagenetic factors (e.g., Lüning and Kolonic, 2003). Although, the U/TOC ratio is not illustrated a good fit with the linear equation, the correlation coefficient of U/TOC indicates that the correlation between these variables is strong (r = 0.7055).



CONCLUSION

The studied outcrop of the Huai Hin Lat Formation in Phetchabun Province was investigated in detail to provide the stratigraphic framework, sedimentary facies, the total organic carbon (TOC), the gamma-ray log characteristics, and the interpretation of depositional environments of the section. Five sedimentary facies were discriminated including structureless sandstone, structured sandstone, interbedded sandstone and siltstone, interbedded siltstone and mudstone, and calcareous mudstone facies. These facies were assigned into two facies associations, mudstone-dominated facies association and sandstone-dominated facies association, representing the deep lacustrine basin and sublacustrine fan respectively. The TOC contents throughout the section suggest poor to fair potential source rock (0.02 – 0.99 wt%) which are controlled by the depositional conditions. The outcrop gamma-ray measurements show high variability of the gamma radiation (16.0 to 79.0 API unit) corresponding to the lithologies. The total gamma-log characteristics are closely related to the lithologies controlled primarily by clay mineral compositions including chlorite, mica, illite and montmorillonite. The mudstones usually have K, Th and U concentrations. The U concentration is useful to investigate organic-rich rocks in low K and Th concentration successions due to its ability to fixed in clay minerals and organic materials under an anoxic condition. Thus, the U spectral gamma ray is suggested to combine with conventional gamma ray log for depositional environment and recognition of organic-rich intervals.
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The three main regions of Indochina are defined as the Truong Son, Loei-Phetchabun, and Kontum terranes. The aim of this review is to integrate numerous petrological studies with sedimentary, palaeontological, and provenance studies in order to construct a preliminary tectonic model which shows the terranes docked in the earliest Carboniferous (Truong Son with Loei-Phetchabun) and in the Permian (Kontum). The Kontum Terrane is characterized by Proterozoic magmatism, mid-Ordovician to Early Devonian granites, and Permian charnockites. Major carbonate platforms developed in the Givetian to earliest Tournaisian on Truong Son and from the Visean to mid-Permian across Truong Son and Loei-Phetchabun terranes. The Truong Son has Silurian granites and a Late Ordovician to Silurian magmatic arc along its southern and western borders caused by subduction of oceanic lithosphere, the remnants of which are now partially preserved in the Loei and Tamky sutures. A region to the east of the Loei Suture in the Loei Foldbelt has a similar-age volcanic arc extending northwards into Laos and is included in Truong Son. A platform-margin coral-stromatoporoid reef developed on Truong Son in the Frasnian and was coincident with a gap in magmatism until the Pennsylvanian with granite magmatism became widespread until the Late Triassic. In the Loei-Phetchabun Terrane, Devonian siliciclastics, volcanics are overlain by Givetian limestones and patch reefs and in turn overlain by Late Devonian to earliest Tournaisian radiolarian cherts and siliciclastics. Tournaisian to early Visean siliciclastic turbidites were coincidental with initial uplift and deformation and were replaced by Visean terrestrial evaporites and coal and marine limestones. Arc magmatism along the Loei-Phetchabun Terrane indicates intermittent eastward subduction from mid-Devonian to mid-Triassic. Carboniferous-Triassic volcanism extends eastward along the northern margin of Cambodia and is probably an extension of Loei-Phetchabun. Ordovician within-plate basalts in Kontum and the transition from shallow marine Ordovician siliciclastics to Silurian deep-marine sediments and a volcanic arc in Truong Son suggest rifting of both terranes from Gondwana in the Late Ordovician. Initial docking of Truong Son with South China was probably in the late Silurian to Early Devonian and docking of Loei-Phetchabun and Truong Son was in the late Tournaisian to early Visean.

Keywords: tectonics, Indochina, Laos, Vietnam, Thailand, palaeogeography, Loei Fold Belt, Truong Son Terrane


INTRODUCTION

In the 1980's mainland Southeast Asia was divided geologically into two main terranes, Shan-Thai and Indochina, separated by the ophiolitic Nan Suture (Bunopas, 1982). Shan-Thai was later incorporated into the geographically more extensive Sibumasu Terrane concept (Metcalfe, 1984). Bunopas (1982) proposed that Shan-Thai (part of Sibumasu) rifted from the Australian sector of Gondwana in the Early Permian and collided with Indochina in the Late Triassic causing at least one phase of the Indosinian orogeny. A major distinction between Sibumasu and Indochina was regarded as the presence of early Permian glacimarine sediments and faunas on Sibumasu and the coeval tropical carbonates and faunas on Indochina. The subsequent recognition of Permo-Carboniferous tropical marine faunas in part of northern Thailand, closely associated with basalts and deep-water sediments, led to the introduction and definition of the Inthanon Terrane (Barr et al., 1990; Barr and MacDonald, 1991; Ueno and Charoentitirat, 2011; Metcalfe, 2021) with the Mae Yuam Fault Zone (MYFZ on Figure 1) forming its western boundary and the Permo-Triassic volcanic arc Sukhothai Terrane forming its eastern boundary (SU on Figure 1).


[image: Figure 1]
FIGURE 1. Map of terranes in mainland Southeast Asia. Blue = Loei-Phetchabun Terrane, TR = Truong Son Terrane, Red = KT, Kontum Terrane. Line A-B is line of geological section shown in Figure 3. TKS, Tamky Suture; LDV, Long Dai Volcanic Arc (latest Ordovician to Silurian). The debatable extension of the Truong Son Terrane northwest into Yunnan (China) is based on the existence of widespread Silurian strata which is typical of the Truong Son Terrane rather than the Loei–Phetchabun Terrane (Loydell et al., 2019). The extent of the Loei-Phetchabun and Truong Son terranes under the Mesozoic terrestrial siliciclastics of the Khorat Group on the Khorat Plateau is highly speculative due to a lack of petroleum wells that have penetrated the “mid”-Carboniferous unconformity which is picked on several seismic sections [see Booth and Sattayarak (2011)]. Their extent shown in Figure 1 is, however, plausible based on seismic and other geophysical data (Figure 3). The extension of the Loei Suture eastwards through Cambodia is based on Cheng et al. (2019), Khin et al. (2014), and Udchachon et al. (2018). The extension of the Sra Kaeo-Pailin Suture through Cambodia is based on Udchachon et al. (2018). Note that much of Cambodia is terra incognita geologically and the area in southern Cambodia colored yellow is not assigned to a terrane. Map adapted from Burrett et al. (2014a) and Loydell et al. (2019).


The Indochina Block/Terrane was perhaps unfortunately named, as the geographic concept of Indochina originally embraced the whole Southeast Asian mainland culturally influenced by both India and China. Later the French term Indochine was restricted to the former French colonies now known as Vietnam, Laos, and Cambodia. In this paper we refer to Indochina in its tectonic sense rather than its geographic sense. This restricted tectonic usage is close to the French colonial term Indochine (including Cambodia, Laos, and Vietnam) but excludes northeast Vietnam and includes large parts of northeastern Thailand (Figure 1).

The term Annamia was proposed by Torsvik and Cocks (2009) and Cocks and Torsvik (2013) as a potentially attractive alternative to geological Indochina but the term is somewhat misleading and geographically too extensive as the Annamite Cordillera is contained only within the Truong Son Terrane, the French colony of Annam was limited to the mainly coastal central Vietnam area between Tonkin and Cochinchine and the term annamite was sometimes used as an ethnic slur (www.owlapps.net).

Prior to 1950, geological work in mainland South East Asia was mainly carried out by staff of the colonial geological surveys of French Indochina, Burma (British India) and Malaya and some from local university academics and international visitors. Many areas were unexplored or very poorly known geologically. Although the Royal Thai Department of Mines and Geology was established in 1891 little was known about Thai geology outside of Thailand until the publication of the first compilation of the geology of Thailand in English in 1951 with the help of the United States Geological Survey (Brown, 1951). The Geological Survey of Indochina was established as a branch of the Department of Agriculture and Commerce in Hanoi in 1898 (Genovese, 2011) and prior to 1970, major contributions to mapping and research were made, for example, by Mansuy, Deprat, Colani, Dussault, Hoffet, Gubler, Bourret, Saurin, Fromaget, and Fontaine. Thick vegetation and a lack of infrastructure along with wars, genocide, and insurgencies delayed intensive geological research until the 1980's. However, unexploded ordnance still remains a problem in many areas. In the last 30 years considerable advances have been made by the national geological surveys and universities of Cambodia, Laos, Thailand, and Vietnam as well as by academic, government, and company geologists and paleontologists from many countries. Many areas were and still are unexplored or very poorly known geologically.

Much of the recent work in the Indochina region has been petrological, geochemical, and geochronological particularly on plutonic, volcanic, and metamorphic rocks and associated ore deposits (e.g., Khin et al., 2014). There have been few studies on the structural geology of the Palaeozoic to Triassic in Indochina [other than for example Findlay (1997), Findlay and Trinh (1997), Lepvrier et al. (1997, 2004, 2008), Morley et al. (2013), Tran et al. (2014), and Faure et al. (2018)] and little basic structural work has been carried out during regional geological mapping which has often led to gross overestimates of formation thicknesses (e.g., Ban et al., 2000a,b).

As our work has concentrated on sedimentary sequences and their contained faunas, we will attempt to integrate these numerous petrological studies with work on sedimentary, palaeontological, and provenance studies in order to construct a preliminary tectonic model for the region which identifies three terranes that docked in the earliest Carboniferous (Truong Son with Loei-Phetchabun) and in the Permian (Kontum). Although many geoscientists continue to regard the Indochina Terrane/Block as unitary for pre-Permian time (e.g., Yan et al., 2020; Metcalfe, 2021) here we follow Mouret (1994), Lepvrier et al. (1997, 2004, 2008), Burrett et al. (2014a), Khin et al. (2014), Lai et al. (2014), Tran et al. (2014), and Tri et al. (2020) in recognizing Indochina as a composite formed by the amalgamation of three or more terranes during the Palaeozoic. Regarding Indochina as a unitary block in the pre-Visean can no longer be maintained (Figure 1). Tri (1977) was the first to name and emphasize the tectonic importance of the Tamky Suture in central Vietnam (TKS on Figure 1) which led the way to the theoretical disassembling of the unitary Indochina Block.



TERRANE DEFINITIONS AND CONSTITUENT TERRANES OF INDOCHINA


Terrane Definitions

The terrane concept has been useful in non-genetic descriptions of the subdivisions of complex orogenic belts and aiding in the decipherment of their amalgamation (Howell, 1980, 1989; Howell et al., 1985; Howell and Howell, 1995; Badarch et al., 2002). Terranes have distinctive geological histories and are generally bounded by faults, sutures, or major geological discontinuities. They may or may not be far-traveled. The terrane concept replaces, at least partially, many ambiguous or loosely defined terms, often genetic and often derived from geosynclinal theory, such as massif, block, fold belt, craton, eugeosyncline, geanticline, etc.



Loei-Phetchabun Terrane

The Loei-Phetchabun Terrane extends from the Loei Province in NE Thailand along the western (Phetchabun Province) and southern margins of the Mesozoic terrestrial siliciclastics of the Khorat Plateau (Burrett et al., 2014a; Khin et al., 2014) (Figure 1). The Loei-Phetchabun Terrane (Figure 1) is characterized (Table 1) by Devonian basaltic volcanism overlain by localized Givetian macrofossiliferous marine siliciclastics, Upper Givetian stromatoporoid-coral patch reefs overlain by Upper Devonian to Tournaisian shales and radiolarian cherts and, in turn, overlain by Tournaisian turbidites and early Visean terrestrial to marginal marine sediments including coals and evaporites (Chairangsee et al., 1990; Saesaengseerung et al., 2007; Udchachon et al., 2017) (Figures 2, 3). These sediments interdigitate with a “late” Carboniferous volcanic arc in the Phetchabun Province area (Salam et al., 2014) and all are overlain by widespread Visean to Permian platform carbonates (Ueno and Charoentitirat, 2011; Udchachon et al., 2015). Arc magmatism is again established in the Phetchabun Province area and along the southern margin of the Khorat Plateau in Thailand and Cambodia in the Permian to Late Triassic (Salam et al., 2014; Udchachon et al., 2018; Cheng et al., 2019) (Figures 1–5).


Table 1. Table summarizing main characteristics of each of the Indochina terranes.
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[image: Figure 2]
FIGURE 2. Summary diagram of present hypothesis showing summaries of stratigraphies, deformation episodes, and magmatic events in the Loei-Phetchabun and Truong Son terranes. Stratigraphic data are from numerous sources. Ordovician gabbro within the Nan Suture is from Khin et al. (2014) and Long et al. (2019) and Devonian and Carboniferous dates are from Shen et al. (2010a). The Tan Lam Formation in the Vietnamese sector of Truong Son represents the influx of coarse terrigenous siliciclastics caused by the first collision of the Truong Son Terrane with the South China Terrane in the late Silurian to Early Devonian.



[image: Figure 3]
FIGURE 3. Cross-section from Phetchabun Province in the west to Vietnam in the east. Line of section is shown as A-B on Figure 1. The Khorat Plateau in NE Thailand and adjacent parts of Laos and Cambodia is covered by the Rhaetic to late Cretaceous terrestrial siliciclastics of the Khorat Group and correlates (Mesozoic siliciclastics in legend). The subsurface geology of the Khorat Plateau is based on seismic interpretations and petroleum wells summarized in Booth and Sattayarak (2011) and Minezaki et al. (2019). The Thakhek Fault in the eastern part of the cross section (Figure 1) is a late Cenozoic transcurrent fault zone due to continued impingement of India into Asia and resultant indentation tectonics. This fault was (and is) active during the Quaternary (Thom et al., 2015) and may be a reactivation of an older structure. Deformation of the pre-Visean strata caused by the Loei-Phetchabun and Truong Son terrane amalgamation in the latest Tournaisian to earliest Visean. Deformation of the Visean and Permian strata was due to subsequent docking of terranes during the Triassic and the Himalayan orogeny.



[image: Figure 4]
FIGURE 4. Diagram showing stratigraphic successions from Famennian (Late Devonian) to mid-Permian across the Indochina region based on numerous authors. Line of section from Phetchabun Province and Loei Province of Thailand across the subsurface of the Khorat Plateau to Laos and Vietnam is shown in inset map.



[image: Figure 5]
FIGURE 5. Summary magmatic history contrasting the Loei-Phetchabun and Truong Son terranes including major tectonostratigraphic events. Red = felsic magmatism, blue = intermediate, and green = mafic magmatism. Based on numerous sources.


The Loei Foldbelt in NE Thailand may be divided into eastern (East Loei on Figure 1) and western belts separated by an easterly dipping thrust fault (Chairangsee et al., 1990). Close to this thrust, Charusiri et al. (2002) studied serpentinites and detrital chrome spinels which they suggested marked a terrane boundary which they named the Loei Suture (Figures 1, 2). We have recently found new outcrops of, as yet undated, serpentinised ultramafics with some showing original dunitic texture, further south along the suture (Figure 6). From DTEM analysis the thrust fault continues north, across the Mekong River, into Laos and extends south to curve eastwards under the Khorat Plateau (Figure 1). Its continuation under the Khorat Plateau is poorly constrained as few seismic profiles have been interpreted in detail below the “mid-Carboniferous” unconformity which is picked and obvious on many seismic sections (Figure 3; Booth and Sattayarak, 2011; Minezaki et al., 2019). The continuation of the Loei Suture under the Mesozoic siliciclastics of the Khorat Plateau succession (Figure 1) probably parallels the “…complexly foliated and thrusted [pre ‘mid’-Carboniferous] basement with a fabric striking NW-SE which dips at a moderate angle to the NE.” (Booth and Sattayarak, 2011, p. 189) (Figure 1). We tentatively place the boundary between the Loei-Phetchabun and Truong Son terranes close to the major NW-SE thrust shown on the seismic top of the pre-“mid”-Carboniferous basement map of Minezaki et al. (2019; their Figure 8) (Figure 1). We suggest that the Loei Suture joins the Tamky Suture (TKS on Figure 1). In the Loei Foldbelt of N.E. Thailand the stratigraphy on either side of the Loei Suture is different with, in the eastern part of the foldbelt, Silurian to Early Devonian mainly siliciclastics and volcaniclastics and minor limestones with a Silurian to early Devonian coral-brachiopod fauna, interdigitating westwards with a dated Silurian to Early Devonian volcanic arc east of the Loei Suture (Figure 5) (Fontaine et al., 2005; Khositanont et al., 2013; Zhao et al., 2016). The continuation of the eastern Loei belt northwards into Laos contains a similar succession except that older Ordovician limestone (with brachiopods) and igneous rocks are also present with dacitic tuff at 449.6 +/– 2.6, rhyolitic tuff at 419.8 +/– 2.6, and a dioritic dyke at 417 +/– 4.9 Ma (Long et al., 2019). We therefore separate the eastern Loei Foldbelt in Thailand and Laos from the western Loei Foldbelt and place it within the Truong Son Terrane. We suggest that the Loei Thrust/Loei Suture of Charusiri et al. (2002) is the western boundary of the Truong Son Terrane (Figure 1).


[image: Figure 6]
FIGURE 6. Serpentinite outcrop from east of Pak Chom, Loei “Foldbelt,” N.E. Thailand with some areas showing original dunite texture. This and other outcrops of serpentinite mark the Loei Fault/ Suture separating the Loei-Phetchabun Terrane in the west from the Truong Son Terrane in the east in the Loei “Foldbelt”.




Truong Son Terrane

The Truong Son Terrane (Figures 1, 2, 4, 7) contains sedimentary sequences dating from the late Cambrian (Furongian) through to the Cenozoic (Figures 4, 5, 7–12). The Palaeozoic successions have been well-studied in Vietnam but many publications are in Vietnamese and difficult to acquire. Older literature is mainly in Russian and French and is also difficult to access. However, it is clear that the well-studied and dated sequences around the Sepon Mine in Lao PDR (Figures 7, 9–11) are similar to those further north in Laos (Ban, 2000; Ban et al., 2000a,b; Cannell et al., 2015; Udchachon et al., 2015; Thassanapak et al., 2018) and to those in the Vietnamese parts of the terrane (e.g., Thanh et al., 2007; Tri and Vu, 2011) and are summarized in Figures 2, 4–7. The Truong Son Terrane sedimentary succession consists of upper Cambrian to Upper Ordovician siliciclastics and minor carbonates, Silurian graptolitic shales, cherts and minor limestone, Early to Middle Devonian siliciclastics, Frasnian marginal platform reef complexes, an extensive carbonate platform from the Frasnian to the Tournaisian, coarse to fine siliciclastics from the Tournaisian to the Visean, and a final platform carbonate succession diachronously established from the Visean through to the mid- Permian (Figures 8–12). This later carbonate platform extends across both the Truong Son and Loei-Phetchabun terranes where it includes many intra-platform basins containing deep-water shales and cherts (e.g., Booth and Sattayarak, 2011; Ueno and Charoentitirat, 2011; Burrett et al., 2014b; Minezaki et al., 2019) (Figure 3). Both in the subsurface and in outcrops, this very extensive carbonate platform is terminated by a diachronous siliciclastic influx mainly in the mid-Permian (Figures 2, 4). However, in parts of Phetchabun Province carbonate deposition extends to the Wuchiapingian (late Permian) (Hada et al., 2020).


[image: Figure 7]
FIGURE 7. Stratigraphic and plutonic igneous summary of the Truong Son Terrane based mainly on successions at well-dated formations at the Sepon Mine. The Tan Lam Formation in the Vietnamese sector of Truong Son represents the influx of coarse terrigenous siliciclastics caused by the first collision of the Truong Son and South China along the Song Ma Suture in the late Silurian to Early Devonian. Red lines are age ranges of felsic igneous rocks including granites and rhyolites. Yellow are andesites and diorites. Compiled from numerous sources.



[image: Figure 8]
FIGURE 8. Field photographs of significant Palaeozoic sequences in the Loei “Foldbelt” NE Thailand (LOEI on Figure 1). (A,B) are Silurian to Early Devonian volcaniclastics from east of the Loei Suture in the eastern part of the “Loei Foldbelt” belonging to the Truong Son Terrane as interpreted herein. This sequence is associated with marly mudstone and thin limestones with prolific corals and stromatoporoids. (C–F) are early Carboniferous siliciclastics in the Loei Foldbelt resulting from the proposed collision of the Truong Son and Loei-Phetchabun terranes. (A,B) Late Silurian to Early Devonian siliciclastic sequence from Ban Na Gniew in the east of Pak Chom in the Truong Son Terrane east of the Loei Suture (Loei Fault). This siliciclastic-volcaniclastic succession contains lighter colored limestone hardgrounds with a coral (e.g., Heliolites, Favosites), brachiopod, and trilobite fauna which interdigitate with a late Silurian to Early Devonian volcanic arc toward the west. (B) Close-up of A showing large domal tabulate coral. Brachiopods, trilobites, and other benthic faunas are common in this succession. (C) Carboniferous siliciclastic sequence with anthracitic coal from west of Pak Chom of possible late Visean age as a consequence of collision and uplift. (D) Channel conglomerate overlying thin-bedded shale and sandstone (greywacke) of proximal to distal submarine fan lobe. This sequence indicates the beginning of early Carboniferous (late Tournaisian to early Visean) collision in the region. (E) Siliceous shale showing lamination with flame structure indicative of a turbiditic event deposited between a distal fan lobe and basin and the result of the postulated Tournaisian - early Visean terrane collision. (F) Conglomerate showing rounded pebble clasts in the channel truncating the submarine fan. This unit is observed in association with a fine turbidite succession of late Tournaisian to early Visean age.



[image: Figure 9]
FIGURE 9. Deformed and stratigraphically out-of-sequence light colored Wenlockian age limestone associated with black early Silurian graptolitic shales, and late Silurian radiolarian cherts of the Vang Ngang Formation at Sepon Mine, Laos. Southern margin of Truong Son Terrane. This is possibly an accretionary prism. (A) Sharp contact of Wenlockian limestone unit with Llandoverian shale and Ludlovian chert sequence. (B) Close-up of Wenlockian limestone showing strongly sheared block of the limestone [see Loydell et al. (2019) and Thassanapak et al. (2018) for details].Truong Son Terrane, Laos. Field photographs of limestone quarry 20 km south of the Sepon mine but north of Tamky-Phuoc Son Suture (Figure 1 for location), near southern margin of Truong Son Terrane showing Middle to Late Devonian and lower Carboniferous carbonate and younger siliciclastic succession. (C) Showing thrust slice of Middle to Upper Devonian carbonate succession (Unit A, as seen in foreground) over lower Carboniferous carbonate-siliciclastics (Units B, C, and D). (D) Main quarry showing complex structure including thrust fault with phacoid (P) and recumbent fold with vergence to the south. (E) Gradational contact between Unit B and Unit C showing evidence of upwards shallowing. (F) Unit C, siliciclastics - mainly light brown and red shale, interbedded with thin bedded siltstone and sandstone of a probable deltaic environment.



[image: Figure 10]
FIGURE 10. Facies variation of limestone from Unit A of Figure 9. (A) Stromatolitic limestone (algal laminite) with small domal stromatoporoid. (B) Stromatolitic limestone with Chaetetes (Ch) (sponge) in growth position. (C) Micritic limestone with truncation on top and overlain by limestone breccia (intraformational breccia). The sharp truncation suggests aerial exposure and karstification. Clasts of limestone breccia consist of large domal fragments of stromatoporoid (S), skeletal debris, and lithoclasts. (D,E) limestone breccia with abundant clasts of tabulate corals (?Thamnopora). This evidence suggests the existence of a stromatoporoid-coral reef prior to the collapse of the carbonate platform. (F) Reef limestone (foreground of Figure 9C) showing abundant Stachyodes (stromatoporoid).



[image: Figure 11]
FIGURE 11. Field photograph of Unit D of probable Boualapha Formation correlate 20 km south of the Sepon Mine but north of Tamky Suture (see Figure 1 for location). This unit consists mainly of a folded siliciclastic sequence, but the main competent units dip at 400N. The lithofacies of this unit suggests a fluvial environment which overlies Unit C. Unit D consists of siltstones, quartz arenites, pebbly arkosic sandstone, quartzites, and conglomerates. (A) Conglomerates, (B) Folded fine siliciclastics with coal seam and plant remains. Vergence of the fold is to the south, (C) Unit D with coal seam, (D) Close-up of anthracitic coal.



[image: Figure 12]
FIGURE 12. Field photographs of Boualapha Formation and Khammouan Group from central Laos. (A) Outcrop of carbonaceous limestone belonging to the Boualapha Formation north of Boualapha Town. (B) Close-up of (A), (C) Large outcrop of limestone of the Khammouan Group north of Lak Xao Town. (D) Limestone belonging to the Khammouan Group, south of Lak Xao Town, central Laos [see Figure 4 and Thassanapak et al. (2012) for localities]. Lak Xao township is shown as LX in Figure 4.


Older studies on igneous assemblages in the Truong Son Terrane relied on easily re-set K-Ar dates but recent work has included more reliable dates using zircons, 40Ar-Ar39 and monazites along with detailed trace element and isotope data. The papers by Sanematsu et al. (2011), Liu et al. (2012), Kamvong et al. (2014), Manaka et al. (2014), Nakano et al. (2013), Shi et al. (2015), Wang et al. (2018), and Wang et al. (2020) are particularly important (Figures 5, 7). These authors find that the granitoids of the Truong Son Terrane are either mainly Ordovician-Silurian or latest Carboniferous to Triassic in age with restricted magmatism in-between (Figures 5, 7). Shi et al. (2015) suggest that there were at least four stages of magmatic activity, a-d, below. All granites and rhyolites studied by Shi et al. (2015) are Volcanic Arc (VAG) rocks. The Silurian biotite granite of the Hai Van Complex (NW of Danang) plots as calc-alkaline and S-type. Permo-Triassic granitoids plot as either S or I-type. Stage a of Shi et al. (2015) has extensive VAG granites ranging from 470 to 420 Ma (Middle Ordovician to latest Silurian). Stage b includes latest Carboniferous to early Permian VAG associated with Cu-Au-Fe mineralisation with north dipping subduction along the Tamky Suture and under the Truong Son Terrane. Stage c has 270–245 Ma (mid-Permian to mid-Triassic) arc-magmatic hydrothermal Cu-Au-Fe and orogenic W-Sn- Au deposits linked to both southwards subduction from Song Ma and the closure of Tamky-Phuoc Son ocean. Ilmenite series granitoids are the same age as the well-known tin granites of SE Asia and include the central Laos granites near Boneng and Phontiou (247 Ma) and the Nape Complex (244, 235, 221, 208, and 199 Ma) (Sanematsu et al., 2011). Stage d consists of 245–200 Ma syn- and post collisional magmatism with epithermal Fe-Au-W-Sn deposits.

The Truong Son Silurian granitoids overlap in age with the andesitic flows, porphyritic diorite, and the volcaniclastic submarine fan of the Namphuc Formation at the Sepon Mine (439–433 Ma, Thassanapak et al., 2018) and the volcanics of the Long Dai Formation in Vietnam. These mainly andesitic volcanics are termed the Long Dai Volcanic Arc in the Vietnamese literature (De, 1997; Tri and Vu, 2011). Wang et al. (2020) have recently studied the geochemistry of intermediate to basaltic volcanics and gabbros from the southern Truong Son Terrane and obtained early to middle Silurian zircon dates. Their trace element compositions plot as a volcanic arc with some incorporation of sediments. The existence of a southern Truong Song Terrane island arc with northerly subduction under the Truong Son Terrane during the Late Ordovician to “mid” Silurian is therefore well-established. However, Wang et al. (2020) also recently briefly studied dated and analyzed similar aged volcanics from west of the Poko Fault and north of Attapeu in southern Laos (Figure 1). The terrane affinities of this area are presently unknown but it may be a westerly extension of the Tamky Suture. On the basis of these volcanics, Wang et al. (2020) only suggest southerly subduction under the Kontum Terrane and do not provide an explanation for the arc volcanics in southern Truong Son.

Speculatively, the deformed and stratigraphically out-of-sequence graptolitic shales, limestone, and radiolarian cherts of the Vang Ngang Formation in the Sepon Mine area are typical of accretionary prisms and may constitute a fore arc assemblage (Thassanapak et al., 2018) (Figures 9A,B). The deep-water Silurian succession of southern Truong Son grades north into shallower marine siliciclastics (Thassanapak et al., 2018). By the late Silurian, coarse siliciclastics in the central Vietnamese part of Truong Son containing South China-type fish may indicate the first contact between Truong Son and the Song Da Terrane of the composite South China Terrane in North Vietnam (Janvier et al., 1997; Thassanapak et al., 2018).



Kontum Terrane

The Kontum Terrane (previously Kontum “Massif”) contains the oldest rocks in Southeast Asia and was, until modern dating, thought to be an Archean core around which the Proterozoic to Phanerozoic rocks accreted (e.g., Fromaget, 1927, 1941). From numerous studies dating the igneous and metamorphic rocks of the Kontum core complex it is clear that the volume of Archean rocks is negligible and that Proterozoic to Palaeozoic plus Triassic intrusives are dominant, with the oldest metamorphic protoliths being Mesoproterozoic at 1,450 Ma (Nakano et al., 2020) (Figure 13). The presence of charnockites, previously thought to be typically Precambrian and are now dated as Permian, are amongst the youngest dated charnockites worldwide but are nevertheless characteristic of the Kontum Terrane (Table 1; Lan et al., 2003; Maluski et al., 2005). Phanerozoic intrusives range from mid-Ordovician to Early Devonian (Figure 13) and from late Permian (Lopingian) to Late Triassic (Norian) with a peak at the middle-late Triassic boundary (Figure 13). There is very little magmatism dated as Late Devonian to early Permian (Hieu et al., 2015). The western boundary of the Kontum Terrane is usually taken as the north-south trending Poko Fault (Figures 1, 13). Serpentinites within the fault zone suggested a Poko Suture and westward subduction to Lepvrier et al. (1997, 2004, 2008) separating the Attapeu region (AT on Figure 1) and a small part of Vietnam, from the Kontum Terrane to the east (Figure 13). These serpentinites and apodunites are strongly altered to “metahyperbasite and metapyroxenite” but their age is inferred by correlation to ultramafics in the Tamky Suture dated as 477 Ma (Early Ordovician) (Izokh et al., 2006; Tri and Vu, 2011, p. 229–231, Figure III 4.3). A late Permian granite cuts the Poko Fault and constrains the fusion age of Kontum with regions to the west (Figure 13; Tran et al., 2014). In regions immediately west of the Poko Fault, in Attapeu, Devonian and Carboniferous intrusives have been dated (Vilayhack, 2010; Sanematsu et al., 2011). However, magmatic zircons from part of the Antoum Pluton are dated as 470 +/– 2 Ma and a proximal rhyolitic tuff as 476 +/– 1.5 Ma and their arc geochemistry indicates Early Ordovician subduction (Gardner et al., 2017). The presence of Early Ordovician magmatism in Attapeu suggests affinities to the Truong Son Terrane rather than the Loei-Phetchabun Terrane (Gardner et al., 2017; Wang et al., 2020) and outcrops of supposed Ordovician limestone (Vilayhack, 2010) could support this interpretation. However, logistic problems of working in this area and a paucity of information make a definite terrane attribution of the Attapeu region impossible. Just to the west of the Poko Fault unmetamorphosed fossiliferous Early Devonian sediments of the Cu Brei Formation (Figure 13) rest unconformably on granites dated by K/Ar as 418+/−12 Ma to 384 +/– 17 Ma showing that this region was not strongly affected by the extensive Triassic (Anisian to Carnian) metamorphism of the Kontum Terrane (Osanai et al., 2004; Nakano et al., 2007, 2009, 2013, 2020; Thanh et al., 2007).
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FIGURE 13. Summary of plutonic magmatism in the Attapeu region of Laos (AT on Figure 1) and adjacent areas in Vietnam, west of the Poko Fault (POK on Figure 1) and the Kontum Terrane east of the Poko Fault. Note the significant difference in magmatic history and stratigraphy on either side of the Poko Fault. Note that the Early Devonian Cu Brei Formation is west of the Poko Fault and, unlike the Kontum Terrane, is unmetamorphosed. Palaeozoic strata do not outcrop on the Kontum Terrane. Light blue = intermediate – mafic intrusives, red = felsic/acidic intrusives, and green = amphibolites -mid-plate tholeiites.





TERRANE PROVENANCE

There is very little high quality palaeomagnetic data available that constrains the palaeogeographic positions of the Indochina terranes in the Palaeozoic. Yan et al. (2018) found a southerly palaeolatitude of 210+/− 60 for Permian limestones from the Loei–Phetchabun Terrane. A “mid-Carboniferous” pole from western Yunnan gave a similar southern palaeolatitude of 18.40 +/- 40 but that site's terrane affinity is uncertain (Yan et al., 2020). Burrett et al. (2014a) proposed that zircon age probability plots obtained from formations at the Sepon Mine area on the Truong Son Terrane suggested the Himalayan sector of Gondwana as the source region. Uzuki et al. (2013) working on zircons obtained from modern river sediments in the north of Truong Son, independently came to the same conclusion.

There are very few fossils that help in locating the Indochina terranes. Graptolites from the Llandoverian shales of the Sepon Mine near the southern boundary of the Truong Son Terrane are characteristic endemic species of southern Europe and the Middle East rather than South China (Loydell et al., 2019). Graptolites were planktonic but this distinctive southern European fauna did not float to either northern Europe or South China. This suggests a placement of Truong Son attached to the Middle East-southern European sector of peri-Gondwana or in an oceanic area where these distinctive graptolites might have drifted. Given their limited biogeographic distribution they provide evidence that Truong Son was not attached or even close to South China in the Llandovery (Loydell et al., 2019). Ordovician conodonts from limestone within the mainly siliciclastic “Highway” Formation of the Sepon Mine area are of a North Atlantic type which suggests either deep and cool or shallow non-tropical seas (e.g., Burrett et al., 1984). As these limestone lenses are shallow marine, based on their dolomitized cyanobacterial mats, it is most likely they were deposited in temperate and not tropical palaeolatitudes and on the basis of their zircons were deposited in the Himalayan/Middle East sector of peri-Gondwana (Burrett et al., 2014b; Thassanapak et al., 2018).



RIFTING FROM GONDWANA

The Truong Son Terrane in Laos and Vietnam and in east of the Loei Foldbelt in Thailand is characterized by siliciclastics ranging from the Early to Late Ordovician (Figures 2, 7; Thassanapak et al., 2012). They are succeeded in the Silurian of Laos and Vietnam by deep-water radiolarian cherts and volcanics of the Vang Nang Formation (at Sepon) and the Long Dai Formation and Long Dai Volcanic Arc in Vietnam. Dacitic tuffs of arc affinity are dated as latest Ordovician in the Truong Son Terrane's eastern Loei foldbelt (Long et al., 2019). This suggests Truong Son's attachment to a continental margin in the Ordovician and rifting in the Late Ordovician allowing both very deep marine conditions in the Silurian and the establishment of a subducting and arc-producing margin by the Llandoverian. It is now well-established that a subducting margin occurred along the “Tethyan” margin of Gondwana from Sibumasu through to the Himalayas, the Tibetan terranes and further to southern Europe during the late Cambrian to Ordovician (e.g., Lin et al., 2013).

The Early Palaeozoic Kontum Terrane granitic gneisses range from 462 Ma (Darriwilian) through to 422 Ma (Ludlow) (Nakano et al., 2007, 2013, 2020) and may have formed during this Gondwana-margin subduction prior to rifting in the latest Ordovician to Silurian. Granitoids dated within the Tamky Suture as “middle” Cambrian (518+/−7 Ma and 502+/– 6 Ma) are typical oceanic plagiogranites and were probably formed in a volcanic arc in this ocean subducting toward the south (present day) under Gondwana (Nguyen et al., 2019).

As the Kontum Terrane detrital zircon spectra contain Grenvillian orogeny age peaks (1,200–1,000 Ma), Nguyen et al. (2019) suggest placement of the Kontum Terrane close to western Australia (Zhu et al., 2011; Burrett et al., 2014a). Thus, the meager evidence currently available suggests that the Truong Son Terrane was located as part of the Himalayan or even Middle Eastern part of Gondwana and rifted off in the latest Ordovician. The Kontum Terrane was closer to the west Australian part of peri-Gondwana and also rifted off Gondwana in the Late Ordovician or early Silurian. There is no evidence for the rifting time of the Loei-Phetchabun Terrane other than it was mid-Devonian or earlier.



TERRANE AMALGAMATION

Several suture zones in mainland SE Asia contain complex and controversial geological histories and record the amalgamation of the three Indochina terranes. The Song Ma Suture (Figure 1) forms the northern boundary of Truong Son. It appears to have been the site of collision between the composite South China Terrane (which includes Northeast Vietnam) twice (Tri et al., 2020). Closure and impingement of the Truong Son and South China terranes took place in the late Silurian with the influx of detrital siliciclastics into central Truong Son which include fish and invertebrate faunas with weak South Chinese affinities. However, by the Early Devonian the fish fauna is undoubtedly South Chinese (Thanh et al., 1996, 1997, 2011; Janvier et al., 1997; Janvier and Thanh, 1998; Young and Janvier, 1999; Young and Lu, 2020) with affinities both to South China and to the well-known fish fauna of the sandstones of the Do Son Formation of Haiphong, in northern Vietnam. The complex geology of the Song Ma Suture suggests that a simple single collision model is impossible. Some important and probably indisputable facts concerning the Song Ma Suture are:

1. Serpentinised ultramafics occur as large lenticular bodies along the Song Ma belt associated with metavolcanics and metasediments (Tri and Vu, 2011).

2. Dates on the ultramafics and associated gabbro and diorite range from 415 Ma (U-Pb zircon), 414 Ma (Sm-Nd), 414 (Sm-Nd), and 387+/− 6 Ma (Sm-Nd and U-Pb zircon) (Tri and Vu, 2011). These are Early Devonian dates. Early Carboniferous mafic crystallization dates are also present in the Song Ma-Ailaoshan ranging from 362+/− 8 Ma, 347+/− 7 Ma, 343 +/−3 Ma, to 338+/−24 Ma (Zi et al., 2012). These dates suggest ocean lithosphere formation at least from the Early Devonian into the early Carboniferous.

3. Monazite inclusions in garnet from phengite schists are 424+/− 15 Ma and may suggest subduction metamorphism (or at least a thermal event) in the Late Silurian (Nakano et al., 2010).

4. The Song Ma ophiolitic complex was unconformably overlain by rift basalts of the early to mid-Permian (283+/− 21 Ma) Cam Thuy Formation and intruded by subduction related Chieng Khoung and Dien Bien granites at about 271 Ma (mid-Permian), (Liu et al., 2012).

5. The Hongvan serpentinite and gabbro is a remnant of oceanic lithosphere (Trung et al., 2006). The dismembered ophiolite was probably emplaced in a fore-arc setting formed by southerly (present day direction) subduction (Findlay and Trinh, 1997; Thanh et al., 2011, 2014).

6. Eclogite, indicating deep “subduction of sub-ophiolite oceanic basalt” to >70 km, was formed at 243+/−4 Ma (monazite dating) and 230.5+/− 8 Ma (metamorphic zircon dating) during the Middle Triassic or Late Triassic (Nakano et al., 2010; Zhang et al., 2013) probably at the same time as granulite metamorphism about 25 km further south (Nakano et al., 2008).

7. The main regional metamorphic event in the Song Ma schists based on Ar/Ar dating was at 255–245 Ma (latest Permian to Early Triassic) (Lepvrier et al., 1997) and is the date of Findlay's (1997) S2 event.

Thus, subduction along the Song Ma Suture probably continued after re-opening of the Song Ma Ocean possibly in the Devonian as suggested by Tri et al. (2020) with subduction magmatism from 290 to 260 Ma (Permian) and syn- to post-collisional magmatism from 245 to 230 Ma (Anisian to Carnian) (Hieu et al., 2017) with final suturing in the Late Triassic but preceded by deep subduction of oceanic basalt to form eclogite in the Middle Triassic (Nakano et al., 2008, 2010). The Ailaoshan Belt in eastern Yunnan (Figure 1) is the northwest continuation of the Song Ma Suture and helps clarify the timing of the Truong Son - South China collision(s). Ailaoshan records “late” Carboniferous to early Triassic subduction magmatism, a late Permian arc-continent collision with convergent magmatism terminating at about 247 Ma (Olenekian) (Lai et al., 2014; Liu et al., 2015; Xu et al., 2019; Xia et al., 2020). Liu et al. (2015) show that the ophiolitic mélange of the Ailaoshan suggests initial rifting and ocean opening in the Givetian through to the latest Carboniferous (Gzhelian). Thus, Ailaoshan may record a post-collision opening of the Ailaoshan Ocean between South China and Truong Son. However, Xia et al. (2016) and Xu et al. (2017) suggest an early Silurian rifting event thereby creating a problem for models such as that presented herein, requiring a late Silurian—Early Devonian collision along the whole Song Ma-Ailaoshan Belt. From these data it seems likely that the late Silurian to Devonian collision along Song Ma is not recorded in the Ailaoshan and may suggest that the Truong Son Terrane collision did not extend beyond Song Ma to Ailaoshan.

The collision of Truong Son with Kontum occurred along the Tamky Suture and possibly its continuation southward along the Poko Fault/Shear Zone (Figure 1). The Tamky Suture extends westwards into Laos where mapping by Hoffet (1937) near the town of Xepon (40 km southeast of the Sepon Mine) identified a 30 km wide east-west trending belt with gneiss flanked by granite to the south and then, further south, by dacite. Plagioclase-bearing mylonitic gneisses from this belt near the Laos- Vietnam border yield a monazite age of 234+/−8 Ma (Middle Triassic) (Nakano et al., 2013, p. 527). Movement and metamorphism along this gneiss belt may have started in the latest Permian or earliest Triassic (Lepvrier et al., 1997). Further north-west the Tamky Suture appears to merge with the Thakhek-Sepon Fault Zone that parallels the Mekong River (Figure 1). The Thakhek-Sepon Fault Zone is 630 km long and has a Pleistocene sinistral displacement of 3 km and a vertical displacement of 400 m (Thom et al., 2015) (Figure 3). Near Thakhek, terrestrial Cretaceous sandstones of the Nam Theun Group (= Khorat Group in Thailand) are uncharacteristically vertical as a result of movement along this fault and form the tourist attraction known locally as the “Great Wall.” However, it is uncertain whether this fault is a Cenozoic reactivation of the western Palaeozoic margin of the Truong Son Terrane or whether it could be similar to the many major Cenozoic faults in mainland South East Asia related to Himalayan collision (Morley, 2002).

An alternative is that the Tamky Suture passes westwards under the Khorat Plateau as suggested in Figure 1. Tran et al. (2014) identified four deformation events in the Tamky Suture with D1 coeval with metamorphism and felsic magmatism at about 430 Ma (mid-Silurian) and post D2 associated with magmatism and a proposed second continental collision at about 260–245 Ma (late Permian-Early Triassic). Poko Fault/Shear Zone (Figure 1) migmatites are intruded by unfoliated post-D2 diorite dated by zircons as 255.6 +/− 3.4 Ma—latest Permian (Tran et al., 2014) indicating little, if any, post-Permian deformation. Tran et al. (2014) propose that the mid-Silurian collision occurred when Kontum was part of the peri-Gondwana margin, though latest Ordovician to early Silurian mid-plate tholeiitic volcanics (as amphibolites) suggest that Kontum was already rifting-off by this time (Figure 13; Lan et al., 2003). A Silurian or Devonian collision of Kontum and Truong Son, as proposed by Wang et al. (2020), is unlikely as there is scant evidence of a widespread Silurian orogeny in the well-studied Sepon Mine section, which is 40 km north of the Tamky Suture (Thassanapak et al., 2018; Loydell et al., 2019). There is a stratigraphic inversion at the mine as Wenlock age limestone is structurally below Llandoverian graptolitic shale Figure 8). This is more likely to be due to accretion in an accretionary wedge rather than due to a major collisional orogeny. Overlying volcaniclastic submarine-fan deposits are coeval with Llandovery shales and contain plastically deformed (unindurated) shale clasts from the underlying graptolitic shale. The Llandoverian volcaniclastics and andesitic volcanics of the Sepon Mine area extend eastward to the Long Dai Volcanic Arc (Thassanapak et al., 2018; Loydell et al., 2019). The conformably overlying Silurian to Devonian shales and fine sandstones of the Kengkeuk Formation contain a moderately deep-water fauna, are gently deformed and unmetamorphosed, and show no evidence of a terrane collision.

Other than the influx of detrital material in the late Silurian and Middle Devonian in central Laos and Vietnam mentioned above, the major change in lithology is in the early Visean, in both the Sepon Mine area and 120 km further north in central Laos and in Vietnam (Thassanapak et al., 2012, 2018) (Figures 2, 7). The widespread, 350 m thick Boualapha Formation is Visean in age and extends throughout the region (Ban, 2000; Ban et al., 2000a,b) (Figures 11, 12) and is coeval with the lithologically similar Lakhe Formation in Vietnam (Figures 2, 4). In central Laos it consists of conglomerate, coarse sandstone, and minor limestone through to shales and is unconformable on Frasnian cherts and overlain by “mid”-Carboniferous (? late Visean, Khammouan Formation in Laos and the limestones of the basal Bac Son Formation in Vietnam) (Figures 2, 4). An open marine fauna of brachiopods, solitary rugose corals and trilobites is found in the Boualapha Formation and interdigitates with probably more restricted coastal sediments containing abundant bivalves (Ban, 2000; Nguyen, 2001; Thassanapak et al., 2012). To the south of the Sepon Mine area and close to but north of the Tamky Suture, coarse conglomerates and sandstones containing semi-anthracite (Figure 11) are probable but not certain, correlates of the Boualapha Formation. They appear from our reconnaissance mapping to be younger than deformed Late Devonian to Tournaisian limestones shown in Figures 9C–F, 10. These deformed limestones show features suggesting shallowing and karstification during uplift during the proposed collision of the Truong Son and Loei-Phetchabun terranes. In the Loei-Phetchabun Terrane, in the Loei Foldbelt, a similar influx of coarse terrigenous material bearing plant material (Figures 8D–F) and associated with semi-anthracite deposits occurred along with major deformation, in the late Tournaisian to early Visean, terminating deep-water chert sedimentation and giving way to later Visean to mid-Permian platform limestone successions (Chairangsee et al., 1990; Ratanasthien, 2011; Udchachon et al., 2017, their Figure 13).

A “mid-Carboniferous” unconformity is recognized in the five petroleum wells that have penetrated beneath the Pennsylvanian Si That Formation on the Khorat Plateau and is picked on many seismic sections (Figures 3, 4) (Booth and Sattayarak, 2011). Two of the wells encountered granites, one of which at Yang Talat (Figures 3, 4) is dated at 329+/−3 Ma (“mid”-Carboniferous). We therefore suggest that the fusion of the Truong Son and Loei-Phetchabun Terranes took place in the late Tournaisian to early Visean (Figures 2, 14, 15). The four plutons dated as 332 Ma (late Visean) that are widespread in western Cambodia (Cheng et al., 2019) may be the result of this collision.
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FIGURE 14. Diagrammatic reconstructions, not to scale, showing the development of the Loei-Phetchabun and Truong Son terranes in northeast Thailand in Loei, Nong Khai, and Udon Thani provinces (south of Mekong River) and in an immediately adjacent part of Laos along and just north of the Mekong River. Line of section is shown in Figure 1. Fold vergence based on Chairangsee et al. (1990). Cardinal directions are present-day. In this area, the orogenic belt known as the Loei Foldbelt (Loei in Figure 1) is divided into a western Loei-Phetchabun Terrane and an eastern Truong Son Terrane (East Loei on Figure 1) separated by the Loei Suture. (A) Ordovician in Truong Son Terrane in Laos based on Long et al. (2019). (B) Silurian to Early Devonian. Truong Son Terrane in Thailand and Laos. Thin fossiliferous limestones interbedded with shales and volcaniclastics interdigitate westwards with a volcanic island arc formed by eastward subduction of oceanic lithosphere. (C) Late Devonian (Givetian- Frasnian). Arc volcanism in central Loei Foldbelt (Panjasawatwong et al., 2006) with north-south ridges to the east in the Givetian with highly fossiliferous coral-stromatoporoid reefs overlying thin bedded limestones which overlie siliciclastics with plant material, trilobites, large brachiopods, and other benthos (Udchachon et al., 2017). (D) Famennian to earliest Tournaisian. Radiolarian cherts were deposited over much or most of the area (Saesaengseerung et al., 2007; Burrett et al., 2015). (E) Tournaisian. Initial docking of the Loei-Phetchabun and Truong Son terranes led to uplift of the over-riding block in the east and the deposition of a mainly turbiditic sequence of siliciclastics containing rare plant fragments in the west (Chairangsee et al., 1990). (F) Early Visean. Continued collision led to uplift of the over-riding block, metamorphism in the footwall area and the deformation of ophiolites in the Loei Suture and serpentinised ultramafics were squeezed close to the surface. Volcanism in the east provided volcanic material to coal deposits deposited further west. Other terrestrial deposits are evaporites and sandstones. (G) Early Permian. Continued erosion of the orogen led to the development of carbonate platforms during the mid-Visean separated by deeper marine basins such as the Nam Duk Basin. Deep-water siliciclastic and limestone turbidites in the Nam Duk Basin contain mafic detritus from the eroded Loei Suture to the east. Rhyolites and dacites erupted across the eastern area from the Permian to the Triassic. (H) Early Triassic. Granites intruded across the area with associated widespread dacitic and rhyolitic volcanism. In the Early-Middle Triassic a second phase of folding was caused by docking of a terrane from the east-probably the Sukhothai Island Arc Terrane. A third phase of folding in the Late Triassic was probably caused by the collision of the combined Inthanon-Sibumasu Terrane with the amalgamated Indochina terranes during the Norian. Post-Norian terrestrial siliciclastics of the Khorat Group covered (and still cover) much of the area (Figure 3) and they were subsequently gently deformed in the Cretaceous due to the collision and indentation tectonics of India with Asia.
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FIGURE 15. Speculative palaeogeographic sketches showing suggested rifting, convergence, and fusion of the Truong Son, Loei-Phetchabun, and Kontum terranes. Kon, Kontum Terrane; LDV, Long Dai Volcanic Arc (late Ordovician to Silurian); SA, Sukhothai Terrane (Permo-Triassic volcanic arc—see Figure 1), and TR, Truong Son Terrane. (A) Early Silurian with terranes having just rifted from Gondwana. (B) Early Carboniferous (late Tournaisian to earliest Visean) - initial collision of Loei-Phetchabun and Truong Son terranes, with influx of siliciclastics, including some coarse conglomerates. (C) Late Carboniferous - just after collision of Truong Son and Loei-Phetchabun terranes in the Serphukovian. Deposition of Wang Saphung Formation in Loei region and the establishment of a carbonate platform in the Visean across both the Loei-Phetchabun and Truong Son terranes in Laos, Vietnam, NE Thailand and possibly in Cambodia. Possible initial docking of Kontum Terrane with Loei-Phetchabun terrane along Poko Fault. (D) Late Permian. Kontum Terrane collides with Truong Son and Loei-Phetchabun terranes with stitching pluton across Poko Fault. (E) Early- Middle Triassic collision of the Sukhothai Island Arc Terrane and subsequent transcurrent fault movements led to the creation of numerous small basins, often half graben and filled with volcaniclastics, lacustrine, and fluviatile sediments. Final assembly of most mainland SE Asian terranes except for the West Burma Terrane occurred in the Norian.


The widespread Visean-initiated, post-orogenic, carbonate platform was terminated in the Truong Son and Loei-Phetchabun terranes mainly in the mid-Permian and is replaced by marginal marine to terrestrial siliciclastics. However, in some areas, such as in the Phetchabun Province, carbonate sedimentation continued until the late Permian (Wuchiapingian) (Hada et al., 2020). Generally, terrestrial to marginal marine siliciclastic deposition, continued from the late Permian to the Cretaceous with minor Triassic and Jurassic marine limestones on Truong Son and on Sibumasu. Speculatively, the early Norian Indosinian I/II events picked on seismic sections (Booth and Sattayarak, 2011) may be due to the collision of South China and Truong Son possibly subsequent to the deeply subducted eclogite of the Song Ma Suture at about 233 Ma (Nakano et al., 2008, 2010). The Indosinian III Unconformity was probably due to the final consolidation of the terranes in the late Norian with the closure of the Nan Suture and the collision of Sukhothai, Inthanon, and Sibumasu terranes (Chaodumrong and Burrett, 1997; Hirsch et al., 2006; Barber et al., 2011; Kamata et al., 2013; Arboit et al., 2016; Hara et al., 2021).



CONCLUSIONS

Mainland South East Asia consists of at least three geologically distinct terranes—the Loei-Phetchabun, Truong Son, and Kontum, and some of their defining characteristics are summarized in Table 1. Complex sedimentological, magmatic, structural, and metamorphic histories make a realistic model for their tectonic development speculative. However, by synthesizing data from diverse sources, much of it accumulated in the last 10 years, we propose a preliminary tectonic hypothesis for the rift, drift, and fusion of the Indochina terranes (Figures 2–5, 7, 14, 15). The Truong Son Terrane rifted from the Middle-East-Himalayan sector in the Late Ordovician and the Kontum Terrane rifted from the western Australian sector also in the latest Ordovician or early Silurian (Figure 15). There is no evidence for the time of rifting of the Loei-Phetchabun Terrane. The Truong Son and Loei-Phetchabun terranes have distinct geological histories prior to the Visean (Figures 2, 5, 14). Sedimentologically, the Frasnian to Tournaisian carbonate platform of Truong Son and the siliciclastic marine platform of Loei-Phetchabun were terminated in the latest Tournaisian to earliest Visean by influxes of coarse siliciclastics, the closure of the Loei Suture, uplift, subsequent strong deformation, and the development of terrestrial deposits (Figures 2–4). By the middle Visean, erosion allowed the development of a tropical carbonate platform across both terranes which was terminated in the mid-late Permian (Figures 2–5, 14). It is suggested that the Loei Suture separated the Truong Son and Loei-Phetchabun terranes and is defined by the Loei thrust fault, serpentinites, chrome spinels, and recently discovered ultramafics (Figures 1, 2, 6, 15). A long-lasting ocean is indicated along the Nan Suture from the Late Ordovician to the Triassic based on recent dating of gabbros and basalts (Shen et al., 2010a; Khin et al., 2014) (Figures 2, 14, 15). Subduction of oceanic lithosphere led to arc magmatism along the western margin of the Loei-Phetchabun Terrane from the Devonian (Intasopa and Dunn, 1994; Panjasawatwong et al., 2006) and along the western and southern margins of the combined terranes until the Triassic (Shen et al., 2010b; Barr and Charusiri, 2011; Salam et al., 2014; Qian et al., 2015) (Figure 15). Collision of the combined Sibumasu-Inthanon Terranes with the combined Indochina terranes in the late Triassic (Norian-Rhaetic) finalized the fusion of most of the mainland SE Asian terranes.
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The Banyumas Basin is a tertiary sedimentary basin located in southern Central Java, Indonesia. Due to the presence of volcanic deposits, 2-D seismic reflection methods cannot provide a good estimation of the sediment thickness and the subsurface geology structure in this area. In this study, the passive seismic tomography (PST) method was applied to image the 3-D subsurface Vp, Vs, and Vp/Vs ratio. We used 70 seismograph borehole stations with a recording duration of 177 days. A total of 354 events with 9, 370 P and 9, 368 S phases were used as input for tomographic inversion. The checkshot data of a 4, 400-meter deep exploration well (Jati-1) located within the seismic network were used to constrain the shallow crustal layer of the initial 1-D velocity model. The model resolution of the tomographic inversions was assessed using the checkerboard resolution test (CRT), the diagonal resolution element (DRE), and the derivative weight sum (DWS). Using the obtained Vp, Vs, and Vp/Vs ratio, we were able to sharpen details of the geological structures within the basin from previous geological studies, and a fault could be well-imaged at a depth of 4 km. We interpreted this as the main dextral strike-slip fault that controls the pull apart process of the Banyumas Basin. The thickness of the sediment layers, as well as its layering, were also could be well determined. We found prominent features of the velocity contrast that aligned very well with the boundary between the Halang and Rambatan formations as observed in the Jati-1 well data. Furthermore, an anticline structure, which is a potential structural trap for the petroleum system in the Banyumas Basin, was also well imaged. This was made possible due to the dense borehole seismographic stations which were deployed in the study area.
Keywords: Banyumas Basin, passive seismic tomography, VP, volcanic sediment, hydrocarbon structure
INTRODUCTION
Based on the sedimentary basin map of Indonesia (Indonesia Geology Agency, 2009), there are at least 13 sedimentary basins on Java Island; eight of these are categorized as intermontane arc basins and are located in the southern part of Java Island. These eight basins, located in the Java volcanic arc, are covered by Paleogene to recent volcaniclastic sediments; the presence of volcaniclastics causes poor quality data in the 2-D seismic reflection method, which is used to determine the subvolcanic sediment.
Our study area, the Banyumas Basin, is located in the southern part of the Central Java Province, Indonesia, and is one of intermontane arc basins covered by volcaniclastic sediment. Lack of geologic and geophysics (G&G) studies in the Banyumas Basin make it terra incognita in terms of petroleum exploration (Satyana, 2015). More specifically, the Banyumas Basin is located between the Gabon Fault in the western area and the Kebumen–Bantul Basin in the eastern area (Figure 1). Most of the area of the Banyumas Basin is located onshore as only a small part of the basin is located in offshore areas (Muchsin et al., 2002; Armandita et al., 2009; Indonesia Geology Agency, 2009; Satyana, 2015).
[image: Figure 1]FIGURE 1 | Map of the regional geological structure and the Banyumas Basin boundary (modified from the Geology Agency., 2009; Muchsin et al., 2002; Armandita et al., 2009; Satyana, 2015; Lunt et al., 2009; Hidayat et al., 2020).
Integrated geology and geophysics studies around the Banyumas Basin were performed by the Center of Geological Survey (CGS) under the Ministry of Energy and Mineral Resources of Indonesia in 2018 (Hidayat et al., 2020; Junursyah et al., 2019; Handyarso and Hidayat, 2019; Setiawan, 2019). These studies show that the Banyumas Basin consists of two subbasins (Lunt et al., 2009; Hidayat et al., 2020), that is, the Citanduy Subbasin in the southwestern part of the anticline structure, which is aligned in a NW–SE direction, and the Majenang Subbasin, which is northeast of the anticline.
The Banyumas Basin is also categorized as a tertiary sedimentary basin with hydrocarbon potential, based on discoveries of hydrocarbon seepage; some of these seepage discoveries were sampled for geochemical analysis. The biomarker characteristics suggest that oil seepage in the Banyumas Basin is derived from a deltaic fluvial depositional environment deposited in the Late Cretaceous to Eocene eras (Junursyah et al., 2019; Setiawan, 2019). However, an Eocene rock outcrop could not be found in our study area, which could be sampled for further analysis. Exploration using the 2-D seismic reflection method was also carried out to image the potential hydrocarbon reservoir and the geological structure as the source and migration path of the seepage. However, the obtained resolution was quite low due to the fact that the Banyumas Basin is covered by thick volcanic sediments. Based on the previous study in the Jati-1 exploration well, the volcanic sediments were still could be identified to a depth of 4, 000 m (Tampubolon et al., 2014).
To image the presence of geological structures and determine the thickness of sediment covered by volcanic sediments, we applied the passive seismic tomography (PST) method to the first PST survey with dense borehole seismographic stations in the Banyumas Basin. PST has been widely used in the hydrocarbon industry to investigate geological structures (Maxwell and Urbancic, 2001), fluid movement (Rutledge et al., 1998), and hydraulic fracturing (Rutledge and Phillips, 2003). A previous PST study in hydrocarbon-rich areas in southern Albania (Tselentis et al., 2011) shows a correlation between Vp structure anomalies and geological structures in the study area as well as Vp/Vs anomalies that reveal a correlation with fluid content in reservoirs (Hamada, 2004; Tselentis et al., 2011). The 3-D PST was also successfully carried out in regional explorations of hydrocarbon at a relatively low cost when compared to the 2-D seismic reflection method (Durham, 2003; Kapotas et al., 2003; Martakis et al., 2003; Martakis et al., 2006; Tselentis et al., 2007). This has led to the growing popularity of PST for use as a method of hydrocarbon exploration.
In this study, we determine the Vp, Vs, and Vp/Vs ratio using a local borehole network. A dense seismographic network of 70 borehole stations was deployed for about six months to record seismicity in the study area. To improve the signal-to-noise ratio of the recorded waveform, each borehole station was installed at the bedrock (around 12 m depth). Furthermore, a deep exploration well of ∼4.5 km depth was used to constrain the velocity structure obtained from the tomographic inversion. One of our objectives in this study was to delineate the geological structure, such as anticline, which is the most common structural trap for petroleum systems. A previous study (Purwasatriya et al., 2019) mentions that claystone from the Halang Formation could be a potential caprock for the Banyumas Basin petroleum system. According to the checkshot data from the Jati-1 well, the Halang Formation has the most significant velocity contrast (around 9.4%), compared to the Rambatan Formation, which was deposited below the Halang Formation. Based on the velocity contrast of these two formations, we attempt to delineate the subsurface geological structure of our study area.
GEOLOGY
From the aspect of the regional geological structure, the Banyumas Basin runs in three main structures. First, the Gabon strike-slip fault, which is in a northwest-southeast direction. Second, the Karangbolong strike-slip fault, in a northwest-southeast direction and represented by fault and folds structure. Third, the direction of the South Serayu geanticline, which consists of disturbed zones and the west–east trending geanticline (Pulunggono and Martodjojo, 1994) (Figure 1).
Figure 2A shows a regional geology map of the area around the Banyumas Basin. The oldest outcrop is the Gabon Volcanic Formation (Tomg), which is an Oligocene–Middle Miocene volcanic sequence found in the southwestern part of our study area. This is followed by the deposition of the Pemali Formation (Tmp), which consists of Lower–Middle Miocene turbidite deposits. Next is the Rambatan Formation (Tmr), which was deposited in the Middle Miocene and consists of limestone, sandstone, and conglomerates. Then follows the Kalipucang Formation (Tmk), which consists of Middle Miocene limestone; this is followed by the Halang Formation (Tmhs), which consists of napal and sandstone and are Middle Miocene–Early Pliocene turbidite deposits. The Kumbang Formation (Tmpk), which consists of sandstone breccias, is volcanic facies deposited in the Middle Pliocene era. Furthermore, the Tapak Formation (Tpt) is a sandstone intercalation of calcarenite with marl deposited in the Middle Pliocene–Late Pliocene; and finally, the volcanic and basalt of the Quaternary volcanic facies (Qa) (Setiawan, 2019). Based on the results of a previous geological study (Purwasatriya et al., 2019), reservoir rocks in the Banyumas Basin have their own unique characteristics because they are deposited in the volcanic environment. However, the presence of tectonic episodes during the Pliocene–Pleistocene period has made secondary porosity in the reservoir rocks, so that volcanic rocks in the Banyumas Basin area remain potential as reservoir rocks. Caprocks, which consists of volcanic rock and has low porosity and permeability, can be found as clay, silt, tuff, and marl in the Gabon and Halang formations. Potential trapping mechanisms in the Banyumas Basin can be structural traps, such as fault structures or anticline, and can also be statigraphic traps, such as reef and onlap. Based on a biomarker analysis, source rock for the Banyumas Basin is considered to have been generated from sediment deposited in the deltaic fluvial environment in the Late Crestaceous–Eocene period (Junursyah et al., 2019; Setiawan, 2019); this criterion is suitable for the black shale found in the Eocene sediment in the Karangsambung Formation.
[image: Figure 2]FIGURE 2 | (A) Regional geological map of the study area (modified from Budhitrisna, 1986; Supriatna et al., 1992; Kastowo, 1975; Simandjuntak and Surono, 1992; Djuri et al., 1996; Asikin et al., 1992) and (B) distribution of PST stations shown by red-colored inverted triangle.
SEISMIC NETWORK AND DATA
In this study, we used passive seismic data acquired from the Ministry of Energy and Mineral Resources of the Republic of Indonesia through the Geological Survey Center. Data acquisition consisted of 70 recording stations (Figure 2B), which had a recording duration of approximately 177 days, starting from March 17 to September 9, 2018, using broadband, three-component borehole Geobit, and SRI23 seismographs. The seismometer sensor used is a borehole type that was installed at an average depth of 12 m at each station. Each seismograph station is equipped with coordinates and elevation measurements using the differential global positioning system (DGPS) to obtain an accurate position at each recording station. For tomographic inversion, the waveform used in this study is a local and regional event with arrival time differences for S and P waves (ts−tp) less than 25 s (Supplementary Figures S1, S2). We determine seismograph stations deployment based on seismic activity and coverage of some geological features that are potential hydrocarbon traps, considered by previous studies on the regional geological and geophysical features, such as gravity, 2-D seismic reflection, and exploration wells. We also used these studies to validate our tomographic results. Several geological features, such as the Cipari anticline trend, the dextral strike-slip of the Pamanukan–Cilacap Fault, and the oil seepage around our seismograph stations, were used for validation in our horizontal and vertical cross section. Lithologically, this seismic network was also designed to cover rock units ranging from the Gabon Formation (Tomg), deposited during the Oligocene–Miocene, to the surficial deposits (Qa). The average distance that was applied between each seismic station was about 5–6 km in order to cover about 60 × 25 km of the study area (Figure 2B).
The result of travel time tomography inversion is expected to image the condition of the geological structures related to the generation of the pull apart basin, as well as the trapping mechanism for the petroleum system in this study area.
DATA PROCESSING
Picking P and S Wave Phase and Hypocenter Location Determination
The event identification and picking process of P and S waves’ arrival times are done manually by eye using SeisGram2K software (Lomax and Michelini, 2009). In this study, we only used events that have a difference in arrival times of P and S less than 25 s. A total of 354 earthquake events were used in this study, with 9,370 P wave phases and 9,368 S wave phases. The quality control (QC) of the picking process for all events is performed using a Wadati diagram, as shown by example in Supplementary Figure S2.
Determining the Hypocenter Location with the NonLinloc Method
We determined the hypocenter locations using a nonlinear method from the NonLinLoc program (Lomax, 2008) with an inversion approach that relies on the use of PDF normalization and non-normalization to demonstrate our knowledge of parameter values (Tarantola and Valette, 1982). The algorithm used in the inversion process for determining the location of hypocenter is the oct-tree importance sampling, which uses a recursive division process. First, a large grid is divided into the sample space, then the PDF value for each cell is calculated, and finally, the PDF value is entered into the PDF list. The largest PDF value is then retrieved from the list, the cells in the largest PDF value are subdivided again, and the PDF value is calculated. The procedure is repeated until the number of cells is determined, and a solution for the location of the earthquake is found. To determine the position of the hypocenter using the NonLinLoc program (Lomax et al., 2000), in addition to using the P and S wave arrival time data, some additional information, such as the position of the PST station coordinates and the 1-D velocity model was also required. The 1-D velocity model used in this study (Figure 3 and Supplementary Table S1) is a combination of Jati-1 well checkshot data for the shallow crust and the results of a travel time tomography study done in south Central Java (Koulakov et al., 2007) for the deeper crust. The Jati-1 well is the deepest exploration well located within our seismic network. The distribution of 354 seismic events is shown in Supplementary Figure S4.
[image: Figure 3]FIGURE 3 | Comparison of top 20 km regional 1-D velocity (Koulakov et al., 2007) and local 1-D velocity using Jati-1 well checkshot data to specify a layered model or a 3-D velocity model. Jati-1 well checkshot data give a more detailed velocity contrast on the shallow crust. We used 1.74 as initial Vp/Vs ratio value for tomography inversion. The complete 1-D initial velocity model which we used in this study is shown in Supplementary Table S1.
Travel Time Tomography Inversion to Determine 3-D Vp, Vs, and Vp/Vs Ratio
We applied the SIMULPS12 program (Evans et al., 1994) to determine the 3-D Vp and Vp/Vs ratio structure with simultaneous hypocenter adjustment (Eberhart-Phillips, 1986; Thurber, 1993; Thurber, 1993). The inversion method used a damped least square, which simultaneously calculates the velocity model and relocates hypocenters. The ray path parameters in the 3-D velocity structure were obtained from calculations using the pseudo-bending ray tracing method (Supplementary Figure S5) (Um and Thurber, 1987).
Some input parameters for travel time tomography inversion for the determination of the 3-D Vp, Vs, and Vp/Vs ratio are: arrival time of the P and S wave, the initial seismic velocity model, hypocenter location, and location of the PST station. The initial model for hypocenter parameters was obtained using the NonLinLoc program. The initial velocity model used for Vp is mentioned in Figure 3 and Table S1, while we used Vp/Vs of 1.74; which is obtained by using a modified Wadati diagram in Supplementary Figure S3, as an input for tomographic inversion, which was then updated using an inversion algorithm from SIMULPS12. The application of checkshot data is meant to specify a more detailed and a local 1-D velocity model in order to delineate geological features at shallow depths. Supplementary Figure S6 shows histogram of travel time residual (in seconds) of P and S wave phases decreased after the tomographic inversion and how RMS residual decrease by number of iteration.
The initial 3-D velocity model was created in a grid node with a cell size of 5km x 5km x 2km. Each cell in the grid node contained initial velocity model information, which was then used in the tomography inversion. A damping parameter is needed to stabilize solutions in tomography inversion. The optimum value of the damping parameter is obtained from the comparison of variance data with the variance model on the trade-off curve (Supplementary Figure S7). In this study, the optimum damping value for both Vp and Vp/Vs is 40. The optimum damping value varies with the amount and distribution of data, size, and distance from the grid nodes (Eberhart-Phillips, 1986).
Resolution Test
A resolution test was performed using the checkerboard resolution test (CRT), the diagonal resolution element (DRE), and the derivative weight sum (DWS), using a grid node with the same cell size, which we used for tomography inversion; as mentioned in Section Travel Time Tomography Inversion to Determine 3-D Vp, Vs, and Vp/Vs Ratio. CRT was performed by making a synthetic velocity model, giving high and low perturbation of ±10% to the initial model. The value of ±10% perturbation was set based on the Halang–Rambatan formations’ velocity contrast (around 9.4% as mentioned in the Introduction section). By using synthetic velocity, a calculation was performed to obtain synthetic travel time. In this study, we used an instrument with a sampling rate of 100 Hz; assuming an uncertainty of 10%, we added 0.1 s of random noise in our synthetic travel time. Then, inversion was performed using synthetic travel time and a true velocity model (Figure 3 and Supplementary Table S1) to obtain recovery of the initial checkerboard model. The inversion results were used to test the resolution of the tomographic inversion results; we evaluated spatial resolution by determining how well the initial synthetic data could be recovered. In addition to CRT, the resolution test was also done using the DRE method. Using this method, we evaluated spatial resolution by plotting the matrix resolution; the value of 0 indicates that the model parameter is completely unresolved, while the value of 1 indicates that the model parameter is completely resolved (Toomey and Foulger, 1989); our results in this study show a high DRE value of 0.4–0.9. The last method employed was the resolution test using DWS. We evaluated spatial resolution by calculating the ray density of cells in the grid node (Toomey and Foulger, 1989). The larger the DWS, the more rays pass through the cell on the grid nodes, which indicates good resolution in this area. In general, the results of our resolution test of the CRT, DRE, and DWS indicate that our study area is well resolved for further interpretation. Results of the resolution test for horizontal and vertical sections using CRT are shown in Figures 4, 5, respectively; while those for the DRE and the DWS methods are shown in Supplementary Figures S8–S11, respectively. In this case, we only display the regions that are well resolved by CRT, while the regions that are unresolved are characterized in white color. Figure 5 shows a resolution test for Vp and Vp/Vs in vertical sections of A–A′, B–B′, C–C′, and D–D′ which show a comparison of the initial synthetic velocity model of the checkerboard test and the results of its recovery. Based on these three resolution test methods, we conclude that the entire regions of our study area from both horizontal and vertical cross sections can still be well resolved. This resolved area will be further interpreted in relation to the geological structure identified from the cross sections. We expect to reveal the regional geological structures, for example, strike-slip faults (such as the Gabon Fault, the Pamanukan–Cilacap Fault, and the Karangbolong Fault) in our horizontal section. Furthermore, in the vertical sections, we expect to reveal the anticline structure that could be a potential structure trap for the Banyumas Basin.
[image: Figure 4]FIGURE 4 | Horizontal view of recovery from ±10% initial checkerboard resolution tests for Vp and Vp/Vs ratio. Figure (A–D) are recovery of the Vp checkerboard test at 0–6 km depth, while figure (E–H) show recovery of the Vp/Vs checkerboard test at 0–6 km depth. Blue and red colors indicate positive and negative anomalies, respectively. Random noise with a 0.1 s standard deviation was added to the synthetic travel time.
[image: Figure 5]FIGURE 5 | (A) The vertical cross section of a ±10% initial model checkerboard resolution test, and the recovery checkerboard resolution test of the Vp (B) and Vp/Vs ratio (C) for A–A′, B–B′, C–C′, and D–D′, respectively.
INTERPRETATION OF RESULTS
Travel time tomography inversion results are presented in vertical and horizontal cross sections of the Vp structure, and in horizontal cross sections of Vs structure and Vp/Vs ratio, which will be covered in the following discussion. Horizontal cross sections will be presented in every 2 km, starting from 0 km (mean sea level), while vertical cross sections will be presented on the sections passing through the Jati-1 well and oil seepage on the surface. The cross sections of A–A′ and D–D′ passed through the Jati-1 exploration well and oil seepage on the surface, while the cross sections of B–B′ and C–C’ passed through oil seepage on the surface. Vertical cross sections that passed through oil seepage and the Jati-1 well were further analyzed for interpretation in several geological structures that have potential as hydrocarbon traps.
In this study, we also used the results of other geophysical studies such as the gravity anomaly map and 2-D seismic reflection sections (Tampubolon et al., 2014) to validate the vertical cross section of our seismic tomography results. The surface geology and the residual gravity anomaly map are used as validation for our horizontal cross sections. Using the PST method, we tried to investigate the geological structure in the form of anticline, which can be an ideal structural trap for the Banyumas Basin petroleum system; however, detailed explanations related to lithological interpretations will not be presented in this article.
Horizontal Sections of the Vp Structure
Figure 6 shows the result of using a previously available study in the study area; that is, the gravity anomaly and the regional Miocene structure for comparison with our horizontal cross section; while Figure 7 shows our Vp horizontal cross section results from 0 to 6 km depth; each of our horizontal cross sections is displayed in % perturbation relative to the initial 1-D Vp model. We characterize the presence of the Cipari anticline as a high-velocity anomaly which has a relative NW–SE orientation. We also observed a high-velocity anomaly presence as a volcanic rock in the Gabon Formation in the southwest of the study area based on a comparison of the regional geological map of the study area with a horizontal cross section at 0 km depth (Figure 7A). The existence of the Citanduy Subbasin and the Majenang Subbasin can also be imaged in the horizontal cross section Vp at a depth of 2 km (Figure 7B), which is comparable to the residual gravity anomaly. Furthermore, we can still delineate some similar geological features, which are shown in the horizontal Vp section at a depth of 2 km. It was seen that the velocity structure Vp has good compatibility with some geological features, such as the Cipari anticline pattern, which has a relative NW–SE orientation, and some lithological distribution patterns such as the outcrop of the Gabon Formation, which is characterized by a high-velocity anomaly in the southwest part of the study area.
[image: Figure 6]FIGURE 6 | Previous studies available for the study area were used for comparison with our horizontal cross section results: (A) A residual gravity anomaly (modified from Hidayat et al., 2020), (B) the regional Miocene geological structure configuration of the southern part of Central Java (modified from Muchsin et al., 2002), and (C) the complete Bouger anomaly map (modified from Hidayat et al., 2020).
[image: Figure 7]FIGURE 7 | Horizontal cross section results of % velocity perturbation relative to the initial 1-D velocity model for: (A) 0 km depth, (B) 2 km depth, (C) 4 km depth, and (D) 6 km depth. Jati-1 well location is shown by a red star, while oil seepage discoveries are shown by red circles. The low-velocity anomaly, shown by red color, confirmed a low gravity anomaly (Figure 6A) and interpreted as possible subbasins around the study area. The Miocene geological structure of Figure 6B was overlaid over the Vp horizontal cross sections map.
Based on the study of Miocene-aged geological regional structure configurations in the study area (Muchsin et al., 2002), it was seen that there are three dextral strike-slip fault structures that extend in an NW–SE orientation, that is, the Gabon Fault, the Cilacap–Pamanukan Fault, and the Karangbolong Fault. Based on our horizontal cross section of the Vp, we can clearly identify Citanduy and Majenang Subbasin. We can also clearly identify the Gabon Fault and the Karangbolong Fault located in the southwestern and northeastern part of our study area at 0 and 2 km depths (Figures 7A,B); although the velocity contrast indicating the Pamanukan–Cilacap strike-slip fault trend was not clearly imaged. We assume that at depths of 2 km or shallower, some segments of the Pamanukan–Cilacap strike-slip fault are covered by sediment deposited after this structure was formed. Our assumption is also supported by the results of the Jati-1 well interpretation (Table 1), which shows that rock units in the Late Miocene Rambatan Formation were still deposited to depths of 2 km. At depths of 4 and 6 km, respectively, as shown in Figures 7C,D, the contrast of the Vp anomaly is interpreted as dextral regional strike-slip faults that is the Gabon Fault, the Pamanukan–Cilacap Fault, and the Karangbolong Fault as mentioned by the previous study as the Miocene geological structure of the southern part of Central Java (Muchsin et al., 2002). A low-velocity anomaly (Figures 7C,D) indicates a thick sedimentary rock deposit generated by the presence of an echelon structure as obtained based on the anomaly contrast of the Vp/Vs ratio; we assume that these regions may be the depocenter of the Banyumas Basin.
TABLE 1 | Facies analysis based on Jati-1 well log data (Tampubolon et al., 2014).
[image: Table 1]Horizontal Sections of Vs and Vp/Vs Ratio
Figure 8 shows the result of Vp/Vs ratio and the Vs structure. Compared to horizontal Vp structures, our results showed high Vp, Vs, and low Vp/Vs values were imaged at depths of 0–4 km around the Jati-1 exploration well region. We consider this region as the result of the Pliocene–Pleistocene tectonic compression (Pulunggono and Martodjojo, 1994) which formed an anticline structure and separated the Majenang and the Citanduy Subbasin. However, low Vp, Vs, and high Vp/Vs values, which were imaged at depths of 6 km around this Jati-1 exploration well region, might be an accumulation of Late Cretaceous–Eocene sediment.
[image: Figure 8]FIGURE 8 | Horizontal sections Vp/Vs ratio and the Vs structure at (A) 0 km depth, (B) 2 km depth, (C) 4 km depth, and (D) 6 km depth, and perturbation of Vs anomaly at (E) 0 km depth, (F) 2 km depth, (G) 4 km depth, and (H) 6 km depth. Based on an anomaly contrast of Vp/Vs ratio at 2 and 4 km depth, we assume that Pamanukan–Cilacap strike-slip fault formed an echelon structure that controls the depocenter of the Banyumas Basin.
Based on the Vp/Vs ratio value, we obtained a NW–SE trending anomaly distribution pattern (Figure 8); we divided Vp/Vs value into two regions that is a high Vp/Vs value (>1.80) and a low Vp/Vs value (<1.7 0) which indicates the change of lithology according to the regional geology map. The change of lithology indicates that the Pamanukan–Cilacap strike-slip fault structure forms an echelon structure, which probably controls the formation of depocenter from the Banyumas Basin. This explains the presence of a low gravity anomaly around the Jati-1 exploration well. We assume this may be one of the possible reasons why, up to a depth of 4400 m, the Jati-1 exploration well has not found any rock formations older than the Middle Miocene–aged Pemali Formation (Table 1). Like the Vp structure, the Vs structure shows a similar anomaly distribution pattern. Figure 8E,F show comparable results with the residual gravity anomaly, while Figure 8G,H show comparable results with the complete Bouger anomaly. We interpret that the low-velocity anomaly around the Jati-1 exploration well region in Figure 8G,H shows the depocenter zone of the Banyumas Basin. This is confirmed by the presence of thick sedimentary deposits characterized by a low-velocity anomaly around the Pamanukan–Cilacap strike-slip fault in the vertical sections of the Vp structure. Some discoveries of oil seepage on the surface were also found around this structure with a similar NW–SE orientation, as seen in Figure 9.
[image: Figure 9]FIGURE 9 | Overlay of oil seepage data distribution and Jati-1 exploration well to the vertical section of the Vp, Vs, and Vp/Vs ratio based on travel time tomography inversion results around the PST network (modified from Junursyah et al., 2019).
Vertical Sections of Vs and Vp/Vs Ratio
We attempted to interpret four sections which are passing through the Jati-1 well and oil seepage on the surface (see map on Figure 9). In Figure 10, we presented vertical sections of Vp, Vs, and Vp/Vs ratio. Based on A–A′ and D–D′ vertical sections of Vp and the Vs structure, the Jati-1 well is directly above the anticline structure with a target depth of 4400 m and characterized by high value of both Vp and Vs, while Vp/Vs ratio in the A–A′ and D–D′ sections indicate a low anomaly region (<1.70) in the target depth of Jati-1 well. Vp/Vs ratio is sensitive to identify fluid type (Hamada, 2004; Tselentis et al., 2007), a low Vp/Vs ratio value indicates the presence of gas-bearing or high fluid compressibility, while a high Vp/Vs ratio value indicates a liquid-bearing or low fluid compressibility (Tselentis et al., 2007). We assume that the existence of this high Vp, Vs, and the low Vp/Vs value in this region (shown by the black dashed curve circle), might be a possible reason why the Jati-1 well has not found any indication of liquid-bearing at a depth of 4400 m.
[image: Figure 10]FIGURE 10 | Vertical sections of Vp (A), Vs (B), and Vp/Vs ratio (C). Line A–A′ and D–D′ intersected Jati-1 well (shown by black-colored inverted triangle) with a target depth of 4, 400 m. Based on vertical sections of Vs, the Jati-1 well is directly above the anticline structure as shown by Vp and Vs vertical sections. In the target depth of Jati-1 well, Vp/Vs ratio shows a low anomaly region (<1.7).
Vertical Sections of Vp
In Figure 11, both the A–A′ and D–D′ cross sections pass through the Jati-1 exploration well and succeed in determining the geological contact of the Halang and Rambatan formations, according to the interpretation of the Jati-1 exploration well (Table 1) which states that the top of the Rambatan Formation is at a depth of 1, 250 m and which is also shown in the velocity contrast, characterized by blue line of the Vp structure cross sections. The Halang Formation has a significant role in the Banyumas Basin petroleum system. Mudstone in the Halang Formation is expected to be potential caprocks in the petroleum system for the Banyumas Basin. Regional structures similar to fold structure patterns (anticline–syncline) can also be imaged well, based on cross sections of the Vp structure; these show comparable results with the residual gravity anomaly response obtained from the previous study (Hidayat et al., 2020). We extracted the value of the residual gravity anomaly on sections A-A′, B–B′, C–C′, and D–D′ and made comparisons with the results of the tomographic inversions (Figure 11). B–B′ and C–C′, respectively, are vertical cross sections that have a west–east and south–north orientation. Both of these vertical cross sections pass through oil seepage on the surface. We characterize the geological contact of the Halang and Rambatan formations based on the velocity contrast from these vertical sections. These sections show that the top of the Rambatan Formation is in a shallower depth than those found in the A–A′ and D–D′ vertical sections, due to the higher gravity anomaly response in the B–B′ and C–C’ vertical cross sections. Anticline–syncline structure patterns can also be well imaged on these vertical cross sections, considering the high–low residual gravity anomaly in the respective sections (Figure 11).
[image: Figure 11]FIGURE 11 | The residual gravity anomaly response (Hidayat et al., 2020) and the vertical cross sections of Vp which pass through the Jati-1 well in sections A–A′, D–D′, B–B′, and C–C′. Blue line indicates geological contact between the Halang Formation and the Rambatan Formation, which is also confirmed by interpretation of Jati-1 well (Tampubolon et al., 2014). We also interpreted top of basement based on the high-velocity anomaly (>5 km/s) which is shown by red line.
The anticline structure was obtained at the intersection of the A–A′ and D–D′ cross sections, as well as the location of the Jati-1 well drilling. A similar structure was also obtained at the intersection of D–D′ and B–B′ cross sections.
The top of the Pemali Formation is definitely unknown based on the Jati-1 well because there is no data for depths of 2,451–4328 m. Based on an interpretation of the A–A′ and D–D′ vertical cross sections, we try to investigate the top of the Rambatan Formation in all of the other Vp sections. Based on velocity contrast, and constraint from the gravity anomaly response, we delineate similar subsurface geological features, such as anticline and syncline structure patterns, on the B–B′ and C–C’ sections (Figure 11). The anticline structure is expected to be a good trapping mechanism for the Banyumas Basin.
To validate our results, we attempted to make a comparison between 2-D seismic reflection cross-sectional interpretations (Tampubolon et al., 2014) using the travel time tomography inversion (see map in Figure 12). Based on the results of these comparisons, we obtained a comparable pattern of subsurface anticline–syncline patterns in both the 2-D seismic reflection cross section and the travel time tomography inversion section. The top of the anticline was found in the Jati-1 exploration well (Figure 13B) which is the most common structure for a hydrocarbon trap. The subsurface anticline pattern has the same pattern as the anticline trend that is exposed on the surface, forming an elongated pattern in a NW–SE direction.
[image: Figure 12]FIGURE 12 | Directions along which the vertical tomographic sections have been compared to 2-D seismic reflection sections (Tampubolon et al., 2014).
[image: Figure 13]FIGURE 13 | (A) The intersection of the D–D′, A–A′, and B–B′ that pass through Jati-1 exploration well. Velocity contrast shows geological contact of the Halang Formation and the Rambatan Formation. Top of the anticline structure separate Citanduy Subbasin in the southern part and Majenang Subbasin in the northern part and (B) tomography inversion results of the X–X′ and Y–Y′ which depicted some geological structures (i.e., faults and anticline) as 2-D seismic reflection sections (Tampubolon et al., 2014).
In the southwest of cross-section X–X′, we found an outcrop of the volcanic Gabon Formation which was deposited during the Oligocene–Miocene period and is also the oldest rock outcrop in the study area. The high Vp and Vs anomaly at depth of 0 km (mean sea level) in the southwestern part of the X–X′ cross section is interpreted as an indication of the existence of these volcanic deposits. The Cipari anticline trend separates two low anomalies; the Citanduy Subbasin, southwest of the anticline, and the Majenang Subasin, northeast of the anticline. The contrast of the velocity anomaly was found at both the X–X′ and the Y–Y’ cross sections at a depth of 1, 250 m, which is interpreted as the geological contact between the Halang and the Rambatan formations.
CONCLUSION
Our PST network consisted of 70 stations with three components that were installed in the Banyumas Basin, south of Central Java, Indonesia, and covered 45 km × 60 km of the study area to perform a PST investigation of subvolcanic structures related to the petroleum system. We managed to determine 354 events with 9370 P-phases and 9368 S-phases as our input for the tomographic inversion. The application of a local 1-D velocity model, using Jati-1 well checkshot data, succeeded in specifying the presence of a more detailed geological structure in a shallow depth. We also assessed the resolution and reliability of our results using the checkerboard resolution test, the diagonal resolution element, and the derivative weight sum. According to these three methods, the area within our network is still well resolved and reliable for interpretation. Application of the travel time tomography method by installing a dense seismograph station and a local 1-D velocity model using checkshot data can provide a satisfactory correlation with other geophysical methods and geologic structures related to the delineation of trapping mechanisms for the petroleum system in the Banyumas Basin.
Based on the results of our tomographic inversion, we obtained geometries similar to geological structures in the form of fold structures with the top of the anticline found at the Jati-1 exploration well. The top of the anticline is interpreted as a subsurface image of the Cipari anticline trend confirmed by the regional geology map, 2-D seismic reflection methods, and a residual gravity anomaly.
The velocity contrast of the tomographic inversion results is interpreted as the geological contact between the Halang and Rambatan formations; this interpretation correlates with the results of the Jati-1 well interpretation. Mudstone from the Halang Formation can be a caprock for the Banyumas Basin petroleum system, with the anticline structure as a trap mechanism.
Our tomographic inversion results are highly comparable with those of previous studies, such as gravity, 2-D seismic reflection, and the geological structure. Based on the comparison of the Vp horizontal cross section with the regional geological map in the study area, the high-velocity anomaly shows a comparable pattern with the distribution of volcanic rocks from the Gabon Formation in the southwest part of the study area. Meanwhile, based on the comparison between the horizontal cross section and the residual gravity anomaly, the high-velocity anomaly with a NW–SE orientation is interpreted as a subsurface image of the Cipari anticline trend that separates the Citanduy Subbasin and the Majenang Subbasin at a depth of 2 km. Based on horizontal cross sections of the Vp/Vs ratio at depths of 2 and 4 km, we suggested that the Pamanukan–Cilacap strike-slip Fault likely formed an echelon structure that controlled depocenter in our study area. We assume this may be the possible reason why, up to a depth of 4, 400 m, the Jati-1 well has not found any rock formations older than the Middle Miocene–aged Pemali Formation, and it also explains why there are low gravity anomaly regions around Jati-1 well. Based on our Vp and Vs structure results at depths of 0 and 2 km the Pamanukan–Cilacap dextral strike-slip faults structure cannot be clearly delineated; this confirms that depths of 0–2 km are still dominated by sediment deposited after this fault structure was formed (Late Miocene–Quaternary). This interpretation is validated by Jati-1 exploration well data, which show the presence of Late Miocene sedimentary rocks from the Rambatan Formation up to a depth of 2 km.
The top basement of the Banyumas Basin was obtained from the results of vertical cross sections showing high P-wave velocity anomalies, which are greater than 5,000 m/s; characterized by red line in the vertical cross sections of Vp. From the resulting model of our vertical cross section, we estimate that the depth of the Banyumas Basin top basement has an average depth of around 8 km. Deposition of thick sedimentary rocks provides opportunities for the presence of petroleum systems in the Banyumas Basin.
This study has succeeded in determining several zones of geological features which are potential structural traps of the petroleum system in the Banyumas Basin, although the type of stratigraphic traps in the form of reef and onlap cannot be resolved.
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LD10:060 1120657 05474  MenunukVolc  Outorop SHRIMP
LD10-049 1120289 -04907 Menunuk Vol  Outcrop SHAIMP
LD10-038 1114128 06792  Sepak  Outoop  LAICPMS
LD10-100 1136605 06106 Sepak  Outorop SHRIMP
LD10-048 1122170 06544  Sepak  Outorop SHAIMP
LD10:071 1118214 09194 lar  Outcrop SHAIMP
NWSZ
EKi14-1 1100633 003001  Sepak  Outoop  LACPMS
EK14:6 110475 048421 Sepak-lawr  Foat LAICP-MS
EK14-10 1109521 076219 Sukadma  Ouloop  LAUCPMS
EK14-11 1109317 077402 Jwassc  Outcrop  LAICPMS
plutons.
EK14-5 1104265 -056635  Trassc  Ouloop  LAWCPMS
plutons
84MS89A 11044501 048853  Tiassc  Oucrop  LAICP-MS
plutons
8114 10099646 133366 Jagoi Float LAICP-MS
ssz
LD10-074 1104978 17988  Belban  Outcrop SHAIMP
LD10-077 1107906  ~14872  Mentembahs Outorop  LA-GPMS
LD10-103 1130038 -14186  Ramau  Outcrop  LAICPMS
Asems.
10115 1130928 12777  Sukadana  Outorop  LAICPMS
LD10:011 1114978 09263  Sukadana  Outorop  LA-CPMS
LD10:075 1103198 -14798  Sangyang  Outorop SHAIMP
RTC 11071977 -1.941991  Sukadana  Outcrop. SHAIMP
RTD 11073125 -2002264  Sukadana  Outcrop SHAIMP
84°K89A 110543 12713 Sukadana  Outorop NA
845589 1099656 -12075  Sukadena  Outcrop NA
Upper Cretaceous Norther Granitoids
876 10069632 163922 Pueh Float LAICP-MS
8712 10086466 173467  Gading Float LACP-MS
West Bomeo basement
8114 10099646 133366  Jagoi Float LAICP-MS
Metamorphic rocks of the NSZ of the Schwaner Mountains (Pinoh Metamorphic Group)
LD10-0048 1116671 06912 PMG  Outerop SHAIMP
LD10-084 1134575 0834  PMG  Outorop SHAIMP
LD10-102A 1136961  -09981 PMG  Outorop SHAIMP
LD10-124 1129057 09344  PMG  Outcrop SHAIMP
LD10-058 1120881 05277  PMG  Outcrop SHAIMP
SW3G 1117640 04228 PMG Fioat SHAIMP
swia 1117201 06059  PMG  Outorop SHAIMP
LD10-069 1117831 -08687  PMG  Outcrop  LA-ICP-MS

Lithology

Ignimbrite
Sheared
ignimbrite
Tonalte
Granodiorite:
Amphbole
tonaite
Akal granite

Granite
Tonalte
Dioite

meta-
Granodiorite
meta-
Granodiorite:
meta-Tonalite

Granodiorite:

Akal granite
Granite
Tonalte

Granite
Granite
Akl granite
Monzogranite

Monzogranite

quartz
monzogranite
Monzogranite

Granite

Two-mica
granite

Granodiorite

Biotite schist
Gamet
silmanite schist
Scist
Scist
quartzite
quartzte
quartzite
‘Schist

Location

Nanga Pinoh
Nanga Pinoh

Nnga Pinoh
Tewah
Nnga Pinoh
Nanga Pinoh
Pontanak
Pontianak
Pontianak
Pontianak
Pontianak
Pontanak
West Sarawak
Ketapang
Ketapang
Tumbangsamba
Tumbangsamba
Northern 852
Ketapang
Ketapang
Ketapang
Ketapang

Ketapang

West Sarawak

West Serawak

West Sarawak

Nanga Pinoh
Towah

Towah
Tewah
Nanga Pinoh
Nanga Pinoh
Nanga Pinoh
‘Nanga Pinoh

Number of  Number of

analyses

19
20

28
25
20
2
57
58
2
2
7
2
108

16
50

45
a7
19
36

101

55
16
3
a3

28

zircon
ages used
for mean
age
calculation

18
20
12
21
20
2
£
53

2

2
9
15
49
45
a2
43
19
27
12

NA

NA

8

2

9

014
2

a2
16
32
16
3
87

Weighted
mean age
(Ma)

1324
1308

1144
1142
118
%38
1186
1015
811
1498
2130
2330
2083
1867
151.2
8.1
785
784
72.1
847
81.7
808

840

786

797

2083

11015825
0.1

118.5/87.9°
1240
1313
1282
787

120.1/110.1*

Error
(Ma)

14
11

11
o7
11
06
it
06
11
44
30
30
09
23
12
06
o7
05
06
13
10
o7

10

03

10

09

0407
29

04n.2
37
10
15
13

0.80.7

MswD

14
13

13
1
12
09
49
17
23
32
o7
23
46
05
a7
28
13
11
14
NA
NA
NA

NA

19

33

46

NA

NA
65
12
25
10
NA

Reference

This study
s stucy

s study
‘This study
s stucy

“This study

Henig et al.
(2017)
Hennig et al.
(2017)
Hennig et al.
(2017)
Hennig et al.
(2017)
Hennig et al.
(2017)
Setiawan et al.
(2013)
Breiteld ot al
(2017)

“This study
“This study
‘This study

“This study
This stidy
“This study

van Hattum et
al. (2013)

van Hattum et
al. (2013)

Bladon ot al.
(1989)"

Bladon et al.
(1989

Hennig et a.
(2017)
Hennig et al.
(2017)

Breiteld et al
2017)

This study
This study

This study
This study
‘This study
This study
This study
This study
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sample Location Phase
NSZ

83BAGA  NSZ Sepauk
8BATOA  NSZ Sepauk
8ICP115A NSZ Sepauk
83CP115A NSZ Sepauk
83CP115C NSZ Sepauk
83CP115C NSZ Sepauk
8CP1168 NSZ Sepauk
83CP1168 NSZ Sepauk
8ICP122A NSZ Sepauk
83CP125A NSZ Sepauk
8HZHC  NSZ Sepauk
83HZIA  NSZ Sepauk
8OHZIA  NSZ Sepauk
840T088  NSZ Sepauk
84DT08B  NSZ Sepauk
A6 NSZ 7Sepack
R113  NSZ Laur
84T03D  NSZ SepaukLaur
84UMABA  NSZ Sepauk-Laur*
FMB383  NSZ Menunuk
FuMBo89  NSZ VG
NWSZ

EKia6  NWSZ Sepauk-Laur
EKI4-10  NWSZ Sukadana®
EK1a1  NWSZ Sepauk
EK1a-11 NWSZ Jurassic pluton
K30 WSz Sepauk
K30 Nwsz Sepauk
K32 WSz Sepauk
K2 WSz Sepauk
K3 Nwsz Sepauk
K34 WSz Sepauk
K35 Nwsz Sepauk
85PROZ2A NWSZ Sepauk
85PRO22A NWSZ Sepauk
K75 Nwsz Sepauk-Laur*
84PPOLIA  NWSZ Laur
K52 WSz Laur
K52 Nwsz Rantau Asem’
K76 WSz Sukadiana®
K76 WSz Sukadana’
84PPOSIA NWSZ Sukadana®
K74 WSz Biwa Gabbro
ssz

ATC ssz Sukadana
ATD ssz Sukadana
B4FKEOA  SSZ Sukadana
845599A  SSZ Sukadana
K3 ssz Belaban
K22 ssz Mentembzh®
B4ERTBOC SSZ Laur
84DT262A SSZ Laur
84DT263A  SSZ Laur
B4ER234C SSZ Sukadana
84FKIOIB  SSZ Sukadana
B4FK142B SSZ 2Sukadana
84FKAOA  SSZ Sukadana
84FKEIC  SSZ Sukadana
K148 ssz Sukadana
K ssz Sukadana
Ki5 ssz Sukadana
Ki5 ssz Sukadana
K16 ssz Sukadana
K16 ssz Sukadana
Ki7 ssz Sukadana
Kig ssz Sukadana
84DTI60B  SSZ Dyke - Kerabai
B4FKIS0A  SSZ Dyke - Kerabai
84PP162B SSZ Dyke - Kerabai
Upper Gretaceous Northern Granitoids

876 Northem belt ~ Pueh
TB7ta  Northembet  Gading
S7984  Nohembel  Puch
S9677  Nohembet  Gading
S7285  Nohembet  Gadng
6299 Northem belt  Tinteng Bedi
$1900  Nohembel  Sebuyau
85PROTEB Northem belt  Era
85UMOT2A Northem belt  Era
855R064C Northem belt  Era
BSRSIGOA Northembelt  Puch
86DT6C  Northem et Topai
86PP1188  Northem bet  Topai
86PP118A Northem bel  Topai
BAMO7IA Northem belt  Aln
86PPOOBD  Northen belt Al
86PPO0OA Northern belt  Alan
85DTOB6C  Northem bet  Menyukung
West Borneo—NW Kalmantan

8ORD4S  NW Kaimantan Mensioau
BORES2  NW Kalmantan Mensioau
BIRXSS  NW Kaimantan Mensioau
85SR214A  NW Kalmantan Mensioau
85SSO67A NW Kaimantan Mensioau
85SS167A NW Kabmantan Mensioau
8SERTOA  WestBomeo  Mensivau
8SERGIA  WestBomeo  Mensivau
8SER103A WestBomeo  Mensioau
8SERTI0A WestBomeo  Mensioau
8SERTI5A WestBomeo  Mensioau
8SERT60A West Bomeo  Mensioau
8SNS182A WestBomeo  Mensioau
85PWIGTA WestBomeo  Mensioau
8555654  WestBomeo  Mensioau
85YN233A West Bomeo  Mensioau
85YN234B  West Bomeo  Mensioau
T9RE-S0 WestBomeo  Mensioau
79RP-19 WestBomeo  Mensibau
80RC64  WestBomeo  Mensioau
80RD67  WestBomeo  Mensivau
85YN2G0B WestBomeo  Raya
Meratus

82PWI06  Meratus Batang Aai
82PWIO7  Meratus Batang Alai
82PWI13  Meratus ?Batang Ali
Na Meratus Batang Aai
NA Meratus Batang Aai
NA Meratus Hejawa
NS3Z2 Meratus Kintap

Na Meratus Wintap
NS834  Meratus. Bamon

Rock type

qz dioite
Granodiorite
Monzodiorite
Monzodiorite

oz diorite/tonalite
a2 diorite/tonalte
Tonalte

Tonaite

Tonalte

Tonaite

Tonaite
Granodiorite
Granodiorite
Tonaite

Tonaite

Tonaite
Granodiorite
Granodiorite
Tonaite

Atered porphyritc basic lava
Botte homiels

Tonaite
Dioite

Granite
meta-Granodiorite
‘Tonaite

‘Tonaite
Monzogranite
Monzogranite
Granite

Granite

‘Tonaite

bol granodiorite
bt-hol granodiorite
Tonaite
Granodiorite
‘Tonaite

Tonaite
Granodiorite
Granodiorite
Diorte

Gabbro

oz monzorite
Gz monzonite

az monzonite
Monzogranite

Granite

Granite

oz monzodiorte.

Tonaite

Tonaite

hyp-aug-bt-az monzonite
Leucocratic bt monzogranite
Syenogranite

qz monzonite

oz monzonite
Granodiorite
Monzogranite

Granite

Granite

Granite

Granite

Monzogranite

Granite

Trachyandesie
hbl-basaltandesite
Dolerte

Granite
Two-mica grarite.
quartz monzonite
quartz monzonite
Granodiorite
quartz monzorite
Granodiorite
Granodiorite
Bote granite
Granodiorite
Monzogranite
Granite
Granodiorite
Granodiorite
Dioite

Granite

Dioite

Granite

Granodiorite
Granodiorite
Granodiorite
Granodiorite
Granodiorite
az diorite
Bote granite
Granodiorite
Adamelite
Dioite

Boite granite
Granodiorite
Granite
Granodiorite
Granodiorite
Granite
Granite
Dioite
Granodiorite
Granodiorite
Dioite
hibl-bearing extrusive

Microgabbro xenolth
Granodiorite
Rhyodacite

Tonaite

Tonaite

Gabbro, diorte, tonaite
Granite

Dioite

Dbasallic andesile

Method

KAr

KA
KAr

KAr
KA
KAr
KA

KAr
KAr
KAr
KAr

KAr
KAr
KAr
KAr
KA
KAr

U-Po
U-Po
U-Po

KAr
KA
KAr
KA

KA
KAr

Ro-Sr
Ro-Sr
KAr
KAr

KA
KAr
KAr
KA

KA
KAr
KA

U-Po
KAr
KAr
KAr

KAr
KA
KAr
KAr

KAr
KAr

KAr
KAr
KAr
KAr

KAr

KAr
KA

KAr
KAr
KA
K-Ar

Mineral

Bootte
Botte
Bootte

ol

Botte

ol

Botte

ol

Botte

hol

Bootite
Botte
Bootte
Bootte

ol

Whole rock
Whole rock
hol

hol

Whole rock
Wnole rock

Zicon
Boite

Hol

Hol

Hol

Hol

Botte

Bootte

Botte

B, whole rock
B, whole rock
Bootte

Bootte

Bootte

hol

Bootte

ol

Botte

Boite

Whole rock
Hol

Pyroxene

Zicon
Zicon
Botte
Botte
Botte
Bootte
Botte
hol

Botte
Biotte
Botte
Bootte
Bootte
Botte
ol

hol

hol

Botte

Wnole rock
Wnole rock
Whole rock
hol

hol

hol

Bootte

hol

Hol

Hol

hol

Botte

hol

hol

Bootte
Botte
Botte

hol

hol

Whole rock
Whole rock
hol

hol
hol
hol
hol
Biotte
2

‘Whole rock
2

Whole rock

110
110
111

18
109
116
110
123
107
112
110
12
110
122
14
130
100
105
104
815
189

1015
8.1
1186
1498+
1141
1187
1155
1183
1156
1168
1073
119
128
1081
%5
o7.7
912
77.4
783
87
Ed

87
81.7
8038
8
1572
1302
103
104
105
863
886
914
814
8.1
8.4
884
8.1
8.1
815
80.7
82
a1
685
748
656

786
797
756
77
78
79
101
749
782
786
806
759
76
775
131
123
126
125

m
107
124
128
120
116
125
121
%28
129
121
125
119
60.1
18
120
121
%6
1037
114
9.1
106

19
15
105
1186
101
7187
%3
91
856

Age (Ma) Error 1SD (Ma)

RO i A I R

11

35
28

G

0g

o

49
52

48

233
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Sample Direction of mean principal susceptibility axes
K1 K2 K3
Dec () Inc () Dec () Inc () Dec () Inc ()

BTR2 48 43 305 13 202 44
BTR3 42 45 310 2 218 45
BTR4 56 42 319 8 220 47
BTRS 43 38 308 8 208 51
BTR6 47 44 312 5 217 46
BTR7 51 43 316 6 220 47
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Sample Preferred pore Angle between preferred pore

orientation orientation and susceptibility axes

Dec () Inc () K () Kz () Ks ()
BTR2 306 65 56 52° 56
BTR3 89 85 42° 87 47
BTR4 323 41 66 33° 69
BTRS 130 26 72 38 63
BTR6 1 65 29° 74 67
BTR7 23 9 42° 66 57

aIndicates the closest axis to the preferred orientation.
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Sample

BTR2

BTR3

BTR4

BTRS

BTR6

BTR7

9 Axes measurement

PY%mean IS the mean value of P% in each sample (BTR2 to BTR?). See text for explanation of the other parameters.

Specimen

BTR2_1

BTR2_2
BTR2_3"
BTR2.4
BTR2.5
BTR2_6
BTR3_1

BTR3_2
BTR3_3
BTR3_4
BTR35
BTR3_6*
BTR4_1*
BTR4_2
BTR4_3
BTR4_4
BTR4_S
BTR4_6
BTR5_1

BTR5_2
BTR5_3
BTR5_4
BTR5_5
BTR5_6"
BTR6_1

BTR6_2
BTR6_3
BTR6_4
BTR6_5*
BTR6_6
BTR7_1

BTR7_2
BTR7_3"
BTR7_4
BTR7_5
BTR7_6
BTR2.3
BTR3_6
BTR4_1

BTR5_6
BTR6_S5
BTR7_3

K
(sn

6.680 x 10°°
6.709 x 10°®
6.441 x 10°
6.199 x 10
6.661 x 10°
6.445 x 10°°
6.621 x 10
6.996 x 10°©
6.628 x 10°©
6.642 x 10°°
6.658 x 10°°
6.868 x 10°
6.641 x 10
6.839 x 10°
6.828 x 10°°
6.877 x 10
6.615 x 10
6.754 x 10
6.864 x 10°°
6.639 x 10°
6.170 x 10°®
6.609 x 10°
6.339 x 10°°
8.180 x 10
6.446 x 10°®
6.176 x 10°
6214 x 10°®
6311 x10°
6.487 x 10°®
6.349 x 10°
6299 x 10°®
6.177 x 10°
6.046 x 10
6.200 x 10°®
6.282 x 10°°
5.990 x 10°®
6.483 x 10°°
6.858 x 10°®
6,646 x 10°
8126 x 10°®
6.508 x 10°©
6.011 x 10

-0.536
-0.018
0.305
-0.464
-0.740
-0.952
0.526
0.832
0.571
-0.468
0.162
0.108
-0.656
0.090
0.492
0.197
0.045
-0.268
-0.060
-0.499
-0.284
-0.433
-0.428
0.156
0.016
0.210
-0.596
-0.807
-0.280
-0.112
0.024
0.055
0.599
0.580
-0.182
0.730
0.663
0.533
0.384
-0.119
0.079
0.268

1.035
1.026
1.006
1.031
1.030
1.027
1.010
1.004
1.012
1.031
1.023
1.026
1.036
1.081
1.006
1.021
1.042
1.036
1.028
1.037
1.036
1.042
1.028
1.029
1.028
1.021
1.054
1.031
1.046
1.043
1.028
1.025
1.006
1.006
1.039
1.006
1.004
1.009
1.004
1.020
1.024
1.014

1.011
1.025
1.011
1.011
1.004
1.001
1.033
1.047
1.046
1.011
1.032
1.033
1.007
1.038
1.096
1.018
1.046
1.021
1.025
1.012
1.020
1.016
1011
1.041
1.029
1.033
1.013
1.008
1.026
1.034
1.024
1.028
1.028
1.017
1.027
1.038
1.019
1.029
1.010
1.016
1.029
1.025

Pi

1.048
1.062
1.017
1.045
1.038
1.032
1045
1.067
1.062
1.044
1.056
1.060
1.045
1071
1.024
1.054
1.089
1.058
1.053
1.051
1.057
1.061
1.040
1.072
1.058
1.055
1072
1.038
1074
1.079
1.048
1.053
1.031
1.026
1.068
1.047
1.024
1.040
1015
1.087
1.054
1.041

P%

4.622
5.188
1.674
4.301
3.499
2.804
4.307
5.137
5.909
4.258
5.606
6.016
4.247
7.041
2.349
5.324
8919
5.719
5.303
4.933
5.652
5.923
3912
7123
5.833
5.434
6.806
3.477
7.256
7.843
4.775
5.341
2.891
2178
6.768
4.355
2237
3.835
1.427
3.664
5.383
4.007

P%mean

3.681

5.206

5.600

5474

6.108

4.385

“Indicates randomly selected specimens whose AMS was measured also in nine directions. Results of these repeated measurements are given in the bottom parts of this table.
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Stratigraphy Average lithology ~ Density (g/cm®) Initial porosity ~ Depth coefficient  Velocity (m/s)  The exponential

%0 ¢ km™) rate of
change of
the velocity
(Hz)
Holocene claystone and sandstone  Shale 272 063 051 2,500 050
Plo-Pleistocene shale Shaly sand 268 056 039 2,200 050
Chaliang Lab Formation Sand 265 0.49 0.27 3,500 0.50

Basal tertiary and Wichianburi group Sand 265 0.49 0.27 3,500 0.50
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Stage age

Present day (L)
Holocene
Pliocene

Middle Miocene
Late Oligocene

Horizon lengths (m)

Line A

18,476.78
18,491.19
18,310.44
18,254.52
16,276.08

Line B

19,620.99
19,621.59
19,595.71
19,112.84
17,456.99

Line C

19,251.80
19,326.76
19,180.84
19,170.19
17,694.60

Line D

13,732.00

13,760.66
13,820.05
12,705.43
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Line Stage age

A Holocene
Pliocene
Middle Miocene
Late Oligocene
B Holocene
Plocene
Middle Miocene
Late Oligocene
c Holocene
Plocene
Middle Miocene
Late Oligocene
D Pliocene
Middle Miocene
Late Oligocene

Cumulative stretching
factor B
(extension %)

0.999 (-0.08%)
1.009 (0.91%)
1.012 (1.22%)
1.135 (13.52%)
1.000 (0.00%)
1.001 (0.13%)
1.027 (2.66%)
1.124 (12.40%)
0.996 (-0.39%)
1.004 (0.37%)
1.004 (0.43%)
1.088 (8.80%)
0.998 (-0.21%)
0.994 (-0.64%)
1.081 (8.08%)

Stage (time
period)

Holocene (0.01 Ma)
Pliocene to Pleistocene (2.99 Ma)
Middle Miocene to Pliocene (13 Ma)
Late Oligocene to Early Miocene (12 Ma)
Holocene (0.01 Ma)

Pliocene to Pleistocene (2.99 Ma)
Middle Miocene to Pliocene (13 Ma)
Late Oligocene to Early Miocene (12 Ma)
Holocene (0.01 Ma)

Pliocene to Pleistocene (2.99 Ma)
Middle Miocene to Pliocene (13 Ma)
Late Oligocene to Early Miocene (12 Ma)
Pliocene to Holocene (3 Ma)

Middle Miocene to Pliocene (13 Ma)
Late Oligocene to Early Miocene (12 Ma)

Extension during
this stage”

-0.08%
0.99%
0.31%
12.30%
0.00%
0.13%
2.563%
9.74%
-0.39%
0.76%
0.06%
8.37%
-0.21%
-0.43%
8.72%

SExdension (e, %) calculated for the pariod discounting later extension value @.q., for Line B, Late Oligocene to Early Miocene; 12.40-2.66% = 9.74%).

Extension rate
for Ma

-7.79%
0.33%
0.02%
1.03%

-0.31%
0.04%
0.19%
0.81%

-38.78%
0.26%

0.004%
0.70%

-0.07%

-0.03%
0.73%
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Sedimentary Facies Total Gamma-ray Potassium (K-%) Thorium (Th-ppm) Uranium (U-ppm) U/Th TOC (wt.%)

Range Average Range Average Range Average Range Average Range Average Range Average

F1: Structureless sandstone 16.00-47.30 25.72 0.30-1.90 0.74 1.05-3.60 1.95 0.30-1.80 0.76 0.11-0.92 0.39 0.02-0.31 0.10
facies

F2: Structured sandstone 18.00-46.80 26.28 0.40-1.90 0.77 0.80-3.50 1.94 0.30-1.30 0.78 0.14-1.44 044 0.02-0.26 0.09
F3: Interbedded sandstone and 27.20-65.60 37.45 0.85-1.90 1.24  0.70-5.40 253 0.30-230 095 0.11-255 042 0.10-0.15 0.13
siltstone

F4: Interbedded siltstone and ~ 31.70-79.00 59.74 0.65-2.65 1.80 1.80-5.60 3.66 1.00-3.00 2.03 0.28-1.40 0.59 0.14-095 0.38
mudstone

F5: Calcareous mudstone 43.20-59.60 49.14 0.80-1.60 1.21 1.90-3.20 2.16 1.90-8320 265 0.76-250 1.30 0.59-0.99 0.76
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Sedimentary Grain size Bed Description Interpretation
facies thickness
F1:Structureless very fine 10 to Yellowish brown and light gray to dark gray colored Deposited by high-density turbidity current with
sandstone sand to 50 cm structureless sandstone usually presents with sharp, loaded or high sediment load fallout (Lowe, 1982; Miall,
coarse erosional base, and often shows amalgamated beds. Mud 1996), Ta turbidite (Bouma, 1962).
sand rip-up clasts, wood and plant fragment, and fish remains are
locally found. (see Figures 4A-D for outcrop photos).
F2:Structured very fine 10 to The structures include normal grading, parallel, wavy to ripple Deposited by turbidity currents ranged from
sandstone sand to 80 cm laminations, small-scale planar- and trough cross-stratifications.  low- to high-density and concentration (Bouma,
coarse Organic-rich layers, mud rip-up clasts, wood/plant fragment, 1962; Lowe, 1982). Graded sandstone
sand and fish remains including channel-like features are observed. represents Ta, planar parallel laminations
Thin to very thin structureless topped mudstone beds are found  represent Th, wavy and ripple laminations
locally. (see Figures 5A-J for outcrop photos). represent Tc, and structureless mudstone
represent Td based on the Bouma divisions
(Bouma, 1962)
F3: Interbedded silt to fine 2to20cm  Yellowish brown and light gray, very fine to fine sandstone Deposited from suspension fall-out and
sandstone and sand alternate with siltstone. Sandstone beds contain planar to wavy  low-density or dilute turbidity currents (Bouma,
siltstone laminations and small scale planar and through 1962; Middleton, 1993).
cross-laminations. Siltstone are normally structureless with
some planar laminations. (see Figures 6A,B for outcrop
photos).
F4: Interbedded clay to silt 2to10cm Light to dark gray and black mudstone interbedded with light Deposited in low energy condition from
siltstone and gray to yellowish brown siltstone. Parallel bedding with suspension and settling of mud, low density or
mudstone structureless and laminated are observed in mudstone, while dilute turbidity currents (Bouma, 1962;
siltstone are normally structureless. Occasional thin limestone Middleton, 1993; Boulesteix et al., 2020).
beds are presented. Fish and plant remains are found locally.
(see Figures 7A-D for outcrop photos).
F5: Calcareous clay to silt 5to10cm Light to dark gray and black calcareous mudstone interbedded Low energy setting deposited from suspension

mudstone

with light gray calcareous silty-mudstone are normally found
with structureless parallel bedding. Occasionally planar to wavy
laminations and small-scale grading are presented. (see
Figures 7E,F for outcrop photos).

fall-out (Bouma, 1962) with more calcareous
components.
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Ordovician-Silurian arc volcanics and granitoids.
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Widespread Silurian sedimentation.

Major mainly carbonate platform from reef- fringed
Frasnian to earliest Visean.

South China fish fauna from Early Devonian.
Absence of extensive regional high

grade metamorphism.

Kontum Terrane

Proterozoic-Ordovician granitoid magmatism.
Ordovician Volcanic Arc Granites and Ord-Silurian
metamorphism from 460 to 420 Ma
Ordovician-Siurian within plate basaltic
amphibolites.

Permmian ¢.250 Ma charmockites.
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Rock type: Volcanic rocks Dikes

Rock name: Rhyolite Dacite Dacite Dacite Dacite Andesite  Andesite  Andesite = Andesite = Andesitic dike = Andesitic dike
Sample no: 3WK13 3WK14 3WK32 3WK35 3WK37 3WK15 3WK16 3WK33 3WK36 3WK15d 3WK25d
Ta 2.60 0.88 1.72 1.58 4.78 6.04 3.03 2.05 1.40 315 2.62
Pb 9.06 5.89 6.50 10.31 8.97 12.70 12.01 3.96 4.40 5.31 6.69
Bi 0.02 0.03 0.038 2.01 0.05 0.36 0.64 0.02 0.04 0.038 0.10
Th 1.14 1.33 2.23 1.26 4.03 13.49 156.34 2.01 2.55 2.24 2.56
U 0.80 1.04 1.01 0.62 1.58 3.94 2.24 0.60 0.80 0.79 1.29
Mo 0.67 1.33 0.49 0.44 0.45 0.92 0.60 0.67 0.68 0.58 0.46
Eu 0.52 0.69 1.63 0.86 1.08 1.24 1.00 1.18 1.47 0.92 0.92
Hf 1.97 1.53 1.98 1.58 2.36 0.68 0.50 1.42 1.28 2.08 2.39
Re 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
KO 2.01 2.05 1.76 159 1.88 2.54 2.10 0.35 0.61 1.37 2.15
P20s 0.05 0.13 0.22 0.17 0.27 0.22 0.25 0.31 0.29 0.038 0.17
LOI 0.96 0.78 2.04 1.02 1.1 1.03 1.23 1.02 1.09 1.07 117
Total 98.20 97.75 100.24 99.15 100.24 99.90 99.79 99.72 99.81 99.63 99.37
Trace elements and REE (ppm)

Li 11.82 10.64 7.81 10.85 9.68 24.03 24.09 4.95 12.32 20.78 15.81
Be 1.48 1.62 1.15 0.69 1.02 2.04 1.46 0.57 0.80 0.93 0.84
\Y 35.59 61.62 105.78 128.13 gr.27 121.98 96.09 237.98 134.84 174.72 134.53
Cr 20.68 67.25 93.66 393.91 41.43 76.58 64.04 10.60 19.23 387.42 214.34
Sc 3.64 6.77 1247 16.15 9.08 14.36 11.80 18.95 17.11 21.74 1611
Ni 7.83 23.96 51.11 1338.27 20.16 36.74 28.57 8.17 13.62 128.31 111.12
Cu 9.68 7.82 34.95 65.60 15.80 26.64 26.06 137.20 3697 57.33 39.69
Mn 243.08 312.88 532.63 719.38 527.90 876.93 721.24 1008.48 1161.17 1016.23 720.76
As 0.88 0.98 3.76 5.30 4.40 1.69 1.56 0.84 2.02 1.01 4.36
Co B50.26 48.97 32.99 37.28 27.71 58.67 54.33 29.67 20.19 43.76 31.27
Zn 46.98 41.72 54.54 48.98 40.91 65.83 52.29 67.16 63.11 60.36 59.08
Ga 20.48 21.58 16.86 13.86 15.87 21.51 16.97 14.74 15.35 17.13 15.76
Rb 52.88 54.78 30.36 26.58 24.38 152.63 74.54 7.87 13.54 40.16 49.65
Sr 1068.30 1251.95 109219  937.33 1169.15 413.24 47514 491.45 487.44 723.19 739.96
Y 5.88 9.06 18.56 12.88 12.56 18.29 14.96 17.35 18.90 13.64 11.97
Zr 96.39 95.59 103.91 89.82 106.30 88.00 88.21 99.28 96.10 106.11 109.30
Sn 2.86 0.85 1.14 0.89 0.87 1902 1.63 1.70 0.88 1.21 1.04
Sb 0.26 0.23 0.25 0.54 0.43 0.25 0.42 0.17 0.64 0.25 0.33
Cs 0.97 0.93 0.82 2.86 1.02 5.18 2.63 0.24 0.61 1.54 0.27
Ba 284.20 225.88 62.29 43.30 251.71 386.30 348.78 208.39 123.46 278.57 173.05
La 6.92 9.03 27.67 9.69 19.37 38.43 35.22 11.27 13.64 13.60 11.15
Ce 14.59 19.76 46.54 17.85 38.69 68.59 63.64 21.42 28.24 27.10 23.91
Pr 1.76 2.38 7.22 2.72 4.77 6.42 6.48 2.78 3.57 3.37 3.08
Nd 8.07 10.89 29.67 12.20 19.92 24.35 22.65 12.40 16.13 14.40 13.18
Sm 1.73 2.25 5.84 2.63 3.84 4.25 3.86 3.00 3.76 3.00 2.80
Gd 1.19 1.57 4.01 2.02 2.62 3.27 3.01 2.49 3.02 2.23 2.09
Tb 0.18 0.25 0.63 0.35 0.39 0.49 0.45 0.45 0.52 0.37 0.35
Dy 0.88 1.23 3.04 1.85 188 2.47 2.26 2:51 2.85 1.92 1.80
Ho 0.12 0.18 0.43 0.29 0.2 0.36 0.34 0.39 0.43 0.29 0.27
Er 0.41 0.60 1.43 0.96 0.99 1.24 1.16 1.33 1.42 1.01 0.91
Tm 0.06 0.09 0.22 0.15 0.16 0.20 0.18 0.21 0.22 0.16 0.15
Yb 0.41 0.60 1.37 0.95 1.02 1.27 1.16 1.34 1.32 1.04 0.93
Lu 0.06 0.09 0.21 0.16 0.17 0.20 0.18 0.22 0.20 0.17 0.15
Nb 3.49 2.28 5.19 3.40 8.09 26.19 20.08 5.21 6.84 7.79 7.66

(Continued)
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Land-use categories 2000-total land-use  2009-total land-use  2016-total land-use 2000-2009 2009-2016

area (ha) area (ha) area (ha) Grossarea  Netarea  Grossarea  Netarea
convertedto  convertedto convertedto  converted to
oil palm oil palm oil palm oil palm
(ha) (ha) (ha) (ha)
* Cropland
Oil paim 40 (0.04%) 2,989 (2.66%) 7,705 (6.84%) - - - -
Abandoned paddy field 2,806 (2.48%) 1,765 (1.57%) 2,172 (1.93%) 143 143 364 364
Paddy field 16,737 (13.91%) 10,831 (2.62%) 7,794 (6.92%) 291 291 876 875
Orchard 9,240 (8.17%) 12,213 (10.85%) 12,000 (10.66%) 9 84 152 151
Para rubber 37,789 (33.40%) 32,956 (29.28%) 35,713 (31.73%) 431 425 548 533
Subtotal 958 943 1940 1928
© Natural land
Evergreen forest 17,339 (15.32%) 8,310 (7.38%) 8,128 (7.22%) 339 339 23 23
Mangrove 220 (0.19%) 208 (0.19%) 178 (0.16%) - - 23 23
Wetlands and peatlands 22,802 (20.15%) 29,275 (26.01%) 25,342 (22.51%) 1,523 1,523 2,448 2,446
Unused area 1,358 (1.20%) 5,056 (4.49%) 4,003 (3.64%) 55 53 285 285
Subtotal 1,917 1,915 2,780 2,778
o Others
Buid-up area 3,450 (3.05%) 6,255 (5.56%) 6,668 (5.92%) 17 17 2 2
Other agriculture lands 120 (0.11%) 240 (0.21%) 270 (0.24%) = - 002 0
Water 2,246 (1.99%) 2,463 (2.19%) 2,503 (2.22%) 67 67 9 8
Subtotal 84 84 g5 10
Total 2,959 2,943 4,730 4,716

Notes: % = proportion of the area compared to the whole stucly area. Gross area = total area that converts to oil paim. Net area = the gross area minus the area of oil paim plantations
converted to other land-use types.
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Land-use categories Area converted to paddy field (ha) Area converted to para rubber (ha) Area converted to orchard (ha)
ILUC 2000-2009 ILUC 2009-2016 ILUC 2000-2009 ILUC 2009-2016 ILUC 2000-2009 ILUC 2009-2016

o Cropland

Oil paim - - - - - -
Abandoned paddy field 84 - 791 172 - -
Paddy field - - 2,206 1,292 1,317 60
Para rubber 2963

Orchard - - - 138 - -
Subtotal 84 - 2997 1,602 4270 60
* Natural land

Evergreen forest - - - 145 388 4
Mangrove - - - - - 008
Wetlands and peatiands 207 195 - 1,128 - 7
Unused area - 2 - a47 - 7
Subtotal 207 197 - 1719 388 88
o Others

Build-up area - - - - - -
Other agriculture lands - - - - - -
Water - - - 3 69 -
Subtotal - 3 69 -

Total 291 197 2,997 3324 4,727 148
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Area of net change (ha)

Carbon stock change (Mg C/total area)

Land-use Table 3
categories Sum
(CB +CD + CS)
(Mg C/ha)

* Cropland

Oil palm 136
Abandoned paddy field 52

Paddy field 52

Para rubber 192
Orchard 198

© Natural land

Evergreen forest 448
Mangrove 642
Wetlands and peatiands 666
Unused area 7

2000-2009 2009-2016 2000-2009 2009-2016
pLuc Luc pLUc iLuc pLuC iLuc pLUC iLuc
143 875 364 172 7436 45,500 18,928 8,994
291 3,523 876 1352 16,132 183,196 45,552 70,304
93 2,953 152 - 17,856 566,976 29,184
431 - 548 138 85,338 108,504 27,324
339 388 23 149 -151,872 -173824 -10,304 -66,752
- - 23 0.08 -14,766 -51
1,523 207 2,448 1,330 -1014,318 -137,862 -1630,368 885,780
55 - 285 526 -385 -1,995 -3,682

Notes: positive value means that the carbon has reserved and accumulated by soil: negative value means that the stored carbon has emitted to the atmosphere.
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Data type

Topographic map
DEM

LUCC

Name of dataset

L7018: 53201, 53211, 5321ll, 53211, 53211V, 5421Ill, 5421V
SRTM 1
Narathiwat

Year

1997
2014
2000
2009
2016

Resolution (m)

25

30

25
125
125

Source

RTSD
usGs
LDD
LDD
LDD
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Sample Depth

(cm)
K1 40
K2 40
K3 40
K4 40
K5 40
K6 40
K7 20
K8* 50
K9* 65
K10 85

“The results of OSL dating at the candidate storm layers.

U (ppm)

0.78 + 0.01
0563 + 0.01
0.69 + 0.01
0.68 + 0.01
0.49 + 0.01
0.66 + 0.01
0.73 + 0.01
0.71 + 001
1.01 £+ 001
1.10 £+ 0.01

Th (ppm)

2041001
192+ 0.01
226 +0.01
1.87 +0.01
153+ 0.01
228+ 001
3.38+0.01
045 +0.01
474 +0.01
5652+ 001

K (%)

0.37 + 0.002
0.31 +0.002
0.36 + 0.002
0.26 + 0.002
0.32 + 0.002
0.32 + 0.002
0.77 + 0.002
0.84 + 0.002
0.93 + 0.002
1.09 £ 0.002

AD = Al Doss, ED = Ecuivalers doss. All acee am quoled i vears bafore A.D. 1950:

Water

(%)

248
1.37
244
226
1.81
176
6.89
29.74
23.40
25.82

AD (Gy/ka)

0.614 + 0.01
0.517 + 001
0.605 + 0.01
0.497 + 0.01
0.481 £ 0.01
0.743 £ 0.01
0.970 + 0.01
0.738 + 0.01
0.993 + 0.01
1.106 + 0.01

ED (Gy)

0.718 £ 0.01
1.083 + 0.03
0.744 + 0.02
1514028
1.768 + 0.05
1.832 + 0.01
1.186 + 0.04
155 + 0.1
251+023
2931 + 0.39

Age (yr)

1,160 + 30
2,000 + 70
1,220 + 40
3,034 + 106
3,650 + 140
3,190 + 100
1,220 + 30
2,100 * 140
2,520 + 230
2,650 + 350
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Year

2000
2001

2002
2003
2004
2005
2006
2007
2008
2009
2010
2011

2012
2013
2014
2015
2016
Total

Data source: United States Department of Agriculture (USDA).

Indonesia Malaysia Thailand
Export AGR  Import AGR Export  AGR  Import ~ AGR  Export AGR Import AGR
4,776 23% 3 200% 10,579 20% 61 -24% 202 153% 2 50%
5979 25% 8 167% 10,807 2% 326 434% 100 -51% 27 13%
6422 7% 5 -38% 12,180 129% 341 5% 138 38% 10 -63%
7,856 22% 5 0% 12,234 1% 778 128% 133 -4% 75 650%
9,621 22% 19 280% 13,586 1% 341 -56% 81 -39% 19 -75%
11,696 2% 40 1% 13,723 1% 746 119% 205 153% 1 -95%
11,419 2% 3 -98% 13,766 0% 403 -46% 283 38% 1 0%
13,969 22% 7 133% 15,040 9% 669 66% 360 27% 30 2,900%
15,964 14% 21 200% 15,990 6% 1,047 57% 114 -68% 1 -97%
16,573 4% 49 133% 16,610 4% 1,283 23% 121 6% 1 0%
16,423 ~1% 23 -53% 17,151 3% 1,593 24% 382 216% 66 6,500%
18,453 12% 0 ~100% 17,586 3% 1852 16% 293 -23% 44 -33%
20,373 10% 38 NA 18,524 5% 957 -48% 549 87% 0 -100%
21,719 7% 27 -29% 17,344 6% 358 -63% 222 -60% 24 NA
25,964 20% 8 ~70% 17,403 0% 991 177% 51 -77% 75 213%
22,906 ~12% 0 ~100% 16,667 4% 559 -44% 39 -24% 28 -63%
27,633 21% 5 NA 16,313 2% 633 13% 314 705% 16 —43%
369,242 262% 346 8861% 323312  69% 15983  846% 4,808 1,086% 453 9,854%
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Year Unit: Baht Agriculture product in Baht per MT
Household total income®  Profits from farming”  Profits, nonfarming”  Narathiwat household total  Oil palm  Para rubber  Jasmin paddy rice  Paddy rice (5%)

income*
2000 - - - 7.802 1,690 22,400 7,349 4987
2001 10914 2000 2011 - 4,180 20940 5,501 4574
2002 12487 2572 2390 7,608 2085 27,100 5,562 4978
2003 - - - - 2248 37,631 7.477 5107
2004 14,469 3241 3,004 9240 3002 44567 8255 5585
2005 - - - - 259 52,190 7,680 6662
2006 18688 4677 3719 11,586 2415 68,187 8,180 6496
2007 19716 4324 4,485 13,148 3558 68971 8772 6529
2008 = - B - 4,860 76549 13,700 10676
2009 22,926 5,131 a977 11,244 3553 56,358 13513 9717
2010 e i = = 4,438 102,699 135852 8400
2011 27,326 8558 5144 16,834 5,391 127,958 13,035 9145
2012 = = = - 4778 89974 15,103 10,104
2013 27,504 8,105 4682 16,773 3671 74755 15,582 9385
2014 - - - - 4,354 55415 13782 73
2015 26,286 4,980 5247 19,890 4315 46,410 12,561 7.750
2016 = = = - 5,168 42832 10,360 7848
2017 26013 4,900 5702 17,180 4595 65,640 10052 75687
2018 25,647 5,161 4,736 7717 3,163 42,370 14,186 7801
Average 21,471 4878 4,200 13,547 3519 61,713 10471 7334

Data source: Bank of Thailand and Offcial of Agricultral Economics.
e
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