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= 2) Selected material of Asian spinosaurids. (A) Siamosaurus suteethorni (SM-TF2043). (B) Khok Kruat spinosaurid tooth
(SM-PNS-2018). (C) A tooth from Nakazato locality, Gunma, Japan (GMNH-PV-999 cast). (D) A tooth from Kanna
o locality, Gunma, Japan (KDC-PV-0003 cast). (E) Ichthyovenator laoensis dorsal vertebra (cast of MDS BK10). (F) Sam
i Ran spinosaurid dorsal neural spine (SM-KK14, Samathi et al., in prep.). (G) Ichthyovenator laoensis caudal vertebra (cast
— of MDS BK10). (H) Phuwiang spinosaurid B caudal vertebra (SM-PW9B-15). Photographs taken by the authors. Not to

scale (Kridsanupong Puntanon and Adun Samathi, p.10, fig. 3)
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Abstract

Phu Phra Angkhan, the small hill where the architectural and religious sites have
been established, is in Buriram p, northwestern Thailand. The area has been selected for
the current investigation with the aims of determining geomorphological characteristics
and proposing the mode of occurrences using geographic information system (GIS). The
current research commences from geological data compilation, remote-sensing image
interpretation, field checking, and explanation of the landform. The result illustrates that
Phu Phra Angkhan is a small extinct volcano, based upon the radiometric age (~ 0.9 Ma)
of the volcanic rocks at the nearby Khao Phanom Rung volcano. The current field study
demonstrates that Phu Phra Angkhan volcano consists of massive layers of alkali olivine
basaltic lava without any pyroclastic debris. Previous geochemical data reveal that the
silicon oxide is lower than 55 %, suggesting that the lava has low viscosity enough to
spread over a wide area. The lava accumulation may have caused the cone - shaped
volcanic landform to form shield or dish cover with relatively not gentle slopes.
Additionally, it is also recognized that its crater has a circular shape with a radius of 1.0
to 1.5 km, and its circumference is about 3.14 km. The cross sections in several directions
disclose that the Phu Phra Angkhan volcano has its various slope angles and asymmetrical
shapes. The steeper slope angles are in the eastern flank with its deeply eroded slope
surface whereas on the western flank more gentle slopes are encountered. Based on its
morphology and landform characteristics and classification, it is concluded that Phu Pra
Angkhan represents the extinct shield volcano with a collapsed crater, formed by
explosion associated with surface subsidence. Its mode of occurrence is manifested by a
complex crater forming as nested circumferences. Moreover, a very small mound or hill
is found at the eastern edge crater, triggered by crater-ring fracturing, implying the last,
relatively violent eruption. It is also anticipated that the temple located at the crater edge
is considered to be safe from a landslide disaster.

Keywords: Geomorphology, Extinct volcano, Landform, Phu Phra Angkhan, Buriram,
Basalt
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Abstract

Improved geological constraints refine our understanding of Southeast Asia's and
Thailand's geotectonic evolution. This study investigates Permian chert successions in the
Central Thailand, where are the Sawan Khalok and the Nakhon Sawan—Uthai Thani areas,
to elucidate their genesis, depositional environment, and implications for the tectonic
evolution. The Sukhothai Zone exhibits island arc signatures, including Permian-Triassic
volcanic rocks, formed by the subduction of the Paleo-Tethys Ocean with the Indochina
Block. Permian cherts, previously considered enigmatic, are irregularly distributed in this
zone. The research examines four chert sections, identifying the Early Permian
radiolarians (Asselian) in TS13, specifically Pseudoalbaillella simplex and Pseudo-
albaillella cf. annulata, and late Early — early Middle Permian (Kungurian—Roadian) in
TS14, comprising Albaillella sinuata and Albaillella cf. asymmetrica. The Middle
Permian radiolarians (Roadian—Capitanian) identified include Pseudoalbaillella scalprata,
Parafollicucullus  fusiformis, Parafollicucullinoides cf. globosus, Parafollicucullus
monacanthus, Follicucullus cf. scholasticus, and Follicucullus cf. bipartitus form NSO7.
For NSI1, the identified radiolarians are Pseudoalbaillella ct. lomentaria,
Pseudoalbaillella scalprata, Parafollicucullus monacanthus, and Follicucullus cf.
scholasticus indicating Wordian—Capitanian ages.

Geochemical analyses (ICP-OES and ICP-MS) of chert samples from the four
sections provide insights into their origin and depositional setting. Samples of TS13 and
TS14 exhibit origins of hydrothermal influence and show a negative Ce anomaly,
suggesting depositing nearby a spreading ridge environment with limited hydrothermal
activity. Samples of NSO07 and NS11 plot close to biogenic chert origin and display a
depleted Ce anomaly, indicating decreased hydrothermal material input or deposition
near a continental margin. Based on lithological characteristics and radiolarian ages, chert
successions in the Sawan Khalok and the Nakhon Sawan—Uthai Thani areas are
considered to have same origins of the Khanu Chert and the Khao Gob Chert. In terms of
depositional time intervals and geochemistry characteristics, those of the cherts can
correlate with cherts from the Sa Kaeo area, representing the Early and Middle Permian
chert sequences, originated in a back-arc basin setting rather than formed in a vast oceanic
setting of the Paleo-Tethys Ocean. This study confirms an existence evidence of a back-
arc basin chert in the Sukhothai Zone, Central Thailand, extending the known distribution
of the Sa Kaeo suture zone northwestward from the Uthai Thani and Nakhon Sawan areas
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into the Sawan Khalok area, and continues toward the Nan suture. These stratigraphic
relationships can be explained by the fact that the bedded cherts were thrust onto the
structurally higher rocks of the Sukhothai Zone, due to lateral shortening tectonics
associated with the closure of the back-arc basin.

Keywords: Back-arc basin, Central Thailand, Geochemistry, Permian, Radiolarian chert

1. Introduction

Thailand included Southeast Asia,
which comprises numerous continental
blocks that rifted from Gondwanaland
during the early Paleozoic and integrated
with each continental block during the
mid-Mesozoic. Numerous researches have
presented interpretations of the geotectonic
development of Thailand and its surrounding
areas (e.g., Hara et al., 2020, Metcalfe, 2013,
2021 and Ueno et al., 2018). According to
their disclosures, the formation of a back-
arc basin in the Paleo-Tethys region was a
response to Paleo-Tethys subduction,
which took place beneath the Sukhothai
Volcanic Arc and the Indochina Block
(Metcalfe, 2013, 2021). This basin is
identified as sutures prolonging from
southeastern to northeastern Thailand,
including the Sa Kaeo and Nan suture
suture (Fig. 1). Prior studies indicate that
these suture lines emerged from igneous
rocks overlapped by specific rock
assemblages, such Permian and Middle
Triassic  radiolarian chert, Permian
limestone, and Triassic clastic sedimentary
rock (Hada et al., 1999, Ito et al., 2020,
Kamata et al., 2003, 2018, Saesaengseerung
etal., 2009, Sashida et al., 1997, Udchachon
et al., 2018). The original stratigraphy
documents geological development of the
back-arc basin from the Early Permian to
the Late Triassic, reflecting its periods of
opening and closure (Hara et al., 2018,
Phromsuwan et al., 2024). Several studies of
Permian sedimentary rocks, especially chert,
fine-grained siliciclastic, and limestone, were
discovered from the Central Plain of
Thailand that it examined the depositional
age of rock, conducted comprehensive
investigations on microfossils, and analyzed
tectonic implications in the Central Plain

region (e.g., Fontaine et al., 1996, Saesaeng-
seerung, 2009, Sashida & Nakornsri, 1997,
Ueno et al., 2012). Permian radiolarians were
reported by Saesaengseerung, 2009, Sashida
& Nakornsri, 1997 in the Sukhothai, Nakon
Sawan, and Uthai Thani provinces,
whereas Fusulina and other microfossils
were categorized by Fontaine et al., 1996,
Ueno et al., 2012 in the Nakon Sawan and
Uthai Thani provinces, which are believed
to have originated from carbonate rock of
the Lampang Group situated within the
Sukhothai Zone and of the Saraburi Group
corresponded to Indochina Block. Additionally,
chronological data, lithological features, and
chemical characteristics were investigated
using detrital zircon dating from the
Sukhothai Zone, revealing the age and
origin of clastic sedimentary rocks
associated with the subduction system of
the Paleo-Tethys Ocean (Hara et al. 2020).
In fact, the Central Plain (e.g., Sukhothai,
Kampaeng Phet, Nakorn Sawan, Uthai
Thani, etc.) is recognized as a component
of the Sukhothai Zone, mostly consisting
of felsic-mafic volcanic and pyroclastic
rocks dating from the Permian-Triassic
period (Barr & Charusiri, 2011, Boonsue,
1986). The distribution of the volcanic
material not only exposes a granitoid suite
in the area from the Early to Late Triassic,
but also provides corroborative evidence
of the amalgamation between the
Sibumasu block and the Indochina block
following the most recent phase of the
Sukhothai volcanic arc (Barr & Charusiri,
2011, Cobbing, 2011).

Sawan Khalok area, located in the
central region of Sukhothai Province,
represents a segment of the Sukhothai Zone,
revealing the disruption of the Paleo-
-Tethys Ocean subduction as a volcanic
island arc system. The area is predominantly
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characterized by dispersed mountains,
suggestive of Permian rocks, along with
granite intrusion outcrops. The geological
sequence was characteristically marked for
the Pha Haut Formation of the Ngao
Group, comprising bedded chert, fine-
grained siliciclastic material, and extensively
metamorphosed sedimentary rock (DMR,
2008). The Nakon Sawan—Uthai Thani
area features a sequence of Permian chert
and siliciclastic rocks, classified as a part
of Sab Bon Formation within the Saraburi
Group (DMR, 2007). The outcrops are
scattered broadly in Nakon Sawan and
Uthai Thani cities resembling scattered
little mountains, which are surrounded by
Quaternary sediments from the Chao
Phraya River, associated with volcanic
rocks and granites (Barr & Charusiri,
2011, Cobbing, 2011).

Our research areas concentrate on
both the Sawan Khalok and the Nakon
Sawan—Uthai Thani areas, from which we
examined chert sections. Many investigations
have reported microfossil age, paleo-
environment, and geotectonic history
(Fontaine et al., 1996, Saesaengseerung,
2009, Sashida & Nakornsri, 1997, Ueno et al.,
2012); however, there is limited information
regarding the lithological characteristics
and occurrences of cherts which restrict
understanding of the origins of the cherts
and their relationship with country rocks
in the Sukhothai Zone. Some papers
validated the geological setting for the
region using siliceous or carbonate evidence,
indicating that certain deposits are associated
with the Sibumasu Block while others are
in the edges of the Indochina Block
(Sashida et al., 2022, Ueno et al., 2012).
Therefore, we examine and describe the
chert outcrops, addressing depositional age,
rock occurrences, geochemical characteris-
tics, and geotectonic implications.

2. Geological outline

The Sukhothai Zone (Bar &
Macdonald, 1991, Sone & Metcalfe, 2008,
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Uneo & Charoentitirate, 2011), or Sukhothai
Volcanic Arc, is notably regarded as a
disruption of the Paleo-Tethys Ocean,
which subducted beneath the outer
margins of the Indochina Block (Ueno &
Hisada, 1999), extensively spanning the
North-South region of central Thailand,
particularly from Lampang and Sukhothai
to Nakhon Sawan and Uthai Thani
provinces (Barr et al., 2000, Boonsue,
1986) (Fig. 1). This volcanic arc zone was
developed as part of island-arc system
extending to the south as the Chanthaburi
Terrane, eastern Thailand. The region
exhibits the appearance of pre-Cretaceous
mafic to felsic volcanic rocks, as well as
Paleozoic mixed siliciclastic-carbonate
rocks and metamorphic rocks, which exist
as 1isolated monadnocks (Sashida &
Nakornsri, 1997, Ueno et al., 2012). The
Paleozoic-Mesozoic rocks serve as the
basement for predominantly younger
sediments, including Quaternary sediment
that constitute alluvial fan, fluvial, and
coastal deposits (DMR, 1999, Choowong,
2011). Our research is mostly focused on
chert-bearing fine grained siliciclastic
rocks, therefore, mainly studied two areas
(Fig. 2A): the main one takes place in the
Sawan Khalok of Sukhothai Province,
situated in the northern part of Central
Thailand, while the second is in the Nakon
Sawan—Uthai Thani Provinces, located in
the southern part of Central Thailand.

The localities of the Sawan Khalok
in Sukhothai Province, as shown in
Fig.2B, approximately 470 km NNW of
Bangkok, exhibit poor exposures of the
Paleozoic—Mesozoic rocks in flatland.
The geological map of the Sukhothai
Province indicates that the chert
succession has been identified as the Pha
Huat Formation of the Ngao Group which
composes of thin chert with phyllite and
siliceous shale interbedded with limestone
(DMR, 2008). This region was referred to
as Thung Saliam Chert, characterized by
noticeable chert formations in several
small hills situated between the Sawan
Khalok and Thung Saliam, in the northern
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Metcalfe, 2013, and Ueno et al., 2018), showing four st

Sukhothai (Bunopas, 1983), which is re-
designed to the Khanu Chert (Bunopas
1974, 1976¢c) found east of the Khanu
Woralaksaburi in Khamphaeng Phet
Province. The comprehensive fossil
documentation from the Thung Saliam
Chert has been accurately dated to the
Early Permian age based on radiolarians.
Pseudoalbaillella simplex, Ruzencevis-
pongus sp., and Latentifistulid gen. et sp.
indet. were discriminated from red bedded
chert by Sashida & Nakornsri (1997).

Nakon Sawan—Uthai Thani localities,
approximately 200 km from Bangkok,
include numerous hills oriented in a north-
south direction, composed of chert-
bearing fine-grained siliciclastic rocks. As
DMR, 2007 designated that stratigraphically

udy locations.

unit of these rocks in Nakon Sawan city to
the Sap Bon Formation of the Saraburi
Group (Fig. 2C), described as radiolarian
chert, shale interbedded by limestone, and
tuff which is controversy with a type
section of this formation situated at Ban
Sap Bon, Saraburi Province. The original
Sap Bon Formation (Hinthong, 1981) is
mainly constituted with a succession
predominantly of fine-grained siliciclastics
such as shale intercalated with siltstone
and sandstone, and small outcrops of
limestone and chert that it was referred
deposition to Khao Khwang Platform
belonging in the Indochina Block. The
Khao Gob chert isrecognized in the
northern region of Nakhon Sawan city
(Fig. 3A) and plenty of small hills in
northern Uthai Thani city (DMR, 1974,
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1976). The chert had previously been
regarded as Silurian-Devonian in earlier
studies (DMR 1999); however, it was
subsequently dated to the Early Permian
radiolarian age (Saesaengseerung et al.
2007) by fine-grained siliceous rocks in
the Nakhon Sawan and Uthai Thani areas,
that two distinct radiolarian assemblages
are identified: Pseudoalbaillella lomentaria
Assemblage, indicating an Early Permian
(Artinskian), and Follicucullus scholasticus
Assemblage, corresponding to the late
Middle to early Late Permian (Capitanian-
Whuchiapingian). Intermediate (diorite and
andesite) to felsic (granite, rhyolite and
rhyolitic tuff) rocks from the PTr were
reported in the west Nakhon Sawan
(Boonsue, 1986, Jundee et al., 2017).
Furthermore, chert-containing fine-grained
siliciclastics are present in the northern
Uthai Thani city which are also referenced
to the Silurian-Devonian Khao Luang tuff
(DMR, 2007) because almost the Khao
Luang hill is covered primarily of
tuffaceous sandstone, phyllitic tuff, and
schist. It was believed that forming of the
Khao Luang tuff was related with the
Triassic granitoid suite (Cobbing, 2011)
which huge intruded in the Central Plain
of Thailand. Another Permian-Triassic
carbonate rocks presumably appear as
karsts and monardnocks. Ueno et al.
(2012) indicated that Khao Pathawi
Triassic limestone is visible in the eastern
Uthai Thani Province, which is equivalent
to the Triassic Lampang Group, whereas
the eastern Nakhon Sawan limestone is
classified as part of the Saraburi Group of
the Indochina Block.

3. Lithology of Studied sections

Four research sections (NSO07,
NSI11, TS13, and TS14) were examined in
the region between Sukhothai and Nakhon
Sawan—Uthai Thani Provinces, Thailand
(Fig. 2B & C). All these sections are
distinguished as stratified cherts. It mostly
occurs as scattered monadnocks surrounded
by Quaternary sediments, with range
strikes oriented about north-south. These
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small monadnocks are also formed as
relatively isolated geomorphic features
and exhibit limited continuity with the
surrounding country rocks, like granite
and volcanic rock. Four stratigraphic
sections of radiolaria-bearing bedded
chert were measured and samples were
systematically collected at one-meter inter-
vals. The lithology, petrography, radiolarian
age, and geochemical elements of the
chert sequence, Central Plain of Thailand,
were examined to elucidate its character-
ristics and properties.

3.1 Section TS13

A section consisting weakly
bedded red chert is obvious as a road cut
outcrop on the western hill of Sawan
Khalok city, Sukhothai Province (17° 16'
56" N, 99°42' 25" E). The thickness of the
layers range from 5 to 20 cm, with some
small quartz vein. An outcrop of silicic
shale with quartz veins is also found in the
northeast Sawan Khalok (Fig. 3B). This
section TS13 is SKT6 of Sashida &
Nakornsri (1997). The observation of thin
sections (Fig. 3C), a large number of
radiolarians together with various micro-
crystalline quartz veins and the matrix
consists of muddy clay are observed in this
section.

3.2 Section TS14

This outcrop is in Wat Si Khong-
kha Ran, Sawan Khalok city, Sukhothai
Province (17° 15' 50" N, 99° 41' 59" E),
where is far from TS13 approximately
2.5 km south. A thin to thick layer of
reddish bedded cherts are clearly exposed
at a foothill totally 7 m thickness and other
reddish-brown cherts are shown at an
upper layer which have similar trending in
NNE-SSW directions. Under polarized
light microscope, there are abundance of
radiolarian and few sponge spicule traces
were filled by microcrystalline quartz with
a clay matrix (Fig. 3D). Small quartz veins
are not common in the rock texture, but a
pressure solution cleavage of muddy clay
is clearly observed.
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3.3 Section NSO07

This study section is located north
of Ban Noen Chaeng, Uthai Thani (15° 30’
24” N, 100° 01” 50” E), which is more near
Nakon Sawan city than Uthai Thani city
approximately 25 km south of Nakon
Sawan city (Fig. 3G). The NS07 section
consists of a 46 m thick continuous
sequence of grey cherts with beds that are
1.5 to several centimeters in thickness.
The chert generally shows microcrystalline
to cryptocrystalline quartz and matrix of
clay (Fig. 3E). Microscopic photo reveals
a lot of micro-quartz vein and spherical
radiolarian filled with microcrystalline
quartz.

3.4 Section NS11

At Ban Nong Phai Baen, Uthai
Thani (15° 26' 32" N, 100° 01' 23" E), the
road cut outcrop of section NS11 exposes
the south of section NS07, approximately
4 km away. The Permian limestone
succession of the Saraburi Group surrounds
this road cut outcrop, which appears as a
single hill in east Uthai Thani Province. A
thin layer of gray chert, about 1 to 5
centimeters thickness, is observed, trending
in a NNE-SSW direction (Fig. 3F). The
thin section observation reveals major
compositions of the chert sample compose
of microcrystalline to cryptocrystalline
quartz, with a clay matrix displaying a
pressure solution cleavage. There are also
numerous micro-quartz veins, and the
radiolarian tests are filled with micro-
crystalline quartz.

4. Radiolarians from the Studied
Sections and Their Geological Ages

As shown in Fig. 4, a total of 27
chert samples were collected from four
sections. These samples were treated with
hydrofluoric acid (HF) in concentrations
ranging from 5% to 10% for approxi-
mately 24 hours at room temperature. The
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extraction procedure was repeated three
times to ensure the recovery of sufficient
radiolarian specimens suitable for age
determination. Residual materials were
carefully examined and picked under a
stereomicroscope. Radiolarians were suc-
cessfully extracted from 17 samples. All
specimens are archived at the Laboratory
of Paleogeosphere Sciences, Department
of Geosciences, University of Tsukuba,
Japan. Radiolarian age determinations
were made based on biostratigraphic
studies such as Aitchison et al. (2017a),
Kuwahara (1999), Kuwahara et al. (1998),
Ishiga (1986, 1990), Ito & Suzuki (2020),
and Xiao et al. (2018). Selected, moderately
preserved radiolarian specimens are shown
in Plate 1.

4.1 Section TS13

Only two samples from this
section yielded radiolarians: Pseudoal-
baillella cf. annulata Ishiga, 1984, Ruzen-
cevispongus sp., and Follicucullus sp.
Pseudoalbaillella  annulata was first
reported by Ishiga (1984) and is a
diagnostic species of the Curvalbaillella
u-forma Zone (UAZ 1 of Xiao et al., 2020,
2021), which corresponds to the latest
Carboniferous (Gzhelian) to earliest
Permian (early Asselian) (Ito & Suzuki,
2022). As previously noted, this section
corresponds to SKT6 of Sashida &
Nakornsri (1997), where Pseudoalbaillella
simplex Ishiga & Imoto, 1980, Ruzencevi-
spongus sp., and Latentifistula sp. have
been reported. Based on the occurrence of
Pseudoalbaillella cf. annulata and Pseudo-
albaillella simplex, this section can be
assigned to the Pseudoalbaillella u-forma
m I to u-forma m Il Zones (Ishiga, 1986),
corresponding to the Asselian.

4.2 Section TS14

Seven chert samples from section
TS14 yielded radiolarians, as shown in Fig 4.
Identified taxa include Albaillella sinuata
Ishiga et al., 1986, Albaillella cf. asymmetrica
Ishiga & Imoto, 1982, Pseudoalbaillella
cf. annulata Ishiga, 1984, Albaillella sp.,
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Fig.3: Photographs of outcrops and photomicrographs of chert and siliciclastic rocks. (A) Chert-
containing fine-grained siliciclastic rocks found in Nakhon Sawan city (Khao Gob chert). (B) Silicic shale
featuring minor and small quartz veins is exposed in the northeastern Sawan Khalok area. (C)
Radiolarian-bearing chert from section TS13 seen under plane-polarized light, (D-E) Radiolarian-bearing
chert from sections TS14, and NS07 seen under cross-polarized light. (F) Bedded chert (section NS11).
(G) Road cut outcrop of NS07 locality showing an outcrop of bedded chert.

Pseudoalbaillella sp., Follicucullus
sp., and Ruzencevispongus sp. Albaillella
sinuata is known from both the 4. sinuata
and Parafollicucullus globosus Zones,
corresponding to the late Cisuralian (Kun-
gurian) to early Guadalupian (Roadian)
(Xiao et al., 2018). Albaillella asymmetrica
also occurs within these zones and
frequently co-occurs with A. sinuata.
Although the preservation of the A. cf.
asymmetrica specimen is poor, its co-
occurrence with A. sinuata suggests that
this assemblage likely correlates with the
A. sinuata and P. globosus Zones, thus
indicating a late Cisuralian to -early
Guadalupian age.

4.3 Section NS07

Identified radiolarians from the
section NSO7 are presented in Fig. 4. The
radiolarian specimens from these samples
exhibit moderate preservation. Identification
of species is possible for only five
samples: NS07-02, NS07-03, NS07-04,
NS07-05 and NS07-07.

Sample NSO07-02 contains of
Pseudoalbaillella cf. lomentaria Ishiga &
Imoto, 1980, and Parafollicucullus mona-
canthus Ishiga & Imoto, 1980. The presence
of Parafollicucullus monacanthus suggests
an age range from Wordian to Capitanian,
corresponding to the P. monacanthus to

Follicucullus ventricosus Zones (Xiao et
al., 2018, Ito & Suzuki, 2022).
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Plate 1 Scanning electron micrographs of radiolarians from cherts of the studied sections TS13, TS14, NS07 and NS11.
All scale bars indicate 100 um. 1. Pseudoalbaillella cf. annulata Tshiga, 1984, 004, from TS13-01, 2. Pseudoalbaillella
cf. annulata Ishiga, 1984, 010, from TS14-01, 3. Pseudoalbaillella cf. sakmarensis Kozur, 1981, 24, from NS07-03,
4. Pseudoalbaillella scalprata Holdsworth & Jones, 1980, 07, from NS07-05, 5. Pseudoalbaillella scalprata
Holdsworth & Jones, 1980, 013, from NS11-09, 6. Pseudoalbaillella scalprata Holdsworth & Jones, 1980, 019, from
NS11-09, 7. Pseudoalbaillella cf. lomentaria Ishiga & Imoto, 1980, 001, from NS11-09, 8. Albaillella sinuata Ishiga
et al., 1986, 17, from TS14-01, 9. Albaillella sinuata Ishiga et al., 1986, 23, from TS14-01, 10. Albaillella cf.
asymmetrica Ishiga & Imoto, 1982, 01, from TS14-05, 11. Parafollicucullus fusiformis Holdsworth & Jones, 1980, 29,
from NS07-03, 12. Parafollicucullus cf. fusiformis Holdsworth & Jones, 1980, 13, from NS07-03, 13. Parafollicucullus
cf. fusiformis Holdsworth & Jones, 1980, 23, from NS07-05, 14. Parafollicucullinoides cf. globosus Ishiga et al., 1982,
04, from NS07-05, 15. Parafollicucullinoides cf. globosus Ishiga et al., 1982, 26, from NS07-05, 16. Parafollicucullus
monacanthus Ishiga & Imoto, 1980, 13 from NS07-03(2) 17. Parafollicucullus monacanthus Ishiga & Imoto, 1980,
18 from NS07-05 18. Parafollicucullus monacanthus Ishiga & Imoto, 1980, 36, from NS07-05, 19. Parafollicucullus
monacanthus Tshiga & Imoto, 1980, 016, from NS11-09, 20. Follicucullus japonicus Ishiga, 1991, 20, from NS07-
03(2), 21. Follicucullus cf. scholasticus Rudenko in Belyansky et al., 1984, 10, from NS07-04, 22. Follicucullus cf.
scholasticus Rudenko in Belyansky et al., 1984, 15, from NS07-04, 23. Follicucullus cf. scholasticus Rudenko in
Belyansky et al., 1984, 01, from NS07-04(2), 24. Follicucullus cf. scholasticus Rudenko in Belyansky et al., 1984, 002,
from NS11-06, 25. Follicucullus cf. bipartitus Caridroit & De Wever, 1984, 40, from NS07-04, 26. Pseudoalbaillella
sp., 08(2), from TS14-07, 27. Pseudoalbaillella sp., 05, from NS07-04(2), 28. Follicucullus sp., 28, from NS07-03, 29.
Follicucullus sp., 009, from NS11-09. 30. Ruzencevispongus sp., 015, from TS14-01, 31. Ruzencevispongus sp., 01,
from TS14-07, 32. Latentifistula sp., 01, from TS14-02
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The age of samples NS07-03 is
indicated to range from late Roadian to
Capitanian, based on co-occurrence of
Pseudoalbaillella cf. sakmarensis Kozur,
1981, Parafollicucullus fusiformis Holds-
worth & Jones, 1980, Parafollicuculli-
noides cf. globosus Ishiga et al., 1982,
Parafollicucullus monacanthus and Folli-
cucullus cf. scholasticus Rudenko in
Belyansky et al., 1984, which were mainly
reported from the Parafollicucullinoides
globosus to Follicucullus ventricosus Zones
(Ito and Suzuki, 2022). Other species that
are recognized between the Guadalupian
period include Follicucullus japonicus
Ishiga, 1991, and Follicucullus A. sp.

Co-occurrence of Parafollicucullus
monacanthus and Follicucullus scholas-
ticus are notable characteristics of Sample
NS07-04. According to recent biostrati-
graphic studies (Xiao et al., 2018, Ito and
Suzuki, 2022), this co-occurrence interval
of Parafollicucullus monacanthus and
Follicucullus cf. scholasticus is limited to
the Follicucullus schlasticus Zone to
Follicucullus ventricosus Zone (UAZ 10-11),
indicating a middle Capitanian age.

Sample NS07-05 contained radio-
larians of Pseudoalbaillella scalprata
Holdsworth & Jones, 1980, which
typically has a range from Sakmarian to
Guadalupian. This sample also contains
radiolarian specimens identified as Para-
follicucullus cf. fusiformis and Para-
follicucullinoides cf. globosus. Parafolli-
cucullus fusiformis is a typical species
found in the Parafollicucullus monacanthus
Zone, and it is known to exist from the
Roadian to the late Capitanian time
periods. On the other hand, Parafollicu-
cullinoides globosus is a key species of the
Parafollicucullus globosus Zone, and it is
believed to have existed from the Roadian
to the middle Capitanian. Our specimens
were not well preserved and were identified
as Parafollicucullus cf. fusiformis and
Parafollicucullinoides cf. globosus, but it
is likely that radiolarians from NS07-05
correspond to the period during which they
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co-occurred: the Roadian to middle

Capitanian.

Specimens from sample NS07-07
were poorly preserved, and only
Follicucullus cf. scholasticus, Longtanella
sp. and Follicuculidae gen. et sp. Indet.
were yielded. Follicucullus scholasticus is
a radiolarian that commonly occurs from
late Guadalupian to Lopingian, thus it may
indicate an interval from late Guadalupian
to Lopingian, but the specific age of the
sample NS07-07 is unknown.

Considering the radiolarian ages
obtained from the five samples of the
section NSO7, the Roadian to Capitanian
age 1s herein proposed.

4.4 Section NS11

Radiolarians from section NS11
were generally poorly preserved. Only
four samples yielded identifiable taxa,
three of which contained only Follicucullus
sp. as shown in Fig. 4. Notably, sample
NS11-09 contained Follicucullus sp.,
Pseudoalbaillella cf. lomentaria Ishiga &
Imoto, 1980, P. scalprata, Parafollicu-
cullus monacanthus, and Pseudoalbaillella
sp. Considering the co-occurrence of these
radiolarian species, the depositional age of
samples NSI1 can be estimated to be
Wordian to Capitanian.

5. Geochemical analyses of the chert

Seventeen samples of bedded
cherts are collected from four sections of
the Sukhothai Zone for geochemical
analyses. This geochemistry provides an
important tool for interpretation of their
depositional environment and paleogeo-
graphy (Yamamoto, 1987, Aitchison &
Flood, 1990, Murray et al., 1990, Girty et
al., 1996). Major oxides, trace elements,
and rare earth elements were analyzed at
Activation Laboratories (Actlabs), Canada
with the Actlabs' innovative lithium
metaborate tetraborate robotic fusion for
Inductively Coupled Plasma Mass
Spectrometry (ICP/MS) and Inductively
Coupled Plasma Emission Spectroscopy
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(ICP/OES), controlled by detection limits
of the Actlabs. The analytical results for
the major, trace, and rare earth elements
are listed in Tables 1, 2 and 3,
respectively.

5.1 Major elements

The concentrations of the major
elements are listed in Table 1. All bedded
chert samples from sections TS13, TS14,
and NS11 have relatively high concentrations
of'silica (95.09%-98.30%), represented as
typical bedded cherts, containing with
silica more than 95%. Meanwhile, the
bedded cherts from section NSO7 have
less concentrations of silica than usual
cherts (91.38%-95.53%). High silica
contents correspond to small amounts of
phosphate, as indicated by the trend in all
four areas where silica increases while
phosphate decreases. Aluminum (Al) and
titanium (Ti) are frequently used as
indicators of terrigenous intake in
saltwater due to their limited solubility
and increased immobility during the
diagenesis process. In contrast, metalli-
ferous sediments contain elevated
concentrations of iron (Fe) and manganese
(Mn), which are considered indicators of
hydrothermal activity (Aitchison & Flood,
1990, Yamato, 1987). Al concentrations
are considerably high in the chert samples
of NS07 and NS11, which are 2.20%—
3.50%, and 1.31%2.09%, respectively,
compared to the chert samples of TS13
and TS14, which are 0.56%—0.76%, and
0.47%—0.75%, respectively. There are
opposite values in Fe concentrations
compared with Al concentrations in which
the cherts of TS13 and TS14 exhibit
greater values (1.88%-1.90%, and
0.82%—1.68%, respectively), the cherts of
NSO07 have wvariable values (0.58%—
3.55%), and of NS11 show small values
(0.24%—-0.38%).

As for Al/(Al + Fe + Mn) ratio, it
is a proxy for the influence of
hydrothermal contribution in marine
sediment and it generally decreases as
hydrothermal input increases. A represen-

tation of the contribution of hydrothermal
influence in marine sediments can be
provided by the ratio, which ranges from
0.01% (for hydrothermal cherts) to 0.6
(for biogenic cherts). The TS13 and TS14
cherts, which have The Al/(Al + Fe + Mn)
ratios between 0.26-0.32 and 0.25-0.45,
record a mixed hydrothermal-biogenic
origin, possibly linked to their proximity
to hydrothermal sources along a back-arc
basin or spreading center. In contrast,
NSO07 and NS11, which have the ratios
0.54-0.83 and (0.82-0.91), show a clear
biogenic dominance, pointing to deposition
in more distal or background marine
settings. The Al-Fe-Mn diagram of Adachi
et al. (1986) is used to identify the deposi-
tional origin of siliceous rocks. The
diagram exhibits TS13 samples plot in the
proximal hydrothermal chert field and
show a similar origin to TS14, where two
samples fall in the biogenic field and three
in the hydrothermal field (Fig. 5). NS07
samples mainly indicate a biogenic origin,
and most NS11 chert samples also plot
close to the biogenic field. The ratio of
Al203/(Al203+Fe203) is a geochemical
proxy used to assess the relative
contributions of terrigenous and hydro-
thermal sources to marine sediments. This
ratio continuously drops from the
continental margin (0.5-0.9) and oceanic
basin (0.4-0.7) to the mid-oceanic ridge
(0.4) (Murray et al., 1990, 1992). Samples
of TS13 and TS14 have similarly ratio
(0.23-0.29 and 0.22-0.41) which is
apparently contrast with NS07 (0.50—
0.81) and NSI11 (0.80-0.90). Such the
Al203/(Al203+Fe203) ratio, those are lied
on the mid-oceanic ridge, pelagic, and
continental environment. The discrimination
diagrams of Al203/(Al203+Fe203) against
Fe203/TiO2 (Murray, 1994) indicate that
the bedded chert from TS13 and TS14
samples formed in a site close to spreading
ridge environment (Fig. 6), whereas NS07
sample formed between an abyssal plain
and continental margin, and NS11 sample
formed in a continental margin.
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Fig. 5: Triangle diagram of the Al-Fe-Mn elements for the seventeen samples. The biogenic and
hydrothermal chert fields originate from Adachi et al. (1986).

5.2 Trace elements

Trace elements are elements
mostly present in very small quantities
(Table 2), as typically less than 0.1%.
Significant concentrations of Cr display
outweight other elements that range from
100 — 370 ppm, that there are samples of
TS13 and TS14 reach to 300 ppm and
samples of NSO7 and NS11 fit average in
166 and 226 ppm, respectively. Data for
Ni and Cu concentrations appear relatively
clustered in chert from continental
margin: NSO7 has Ni concentrations for
60—80 ppm, NS11 limits for 90—120 ppm.,
TS13 ranges for 110-140 ppm, and TS14
appears for 50-180 ppm. In addition, the
concentrations of Zr and Cr are
traditionally associated with detrital heavy
minerals, such as zircon, and are
potentially more abundant in continental
margin chert, which can reflect the source
rock of the terrigenous contribution. It
shows in the bedded chert of NSO7 at 13-29
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ppm and NS11 at 821 ppm, however not
in the cherts of TS13 and TS14 (12-15
ppm and 12—15 ppm, respectively).

Ba concentrations may indicate
deposition in upwelling zones or
continental margin settings, where
productivity is high. In this study, Ba
concentrations are also slightly high in
samples of NS07 (52-105 ppm), and
NS11 (44-63 ppm) compared to samples
of TS13 and TS14, which are 22—40 ppm,
and 25-54 ppm, respectively. It contains
an interestingly high Sr concentration
from NS07 sample exceeding 10 ppm (10-
48 ppm), that in some cases, hydrothermal
fluids can influence Sr concentrations in
chert. Elevated Sr levels in chert may
indicate proximity to hydrothermal vents
or other hydrothermal activity (Andersen
and Hume, 1968). Other trace elements in
the four areas are low and variable, that
some elements are less than 1 ppm and up
to a few ppm.

4
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Fig. 6: Diagrams illustrating Al,O3/(Al,Os+Fe,03) against Fe;O3/TiO; and La./Ce, effectively distinguish
the depositional environments of the Permian bedded cherts within the fields of ridge, pelagic, and

continental margin (Murray, 1994).
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5.3 Rare earth elements (REEs)

Every REEs contents of the four
localities are relatively low, as seen in
Table 3, which is less than 1 ppm. A
relatively low REEs were obtained from
Light Rare Earth Elements (LREEs) and
Heavy Rare Earth Elements (HREEs),
samples of TS13, TS14, and NS11 also
present the relatively low value of the total
REEs (XREEs) from 31.63 to 31.79, 12.83
to 26.18, and 10.39 to 29.11 ppm,
respectively excluded sample of NSO7 an
intermediate high value of XREEs (26.68—
53.34). The NASC-normalized Lan/Cen
and Ce/Ce* ratios are extremely important
markers for determinations of tectonic
settings and depositional environments
presented in marine sediments. Sedimentary
settings are evaluated using the Lan/Cen
ratio, whereas the Ce/Ce* ratio may be
found in a wide variety of rocks, ranging
from oceanic basins to continental
siliceous rocks. Cherts that are deposited
along continental margins frequently
feature Lan/Cen ratios that are close to 1,
but those that are deposited on spreading
ridges or pelagic settings have greater
values, reaching 3.5 and ranging between
2 and 3 (Murray, 1994, Murray et al.,
1990). The samples of TS13 and TS14
have a slightly high Lan/Cen ratios: TS13
has values between 2.24 and 2.31, and
TS14 ranges between 2.17 and 2.74,
whilst samples of NSO7 and NSI11 are a
slightly low ranges that Lan/Cen ratios:
NSO07 present values from 0.93 to 1.54,
and NS11 appear values from 0.80 to 1.38.
Thus, these ratios are lied between the
fields of pelagic and continental setting.

In terms of Ce/Ce* ratios,
proximal to spreading ridges, average
Ce/Ce* values are 0.29, whereas values in
the abyssal plain of oceanic basins are 0.6,
and continental margins exhibit values of
0.9 (Murray et al., 1990, 1991). The chert
samples from TS13 exhibited consistent
values Ce/Ce* ratios ranging from 0.40 to
0.42 ppm. The chert samples from TS14
showed slightly low Ce/Ce* ratios,
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ranging from 0.34 to 0.44 ppm. In
contrast, the cherts from NO7 and NS11
displayed greater values in 0.60 to 1.05,
and 0.76 to 1.18 ppm, respectively. The
Ce/Ce* ratios from the four sections
suggest a nearby spreading ridge to
abyssal plain and terrigenous sediment
contributions.

Discrimination diagrams, more
particularly AlO3/(Al203 + Fe2O3) vs.
Lan/Cen  (Murray, 1994), provide
additional evidence that the chert
successions of TSI13 and TSI14 were
deposited in a transitional environment.
This environment was located between a
mid-oceanic ridge and an oceanic basin.
As presented in Fig. 6, the NS11 sample
was deposited in a continental margin, and
the NSO7 sample was deposited during
transitions from a pelagic plain to a
continental  zone. Moreover, the
chondrite-normalized rare earth element
distribution patterns were utilized as
labels for the environmental setting of
marine sediments. This is because the
concentrations of cerium decrease with
increasing distance from land. In general,
REE patterns of sediments exhibit a strong
negative Ce anomaly on a nearby
spreading ridge, a negative Ce anomaly in
the deep sea, and a positive anomaly on
continental margins (Murray et al., 1990,
1991). The -chondrite-normalized rare
earth element patterns of the analyzed
samples from the four sections are
illustrated in Fig. 7. All profiles exhibit a
downward slope, indicating an enrichment
of LREEs and a depletion of HREEs. The
TS13 section (Asselian) exhibits declared
negative Ce anomalies, alike to those in
the TS14 section (Kungurian—Roadian).
The younger NSO7 section (Roadian—
Capitanian) exhibits totally no Ce
anomalies (flat lines), with only one
sample showing a significant negative
anomaly. It is similar REE patterns in the
NS11  section (Wordian—Capitanian)
showing depletions of Ce anomalies.
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Fig. 7: The distribution patterns of rare earth elements (REE) in the analyzed samples are normalized to
chondrite values, as referenced from McDonough & Sun (1995)

6. Discussions

6.1 Relationship of chert successions of
the Sawan Khalok area and Nakhon
Sawan—Uthai Thani area

The four sections examined in this
study are TS13 and TS14 in the Sawan
Khalok area, and NSO7 and NS11 in the
Nakhon Sawan—Uthai Thani area (Fig. 2).
The chert exposed in the Sawan Khalok
area was named the Khanu Chert by
Bunopas (1976, 1981) and assigned to the
member of Thung Salium Group
(Bunopas, 1981). Whereas the chert in the
Nakhon Sawan—Uthai Thani area was
described as the Kho Gob Chert (Bunopas,
1976, 1980), and its succession was
geologically compared with the Khanu
Chert of the Sawan Khalok area (Bunopas,
1981). The geological ages of both the
Khanu and Kho Gob Cherts were
originally estimated to be Silurian—
Devonian by Bunopas and Vella (1978)
and Bunopas (1976, 1981). However, the
depositional ages of the cherts in both
areas were later revised to the Permian
based on the occurrence of Permian
radiolarians, as reported by Sashida and
Nakornsri (1997) and Saesaengseerung et
al. (2007). In agreement with these findings,

our analysis also yielded Permian
radiolarians, confirming that the chert
sequences in both areas are of Permian age.

In both areas, the chert successions
consist of thin-bedded, reddish to gray or
dark gray radiolarian chert. These cherts
are interbedded with fine-grained silici-
clastic rocks, particularly silicic shale. The
successions are consistently oriented in a
NNE-SSW direction and typically form
small monadnocks. Microscopically, the
chert comprises a microcrystalline quartz
matrix with clay minerals and an
abundance of densely packed radiolarian
tests (Figs. 3C, 3D, 3E), while coarse
terrigenous grains, such as quartz larger
than silt-sized, are absent from the chert
layers (Figs. 3C, 3D, 3E). These micro-
scopic features are typical of pelagic
radiolarian bedded chert, which is
interpreted to have been deposited in a
deep pelagic oceanic setting. This observation
also supports the geological correlation of
the bedded cherts from both areas (i.e., the
Khanu Chert and the Khao Gob Chert).

In summary, the Khanu Chert and
the Khao Gob Chert, distributed across the
Central Plain of Thailand, are litholo-
gically characterized by Permian bedded
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radiolarian chert interbedded with siliciclastic
rocks such as shale, siltstone, and sandstone.
These features are lithologically and
stratigraphically comparable to each
other, particularly in terms of associated
lithologies, microscopic characteristics,
and geological ages as determined by
radiolarian biostratigraphy. Based on
lithological characteristics (thin-bedded
radiolarian chert with silicic shale and/or
tuffaceous rocks), stratigraphic relationships
(consistent interbedding and NNE-SSW
orientation), and radiolarian-based age
data (Early to Middle Permian), the chert
successions in the Sawan Khalok and
Nakhon Sawan—Uthai Thani areas are
thought to have the same origin.

6.2 Geological comparison with the
Permian chert distributed in the Sa
Kaeo area, southeastern Thailand

An age determination from
radiolarian-bearing cherts in the four
locations assigns the age of each section as
follows: TS13 (Asselian), TS14 (Kungurian—
Roadian), NSO7 (Roadian—Capitanian) and
NS11 (Wordian—Capitanian), based on
radiolarian biostratigraphy. These ages are
within the Permian period, similar to chert
deposits in the Sa Kaeo suture zone, rather
than the extended range of pelagic chert
from the Paleo-Tethys Ocean, which
spans from the Devonian to Triassic. As
discussed in Section 6.1, the lithology and
stratigraphy of the studied successions
suggest that the Khanu Chert and the Khao
Gob Chert could be correlated each other
and have the same origin. However, to
further evaluate their tectonic origin, a
geochemical comparison with other
Permian cherts requires more details.

Geochemical analysis of seventeen
chert samples across the four sections
provides key evidence of depositional
settings. The discrimination diagrams,
particularly AlLOs/(Al:Os + Fe20s) vs
Fe20s3/Ti02 and Al2Os/(ALl:Os + Fe20s) vs
La,/Ce, (Murray, 1992, 1994), reveal a
progression in depositional environments
from areas affected by hydrothermal activity

Waraphorn Phromsuwan et al. / Thai Geoscience Journal 7(10), 2025, p. 26-50

to areas affected by terrestrial materials.
TS13 on the diagram exhibit low
AlLOs/(Al20s + Fe20s) ratios and high
Fe.05/TiO: ratios, plotting within the
ridge-proximal fields (Fig. 6). The cherts
were formed a site of the hydrothermal
activity (Fig. 5). The Ce/Ce* anomaly
values are distinctly low (0.40-0.42), and
chondrite-normalized REE patterns show
a downward slope with strong negative Ce
anomalies (Fig. 7). These signatures are
characteristic of deposition influenced by
hydrothermal input, likely near a
spreading center. TS14 samples plot in
both a ridge and a transitional zone
between ridge and pelagic fields (Fig. 6),
with high Fe205/TiO: ratios and Ce/Ce*
values ranging from 0.34 to 0.44. Their
chert origins were from hydrothermal and
non-hydrothermal activities (Fig. 5). The
chondrite-normalized REE patterns exhibit
significant negative Ce anomalies along a
decreasing slope (Fig. 7). Although still
showing hydrothermal characteristics, the
influence is weaker than in TS13. This
suggests deposition from a site of the
hydrothermal activity such as the
hydrothermal vent, within a more distal
ridge environment. In contrast, samples
from NSO7 display higher Al.Os/(Al20s +
Fe:0s) and lower Fe.0:/TiO: ratios,
indicating reduced hydrothermal affect.
The discrimination diagram of Murray
(1994) plots display a transitional zone
(Fig. 6), placing these samples in the open
marine to continental margin field.
Ce/Ce* values range from 0.60—1.05, and
REE patterns become smoother with
depleted Ce anomalies. NS11 samples
exhibit the most biogenic origin, with
ALOs3/(Al20s + Fe:0s) ratios exceeding
0.80, and Fe:0s/TiO: consistently below
10. Ce/Ce* values between 0.76—1.18 and
flat Ce anomalies in REE patterns (Fig. 7)
suggest continental margin influence. All
NSO07 and NS1lIsamples plot within the
biogenic field in the Al-Fe-Mn diagram
(Fig. 5), implying deposition deep marine
basins where affected by terrestrial
materials.
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The sequential increase in Ce/Ce*
values from TS13, TS14, NS07 to NS11
mirrors a depositional change from areas
affected by hydrothermal activity to areas
affected by terrestrial materials, arranged
in stratigraphic order by age. This trend
closely resembles the Sa Kaeo chert
succession, where Early Permian cherts
reflect deposition near hydrothermal
activity, as indicated by strong negative
Ce anomalies in REE patterns, high
Fe.0s/T10: ratios, and their origin with
hydrothermal source. In contrast, Middle
Permian cherts in the Sa Kaeo area show
progressively diminished hydrothermal
influence, with Ce/Ce* values increasing
more than the Early Permian cherts,
flattened Ce anomalies in REE profiles,
and higher Al20s/(Al20s; + Fe:0s) ratios
indicated to deposition in abyssal plains or
distal continental margins dominated by
biogenic origin accumulation (Phrom-
suwan et al., 2024).

By comparison, Chert sequences
of the Inthanon Zone, which is thought to
have been deposited in a vast paleoocean
of the Paleo-Tethys, has a wide age range
over a much longer duration (~250 Ma),
ranging from the Middle Devonian to the
Middle Triassic (Caridroit, 1993, Kamata
et al., 2012, Sashida et al., 2000, and
Wonganan et al., 2005). The variations in
cerium anomalies in the REE profiles with
geological age observed in the Sa Kaeo
area have not been reported in the chert
sequences of the Inthanon Zone.

Based on depositional time
intervals and geochemical evidence, the
chert sequences distributed in the Central
Plain can be geologically correlated with
the Permian chert of the Sa Kaeo area,
which is interpreted to have originated in
a back-arc basin located between the
Sukhothai Arc and the Indochina Block,
rather than the chert sequence of the
Inthanon Zone, which was deposited in the
Paleo-Tethys Ocean. This contrast suggests
that the studied successions were formed
in a back-arc basin rather than within a vast,

long-lived pelagic realm of the Paleo-
Tethys.

6.3 Geological affiliation (origin) of the
Permian chert distributed in the
Central Plain and the extension of the
suture in the Central Plain

As previously mentioned, the
Chao Phraya Central Plain is widely
covered by thick Quaternary sediments,
and the Paleozoic to Mesozoic basement
rocks are poorly exposed, resulting in a
lack of research on their stratigraphy,
formation age, and origin. Recently, Ueno
et al. (2012) examined the lithology and
foraminiferal assemblages of limestone
distributed in the Nakhon Sawan and
Uthai Thani regions of the Central Plain
and proposed a potential tectonic division
of the area (see Figs. 2 and 10 in Ueno et al.,
2012).

According to their report, the
western parts of Uthai Thani and Nakhon
Sawan provinces expose Triassic S-type
granite, attributed to the Central Belts
(Main Range) of Cobbing (2011),
Ordovician limestone correlating with the
Thung Song Limestone of the Thai
Peninsula (Ridd, 2011), Silurian—
Devonian sedimentary rocks corres-
ponding to part of the Thong Pha Phum
Group, and the Uthai Thani Limestone,
which is comparable to the Ratburi
Limestone in the Peninsula. The
distribution of these basement rocks
suggests that this area belongs to the
Sibumasu Continental Block. Conversely,
the eastern parts of the Uthai Thani and
Nakhon Sawan provinces are underlain by
the Tak Fa Formation (a unit of the
Saraburi Group) and the Phetchabun
Volcanic Belt, which are interpreted as
basement rocks associated with the
eastern margin of the Indochina
Continental Block. Between the basement
rocks derived from the Sibumasu and
Indochina blocks lies the Permian Khao
Kob Chert (the subject of this study) as
well as the Khao Pathawi Limestone
(defined as a Triassic unit by Ueno et al.,
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2012) and the Permian?-Triassic Nakhon
Sawan Volcanics. Since the Khao Pathawi
Limestone correlates with the Triassic
Lampang Group in northern Thailand,
Ueno et al. (2012) concluded that this area
represents the southern extension of the
Sukhothai Zone.

In other words, Central Thailand is
divided into three tectonic domains from
west to east: the Sibumasu Block, the
Sukhothai Zone, and the Indochina Block
that it is similar to the configuration
observed in northern Thailand. The
northwestern extension of the Sa Kaeo
Suture, which separates the Sukhothai
Zone and the Indochina Block, is inferred
to lie between the rocks of Indochina
Block origin (mainly the Tak Fa Formation)
and those of Sukhothai Zone origin (e.g.,
the Nakhon Sawan Volcanics). This
suggests that the suture extends north—
south along the eastern side of Nakhon
Sawan (see Figs. 2 and 10 in Ueno et al.,
2012). There are no exposures of ultramafic
or mafic rocks such as serpentinite or
gabbro, which is typical of suture zones,
have been reported in the Chao Phraya
Plain. In contrast, Permian bedded cherts
containing radiolarians are exposed
alongside ultramafic and mafic rocks in
the Sa Kaeo and Nan suture zones and are
therefore considered critical indicators for
identifying sutures.

As mentioned above, the Permian
bedded chert (Khao Kob Chert) exposed
in the Nakhon Sawan and Uthai Thani
areas can be geologically correlated with
the Permian bedded chert (Khanu Chert)
in the Sawan Khalok area based on age,
lithology, stratigraphy, and geochemical
characteristics. Accordingly, it is inferred
that the Sa Kaeo Suture extends
northwestward from the Uthai Thani and
Nakhon Sawan areas into the Sawan
Khalok area, and continues toward the
Nan Suture. The monadnocks containing
Permian bedded cherts (NS-07 and NS-
11) in the Nakhon Sawan—Uthai Thani
areas, as examined in this study, are located
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slightly west of the inferred position of the
Sa Kaeo Suture and lie within the region
characterized by Sukhothai Zone rocks,
including the Permian—Triassic Nakhon
Sawan Volcanics and the Triassic Khao
Pathawi Limestone (correlative with the
Lampang Group). Although there are no
outcrops that directly display the
stratigraphic relationship between the
cherts and surrounding units, this can be
interpreted as the result of tectonic
thrusting. The bedded cherts, which are
considered part of the suture zone, have
been thrust onto the structurally higher
units of the Sukhothai Zone due to lateral
shortening tectonics associated with the
closure of the back-arc basin.

7. Conclusions

Several conclusions can be drawn
from this study:

1. The radiolarian assemblages
and ages from the Sawan Khalok and
Nakhon Sawan—Uthai Thani areas of
central Thailand predominantly date to the
Early Permian and late Middle Permian,
consecutively  Asselian from  TS13,
Kungurian—Roadian from TS14, Roadian—
Capitanian from NS07, and Wordian—
Capitanian from NS11.

2.  Geochemical examinations
reveal a distinct depositional environment
and origin for each age, indicating that the
Early Permian chert (TS13 and TS14)
originated from a hydrothermal source
and were deposited nearby a spreading
ridge zone. The contents of Ce anomalies
confirm the considerable negative
characteristics in the profile of REE
chondrite patterns. The Middle Permian
cherts (NSO7 and NS11) had a biogenic
origin, with NSO7 deposited in a
transitional zone between a pelagic and a
continental margin, while NS11 was
deposited in a continental margin region.

3. Based on the radiolarian
assemblages and ages, geochemical
characteristics, and lithological features,
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it appears probable that the chert
successions from the Sawan Khalok and
Nakhon Sawan—Uthai Thani areas, which
have similar origins to the Khanu Chert
and the Khao Gob Chert, can be correlated
with the back-arc basin cherts from the Sa
Kaeo suture zone, despite the absence of
outcrops of igneous rock basement.

4. This study proposes that the
chert successions documented in the
Central Plain, Thailand are considered
evidence of radiolarian-bedded chert
deriving from the back-arc basin. It is
likely that cropping took place because of
thrusting followed the closure of the back-
arc basin.
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