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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.
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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).

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).
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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.

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

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 theWichianburi 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.
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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 andWestern 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,

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.
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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).

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

FIGURE 3 |Comparison of seismic stratigraphy and tectonic events with key unconformities (T1–T4). Location of 3D seismic interpretation is located in Figure 1B.
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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.

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

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).

TABLE 1 | Parameters applied to decompaction and depth conversion.

Stratigraphy Average lithology Density (g/cm3) Initial porosity
φ0

Depth coefficient
c (km−1)

Velocity (m/s) The exponential
rate of

change of
the velocity

(Hz)

Holocene claystone and sandstone Shale 2.72 0.63 0.51 2,500 0.50
Plio-Pleistocene shale Shaly sand 2.68 0.56 0.39 2,200 0.50
Chaliang Lab Formation Sand 2.65 0.49 0.27 3,500 0.50
Basal tertiary and Wichianburi group Sand 2.65 0.49 0.27 3,500 0.50
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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).

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.

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 2 | Horizon lengths at undeformed stage.

Stage age Horizon lengths (m)

Line A Line B Line C Line D

Present day (Lf) 18,476.78 19,620.99 19,251.80 13,732.00
Holocene 18,491.19 19,621.59 19,326.76 -
Pliocene 18,310.44 19,595.71 19,180.84 13,760.66
Middle Miocene 18,254.52 19,112.84 19,170.19 13,820.05
Late Oligocene 16,276.08 17,455.99 17,694.60 12,705.43

TABLE 3 | Calculation of extension for the evolutionary stages.

Line Stage age Cumulative stretching
factor ß

(extension %)

Stage (time
period)

Extension during
this stagea

Extension rate
for Ma

A Holocene 0.999 (−0.08%) Holocene (0.01 Ma) −0.08% −7.79%
Pliocene 1.009 (0.91%) Pliocene to Pleistocene (2.99 Ma) 0.99% 0.33%
Middle Miocene 1.012 (1.22%) Middle Miocene to Pliocene (13 Ma) 0.31% 0.02%
Late Oligocene 1.135 (13.52%) Late Oligocene to Early Miocene (12 Ma) 12.30% 1.03%

B Holocene 1.000 (0.00%) Holocene (0.01 Ma) 0.00% −0.31%
Pliocene 1.001 (0.13%) Pliocene to Pleistocene (2.99 Ma) 0.13% 0.04%
Middle Miocene 1.027 (2.66%) Middle Miocene to Pliocene (13 Ma) 2.53% 0.19%
Late Oligocene 1.124 (12.40%) Late Oligocene to Early Miocene (12 Ma) 9.74% 0.81%

C Holocene 0.996 (−0.39%) Holocene (0.01 Ma) −0.39% −38.78%
Pliocene 1.004 (0.37%) Pliocene to Pleistocene (2.99 Ma) 0.76% 0.25%
Middle Miocene 1.004 (0.43%) Middle Miocene to Pliocene (13 Ma) 0.06% 0.004%
Late Oligocene 1.088 (8.80%) Late Oligocene to Early Miocene (12 Ma) 8.37% 0.70%

D Pliocene 0.998 (−0.21%) Pliocene to Holocene (3 Ma) −0.21% −0.07%
Middle Miocene 0.994 (−0.64%) Middle Miocene to Pliocene (13 Ma) −0.43% −0.03%
Late Oligocene 1.081 (8.08%) Late Oligocene to Early Miocene (12 Ma) 8.72% 0.73%

aExtension (ε, %) calculated for the period discounting later extension value (e.g., for Line B, Late Oligocene to Early Miocene; 12.40–2.66% � 9.74%).
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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).

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

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.
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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 theMiddleMiocene 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
centerwith 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

FIGURE 6 | Summary graph showing the amount of extension of Line A to Line D.
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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-
EarlyMiocene rifting in theWichianburi 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
11Ma (Middle Miocene). Younger intrusions are dated less than
5Ma (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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