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ABSTRACT

Classic detachment zones in fold and thrust
belts are generally defined by a weak lithology
(typically salt or shale), often accompanied by high
over-pressures. This study describes an atypical
detachment that occurs entirely within a relatively
strong Permian carbonate lithology, deformed
during the Triassic Indosinian orogeny in Thailand
under late diagenetic-anchimetamorphic condi-
tions. The key differences between stratigraphic
members that led to development of a detachment
zone are bedding spacing and clay content. The
lower, older, unit is the Khao Yai Member (KYM),
which is a dark-gray to black, well-bedded, clay-rich
limestone. The upper unit, the Na Phra Lan Mem-
ber (NPM), comprises more massive, medium- to
light-gray, commonly recrystallized limestones and
marble. The KYM displays much tighter to even
isoclinal, shorter-wavelength folds than the NPM.
Pressure solution played a dominant role through-
out the structural development—first forming early
diagenetic bedding; later tectonic pressure solu-
tion preferentially followed this bedding instead
of forming axial planar cleavage. The detachment
zone between the two members is transitional
over tens of meters. Moving up-section, tight to
isoclinal folds with steeply inclined axial surfaces
are replaced by folds with low-angle axial planes,
thrusts, and thrust wedging, bed-parallel shearing,
and by pressure solution along bedding-parallel
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seams (that reduce fold amplitude). In outcrops
100-300 m long, reduction of line-length short-
ening on folds from >50% to <10% shortening
upwards indicates that deformation in the NPM
is being accommodated differently from the KYM,
probably predominantly by shortening on lon-
ger wavelength and/or spacing folds and thrusts,
given the low amount of strain observed within
the NPM, which excludes widespread layer-parallel
thickening.

B INTRODUCTION

Lithological variations within fold and thrust
belts can result in differences in deformation behav-
ior and style of sedimentary layers separated by
detachments, both at the base of, and within thrust
sheets (Fig. 1; e.g., Dahlstrom, 1969; Geiser, 1988;
Boyer and Mitra, 2019). Intra-thrust sheet detach-
ments occur at a range of scales and enable
separation of rock packages based on variations in
one or a combination of the following inter-related
characteristics: scale (e.g., fold wavelength and/or
amplitude, fault spacing, and displacement magni-
tude) and style of structure (e.g., Dahlstrom, 1969;
Morley, 1986, 1987; Wallace, 1993; Ghanadian et
al., 2017); deformation mechanisms (e.g., brittle
failure, diffusional flow, and intracrystalline plas-
ticity; Davis and Engelder, 1985; Letouzey et al.,
1995; Dean et al., 2013; Morgan, 2015; Meng and
Hodgetts, 2019), and varying amounts of local strain
(Morley, 1986, 1987; Boyer and Mitra, 2019).
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At the largest scale, the basal detachment to
a thrust belt separates overlying units deformed
during a particular structural episode from under-
lying units undeformed by that episode, whereas
higher-level detachments separate zones of dif-
ferent mechanical behavior within thrust sheets
(Fig. 1). In well-described natural examples of
detachments within sedimentary sequences, and
in related analogue models, detachments are
most widely associated with weak, commonly
over-pressured lithologies, in particular, shales
and evaporites, which can range from thick to thin
zones and still be effective detachment horizons
(e.g., Geiser, 1988; see reviews in Morley et al., 2011,
2017, 2018, and Ghanadian et al., 2017). However,
detachment zones do not have to be confined to
shales and evaporites, as discussed in this study;
even relatively strong units, such as limestones,
can develop detachment zones (Fig. 1D). Such
intra-formational detachments are much less well
understood than basal detachments. In this study,
we describe the characteristics of a detachment
zone within a thick sequence of Permian lime-
stones, located in the Triassic Khao Khwang Fold
and Thrust Belt (KKFTB) of Thailand (Fig. 2). This
area is exceptional, because it offers spectacular
outcrops of a detachment zone in typical passive
margin carbonates. Of particular interest regard-
ing this detachment is how variations in limestone
clay content and spacing of bedding surfaces have
influenced structural style in a carbonate platform
sequence. The observations made in the KKFTB
may serve as an example of how strain may be
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localized in other orogens where passive margin
carbonates are incorporated into a growing oro-
genic wedge, such as in the Oman Mountains or
the European Alps.

B GEOLOGICAL BACKGROUND

The KKFTB (Fig. 2B) developed between ca. 240-
200 Ma, in multiple stages of deformation during
the Triassic-Early Jurassic Indosinian orogeny (e.g.,
Morley et al., 2013; Arboit et al., 2016a; Hansberry et
al., 2017). The Indosinian orogeny is related to sub-
duction of the Paleo-Tethys ocean and the accretion
of small continental fragments that formed the core
of SE Asia (e.g., Metcalfe, 1999, 2011). Collision of
the Sibumasu and Indochina continental terranes
(Fig. 2B) marks the apex of the orogeny, following
the closure of the Paleo-Tethys ocean (e.g., Sone
and Metcalfe, 2008; Barber et al., 2011; Morley,
2018). The KKFTB lies within the Indochina Block
(Fig. 2B) and is unusual because it trends approx-
imately E-W, while the major Paleo-Tethys suture
zone in Thailand trends N-S (Morley et al., 2013).
The KKFTB is thought to mark a secondary suture
zone between northern and southern crustal blocks
that are both traditionally considered part of the
Indochina Terrane (Morley et al., 2013). Structures
verge mostly to the north, but areas of south-ver-
gent structures locally occur, including the study
area (Morley et al., 2013; Arboit et al., 2014; Hans-
berry et al., 2014). NW-SE- and NE-SW-oriented
structures are present in some areas and either
reflect superimposition of different non-coaxial
structural events during the Indosinian orogeny, or
inheritance of oblique features in the pre-collisional
continental margin. Extensive quarrying for cement
and marble has provided many well-exposed exam-
ples of fold and thrust structures, within Permian
platform carbonates (e.g., Morley et al., 2013; Arboit
et al., 2014, 2016a; Hansberry et al., 2014; Morley et
al., 2017), while within the deeper-water shale, chert,
and calci-turbidite units, there are numerous quar-
ries for road aggregate and slate. The temperature
during deformation of the KKFTB has been esti-
mated from illite crystallinity values from Permian
shales to the upper diagenetic zone to lowermost
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Figure 1. Schematic cross sections illustrating some basic intra-thrust sheet detachment be-
havior based on mechanical stratigraphy. (A) Relatively weak unit overlain by strong unit; (B) a
narrow weak unit acts as a detachment zone between two stronger units; (C) relatively weak
unit overlies strong unit; (D) strong units, but with more closely spaced bedding in the lower
unit causing shorter wavelength folding than in the upper unit.

metamorphic zone (~160-220 °C; Hansberry et al.,
2015). These values are consistent with the occur-
rence of pencil to slaty cleavage. Thin sections from
the study area show calcite twins range between
Type | (thin twins), Type Il (tabular thick twins), as
well as Type Il (bent twins) following the nomen-
clature of Burkhard (1993). This indicates lower
anchizonal temperatures (<250 °C; Burkhard, 1993;
Ferrill et al., 2004).

There is also an extensive history of arc-type
intrusive activity from the Late Permian to the
Late Triassic (Arboit et al., 2016b). The intrusions
(typically dikes and sills) tend to be andesitic in
composition, with some dacitic-rhyolitic intrusions
occurring (Arboit et al., 2016b). Dikes and sills can
be up to several meters thick. These intrusions
range from Late Permian to Late Triassic in age;
rhyolitic dikes are mostly Late Triassic (Arboit et
al., 2016b). While the majority of dikes and sills
appear to postdate deformation, some are folded.
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Stratigraphy

An early stratigraphic scheme for western
Indochina Terrane Permian deposits in Thailand
identified two carbonate platforms (Khao Khwang
and Pha Nok Khao), separated by a deep-water
basin represented by the Permian Nam Duk For-
mation (Fig. 2B; Wielchowsky and Young, 1985).
The age of this platform sequence ranges from
Asselian to Midian (Capitanian) (e.g., Toriyama,
1975; Altermann et al., 1983; Chonglakmani and
Fontaine, 1992), and together these units comprise
the Saraburi Group (Bunopas, 1981; Kozar et al.,
1992; Chantong, 2005). Seismic-reflection data and
drilling in the Khorat Plateau area have revealed
that the Pha Nok Khao Formation comprises small
carbonate platforms located on structural highs in a
rift setting, separated by deeper-water clastic rocks
deposited in extensional basins between the highs
(Booth and Sattayarak, 2011). The Khao Khwang
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Figure 2. (A) Regional location map of SE Asia, showing
main tectonic zones of the Indosinian orogeny (con-
tinental terranes—Sibumasu, Indochina; Paleotethys
suture—Inthanon Zone; island arc sequence—Sukhothai
Arc). Permian carbonate platforms—Pha Nok Khao Plat-
form, Khao Khwang Platform. (B) Geological map of the
Na Phra Lan area (see A for location). (C) Geological map of
the study area (Khao Khao) adjacent to Na Phra Lan Town
(see B for location), a—poles to bedding for the Khao Yai
Member, b—poles to bedding for the Na Phra Lan Mem-
ber, c—calcite slickenside orientations (mostly related to
bedding plane slip), the striations show a predominant
NNE-SSW direction, but also a wide variety of orientations
due to blocks being squeezed in a variety of directions
as folds tightened up. (D) Cross section through the hilly
region (Khao Khao) of the study area. See (C) for location.

<
<

Platform (Dew et al., 2018) is only known through
surface outcrops. Like the Pha Nok Khao Formation
(Booth and Sattayarak, 2011), the initial depositional
environment for the Khao Khwang Platform was a
number of small carbonate platforms separated
by deep-water troughs filled by cherts, shales, and
allodapic limestones (Fig. 2A; Hinthong, 1981; Hin-
thong et al., 1985; Ueno and Charoentitirat, 2011
Morley et al., 2013; Arboit et al., 2014; Warren et
al., 2014; Dew et al., 2018; Vattanasak et al., 2020).
The stratigraphy and sedimentology of the Khao
Khwang Platform carbonates have been addressed
in a number of studies (Dawson and Racey, 1993;
Chonglakmani, 2001; Udchachon et al., 2007; Dew
et al., 2018), with the latest revisions to the stratig-
raphy reviewed in Dew et al. (2018).

The shelfal Permian limestones and marbles
exposed in the study area around the town of
Na Phra Lan are part of the late Early Permian to
early Late Permian, Khao Khad Formation (Ueno
and Charoentitirat, 2011; Dew et al., 2018), where
two members can be mapped out (Figs. 2 and 3).
The lower member comprises dark-gray to black,
well-bedded limestones, and occasional dolomitic
limestones, with bedding surfaces spaced between
~10 cm to several meters apart. Lithofacies include
bioclastic packstones, bioclastic wackestones, cal-
cisphere wackestones, mudstones, and aggregated
grainstones. All lithofacies contain high propor-
tions of mud or numerous micritic grains. In places,
thin (1-10-cm-thick) black shales are interbedded
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Supplemental data: Outcrop descriptions and examples of deformation
mechanisms
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crop data, thin sections, and limestone composition.
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iting@geosociety.org with any questions.
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with the limestones. The limestones are some-
times strongly recrystallized but also commonly
display sedimentary features and are fossiliferous,
including: gastropods, bivalves, foraminifera (par-
ticularly fusulinids), bryozoans, framework-building
algae, crinoids, and much less frequently corals
and ammonoids. This sequence is well exposed
in multiple quarries around a hill called Khao Yai
(Fig. 2B); hence, the well-bedded limestones are
referred to here as the Khao Yai Member.
Stratigraphically overlying the Khao Yai Mem-
ber is the Na Phra Lan Member (Fig. 3). Both units
are >400 m thick. In contrast to the well-bedded
Khao Yai Member, the Na Phra Lan Member is
a more massive unit. The Na Phra Lan Member
generally displays widely spaced bedding surfaces
>10-20 m apart, although locally several (two to six)
closely spaced bedding surfaces can occur in inter-
vals <10 m thick. The degree of recrystallization in
the Na Phra Lan Member is highly variable; in the

to black limestones, interbedded

Na Phralan Member

Figure 3. (A) Schematic stratigraphic section for
the Middle-early Late Permian platform carbon-
ates of the Khao Khad Formation in the Na Phra
Lan area. Locally, the formation is divided into
the lower, well-bedded, Khao Yai Member, and
the upper more massive Na Phra Lan Member
(see Fig. 3 for location of the study area). (B-E)
Thin sections from the Na Phra Lan Formation;
(B) bioclastic packstone, with prominent fusul-

Khao Yai Member

southern part of the area, the Na Phra Lan Member
is quarried as a white marble for interior decoration.
However, 4 km to the north, the member is quarried
as a medium-gray, bioclastic grainstone, with a low
degree of recrystallization. In the study area, the Na
Phra Lan Member ranges between being strongly
recrystallized, light-gray limestone with no fossils,
to partially recrystallized bioclastic wackestones,
grainstones, and packstones with corals, bryozoans,
bivalves, and fusulinids still visible (Fig. 3). In some
places, the limestone is medium gray to black in
color, including a black marble that is quarried in
the study area.

Burial and Exhumation History
Over the past ten years, we have built a sub-

stantial database on the O and C stable isotope
signatures of vein material from the Saraburi Group
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inid; (C) fine-grained marble; (D) pelloidal and
bioclastic packstone, with several generations
of veins; (E) wackestone, with early cement
infilling the cavity of a bivalve shell; (F-1) thin
sections from relatively lightly deformed Khao
Yai Formation, from the Khao Yai Hill area; (F) re-
crystallized coral in black micritic limestone;
(G) wackestone, with bivalve and gastropod
frag 1ts; (H) kestone with fossil includ-
ing large fusulinid; (I) fusulinids surrounded by
early sparry marine cement.

in numerous Master of Science projects (see War-
ren et al., 2014, for a summary of the early results).
The results of analyzing the stable oxygen and car-
bon isotope signatures of more than 1000 veins
from the Saraburi Group show a broad range of
burial history. Some less deformed outcrops pro-
vide a record of early marine cements in primary
pores and vugs (Supplemental Data', Fig. S14E).
Calcite bedding-plane slip regions provide many
samples that plot in the negative carbon-isotope
field since they are associated with thin layers of
organic-rich shale that probably matured by burial
during thrusting, and hence there is a catagenic
influence. A widespread trend is that the earlier
veins display relatively small negative 0, (Pee
Dee belemnite) values, while major thrusts and later
veins tend to display larger negative §'®0,, values
(Warren et al., 2014). In part, the trends reflect the
loss of matrix permeability accompanying burial,
with burial occurring both during deposition and
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deformation. The larger negative §®0,, values
along some thrusts compared to the values in the
host rocks indicate tapping of deeper, hotter fluids
than just those from the formation (Warren et al.,
2014). The stable isotope results from the NPM and
the KYM are very similar and conform with the
general trends observed in the region described
by Warren et al. (2014). There is no apparent differ-
ence in the characteristics of veins and host-rock
samples from the marble and from the KYM, with
no significant difference in temperature to indi-
cate contact metamorphism of the marble, raising
the question of whether recrystallization could
form marble at least partly related to deformation.
Host and vein samples found around folds typi-
cally exhibit similar values indicating derivation
of the veins from the host rock, most probably by
pressure-solution processes. Hence, vein intensity
around folds is a good indication of the intensity of
pressure-solution activity.

Initial results on U-Pb dating of some veins
within the Saraburi Group indicate that there is
commonly a complex multiphase history to some
veins (particularly along thrusts); this history makes
dating unreliable, with large error bars. However,
some of the smaller, simpler veins (i.e., those asso-
ciated with flexural slip and small veins at a high
angle to bedding developed during folding) can
be dated and have yielded Late Triassic ages (A.D.
Simpson, personal commun., 2020).

B METHODOLOGY

The study area is part of a remapping project
of the Khao Khwang Fold and Thrust Belt, which
has been ongoing since 2011. Investigation into the
KKFTB has been the subject of two Bachelor of
Science honors projects, nine Master of Science
projects, and two Ph.D. thesis projects from Chu-
lalongkorn and Adelaide universities. Of these
studies, a Bachelor of Science project (Dew et al.,
2018), two Master of Science projects (Morley et al.,
2013), and a Ph.D. project (Arboit et al., 2014, 20163,
2016b, 2017) have conducted work that impacts the
study area, including: (1) Establishing ages of the
formations both from previous work and dating

of new samples, which is primarily based on the
dating of fusulinids (e.g., Ueno and Charoentitirat,
2011; Dew et al., 2018). (2) Recording of basic struc-
tural orientation data on bedding, folds, cleavage
and faults (Morley et al., 2013; Arboit et al., 2014).
(3) Description of host rock and vein textures in
outcrop and thin section, which shows that veins
related to folding and thrusting are commonly
arrayed in patterns such as high angle to bedding,
parallel to bedding (flexural slip), parallel to thrusts,
en echelon tension gashes, and parallel to high-an-
gle faults (Warren et al., 2014). The vein patterns
show variability with structural position, where
major thrusts and the tight cores of folds tend to
show the greatest complexity of vein density, ori-
entation, and types (Warren et al., 2014; Morley
et al., 2017; see Supplemental Data [footnote 1]).
(4) Sampling calcite veins for stable oxygen and
carbon isotopes in order to determine fluid ori-
gin, relative temperatures of different vein sets,
and host-rock porosity and permeability devel-
opment (Warren et al., 2014). (5) Analyzing the
calcite veins to determine paleo-stress (Arboit et
al., 2017). (6) A pilot study to determine the feasi-
bility of U-Pb dating of calcite veins (A.D. Simpson,
personal commun., 2020). (7) Mapping of struc-
tures and lithological units, making descriptions
and sections of the quarry faces (Morley et al.,
2017). (8) Use of drones to record some quarry
faces and to map the entire hill of Khao Yai. Some
of this work is utilized in this study, together with
new fieldwork and gathering of drone images to
add extra structural detail regarding the nature of
the detachment zone. Essential to the descriptions
of the variations in deformation style across the
detachment between the Khao Yai and Na Phra
Lan members are photographs and sketches of
structures of deformed limestones in the field;
these sketches require tracing of bedding sur-
faces. The origin of bedding in limestones can
be problematic, because while some bedding is
primary depositional bedding, other bedding can
form during compaction by pressure dissolution,
with fissile limestones favoring development of
bedding (dissolution seams, not stylolites), and
hard limestones showing much less development
of diagenetic bedding (Bathurst, 1987).
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B RESULTS

The area around the town of Na Phra Lan is
composed of hills of Permian Khao Khad Formation
limestones, which, to varying degrees, have been
quarried. The Khao Khad Formation stratigraphi-
cally underlies the Na Phra Lan Formation and is
exposed in cores of anticlines and culminations
(Fig. 2). Permian folds and thrusts predominantly
trend E-W to NW-SE in the study area. The key
focus of this study is the Khao Khao area (Fig. 2C),
which comprises a small range of hills (1.7 km
NW-SE, 1.4 km NE-SW) that rise up to 160 m above
the elevation of the town (~100 m above sea level)
and lie on the west side of Highway 1. The detach-
ment zone between the Khao Yai and Na Phra Lan
Members is best exposed in the quarries around
Khao Khao; hence, this area is the focus of this
study. However, adjacent hills (in particular, Khao
Yai and the marble quarry, Fig. 2B) also provide
important information on the structural styles of
the two members.

Structural Styles at Khao Khao

Khao Khao is extensively quarried on all sides
(Fig. 2C), which is vital for revealing the structure
of the hill. Overall, the Na Phra Lan Member gently
dips ~8°-16° NNE, although in some places, it is
folded and thrusted (Figs. 2C and 2D). The underly-
ing Khao Yai Member is seen in four places (Fig. 2C):
(1) a strike-oblique section on the south side of the
hill (Fig. 4); (2) a culmination on the NE side of the
hill (Fig. 5 and Supplemental Data [footnote 1]);
(3) a thrust zone on the NE side of the hill (Fig. 6);
and (4) the continuation of the culmination on the
SW side of the hill (Figs. 7 and 8). Generally, a simi-
lar structural style is seen in all the outcrops, where
tight folds and thrusts affect the Khao Yai, while the
contact with the Na Phra Lan Member is straight to
very gently warped (Fig. 4). Two areas reveal the
same overall culmination on the NE and SW sides
of the hill (Fig. 2C) and show contrasts between the
strongly folded Khao Yai Member and the general
low dips and gentle folding of the Na Phra Lan
Member (Figs. 2C and 2D). Brief descriptions of
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Figure 4. View to the north of Khao Khao, showing quarry
KT5 (see Figs. 2B and 2C for location). (A) Overview of the
quarried hill adjacent to the town of Na Phra Lan, view
from the marble quarry in Na Phra Lan. (B) Detail of (A)
showing the massive carbonate of the Na Phra Lan Mem-
ber overlying the well-bedded Khao Yai Member. A number
of Late Permian-Late Triassic andesitic intrusions are also
present. On the eastern half of the cliff face the Khao Yai
member is strongly deformed by folds and thrusts, in con-
trast the contact between the two members is not affected
by intense folding, and is inferred to be acting as a detach-
ment separating two different deformation styles. (C) Detail
of folding above a thrust. (D) Detail showing folding and
thrusting within the Khao Yai Member. The view is highly
oblique to the tectonic transport direction.

<
<

the Khao Khao quarries are provided in the Sup-
plemental Data (Figs. S1-S10, S12-S17).

Khao Yai Member

There are a few locations where the limestones
are deformed by large, broad faults, but at the
outcrop scale, deformation is low intensity and so
provides a good starting point for understanding
the state of the KYM prior to deformation (see Sup-
plemental Data, Fig. S4). The KYM limestones are
typically dark-gray to black, but weathering of some
layers causes them to form a thin (<1 mm), light-
gray buff surface layer that gives the appearance
of alternating dark- and light-colored beds. Some
limestone layers are more argillaceous than others,
and in some parts of the stratigraphy, black shales
are interbedded with limestones. Weakly deformed
areas of the KYM are characterized by alternating
stratigraphic layers that in general show only minor
modification of bedding by pressure solution. Only
a few scattered calcite veins at a high angle to bed-
ding and along bedding surfaces are present.

One tight, asymmetric fold offers a rare oppor-
tunity to see the magnitude and consistency of
flexural slip, because in the forelimb of the fold,
three pre-kinematic andesitic dikes are offset by
bedding plane slip (Fig. 9). In the example, flexural
slip occurred on bedding surfaces spaced ~40 cm
to 2 m apart, with offset of the dike segments in
the order of 10 cm-1 m at each bedding surface.

Thrust ——

—— Thrust

[ Andesitic intrusions
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Figure 5. View to the SW of the quarry KT2. See Fig. 2C
for location. (A) Uninterpreted photo; (B) interpreted photo.
The detachment between the Na Phra Lan and Khao Yai
members is a planar feature, whereas the Khao Yai Member
is strongly folded. Within 10-20 m vertical distance below,
the detachment folds with gently inclined to subhorizontal
axial surfaces are present that verge both toward the south
and the north. This quarry face also shows the issue of
lateral changes near the base of the Na Phra Lan Member
from massive to more regularly bedded units.

<
<

The sense of offset (right lateral, toward the fold
axis) is typical of classic flexural slip models (e.g.,
de Sitter, 1958; Ramsay, 1974). These bedding sur-
faces, which offset dikes, show bed-parallel striated
calcite veins, with striations that plunge in the dip
direction. However, most of these surfaces could
no longer undergo flexural slip because they have
been affected by later pressure solution, which to
greater or lesser degrees has irregularly crenu-
lated the bedding surface (see Fig. 9, location X,
for a strongly crenulated example). Some bedding
surfaces have not undergone flexural slip because
they do not offset the dikes—these are compara-
tively rare. Of the 26 modified bedding surfaces
that intersect the dikes, 20 are offset dikes. The
other six surfaces are bedding that has been mod-
ified by syn-tectonic pressure solution. Figure 9 is
a relatively simple example of a fold, but what is
apparent in this example is that there are virtually
no original bedding surfaces remaining. Bedding
has been modified by flexural slip and by pressure
solution. Additionally, in the KKFTB, wedge thrusts
(cf. Cloos, 1964 and Mitra, 2002) are common fea-
tures in thick limestones beds, where deformation
cannot be accommodated by flexural slip. Typically,
such wedge thrusts in the KKFTB have tens of cen-
timeters to a few meters displacement. Because of
these three pervasive processes, the term modified
bedding surface (MBS) is used here. Most com-
monly, significant development of MBS stylolites
has developed along MBSs after flexural slip. There
are a few places where the MBSs disappear laterally,
despite showing offset on dikes just 2-3 m away
(Fig. 9, location X). Eradication of the MBS trace
occurs due to later deformation involving veining,
recrystallization, and tectonic stylolites (e.g., Fig. 9,

GEOSPHERE | Volume 17 | Number 2 Morley et al. | Intra-carbonate detachment, Thailand
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Surface with well developed
striations and calcite slickensides

visible on photographs from drone l

SSW

S\

Andesitic intrusion

Figure 6. View to the W of the quarry KT3, which is structurally continuous with KT2. See Figure 2C for location.
(A) Uninterpreted photo; (B) interpreted photo. A well-bedded unit (here interpreted as the Khao Yai Member)
is thrust over massive Na Phra Lan Member carbonates that are intruded by a sill that itself is affected by a
minor thrust. Bedding in the Khao Yai Member is not as clearly developed as in Figure 5.
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location Y). Alternatively, some pressure-solution
seams form shale-rich layers up to several centi-
meters thick as a consequence of concentration
of insoluable material. Such layers are zones of
weakness within a carbonate zone, and they tend
to be sites of late slip, as indicated by the pres-
ence of polished, striated, graphitic shale surfaces
accompanied by wavy, anastomosing shale fab-
rics and calcite slickensides. Examples and further
descriptions of pressure solution and vein devel-
opment are provided in the Supplemental Data and
Figures S5-S9, S12, S13, and S16 (footnote 1).

The KYM is typically dark gray to black in color,
while packstones and grainstones are present in the
KYM. Most commonly, it is composed of calcareous
mudstones and wackestones. While a black lime-
stone may simply indicate its fine-grained nature
and have nothing to do with clay content, for the
KYM, in many places, thin shales are interbedded
with the limestones, indicating clay content is a
likely factor. The clay content is also indicated by the
presence of clay selvages along pressure-solution
seams, which in extreme cases can be 1-2 cm thick.

For three typical KYM samples, Al,O, ranged
between 0.12 wt% and 1.12 wt%, while in two lime-
stones with well-developed, thick pressure-solution
seams, the Al,O, content was 3.46 wt% and 7.22
wt%. Silica content was also high (5.66 wt% and
12.47 wt%) in these two samples compared with
<0.63 wt% in five other samples and 2.18 wt% in
one from both the KYM and NPM. Hence, clay con-
tent is highly variable within the KYM, but for some
beds is distinctly higher than in the NPM.

The two highest Al,O; content samples (KYM)
contain pyrophyllite (Al,Si,0,,(OH),) (6.41 wt% and
0.88 wt%; see Supplemental Data, Table S1). The
mineral may have formed by the reaction of kaolin-
ite and quartz in aluminous, Fe-poor, clay-rich zones
within late diagenetic or anchimetamorphic zones
under low-pressure (~2 kbar) and low-temperature
(~240°-260°C) conditions (Frey, 1987).

The KYM is dominated by well-bedded, dark-
gray limestones that give rise to a mixture of
concentric and chevron-style, disharmonic, and
polyharmonic, type folds (Fig. 11). Although the
frequent bedding enables flexural-slip-type fold-
ing to develop, there are sufficient variations in
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Figure 7. View to the SE of quarry KT4. See
Figure 2C for location. (A) Uninterpreted
photo; (B) interpreted photo. This is the
most extensive quarried outcrop in the
area, and displays more weakly deformed
Na Phra Lan Member massive carbonates
overlying well-bedded tight to isoclinally
folded dark-gray to black limestones of
the Khao Yai Member. On the SSE side, a
south-directed thrust locally emplaces the
Khao Yai Member over the Na Phra Lan
Member. (C) Interpreted photo of detailed
part of KT4 quarry (see Fig. 3C for location).
The pink unit lies at the base of the Na Phra
Lan Member. The base of the member is

[_] KhaoYai Member [ ] NaPhralan Member = Igneous intrusion
Area covered by
vegetation and scree

Bedding —— Fault (predominantly [l
thrusts)

bedding thickness and shale content that the fold
style is not a simple harmonic one (Fig. 11). Within
the same quarry cliff face, thicker-bedded units
(3-4 m thick) tend to deform by concentric folding,
while adjacent thinner-bedded units form chevron
folds, often with similar fold geometry. Such a style
creates room problems in the fold hinges, where
material from the thinned fold limbs is transported
to the fold hinges. Transport can occur by a vari-
ety of processes: wedge thrusts, pressure solution
along modified bedding and fault surfaces of the
limbs, precipitation of calcite in the hinges, and by
intracrystalline deformation and flow. Fold tight-
ness ranges from open to isoclinal. The majority of

48% shortening <—c—~

between aand c

folds tend to display steeply inclined, ~NENE-WSW-
to WNW-ESE-oriented axial surfaces and horizontal
to gently dipping fold hinges; locally, in high-strain
zones, hinges can steeply plunge. There are also
examples of gently inclined axial surfaces on tight to
isoclinal folds, particularly on folds lying within ~20
m of the base of the Na Phra Lan Member (Fig. 8).
Some mesoscale, fault-related fold geometries can
be identified (detachment folds, fault-bend folds,
and fault-propagation folds; Morley et al., 2013;
Warren et al., 2014); commonly, more complex,
buckle-fold geometries are also present (Fig. 7).
Although flexural-slip-type deformation can
be demonstrated along the folds (e.g., Fig. 9), the

Morley et al. | Intra-carbonate detachment, Thailand

strongly folded by secondary folds to the
larger anticline. The unit shows consider-
able thinning (64%) into the forelimb of the
large anticline passing from (C) to (A). The
lower part of the pink interval shows more
line-length shortening at the base (48%) and
top (35%), particularly in the interval be-
tween arrows (B) and (C) (29% base, 5% top).

x 3
<& 64% thinning
of fold limb ato ¢

later stages of fold deformation have transitioned
from flexural-slip— to pressure-solution—-domi-
nated flattening. Elsewhere in the KKFTB, in more
shale-prone stratigraphic units (e.g., Phu Phe, Pang
Asok, and Nong Pong formations), there are good
examples of axial planar cleavage. But develop-
ment of axial planar cleavage is not favored in the
carbonate-dominated sections. Instead, pressure
solution is focused on MBSs and wedge thrusts
(Figs. 10, 11, and 12), particularly where they are on
steeply inclined fold limbs. In more highly strained
zones, additional pressure-solution seams develop
internally along MBSs. The distribution of short-
ening associated with pressure solution can be



http://geosphere.gsapubs.org

GEOSPHERE | Volume 17 | Number 2

Extensive calcite vein B
networks near

KYM-NPM boundary NPM (Il
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Fold with thicker forelimb
than backlimb

Forelimb length -
% ~<~——————  44% hortening Thrust
% -~ Inverted normal fault

Backlimblength == === KYM/NPM boundary

Figure 8. View to the SE of the old quarry part of KT4. This view was taken in 2014, three years prior
to the view in Figure 7, when a lake occupied the deeper part of the new quarry that is visible in
Figure 7. See Figure 2C for location. (A) Uninterpreted photo, (B) interpreted photo. The base of the
Na Phra Lan Member is strongly folded, affected by compression, and verges toward the NNW. It lies
deeper than the Na Phra Lan Member on the NNW side of the quarry, and this relationship indicates
there was probably inversion of a normal fault.
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asymmetric, favoring particular beds, and one fold
limb over another (Fig. 12). Hence the distribution
of bedding-focused pressure-solution cleavage is
significantly different from the more symmetric
distribution of axial planar cleavage. The amount
of pressure-solution shortening can be large; in
Figure 8, the eastern limb of the highlighted fold
has shortened by 44% more than the western limb,
while in Figure 12 variations in the width of two
different intervals show shortening of 57% and 80%
(i.e., reduction of interval thickness, primarily by
pressure solution). Such high amounts of thinning
tend to be confined to the core areas of folds, not
across an entire fold. This substantial local elimi-
nation of section has resulted in large quantities of
calcite vein deposition in adjacent areas of the fold
(Fig. 12). These veins range in size from microscopic
to hairline (Fig. 10), to large clumps of veins (Fig. 13).
Locally, the macroscopic veins can comprise >50%
of the rock. Calcite vein arrays can range from sim-
ple, readily understood patterns—e.g., veins aligned
orthogonal to bedding and all veins striking in a
similar direction (+10°), to highly complex arrays
(Fig. 10), with masses of veins at the outcrop and
microscopic scale that display multiple orientations
and crosscutting relationships, together with multi-
ple phases of stylolite growth and recrystallization
of older veins. Since the veins in folds are isotopi-
cally similar to the host rocks (Warren et al., 2014;
Supplemental Data, Fig. S11), they can be inferred
to be predominantly the product of pressure solu-
tion. The large amount of thinning of section in tight
to isoclinal faults appears to be loosely matched
by the local abundance of veins in fold cores. Thin
sections reveal that at a small scale, extensive
pressure-solution seams are present both in the
KYM and the NPM, but, generally, the NPM is less
intensely deformed by pressure-solution and calcite
veins than the KYM. Details of these variations are
provided in the Supplemental Data.

As strain increases in folds, a succession of vein
and pressure-solution events is developed, lead-
ing to closely spaced pressure-solution seams, with
older, rotated seams being truncated in places by
younger seams, and calcite veins with a wide vari-
ety of orientations and geometries (e.g., Figs. 10
and 13; Supplemental Data, Fig. S6). In the highest
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Figure 9. Example of flexural slip folding in a well-bedded
limestone of the Khao Khad Formation (see Fig. 2C for lo-
cation). (A) Overview photo of the outcrop-scale anticline.
(B) Detail of photo (A) illustrating pre-kinematic dikes that
have been regularly offset by flexural slip motion on bed-
ding during folding. Pressure solution and flexural slip have
both played a role in modifying bedding.

<
<

strain cores of isoclinal folds, original bedding is
largely lost and is replaced by a mixture of con-
torted veins and dark-colored limestone. Some
pressure-solution seams may remain, but instead
of the vein-limestone boundaries being sharp frac-
tures, or modified by pressure solution, they tend
to become blurred by recrystallization. Locally,
where more argillaceous limestones are present, a
penetrative cleavage can start to develop (Supple-
mental Data, Fig. S8). In the cores of isoclinal folds,
strain is sufficiently high that local mylonite zones
are developed to accommodate flow and flattening
of material in the core (Figs. 13B and 13C). These
zones display sigma structures in light-colored cal-
cite derived from fossil material and earlier veins
and are also overprinted by later veins (Fig. 13), indi-
cating alternation of brittle and ductile processes.
Zones of intense pressure solution, particularly
where pressure-solution seams have amalgamated,
can produce clay-rich zones that are up to 2-3 cm
thick. During late-stage deformation, these clay-rich
zones may become slip surfaces, as indicated by the
presence of striated, calcite veins that lie in the plane
of the seams (Supplemental Data, Fig. S7B). This
modification is a late-stage development after the
phase when pressure solution starts to disrupt bed-
ding planes that had been undergoing flexural slip.
One further way in which pressure-solution
cleavage can develop during fold growth is very
different from axial planar cleavage—by causing
dissolution of a growing fold crest. There are sev-
eral examples in, and close to, the study area of
anticlines with open to closed limbs; these exam-
ples can be seen around the core of an anticline
(Supplemental Data, Figs. S12 and S13 [footnote 1]);
however, passing upwards, approximately flat-
lying modified bedding surfaces are present. At
one or more such surfaces, the uplifting anticline
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Figure 10. (A) Photograph of numerous narrow calcite-filled
fractures affecting a limestone bed in the Khao Yai Member,
KT4 quarry. (B) Line drawing of the calcite veins visible
in hand specimen. C1-C5 sequence of vein development.
The different orientations and styles of the fractures and
crosscutting relationships indicate multiple generations
of fracture development within a tightly folded sequence.
(D) Thin section of part of the sample showing, the white
calcite sigmoidal tension gashes in a black micritic lime-
stone. Subhorizontal veins overprint the tension gashes,
and the tension gashes overprint diagonal veins inclined
from top right to bottom left.

<
<

crest has been removed by pressure solution (Sup-
plemental Data, Figs. S12 and S13). This dissolution
of vertically growing structures on low-angle sur-
faces is one way of changing the structural style
across a detachment zone. The occurrence of pres-
sure solution that is subparallel to bedding fits
with the classic model of tangential longitudinal
strain, where flattening strain parallel to bedding
(or extensional structures) develop in the outer arc
of a parallel fold (e.g., Ramsay, 1967; Shimamoto
and Hara, 1976). Figure 7C shows that the internal
flattening out of fold amplitude within the basal
part of the NPM results in reduction of line-length
shortening from 29% to 5% across a 10-m-thick
interval. The folds that are reduced in amplitude
across the interval are secondary s-type folds on
the northern flank of a larger anticline. Across the
larger anticline, the basal NPM interval marked by
arrows a, b, and ¢ shows considerable thinning
(64%) passing from the back limb to the forelimb.
Much of this thinning has been accomplished on
bed-parallel pressure-solution seams.

Variation in fold style within the KYM occurs in
response to the spacing of bedding and position
within a fold (Fig. 11). Wedge thrust development
is only locally of high intensity in one syncline
core, while pressure solution along modified flex-
ural slip bedding surfaces is widespread. Only few
original bedding surfaces remain, with most bed-
ding surfaces exhibiting wavy surfaces, modified by
pressure solution (Fig. 11). In the areas of more open
concentric folds, some bedding surfaces without
or only moderately affected by pressure solution
are present.
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Figure 11. Example of typical folding from the Khao Yai
Member (see Fig. 2C for location). (A) Photograph of part
of a quarry face showing a range of fold geometries (con-
centric to similar, rounded to angular, almost chevron
style) in different layers, and how bedding thickness and/
or spacing influence fold morphology. (B) Line drawing of
the folds in A, showing the different types of modification
to the bedding surfaces and their spatial variation. See
Figure 2B for location.

<
<

Stages in the development of folds are schemat-
ically illustrated in Figure 14. Initially, flexural slip is
shown as dominant during broad to open folding,
together with the localized development of thrust
wedges. As the fold tightens, flexural slip affects
part of the folds, but pressure solution along bed-
ding surfaces becomes important, particularly on
more steeply dipping fold limbs. This causes flex-
ural slip to be abandoned in parts of the fold. The
mechanical differences between the layers, such as
bedding thickness, presence and/or absence of thin
shales, and differences in deformation mechanisms
present (pressure solution, bedding plane slip,
and wedge thrusts) lead to increasing disharmony
between the layers as the folds tighten (Fig. 14C).
Folds that attained tight to isoclinal geometries and
steeply dipping axial planes are strongly affected
by flattening by pressure solution and calcite vein
formation, which occurs mainly parallel to modified
bedding surfaces, and is interpreted to represent an
alternative to the formation of axial planar cleav-
age. This flattening is partly the cause of the broad
range of fold geometries (from Class 1 to Class 3:
Ramsay, 1967; Fig. 15).

Transition Zone from Khao Yai to Na Phra Lan
Member

The change in structural style from the KYM
to the NPM varies across the study area and does
not necessarily occur at the stratigraphic boundary,
despite the sharp change from bedded to massive
limestone. In some areas (Figs. 5 and 6), the forma-

Bedding surface ————  Bedding surface with stylolite . . .

tion boundary is smooth and approximately marks
Thrust wedge surface ——— Bedding surface with flexural slip and stylolite the top of a change in deformation style, with a
Flexural slip bedding surface Thrust wedge with pressure solution transition zone in the upper part of the KYM. In
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some areas, one or more thrusts subparallel to, and
a few meters below, the KYM-NPM boundary help
separate the underlying folded section from the
massive limestone (Supplemental Data, Fig. S2). In
other examples, there is a transition from steeply
dipping fold limbs to gentler dips passing upwards
(Fig. 5 and Fig. S3); this transition results in the
upper few meters of the KYM lying subparallel to
the formation boundary. In one example, the KYM-
NPM boundary is folded along with the upper part
of the KYM, but folds then die out within approxi-
mately the lower 10 m of the NPM (Fig. 7C). In the
Saraburi area, a number of examples, of different
size anticlines in limestones, die out upwards, with
the vertical relief caused by folding being removed
by bedding-subparallel pressure solution (Fig. 7C;
Figs. S12 and S13). This mechanism within the
lower part of the NPM and upper few meters of
the KYM helped to limit the vertical extent of folds
formed within the KYM.

The strike view of the detachment zone in Figure 4
shows fourfold crests in a distance of 100 m in the
hangingwall of a thrust. The tight to isoclinal folds
with gently dipping axial surfaces in Figure 5 prob-
ably represent the dip-section geometry of these
folds. The abrupt lateral closure style of the folds
in Figure 4 resembles folds developed during lay-
er-normal shearing described by Alsop et al. (2020),
where complex fold patterns arising from differential
flow within mass transport complexes create local
regions where layer-normal, shearing-related fold-
ing is developed in areas trapped between different
layer-parallel shear regimes. The strike geometries
are reminiscent of sheath folds, but the eye struc-
tures are incomplete due to downwards or upwards
o termination at thrusts or detachments.

Flexqral slip surface Bedding modified by - Igneousintrusion The KYM-NPM boundary at quarry KT2 (Fig. 5)
I':&?'Sf;iyre solution pressure solution | Calcite veins comprises a zone of vein material, 4-10 cm thick, with
striations lying in the plane of bedding, (353°11°N,
on bedding that dips 12° toward 345°N; Figs. 16C,
16D, and 16G). The zone of veining is considerably

Figure 12. Detailed example of typical folding from the Khao Yai Member (see Fig. 2C for location). (A) Photograph of
part of the quarry face focused on a syncline where different layers exhibit considerable different morphologies. Layers
1l and IV exhibit extreme thinning of the southern fold limb by pressure solution on bedding surfaces. Other layers do  thicker than the typical flexural slip calcite zones
not thin so markedly. Layer V contains a very high concentration of calcite veins of various orientations that are probably  that are <1 cm thick and represents the upper part
largely derived from the thinning of layers lll and IV. (C) Types of modified bedding shown in B; most bedding surfaces of the detachment zone. In thin section (Figs. 17D
are flexural slip type that have been later modified by pressure solution. (D) Thin section showing pressure solution at
interface between a carbonate mudstone and a packstone. Pressure solution on the bedding surface has been syn-tectonic .
because some tectonic veins are offset at the surface, while others cross-cut it. (E) Example of intense calcite veining allel veining, also known as “beef” (see Cobbold
near the core of the fold, where >50% of the rock is vein fill. et al., 2013, for a global compilation and review).

and 17E), the fabric comprises intense bedding-par-

GEOSPHERE | Volume 17 | Number 2 Morley et al. | Intra-carbonate detachment, Thailand
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Figure 13. (A) Photograph of the core of a syncline in an isoclinal fold from the Khao Yai Member, quarry KT4 (see Fig. 2C for location of quarry). A dark, almost black limestone, and
a dark-gray limestone are present. B and C show the black limestone affected by a ductile shear zone, where old vein and bioclastic material has been stretched and boudinaged.
Abundant sigma clasts show a sinistral sense of movement. In areas of lesser strain, sets of thin (few pm thick) veins almost perpendicular to main foliation occur, ranging from
undeformed to stretched and folded. The shear zone has been folded before it was fractured. (D) Line drawing of A illustrating the distribution of macroscopic pressure-solution
seams (closely spaced, some orientations departing from bedding parallel), and narrow (hairline) and larger calcite veins. The local ductile shear zone reflects intense deformation

during the later stages of folding, in the fold core.

The bedding-parallel veins form bundles of few-pm-
thick veins that follow the grain boundaries of the
host rock, suggesting these are multi-layered veins
following the nomenclature of Lee and Wiltschko
(2000). This suggests repetitive fracturing and seal-
ing of a dynamically over-pressured system. The
original vein calcite of the thin bedding-parallel veins
in many places is recrystallized to poikilotopic spar
crystals that have incorporated multiple individual
veinlets and destroyed older textural relationships.
Calcite spar reaches sizes of several mm (Fig. 17E).

In addition to the thin bedding-parallel vein bun-
dles, cm-sized bedding-parallel veins are present,
separated from the vein bundles by pressure-solu-
tion seams (Figs. 16G and 17E). All calcite crystals,
including the poikilotopic spar, show intense twin-
ning, some of which are curved. Pressure-solution
surfaces are abundant and are younger than the
bedding-parallel veins. Pressure solution occurs
both parallel as well as perpendicular to bedding. All
bedding-parallel veins as well as pressure-solution
seams are crosscut by thin vein sets with three main

Morley et al. | Intra-carbonate detachment, Thailand

orientations—subparallel to bedding, perpendicular
to bedding, and a conjugate set dipping at ~60° to
bedding. Crosscutting relationships between these
veins are not systematic, indicating all different gen-
erations formed in a continuum.

The 1-2-m-thick section of the KYM underlying
the thick veined zone described above is exten-
sively veined, and affected by pressure solution,
and has lost the modified bedding planes typically
found in the formation. However, in thin section,
in places, the rock fabric is not highly deformed,
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and fossils, particularly fusulinids, are still pres-

A B ~ ent (Fig. 17F). The zones of lesser deformation
,

S 7 (Figs. 17B and 17F) alternate with strongly foliated

= Z and folded carbonates (Figs. 17C and 17G).
/\/ The thick-veined zone (Fig. 17A) is also different
= from major thrust zones (>1000 m heave) in carbon-
/\/ ates in the area, where evidence for shearing occurs
= = in a broad zone, with numerous closely spaced (1
== Y Z mm-10 mm) pressure-solution seams that form
anastomosing networks between carbonate lenses
composed of limestone broken up by extensive
veining (e.g., Morley et al., 2017). The detachment
zone deformation style shows there was some
local decoupling at the KYM-NPM boundary, flu-
ids (probably over-pressured) were concentrated
at the boundary, and that there is some differential
slip between underlying and overlying layers and

foliated limestone development, but without the
intensity of the major thrust zones.

= =.

Initial stratigrapy Flexural slip dominant stage

Na Phra Lan Member

When viewed from a distance, in old quarries,
the lower part of the Na Phra Lan Member is mas-
sive, with little indication of bedding. However,
upon closer inspection, the occasional bedding
surface, or group of two to four bedding surfaces
clustered over a few meters are commonly present.
These surfaces tend to be discontinuous, wavy, and
affected by pressure solution. In some places, they
are strongly folded and faulted (Figs. 9-11), but in
general they are less deformed than the underlying
KYM. In other areas (Figs. 5 and 7-9), bedding is
gently dipping, or only very gently folded, while
Bedding surface — Bedding surface with stylolite the underlying KYM is strongly folded. Overall, the
distribution of bedding dips is significantly different
in the KYM (a higher proportion of steeply dipping
beds, Fig. 2C, a) than the NPM (greater percent-
age of low-dip values, Fig. 2C, b). In thin section
also, the samples of the NPM, while containing

Flexural slip transition to pressure-solution stage Pressure-solution dominant stage

Wedge thrust surface Bedding surface with flexural slip and stylolite

Flexural slip bedding surface Thrust wedge with pressure-solution

Figure 14. Schematic illustration of fold evolution within the Khao Yai Member (such as the folds in Figs 11

and 12). (A) Initial stratigraphy where different bedding spacing will impact the fold morphology. (B) Early veins and pressure-solution seams, are generally
stage folding where flexural slip is dominant, and locally wedge thrusts develop. A few beds do not un- less intensely deformed and veined than samples
dergo flexural slip. (C) Tightening of the fault results in more wedge thrust development. On the steeply taken from the KYM from the same quarry (partic-

dipping limb of a fold, pressure solution takes over from flexural slip on the bedding surfaces, but flexural
slip continues to operate on other parts of the folds. (D) Final tightening and flattening of the fold, extreme
pressure-solution thinning is focused in certain areas of the folds (locations X), flexural slip has ceased, and eight samples (see Supplemental Data) indicates
pressure solution is occurring to greater and lesser degrees on the bedding surfaces. there are very low amounts (<0.06 wt%) of Al,O,

ularly KT4). X-ray fluorescence (XRF) analysis of

GEOSPHERE | Volume 17 | Number 2 Morley et al. | Intra-carbonate detachment, Thailand



http://geosphere.gsapubs.org

GEOSPHERE | Volume 17 | Number 2

2.0 2.0
4 A North limb South limb 1B North limb South limb
1.5 - 1.5 -
- Class 1A Class 1A - Class 1A Class 1A
1 Class 1B Class 1B ty 1 Class 1B Class 1B
a & 74 o a ° °
/ I Q
— ¢ Class 1C — o0 o Class 1C
Class 1C Class 1C [®) [
—| y — L) o
o [e) o o (&) ]
057 051
- | (&) o °
- ",',',\/ Class 3 Class 3 | ‘?’V ° Class 3 Class 3
S L5 °
N (°) o
0 1T 1T T 1T T T°7T I T T 1T T 0 1T T T T 1T 1T 17T T T T°1
90° 60° 30° 0 30° 60° 90° 90° 60° 30° 0 30° 60° 90°

Some intervals plot in class 1 A field

Very few class 1B geometries

The two fold limbs tend to plot in different fields (major asymmetry)

No intervals plot in class 1 A field

Some intervals show class 1B geometries

Both fold limbs tend to plot in similar fields (minor asymmetry)

Figure 15. Plots of variations in fold geometry for different layers within examples of folds in the Khao Yai Member using Ramsay’s (1967) t'-a classification.
(A) Plot for fold in Figure 12. (B) Plot for folds in Figure 11. Figure 11 shows that some layers have behaved as class 1A folds, while others range between class
1C and class 3. These are related to different layer positions in the fold (class 1C to class 3 are in layers near the fold core, class 1A is farthest from the fold
core). In Figure 12, some layers around the more open, concentric folds plot as class 1B. The tighter, chevron-style folds plot in the class 1C to 3 fields. Lines

connect points on the same fold.

(reflecting clay mineral content) in the three NPM
samples analyzed.

In quarry KT1 (Supplemental Data, Fig. S2
[footnote 1]), the NPM directly above the detach-
ment is exposed. The lowest ~5 m of section
above the detachment are composed of highly
veined black to dark-gray limestone, which on
bedding surfaces shows intense development
of multiple conjugate sets of tension gashes
(Fig. S15C). In some highly veined areas, remnants

of the limestone with strained fossils are present
(Figs. S16A and S16B). The section grades upwards
into a medium-gray zone of recrystallized limestone
~20 m thick that is remarkable for its low intensity of
veins, general absence of fossils, and low intensity
of pressure-solution cleavage. In places, early, par-
tially recrystallized pressure-solution seams can be
identified (Fig. S15A). Within this limestone, there
are locally strongly deformed zones that comprise
steeply dipping ENE-WSW- to WNW-ESE-striking

Morley et al. | Intra-carbonate detachment, Thailand

calcite veins, and steeply dipping NNW-SSE to
NNE-SSW pressure-solution seams a few meters
wide (Fig. S15B) and tens of meters long. Possibly
these zones represent regions of concentrated fluid
flow from the underlying KYM.

The lower NPM in Figure 7 is a medium- to light-
gray, micritic to sparry, limestone that is recrystallized
in places. Pressure-solution seams are present
macroscopically and in thin section, but the NPM
lacks the intense, well-developed, closely spaced
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Figure 16. Characteristics of the changes in structural style
around the detachment zone between the Na Phra Lan
Member (NPM) and the Khao Yai Member (KYM). (A) Sche-
matic section across the transition zone. Pressure-solution
and reactivated pressure-solution surfaces as slip hori-
zons (G) play an important role in this folding. In places,
short-wavelength disharmonic folding occurs immedi-
ately below the detachment zone between the members.
This detachment zone is characterized by thick (4-10 cm)
calcite veins parallel to bedding, with slickensides (C). Bed-
ding, where present, is weakly folded to unfolded in the
NPM. (B) An unusually well-developed sequence of widely
spaced bedding surfaces within the NPM, these surfaces
are irregular and wavy indicating they are strongly influ-
enced by pressure-solution processes.

<
<

pressure-solution cleavage seen in the underlying
KYM (Figs. 11-13; Figs. S5, S6, S8, and S9), and also,
outside of the detachment zone, lacks the closely
spaced calcite micro-veins and hairline veins
(Fig. 10). Some macroscopic calcite veins are pres-
ent in places. Zones of closely spaced veins, 2-4 m
wide, traversing quarry faces, are present in places,
but these veins, in general, are not as intense, or as
well organized as those within the KYM. This vein
distribution reflects the lower frequency of bedding
surfaces and the consequent absence of flexural slip
folds. The best exposed NPM section in Khao Khao
is a black “marble” quarry (location KT6, Fig. 2B),
which reveals section that stratigraphically lies ~180
m above the base of the NPM. The rock is quarried
in cut rectangular blocks such as marble, but is actu-
ally a black, fossil-rich micritic limestone. Occasional
bedding in the quarry consistently dips north at ~34°.
The quarry exposes section in cut blocks with up to
54 m vertical exposure and ~80 m horizontal expo-
sure (Fig. 18). This 100% exposure of slabbed rock
shows only occasional, widely spaced, bed-subpar-
allel, pressure-solution cleavage, and undeformed
fossils, including corals and bivalves. Mottled sedi-
mentary depositional fabrics are apparent on slabbed
surfaces. Calcite veins are present, but are widely
spaced, and tend to be orthogonal to bedding fi.e.,
tilted along with bedding, and dipping ~50°-60°
south). Consequently, this large, unique exposure
confirms the absence of strong deformation by local
folding, pressure solution, and layer-parallel thicken-
ing in the NPM compared to the KYM.
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offset at stylolite

probable stylolites- Calcite veins in grey, darker gray
older than the clear stylolites (?) relatively young, lighter gray = older
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Figure 17. Thin sections showing changes in deformation

around a thick, complex calcite vein that marks the upper

part of the detachment zone in quarry KT2 (see Fig. 2C

for location of quarry. (A) Thin section; (B) sketch of (A),
showing multiple phases of calcite veins and stylolites.
(C) Outcrop photo (same location as Fig. 16C). (D-E) Thin

sections from the main vein. (D) Intense bedding parallel

veining with “beef” texture (e.g., Cobbold et al., 2013). The

bedding-parallel veins form bundles of few-pum-thick veins

that follow the grain boundaries of the host rock, i.e., are

multi-layered veins following the nomenclature of Lee and

Wiltschko (2000). The texture suggests repetitive fractur-
ing and sealing of a dynamically over-pressured system.
(E) Example of poikilotopic recrystallization obscuring the

original internal texture of the vein bundles; the boundary

between the sparry texture and the vein bundles is a pres-
sure-solution seam. (F) Immediately below detachment is

a dark, foraminifera-rich limestone. Bedding parallel veins

form bundles few pm thickness (VIIl), commonly separated

by host lithons (cf. Lee and Wiltschko, 2000; resp. wall-rock
inclusion bands, cf. Ramsay, 1980). These vein bundles are

crosscut by calcite veins (a few pm to few mm thick) ap-
proximately orthogonal to them (IX). A third vein group is

oriented ~45° to the other vein groups and crosscuts them.
Pressure solution occurs both perpendicular as well as par-
allel to bedding. (G) Intensely veined dark limestone, 60 cm

below the main vein is an intensely veined dark limestone.
Folded foliation is crosscut by multiple thin veins (few pm

to 0.5 mm thick) that lie perpendicular to the main foliation

and fold axial planes.

<
<

H DISCUSSION

A detachment zone, within a Permian carbon-
ate platform sequence has been identified in the
hills around the town of Na Phra Lan. This detach-
ment zone has formed in response to the different
deformation characteristics exhibited by dark-gray
to black, well-bedded limestones of the Khao Yai
Member, and medium- to light-gray (and occasion-
ally dark-gray to black), carbonates of the Na Phra
Lan Member. Between these two units lies a transi-
tion zone where the structural style changes. While
on larger-scale cross sections it is convenient to
show the detachment at the boundary of the Khao
Yai and Na Phra Lan members, in more detail, the
transition zone in some places appears to be mostly
within the KYM (Fig. 5), while in other areas, it can
continue 10-30 m into NPM (Fig. 7).

Much of the difference in deformation style
between the NPM and KYM is related to the
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presence or absence of bedding, which in turnis a

feature of depositional environment and its subse-
quent diagenetic history during burial (e.g., Bathurst,
1987). Bedding enabled flexural slip-type folding to

dominate initially, and subsequently, bedding facil-
itated modification of fold shape predominantly by

pressure dissolution. Both the presence of bedding

and the higher clay content of the KYM carbonates

have facilitated different deformation behavior from

the NPM. In areas of intense folding within the KYM,
a simple comparison of line-length shortening for
horizons passing up to the detachment shows that
locally, over distances of tens of meters, shortening

decreases upwards from 48%-50% to ~10% (Fig. 7C).

Clay particles can greatly enhance deformation

by pressure-solution creep and increase strain rates

by allowing faster diffusion of solutes between

particle contacts and pore spaces (Renard et al.,
2001). Clay linings are necessary to cause the

localization of dissolution into stylolites, leading

to a feedback mechanism where a region with a

larger clay fraction will experience enhanced dis-
solution, accumulate more residual clays, and thus

further enhance pressure solution in that region

(Aharonov and Katsman, 2009). Numerical mod-
els by Aharonov and Katsman (2009) show that
a clean rock (i.e., lacking clays) with defects will

undergo dissolution at the defect tips, but the

amount of dissolution is limited, and the defect
undergoes only minor propagation. However, in

more argillaceous rock, the presence of clays and
their catalyzing effect encourages defect propaga-
tion and lengthening, as well as defect thickening

leading to stylolite development (Aharonov and
Katsman, 2009). These observations regarding clay
content are supported by the extensive nature of
the pressure-solution deformation in the more
argillaceous limestones of the Khao Yai Member
and the reduced importance of pressure solution in

the cleaner limestones of the Na Phra Lan Member.
The presence of bedding-related, pressure-solution
cleavage rather than axial planar cleavage is likely
to be related to the early-stage concentration of
clay parallel to bedding, which resulted in pressure
solution continuing to be focused on these zones in
the later stages of deformation, rather than creating
extensive axial planar cleavage.

Zone of bedding parallel stylolites
N (strike 070° 34°N)
; r §77

Figure 18. Example of the Na Phra Lan Member, from the black “marble” quarry (KT6, Fig. 2B). (A) Overview of the
quarry showing the extensive cutting of rectangular blocks in the quarry. Note the inclined surface at the top of the
quarried section is a lithology change to a dark-gray limestone, from the black limestone (weathers to a light color)
and follows a bedding surface. (B) Slabbed face demonstrating the scarcity of pressure-solution seams. The zone that
is present in this 10-m-thick interval is an early, bedding-parallel narrow zone of multiple stylolites. (C) Black limestone
slab, with weathered face showing the highly mottled (by bioturbation?) and undeformed sedimentary structures.
Examples of undeformed corals: (D) life position coral in cross section, and (E) Coral exposed on bedding surface.

In many fold and thrust belts, early layer-parallel
bulk-shortening strain (LPS) by compaction and/or
cleavage formation, occurs prior to the main fold-
ing and thrusting stage and can be responsible for
shortening up to ~20%-30% (e.g., Gray, 1981; Mitra
and Yonkee 1985; Morley, 1986; Protzman and Mitra,

Morley et al. | Intra-carbonate detachment, Thailand

1990; Cochrane et al., 1994; Mitra, 1994; Moore et al.,
1995; Butler and Paton, 2010; King et al., 2010; Morley
and Naghadeh, 2016; Davis, 2019). Tectonic pres-
sure-solution cleavage can be found as widespread
sub-orthogonal-to-bedding orientations indicative
of early-stage deformation before significant folding
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(Gray, 1981; Marshak and Engelder, 1985; Mitra and
Yonkee, 1985; Morley, 1986; Mitra, 1994; Boyer and
Mitra, 2019; Davis, 2019), bedding-oblique cleav-
age developed during folding and thrusting (e.g.,
Marshak and Engelder, 1985; Morley, 1986), and
late-stage flattening including axial planar cleav-
age (e.g., Ramsay, 1962, 1967; Dewey and McManus,
1964; Hudleston and Stephansson, 1973; Gray, 1981;
see reviews in Hudleston and Treagus, 2010, and
Gratier et al., 2013). Pressure solution can also be
an important process along fault zones, particularly
as a deformation mechanism during aseismic creep
(Gratier et al., 2013). But in the KKFTB, early-stage
tectonic pressure-solution cleavage at a high angle
to bedding is rarely seen, and it is the later-stage,
pressure-solution modification of bedding that is
dominant. Why the carbonates of the KKFTB have
departed from the more typical early-stage devel-
opment of tectonic pressure-solution cleavage is
uncertain but may be related to the overall deforma-
tion style. In a number of studies, the development
of tectonic cleavage is shown to be associated with
early-stage shortening above a basal detachment
(e.g., Marshak and Engelder, 1985; Boyer and Mitra,
2019). The absence of this type of cleavage in the
study area may indicate no simple basal detach-
ment was present. Possibly the Permian rift setting
of the Saraburi Group (e.g., Vattanasak et al., 2020)
inhibited development of a through-going, early
detachment by offsetting any weak layers present
by faulting and/or because of stratigraphically dis-
continuous weak layers. The resulting disrupted
pre-thrusting stratigraphy would have favored
development of a thick-skinned deformation style,
including inversion of normal faults (see discussion
in Morley, 2018) and the absence of early tectonic
pressure-solution cleavage.

Intra-thrust sheet decoupling of layers in weak
rocks such as shale and evaporites gives rise to the
classic detachments described in the literature (see
reviews in Morley et al., 2011, 2017, 2018, and Ghana-
dian et al., 2017), where a weak, more ductile material,
is an intrinsic part of the detachment (Figs. 1A-1C).
The detachment described here differs from such
examples because the carbonates are juxtaposed at
the detachment zone, and the differences in defor-
mation style are largely related to bedding spacing,

which in turn is related to limestone clay content
and how effectively pressure solution versus other
deformation mechanisms have developed.

The observations of deformation style within the
NPM lead to the question: if thrusts in the NPM are
relatively infrequent, folds are generally absent to
only gentle to open, pressure-solution cleavage is
present, but lacks the intensity seen in more argilla-
ceous limestones, and fossils show little strain, how
did the NPM shorten as much as the KYM? Although
layer-parallel thickening seems an attractive alter-
native deformation mechanism in areas such as the
white marble quarry and the lower ~25 m of the
NPM, the presence, in numerous localities, of fossils

that are not strongly strained (Fig. 18, for example)
indicates that layer-parallel thickening is not the
solution for the bulk of the NPM section. The NPM
is too strongly eroded and discontinuous for large-
scale structures to be identified and measured for
shortening, in order to demonstrate that the large-
scale structures are the solution to the discrepancy
in observed local shortening between the NPM and
KYM. However, large-scale structures appear to be
the only viable solution (Fig. 19). In the Khao Khao
area, there are two large thrusts (Figs. 6 and 7) that
cut across the NPM and KYM that could, for example,
have increased in displacement upwards within the
NPM in order to help balance the extra shortening

NPM
KYM
Local shortening
discrepancy
Ob d (Fig. 6 accommodated
serye (Fig. 6) . by lateral Hypothetical
thrusting and folding displacement Thrusting
B in lower part of Na Phra Lan on thrusts and folding

Formation -~

Recrystallization,
pressure-solution
and intense calcite veining

NPM

KYM

Figure 19. Schematic cross section illustrating the differences in deformation style between the Na Phra Lan
Member (NPM) and the Khao Yai Member (KYM). (A) Initial geometry, with the presence of some older extensional
faults. (B) Shortening of the members, including inversion of the normal faults. Shorter-wavelength structures
are developed in the KYM than in the NPM. (C) Final deformation stage after folds have further tightened and

thrusting has occurred.

Morley et al. | Intra-carbonate detachment, Thailand
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observed in the KYM (Fig. 19). Unfortunately, the
absence of distinctive stratigraphic markers and
extensive erosion of the NPM mean that thrust off-
set within the NPM cannot be determined.

There are few studies in the literature that
describe late flattening by pressure solution that
departs from classic axial planar cleavage, but one
is that of the Pindos Fold-Thrust Belt (Davis, 2014,
2019), where flexural folds are developed in pseu-
do-bedding. However, significant differences within
the study area are the presence of early tectonic
pressure-solution cleavage in the Pindos example
(at a high angle to bedding) and the intensity of
the pressure-solution-related pseudo-bedding.
Ramsay’s (1967) t'-a classification shows the con-
siderable variety of fold shapes and departures
from simple fold morphologies caused predom-
inantly by the effects of mechanical stratigraphy
and late flattening (see, for example, Ramsay, 1967;
Hudleston and Stephansson, 1973; Hudleston and
Treagus, 2010; Davis, 2019). The folds in this study
show very similar variations. Simpler, more open
folds tend to either follow the Class 1B line or fall
in the Class 1C field (i.e., parallel to similar folds),
while as the folds tighten up, or thinner beds depart
from the deformation style of thicker beds, they fall
into the Class 2 and 3 fields (Fig. 15). In folds more
affected by the late-stage flattening associated with
pressure-solution cleavage, the geometry of a sin-
gle layer can become much more variable, and in
the more extreme cases, may range across all five
classes (Fig. 15).

B CONCLUSIONS

Classic detachments are generally defined by
a weak lithology, often accompanied by high over-
pressures. The detachment in this study describes
a more unusual case of a detachment that occurs
within a relatively strong carbonate lithology,
whose main variations are bedding spacing and
clay content.

The detachment within the carbonate sequence
around the town of Na Phra Lan is developed as
a consequence of the transition from dark-gray
to black, well-bedded, clay-rich limestones of the

KYM, to much less frequently bedded, medium-
to light-gray, commonly recrystallized limestones
and marbles of the NPM. The KYM display much
tighter to even isoclinal, shorter-wavelength folds
than the NPM. In more detail, the folding began
as flexural slip-type folding, in places displaying
classic Z-M-S-type secondary folding, and later
underwent flattening by pressure solution along
early bedding surfaces and between and subpar-
allel to the bedding.

Pressure solution appears to have played a
dominant role throughout the structural develop-
ment, first forming early diagenetic bedding; this
bedding then influenced fold style, and later tec-
tonic pressure solution preferentially followed the
older pressure-solution features rather than form
axial planar cleavage. Throughout this history,
the initial concentrations of clays within the lime-
stones dictated how the diagenetic bedding would
develop, and later the bed-parallel concentrations
of clay minerals both influenced development of
bed-parallel dissolution over axial planar cleavage
and the formation of local shear surfaces (partic-
ularly those accommodating flexural slip) and the
differences in deformation style between the KYM
and the NPM.

The detachment zone is transitional over tens
of meters and varies from locality to locality. In
some places, the change in deformation style
occurs at the boundary between the members;
in other places, it occurs gradationally tens of
meters into the NPM. The change in deformation
style involves the loss of tight to isoclinal folds,
with steeply dipping to vertical axial planes in the
main part of the KYM, by either replacement by
folds with low-angle axial planes, thrusts and thrust
wedging, bed-parallel shearing, and by pressure
solution along bedding-parallel seams (that reduce
fold amplitude). Where large folds in the KYM are
asymmetric, the gently dipping back limbs can dis-
play secondary folds that die out entirely within
the upper KYM; whereas, in the forelimb, second-
ary fold amplitude may diminish vertically but still
cross the KYM-NPM formation boundary (Fig. 7C).

At the scale of large outcrops (i.e., 100-300 m
long), visible shortening via folding and thrusting
is greatest in the KYM and is probably up to 50%
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(there is extra shortening by pressure solution to be
added to this estimate) and can decrease to <10%
shortening at the KYM-NPM boundary or within the
lower part of the NPM. This variation in shortening
implies that deformation within the NPM is being
accommodated differently from the KYM, probably
by a combination of the following: (1) shortening on
longer wavelength and/or spacing folds and thrusts
(major contribution); and (2) recrystallization and
layer-parallel thickening (minor contribution).

At the temperature of deformation (160 °C-
220 °C) undergone by the study area during the
Triassic, pressure solution, recrystallization, and
even, locally, ductile deformation (e.g., mylonites)
could be important deformation mechanisms, but
of varying importance in response to the clay con-
tent of the carbonates. Pressure-solution shortening
was dominant in the KYM, with crystal plasticity
being secondary, while in the NPM, pressure solu-
tion is present but less dominant and decreases in
tectonic significance passing away from the detach-
ment zone. It is inferred that deformation by widely
spaced folds and thrusts in the NPM can account
for most of the observed differences in local strain
between the KYM and NPM (Fig. 19).
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