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a b s t r a c t

A stable isotopic study, focused on calcite cements, vein-fill calcite and various bioclasts was conducted
on variably deformed and thrusted Lower and Middle Permian carbonates of the Saraburi Group.
Samples were collected in quarry faces across 3 areas in the SaraburieLopburi region of central Thailand.
Stable isotope crossplots (carbon and oxygen), using texture-aware isotope samples, defined variable, but
related, fluid-cement histories, which are tied to regional burial and then orogenic overprints driven by
the Indosinian (Triassic) orogeny. This was followed by telogenetic overprints, driven by late Cenozoic
uplift. The studied carbonates were deposited along the western margin of the Indochina Block, where
they were deposited as isolated calcareous algal, sponge and fusilinid-rimmed platforms on highs bound
by extensional faults. The platform areas passed laterally and vertically into more siliciclastic dominated
sequences, deposited in somewhat deeper waters within probable fault-bound lows. Regional post-
depositional mesogenetic fluid-rock re-equilibration of the isotope values in ongoing calcite pre-
cipitates occurred until the matrix permeability was occluded via compaction and pressure solution. This
regional burial regime was followed by collision of the Indochina and Sibumasu blocks during the
Indosinian (Triassic) blocks, which drove a set of structurally focused (thrust-plane related) increasingly
warmer set of fluids through the studied sequences. The final diagenetic overprint seen in the isotopic
values of the latest calcite cements occurs in a telogenetic (uplift) setting driven by Cenozoic tectonics
and isostatic uplift. Integration of isotope data with its structural setting establishes a clear separation in
fluid events related to two time-separate tectonic episodes; its fluid chemistry defines the Permo-Triassic
closure of the Paleotethys and its subsequent reactivation during the Tertiary collision of India and Asia.
The CeO covariant plot fields in the Permian carbonates of central Thailand are so distinct that it is
possible to use their signatures to separate burial from meteoric cements in drill cuttings and hence
recognise equivalent subsurface unconformities and likely zone of porosity development in possible
“buried hill plays in Thailand.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Fluid flow and fluiderock interactions in fold and thrust belts
are of considerable interest for determining a better understanding
of their structural and tectonic development, as well as fluid dis-
tribution in relation to mineral exploitation, and the trapping of
hydrocarbons. Syntectonic veins record evidence for fluid flow
during deformation, and provide important data about the stress
arren), chrissmorley@gmail.

All rights reserved.
and strain state during episodes of deformation (e.g. Lacombe,
2010; Beaudoin et al., 2012) as well as information about the
origin and temperature of the fluids (e.g. Hudson, 1977; Dietrich
et al., 1983; Kirschner et al., 1995; Beaudoin et al., 2011; Lacroix
et al., 2014). Syntectonic veins commonly represent responses to
accommodation of minor deformation during folding (e.g. Evans
and Fischer, 2012; Beaudoin et al., 2011, 2012), and shortening by
pressure solution (Dietrich et al., 1983), while others record sig-
nificant fluid migration, particularly along major thrusts (e.g. Travé
et al., 1998; Badertscher et al., 2002; Wiltschko et al., 2009). Fluids
precipitating minerals in these veins may originate as single or
mixed sources from depth, the formation, or meteorically. The
analysis of stable oxygen and carbon isotopes is one key element in
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determining how fluids of different temperatures and origins have
contributed to structural development spatially and through time
(e.g. Dietrich et al., 1983; Kirschner et al., 1995; Meneghini et al.,
2012; Ronchi et al., 2010; Vadeginste et al., 2012; Lacroix et al.,
2014). The ‘squeegee model’ is the most widely adopted general
model for fluid migration in fold and thrust belts (e.g. Oliver, 1986;
Machel, 2004). In this model fluid migration from depth and
dolomite formation are related to progressive foreland folding and
thrusting, where hot fluids are driven towards the foreland and
ultimately mix with, and are diluted by meteoric waters, e.g.
Southern Canadian Rocky Mountains (e.g. Kirschner and Kennedy,
2001; Cooley et al., 2011), Apennines (Ronchi et al., 2010). Mete-
oric water infiltration does not, however, always dominate in the
later stages of deformation. For example a stable carbon and oxygen
isotope study fromveins at about 3 km depth in the Monte Rentella
shear zone, Apennines Italy show evidence for cyclic fluid pulses
where hot fluids (150�e200 �C) were pumped from depth to flood
the fault zone at shallower levels (Meneghini et al., 2012). The few
regional studies so far conducted on larger-scale fluid flows within
fold and thrust belts indicate there are considerable lateral varia-
tions in fluid flow characteristics both in the transport direction
between major thrusts (e.g. Lacroix et al., 2014) and along strike
(e.g. Fitz-Diaz et al., 2011).

Commonly studies of fluid flow evolution in fold and thrust belts
are driven by the need to better predict the subsurface distribution
of hydrocarbons in reservoirs whose porosity and permeability are
affected by burial, uplift and deformation. Similarly in Thailand the
Saraburi Group carbonates, which are the focus of this study, are
the main gas reservoirs in the NE of the country. The carbonates
have very limited remaining porosity, that locally is enhanced by
dolomitization and hydrothermal chertification, fractures are also
important to reservoir performance (Booth and Sattayarak, 2011).
Hence understanding the fracture, diagenetic and fluid migration
history of the reservoirs is necessary for prediction of reservoir
properties. The SaraburiePak Chong fold and thrust belt area of
Central Thailand discussed in this paper can be used as an analogue
for understanding the subsurface reservoirs in NE Thailand.
Figure 1. Regional Geology of Thailand. A) General geology of the Saraburi, Kohn Kaen, Udo
geology of the Pak Chong e Lopburi e Saraburi region location given by rectangle in Figur
The studies discussed above come from well described, exten-
sively studied fold and thrust belts. The SaraburiePak Chong fold
and thrust belt is the opposite, no previous detailed structural
studies have been conducted on the region. Hence there are many
fundamental aspects of the geology that need to be addressed in
our studies. The Permian carbonate and siliciclastic deposits of the
Saraburi Group are deformed in an EeW trending, predominantly
north-verging, fold and thrust belt (Khao Khwang Fold and Thrust
belt; Morley et al., 2013). The belt is located some 100 km north of
Bangkok city, at the northern edge of the Central Plain of Thailand
(Fig. 1A,B). Excellent exposures are present in the area due to
quarrying, and building, together with some natural outcrops.
Exposed carbonates have undergone a complex burial and uplift
history since their deposition in the Permian.

The fold and thrust belt developed mostly during the Triassice
Early Jurassic Indosinian Orogeny (Sone and Metcalfe, 2008; Morley
et al., 2013). The complete diagenetic history is affected by events
that include burial on a rifted Permian passive margin, folding,
thrusting, uplift and erosion during the Triassic, additional burial
under 2e3 km of sediment during the Late TriassiceCretaceous, and
subsequent exhumation during Paleogene transpressional defor-
mation and NeogeneeQuaternary regional uplift, driven by the
distal effects of the Himalayan Orogeny and tectonic events within
SE Asia (Figs. 2, 3; Racey, 2009; Morley, 2012; Morley et al., 2013).

The carbonates exposures in quarries show extensive, and
highly varied sets of calcite veins, developed in different structures
(i.e. folds, thrusts, strike-slip faults), and during various tectonic
events. In some quarries the limestones are strongly recrystallized,
but in others the earlier stages of carbonate diagenesis (marine
cements) appear to be preserved. There is sufficient exposure
available to understand both the general trends of the fluid history
through time, and the detailed rock-fluid interactions during the
Indosinian deformation. The overall focus of this study is to define
the fluid/texture-based diagenetic evolution of burial and basinal
fluid cements and to place these isotope-based outcomes in a
regional framework. Three areas are described, which illustrate
different stages in the modification of the initial carbonate
n Thani, Phichit region showing position of Petchabun foldbelt. B) Generalised Permian
e 1A. Refer to Figure 3 for study location with respect to Bangkok.



Figure 2. Regional stratigraphy and the fusuline assemblage zones used for age subdivision (After Ueno and Charoentitirat, 2011).
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depositional fabrics during the different tectonic stages of devel-
opment in the region. This is an important first objective in
developing our understanding of the region, and economically for
the evolution of porosity and permeability in Permian carbonate
reservoir rocks. More detailed studies focused on the structural
relationships of vein arrays will follow subsequently.

2. Regional geological setting

The study area has undergone a complex geological history, first
as the western part of the old Indochina landmass, which since the
Middle Carboniferous was a submerged carbonate-dominant shelf
sea (Fig. 3a,b). The thick sequence of mixed carbonate-clastic sed-
iments of the Saraburi Group, were deposited in a marine shelf
environment in the tropics of the Southern Hemisphere
(Thambunya et al., 2007).

The main tectonic events that affected the development of
mainland SE Asia including Thailand are the TriassiceEarly Jurassic
Indosinian orogeny and the Late CretaceouseCenozoic events
associated with subduction of the Indian Ocean, and the conse-
quent collisions of India and Australia with Asia (e.g. Sone and
Metcalfe, 2008; Morley, 2012; Hall, 2012; Metcalfe, 2013).
Thailand covers part of a continental block that was largely
assembled during the Indosinian orogeny between about 260 Ma
and 190 Ma. In Thailand the main tectonic belts trend predomi-
nantly NeS, and include back-arc suture zones (Nan-Uttardit, Sa
Kaeo) and the main Palaeo-Tethys suture (Inthanon Zone, also
known regionally as the Indosinian suture, Fig. 2; Metcalfe, 1996;
Shi and Archbold, 1998).

The two main continental fragments (Sibumasu in the west,
Indochina in the east) involved in the collision zone in Thailand, are
separated by the Palaeo-Tethys and back-arc suture zones, and also
by the remnants of a volcanic-arc region called the Sukhothai zone
(e.g. Sone and Metcalfe, 2008; Morley et al., 2013; Metcalfe, 2013;
Fig. 3a).

Two main stages of collision occurred during the Indosinian
Orogeny. In the early Triassic a back-arc and island arc region
(Sukhothai Zone) closed with, and was thrust over, the Indochina
Plate, the South China Block also closed with the NE margin of
Indochina during this time (Figs. 2, 3; Indosinian I; Lepvrier et al.,
2004; Sone and Metcalfe, 2008; Morley et al., 2013). Subse-
quently, during the late Triassic and Early Jurassic the joint
Sukhothai/Indochina block closed the main Palaeotethys suture
(Inthanon Zone) and was thrust over the eastern margin of the
Sibumasu Plate (Figs. 2 and 3b; Sone and Metcalfe, 2008; Ueno and
Charoentitirat, 2011). Although the suture zone is shown as running
NeS today, the marginwas probably irregular, so that the structural
trends are more varied than simply NeS (Morley et al., 2013). For
example, the SaraburiePak Chong area, is dominated by EeW to
NWeSE trending structures.

The Permian sedimentary rocks lying along the margins and the
interior of the Indochina Block in rift basins were extensively fold,
thrusted, inverted, uplifted and eroded during the Early Triassic
(Booth and Sattayarak, 2011; Morley et al., 2013). They were sub-
sequently covered by sediments during the Late Triassic (the
extensional phase of the Kuchinarai Group, followed by the post-
rift stage of the Lower Nam Phong Formation; Booth and
Sattayarak, 2011). Following a depositional hiatus, the Upper Nam
Phong Formation was deposited in the Late Jurassic, and is sepa-
rated by an unconformity from the overlying Late JurassiceEarly
Cretaceous Khorat Group (Booth and Sattayarak, 2011).

During the Mesozoic Andean-type arc magmatism and meta-
morphism arose in the region, driven by subduction of Tethyian
oceanic crust beneath Burma and Western Thailand. Late
Cretaceous-Palaeogene igneous activity and metamorphism is
widespread inwestern Thailand (seeMorley, 2012; Palin et al., 2013
for reviews). Crustal thickening, and transpression accompanied
the subduction and during the Paleogene caused folding, thrusting,
strike-slip faulting, uplifting and erosion of the western margin of
the Khorat Plateau (Morley, 2004, 2012). This Palaeogene defor-
mation phase was followed by more regional uplift and erosion of
Central Thailand during the NeogeneeQuaternary. The result was
erosion of some 2e3 km thickness of Nam Phong Formation and
Khorat Group, and exhumation of the Saraburi Group to the surface
in many parts of Central Thailand.

The Khao Khwang Fold and Thrust Belt (Fig. 1) contains the
Permian carbonate outcrops that were key in defining the
fusulinid-based stratigraphy of the period (e.g. Toriyama and Sugi,
1959; Toriyama et al., 1969; Toriyama and Pitakpaivan, 1973;
Toriyama and Kanmera, 1979). The Permian carbonates and silici-
clastics of central and NE Thailand were defined as the ‘Saraburi
Group’ by Bunopas (1981). This work was the first to propose a
separate Indochina Block-based stratigraphic division (Saraburi
Group) for the rock units in the SaraburiePak Chong region. It
separated the Saraburi Group limestone from the poorly defined
general term Ratburi Limestone. Later Hinthong et al. (1985)
refined the Saraburi Group stratigraphic nomenclature of central
Thailand into the format still used today, which comprises three
main carbonate platform-dominated units (Phu Phe, Khao Khad,
and Khao Khwang formations), separated by typically deeper-water
interplatform sequences composed of clastic or mixed siliciclastic
and carbonate sequences (Sap Bon, Pang Asok, Nong Pong forma-
tions; Fig. 2). At the time of their deposition the deeper-water sil-
iciclastic deposits of the Nong Pong Formation probably connected
northwards to the deepwater deposits of the Nam Duk Formation
(e.g. Ueno and Charoentitirat, 2011).

3. Microstructural setting

The Permian carbonates contain extensive arrays of veins
which can be related to five main tectonic episodes: 1) pre-
collision extension, 2) deformation during the Triassic Indosinian
Orogeny, 3) emplacement of Triassic igneous intrusions, 4)
Palaeogene (?) strike-slip deformation, and 5) Cenozoic uplift and
karstification. The vein arrays developed during the Indosinian
deformation are by far the most common and important vein sets,
while the veins associated with Palaeogene strike-slip deforma-
tion are most easily identified with strike-slip faults that cross-cut
earlier structures. The different kinds of vein arrays present in the
area are discussed below. In areas where tectonically induced
veins have been extensively measured the veins exhibit a wide
range of orientations including EeW to WNWeESE, NWeSE and
NEeSW (Fig. 4C). Calcite veins with striations that lie along faults,
or bedding surfaces that underwent flexural slip tend to exhibit
NeS to NNEeSSW trending striations (Fig. 4D). Later (probably
Cenozoic) strike-slip faults tend to be oriented NWeSE and ENEe
WSW (Fig. 4E). The thrust, slickenside and bedding orientations
(Fig. 4) indicate overall thrust transport for the main Early Triassic
phase of deformation was in a south to north to south southwest
to north northeast direction. The distribution of vein orientations
(Fig. 4C) shows a very wide range of orientations are present,
amongst which EeW, NWeSE and NEeSW orientations are
important. The difficulty with identifying clear patterns in the bulk
orientations is because the vein origins and timing are so varied:
some veins lie sub-parallel to bedding (Fig. 5C), others are sub-
orthogonal to bedding (Fig. 5A), some veins formed early and
have been subsequently rotated (Fig. 5A), others are late features,
post-rotation (Fig. 5E). A few veins have been folded by subse-
quent pure shear (?) flattening (Fig. 5F). In some veins their
relationship to local structures is very clear, while the origin of



Figure 4. Regional orientation data for structures in the Saraburi Group of the Khao Khwang Fold and thrust belt. A) Poles to bedding, B) poles to Triassic thrust faults, C) poles to
calcite filled fractures, D) slickenside lineations from faults and from bedding plane slip (mostly Triassic, but probably also including some Cenozoic age deformation), E) strike-slip
faults (great circles) and slickenside lineations, representing probable Cenozoic deformation (overprints older Triassic thrusts and folds).
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Figure 5. Photos of vein styles in the Saraburi Group of the SaraburiePak Chong area. A) Early tensile veins exposed on steeply dipping bedding surface. Vein strike approximately
NeS. The veins formed early and were rotated during folding (Lat. 14.609357N Long. 101.391002E). B) Thick calcite vein build-up in sinistral Palaeogene strike-slip fault zone (Lat.
14.623797N Long. 101.365911E). C) Typical range of vein orientations in folds, with veins sub-parallel to bedding and thrusts in the fold core, and above the small thrusts indications
of fluid escape in a more tensile fold hinge area with steeply dipping veins (Lat. 14.727264N Long. 100.89563E). D) Complex veins, with earlier more horizontal veins, rotated and cut
by later more vertical veins. Example of deformation in the immediate hangingwall of a large Indosinian thrust fault (Lat. 14.724321N Long. 100.888566E). E) En echelon tension
gashes (Lat. 14.701127N Long. 100.886964E) F). Ptygmatic fold in relatively old calcite vein (Indosinian) (Lat. 14.623698N Long. 101.365882E).
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other veins is ambiguous. Some key veinestructure relationships
are described below.

3.1. Pre-folding veins

Early sets of veins trend approximately NeS, are oriented
perpendicular to bedding and form parallel to sub-parallel arrays
(Fig. 5A). The veins were rotated by subsequent folding. The veins
are only well developed in a few limestone beds which are sealed
above and below by thin shales. The shales probably acted to
confine the fluids to the limestone beds and led to overpressures
that created the fractures. The vein arrays are interpreted to have
formed in an extensional stress field. Probably the calcite veins are
related to dissolution of calcium carbonate during the formation of
burial stylolites. The inferred maximum horizontal stress direction
(Shmax), parallel to the veins is NeS, the approximate direction of
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Shmax during the Indosinian deformation (Morley et al., 2013).
Whether this orientation is a coincidence, or it reflects precursor
vein formation immediately prior to compressional deformation
entering the area is uncertain.

3.2. Syn-kinematic en-echelon tension gashes

En-echelon tension gashes are commonly found in single
(Fig. 5E) or conjugate sets, they seem to occur at all stages in the
Indosinian deformation. Limestones very readily fracture, and
locally in high strain areas they tend to undergo 3D strain, where
en-echelon tension gashes are part of this style. Tension gashes can
be seen on bedding surfaces where local, minor strike-slip
displacement has occurred. They are also a common feature in
vertical rock walls, where conjugate sets overprint folds, indicating
that they are part of the late shortening process, following fold lock-
Figure 6. A) Sketch of section illustrating the different veins associated with a tightly folded
flexural slip type vein. 2) Late extensional veins cross-cutting the fold core. 3) Veins along t
indicative of horizontal compression, and late stage deformation following locking of the fo
quarry Y (Fig. 8) (Lat. 14.728258N Long. 100.895583E). The tops of the two dykes are connect
steeply dipping tensile fractures and a normal fault. These structures helped accommodat
section.
up (Fig. 6A). Steeply rotated bedding planes in folds commonly
exhibit extensive modification by pressure solution. Tracing
bedding around folds is commonly difficult due to this modifica-
tion, and significant changes in thickness of bedded passing from
weakly to strongly deformed areas, or around folds, indicates that
pressure solution played an important role in the late tightening of
structures. This deformation style also indicates a local source of
calcium carbonate in fluids during shortening.

3.3. Vein arrays associated with thrust faults

Small thrusts tend to be associated with calcite veins along
thrust fault, and slickensides and slickencrysts. These show an
overall NeS maximum horizontal stress direction (Morley et al.,
2013). Striated bed-parallel veins associated with flexural slip are
also common. Larger faults have more complex vein arrays, and in
syncline in quarry Y Figure 8 (Lat. 14.729279N Long. 100.901191E). 1) Bedding parallel,
hrust fault. 4) Conjugate vein sets, commonly exhibiting conjugate tension gash arrays,
ld. B) Igneous sill. C) Illustration of calcite veins formed during dyke emplacement in
ed by low-angle, vein filled fractures. Above the low-angle extensional (?) fractures are
e the difference in extension between the region affected by dykes and the overlying
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high-strain zones up to a few metres away from the fault 20%e50%
of the rock can be vein material and comprises both thrust sub-
parallel veins and sub-vertical veins (Fig. 5D). The veins are typi-
cally multiphase, exhibiting local rotation of older vein sets and
cross-cutting relationships with newer vein sets (Fig. 5D). In
addition to micro faulting offsetting the veins late pressure solution
seams also disrupt older vein sets.

3.4. Vein arrays associated with folds

A wide variety of calcite veins are associated with folds, these
include those associated with flexural slip that follow bedding
surfaces, and small thrusts in the cores of folds (Fig. 5C), veins at a
high angle to bedding related to outer-arc extension or extension in
fold hinges, veins in the hinges of chevron folds. There are also the
late-stage conjugate veins related to post-folding shortening
(Fig. 6A), and relaxation extensional veins. A few folds show evi-
dence for being re-folded. During refolding old weak surfaces
(stylolites, stylolitic bedding surfaces, and bedding surfaces) can
slip and open to become filled, or partially filled with calcite
cement.

3.5. Vein arrays associated with igneous intrusions

Most, but not entirely all, Triassic intrusions were emplaced
after folding and thrusting as demonstrated by cross-cutting re-
lationships with faults and fold axes (Morley et al., 2013). Conse-
quently associated veins were formed post-Indosinian
deformation. Generally veins associated with Triassic igneous in-
trusions are not very systematic, they either run through dykes and
sills, or they lie at the boundaries between the intrusions and the
country rock. However, sometimes associated veins show rela-
tionship to intrusion emplacement. Figure 6B,C shows a rare
instance where the abrupt terminations of dykes can be observed.
The section above the dykes has to accommodate the w10%
extension associated with the dyke-affected section. This extension
is at least in part accommodated by extensional faults and veins in
the overlying section, which occur in the vicinity of the dykes.

3.6. Veins associated with Cenozoic strike-slip deformation

Based on regional considerations (e.g. Morley, 2012), it is
assumed that the late strike-slip faulting present in the Saraburie
Pak Chong area is related to Palaeogene activity along the Mae Ping
Fault zone (Ridd and Morley, 2011) Strike-slip faults are commonly
present in quarries, suggesting the late stage deformation is quite
pervasive. Some late, NWeSE trending anticlines in the Saraburi
area are interpreted to have formed during this phase. The strike-
slip faults predominantly trend EeW to NWeSE, and NNEeSSW
(Fig. 4E), and show sinistral offset (Fig. 5B). However, in a few places
later, cross-cutting dextral strike-slip faults have been observed.
The only vein sets reliably identified as associated with late strike-
slip deformation are those that fill the fault zones and are striated
(Fig. 5B).

3.7. Speleothem formation

Cenozoic exhumation triggered considerable karstification of
the Sarburi-Pak Chong area. Caves, and veins associated with
percolating meteoric waters are widespread features in quarries.
The associated vein fills are commonly composed of very coarse
calcite, stained red or brown by iron oxides The veins can form long,
steeply dipping sheets related to solution-enhanced joint and
cavity fills that typically cross-cut older structures. They also
commonly follow pre-existing weaknesses and permeability
contrast such as bedding surfaces or faults, and can terminate in
caves. Coarse poikilotopic cements in terra rossa fills in the near-
surface are anothermeteoric feature, as are calcite speleothems and
fragments in near surface limestone collapse breccias and caverns.

4. Methodology

This is a reconnaissance study in a tropical region with dense
vegetation cover and a deep tropical weathering profile. We utilise
a representative texture-based sampling approach across a number
of quarries in central Thailand where relatively-fresh sections are
available for structural mapping and sedimentological/isotopic
determinations. Hence, this paper summarises and interprets re-
sults collected at the beginning of what will be a set of ongoing
more detailed analyses of diagenetic and structural signatures in
the fractured Permian carbonates that will extend across all of
Thailand. The work is organised by the Basement Reservoirs Study
Group run jointly at Chulalongkorn and Chang Mai Universities,
Thailand. The authors recognise that access to fresh subcrop sam-
ples in quarries (up to 40 m below the original landsurface) greatly
reduces, but does not totally eliminate, the effects of isotope re-
setting related to the fluids of the modern weathering zone.

Accordingly, zones of modern meteoric-driven karstification
and fracture alteration in the quarries were mapped and separated
from other intervals in the same quarries, which are less affected by
fluids tied to proximity to the modern landsurface. The isotope
values from the sampling of various speleothem calcites, related to
thismeteoric overprint, form part of the isotope results discussed in
this paper.

Stable isotope samples were collected using a dental techni-
cian’s drill to extract calcite powders from various textures in the
limestones. Dolomite was not present in significant amounts. All
carbonate mineralogies were confirmed by staining of quarry face
slabs, by stained thin sections and with XRD analysis. All drill
powders were prepared and analysed for d18O and d13C utilising
techniques outlined in Allegre (2008). Staining techniques for
calcite, dolomite and ferroan carbonate minerals follow the
methods outlined in Hitzman (1999).

Samples that were drilled for isotope determinations were
classified, based on their respective textures, into; 1) matrix
(interparticle and intraparticle cements), 2) burial spar cement, 3)
speleothem cements (textures related to modern landscape hy-
drology). Burial spar cements were further divided into spar
sampled in matrix cavity fills and spar cements sampled in veins.
Veins occurred either within or some distance (metres to tens of
metres) away from fault damage zones and this was noted and
mapped. Where burial spar volumes were sufficient for multiple
samples to be collected (25e30 mg) then multiple isotope samples
were drilled across a particular spar texture. In the case of matrix
void fills (which were up to 5 cm across), multiple, separately-
analysed samples were drilled from the cavity edge inward (older
to younger) and in the case of veins (up to 10e15 cm across, more
typically z1 cm across) samples were taken from both sides of the
vein edge and then inward toward the vein centre. Samples of
crosscutting veins were also noted and collected as multiple
separate samples, it was assumed that younger veins cross cut and
displace older veins.

Typically the isotope results showed that variations within
cavities and within single veins did not define predictable separate
time-sequenced CeO plot fields, that is spar and vein cements were
mostly precipitated from a fluid suite that did not vary significantly
during precipitation of individual vein or void cements. However
plots measured across a number of crosscutting veins and void fills
do show burial-related sequential signatures (mostly related to
temperature indicated by variations in d18O values), as do cements
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from vein cements within and away from fault-damage zones (see
subsequent text). The diagenetic terms eogenetic, mesogenetic and
telogenetic follow the usage of Choquette and Pray (1970) and
imply early marine-influenced, burial and uplift-related pore wa-
ters, respectively.

Quantified mesogenetic temperatures were not calculated
based on Permian seawater isotope values from the sampled cal-
cites. A lack mineral pairs (e.g. no silica co-precipitates in the veins)
and textural evidence of ongoing fluid-rock interactions demon-
strates various diagenetic interactions have long modified connate
proportions in the various pore fluids that passed through the
studied limestone strata. Rather, the measured oxygen isotope
values are considered indicative of relative pore fluid temperatures;
less negative oxygen values on a covariant CeO burial curve in-
dicates cooler pore fluids, more negative values indicate warmer
pore fluids.

All three areas chosen for analysis (Areas 1e3) are in active, or
recently active, quarries, as seen in Figure 1A and the regions are
designated as Areas 1, 2, and 3 in Figure 1B. All selected quarries
were mapped and representative sedimentological sections
measured; details of this mapping, and section measuring are
available in Ampaiwan (2011); Khositchaisri, 2013; Mizaloo, 2013;
Yingyuen, 2013. Area 1 was chosen as it is some distance from
the main deformation/suture belt and so should better preserve
typical diagenetic burial signals (Fig.1B). Area 2was chosen as it is a
region where we discovered an older platform carbonate succes-
sion (Early Permian) had been overthrust over younger (Middle
Permian) deeper water carbonates (ages based on fusulinids e

Fig. 2), while Area 3 is a region of more intense thrusting/defor-
mation that occurred in a more homogenous, somewhat deeper
water carbonates, in a region crosscut by a series of dykes and sills.

The overall rationale of this study is that integrating the isotope
signatures from these structurally-diverse settings should allow us
to separate local from more regional/structural isotope-fluid evo-
lution trends. This approach was chosen as the isotope sample
resolution of the various cement samples is limited by the width of
the bit in a dental-technician’s drill. Choosing three diagenetically
contrasting regions and host lithologies (platform versus slope and
rise carbonates) should emphasise the isotopic (CeO) and hence
fluid evolution differences preserved in the calcites.
5. Fluid evolution via texture-aware isotope sampling of
matrix and veins

5.1. Area 1; Early burial (eogenetic) signatures dominant

Area 1 is located near the towns of Muak Lek and Pak Chong
(Fig. 1B). It samples a subhorizontally-bedded cementstone,
sponge-algal-bryozoal-fusulinid boundstone associationwithin the
Permian Nong Pong Fm (Fig. 7A, b; Mizaloo, 2013). Unlike the host
lithologies from areas 2 and 3, where vein calcites are more com-
mon, these sediments are dominated by depositional textures,
including former cavities in a boundstone matrix (Fig. 7A). Many of
the bioclasts are encrusted by calcareous algae (Fig. 7B) and by
radial calcite infilling former interparticle voids interpreted as early
diagenetic marine cement indictors (Fig. 7C; Flügel, 2010). This
radial calcite (both interparticle and matrix-cavity filling) and the
bioclastic matrix is crosscut by later vein cements, some of which
are slightly ferroan (Fig. 7C). Spar, other than radial spar and vein
calcite, is present in the matrix as clear syntaxial overgrowths,
typically nucleated on crinoid fragments (Fig. 7B). Coarse spar
cement, sometimes ferroan, also occurs in the central portions of
cavity fill, which precipitated after radial spar cementation had
ceased (Fig. 7C, D). In combination, these various diagenetic calcites
give a texture-based relative-age framework for the isotope sample
spectrum.

When isotope determinations of these calcite textures are
charted, the resulting d18OPDB e d13CPDB crossplot shows a co-
variant isotopic evolution with a general trend of increasingly
negative oxygen and carbon values plotting away from initial
Permian seawater values (Fig. 7E; blue (in the web version) star
indicates CeO average for tropical Permian seawater from Veizer
et al., 1999). Such a covariant pattern is typical of ongoing rock-
fluid (rock-buffered) interaction during burial (Moore, 2001; Ahr,
2008). (Note: In all the CeO isotope plots in this paper, to keep
observation separate from interpretation, the sampled calcite tex-
tures are listed in the rectangle legend box (not interpreted), while
the interpreted fluid fields responsible for these values are given as
denoted shaded backgrounds).

Values from bioclastic grains plot closest to likely Permian
seawater values (Jiang et al., 2013) and indicate early stabilisation of
grains in eogenetic pore waters (as defined by Moore, 2001). The
next diagenetic stage preserved as a covariant isotope plot field in
these sediments is the region indicating stabilisation of the cloudy
radiaxial calcites in the various cementstones, along with calcites
precipitated the remaining permeable sediment intervals in the
mudstone mounds and cavities (Fig. 7E; olive shading). This
equilibration probably occurred in the late eogenetic to early
mesogenetic realms (Moore, 2001).

The isotopic values for subsequent calcite spars constitute of
two plot fields; the first is a cluster made up of values of syntaxial
clear cements centred on crinoid fragments in grainstones and
wackestones. Texturally, the clear inclusion-free nature of these
syntaxial spars indicate a deeper burial origin (Flügel, 2010). This is
confirmed by the isotopic values of the CeO plot field where more
negative oxygen values indicate somewhat higher burial fluid
temperatures (Fig. 7E). The fluids creating these syntaxial cements
likely arrived at the precipitation site while the sediment matrix
was still somewhat permeable.

In contrast, later spar cements in the central portions of cavities
(Fig. 7C) and in the veins (Fig. 7D) probably arrived via open frac-
tures when the matrix was tight, or experiencing the last stages of
matrix permeability (dashed line in Figure 7E indicates the likely
isotopic separation in burial that was typified by the likely loss of
matrix permeability). The covariant CeO field for these vein and
later cavity fill calcite spars is defined by somewhat more negative
carbon and increasing negative oxygen isotope values, indicative of
higher temperature fluids and possibly catagenically-derived car-
bon, which is typified by more negative carbon values (see review
in Warren, 2000).

5.2. Area 2; mesogenetic signatures dominant (with later
telogenetic overprint)

Area 2 (as sampled in Quarries 1, 2 and 3) is a deformed region,
which in the existing published maps is defined as part of the Khao
Khad Formation (Fig. 1B). However, our more detailed mapping in
the quarries in area 2, and the use of the fusuline stratigraphy to
define ages, shows the local geology is more structurally compli-
cated than indicated by the published regional geological map
(Figs. 8 and 10 show our mapped thrust-related lithology distribu-
tion). Our detailed mapping, tied to fusuline biostratigraphy in the
units either side of the main thrust plane, defines a probable thrust
duplex that has emplaced Early Permian platform carbonates (with
Chalaroschwagerina) over Middle Permian deeper water carbonates
and clastics (with Neoschewagerina and Pseudodoliolina) (Figs. 2, 8;
Khositchaisri, 2013; Yingyuen, 2013). This overthrust relationship
indicates any simple upward-younging layered stratigraphy, as seen
in current geological maps (e.g., Fig. 1B), is over-simplified. As we



Figure 7. Area 1. Textures and isotope character of Area 1 carbonates (Lat. 14.68174N Long. 101.17835E). A) Outcrop photo showing typical cementstone with a sponge-algal-
bryozoal-crinoid matrix, along with a 10 cm-long marine-cement lined cavity (radiaxial calcite) that was then filled by later white blocky calcite. B) Crinoid columnal with
algal encrusters in the typical muddy matrix. C) Cavity lined by alternating layers of marine cement and microbial encrusters with later final cavity fill by blocky calcite spar cement.
D) Zone of radiaxial cementstone rind cut by fracture, which is filled by vein calcite spar.
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shall see, there is also a contrasting diagenetic and fluid history
preserved in the Middle and Lower Permian thrust blocks in area 2.

Quarry 1 in Area 2 exposes relatively underformed lower
Permian platform carbonates (Figs. 8, 9). Beds are steeply inclined,
as a result of the Indosinian orogeny, with bedding-parallel slip
slickenslides and a minor thrust fault exposed in the quarry, which
is crosscut by Triassic andesitic dykes and sills. Superimposed on
this tectonic overprint is a series of meteoric-driven karst features
created by ongoing Cenozoic-age uplift. As we shall see, this uplift is
defined by a covariant CeO isotope plot trend in calcite speleo-
thems. We call this the meteoric trend, it is a clearly separate trend
from the Mesozoic burial trend that dominates Permian isotope
plot fields in all three areas, away from regions of speleothem
textures (Fig. 11 and later discussion).

The dominant Permian lithologies outcropping in Area 2, quarry
1 are fusuline-crinoid wackestones, with local sponge-algal
cementstone bioherms and storm-bed rudstones (Fig. 9A). All
initial textures are overprinted by a variety of burial-related calcite
spars, which infill vugs, intergranular pores and form vein cements,
as well as spar cements precipitated immediately adjacent to
mostly bedding-parallel stylolites, which are also known as stylo-
lite pressure-shadow cements. Thus, the sequence of mesogenetic



Figure 8. Geological Map of the western part of the Khao Khwang Fold and thrust belt (see Fig. 1 for location) made from field mapping and satellite interpretation. The geological
units are ‘temporary, informal working’ units as the determination of the stratigraphic and structure is an ongoing project. Inset satellite image shows some details of Area 2 and the
relationship between older platform (Lower Permian) carbonates in Quarry 1 that are thrust over younger (Middle Permian) deeper water carbonates and siliciclastics exposed in
Quarry 2 and 3 (See Figs. 9 and 10 for geological sections and lithology details in both regions). White areas indicate regions where the lithology is uncertain (typically the boundary
between deeper water siliclastic-dominated deposits and carbonates is difficult to define since the topographic edge is not necessarily the actual limit of the carbonates due to the
effects of karstification.
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calcite precipitation textures is similar to that seen in Area 1 and
involves early intergranular spar cements (Fig. 9B) and sequential
cavity fill cements, passing from radial to spar mosaic (Fig. 9C, D).

Area 2, Quarry 1 also exposes a well-developed set of modern
speleothem textures within 1e3 m diameter caverns that are in
varying degrees open to the landsurface. Cave shapes tend to be
rhomboidal and outlined by a combination of inclined bedding and
orthogonal joint intersections (Fig. 9A, E). In caves with limited
openings to the surface, the speleothem fill tends to be dominated by
stalactites, stalagmites, and flowstones. In caves more open to the
surface, the lower cavern sections tend to contain pedogenic rud-
stones to floatstones (collapse breccias), made up of clasts of Permian
limestone in a matrix of infiltrated soils and dissolution residues.

The isotopic signatures fromArea 2 quarry 1 that sampledmatrix,
cavity fill calcite and calcite vein cements tend to show a CeO
covariant trend that for themostpartoverlapsequivalentplotfields in
samples from Area 1 (compare CeO covariant plot trends in Figs. 9E
and 11A) and likewise is indicative of diagenetic passage into deeper
burial and from eogenetic to mesogenetic cements (Moore, 2001).
That is, in both Areas 2 and 1, the various non-karst-overprinted
Permian calcites show a typical rock-fluid co-variant re-
equilibration burial trend, with increasingly negative oxygen values
related to increasinglywarmer (deeper)mesogeneticfluids (Fig.11A).

In contrast, isotopic signatures from the various modern karst
textures show a covariant trend that is typical of a meteoric mixing
trend (Fig. 11A; Moore, 2001). Those speleothems that are precip-
itated almost solely from meteoric waters (stalactites, stalagmites
and flowstones) show the most negative carbon values (z�12 to
�15&) and co-variant oxygen values that are less than �8 to �9&
(Fig. 8A). This indicates the strong influence of soil gas in creating
the bicarbonate ions carried to the precipitation site by infiltrating
groundwaters (Moore, 2001). Calcites sampled from karst textures,
which also contain etched clasts of Permian limestone in the
various collapse breccias, show somewhat less negative oxygen and
carbon values. This is indicative of an amalgamated bicarbonate
signal in the precipitates, which prior to calcite precipitation, are
derived by the mixing of groundwaters from Permian limestone
dissolution with modern infiltrating meteoric waters.

Quarries 2 and 3 in Area 2, located some 5 km ENE of Area 2
quarry 1, sample Middle Permian deeper-water carbonates and
siliciclastics, which are situated below the main thrust and typified
by the fusulines Neoschewagerina and Pseudodoliolina (Figs. 2, 8,
10). In general, beds in Quarry 2, although deformed, are less
deformed than beds in Quarry 3, while Quarry 4 beds are a repeat
section of the steeply inclined beds seen in Quarry 2 (Fig. 10A). In
this paper we focus on the textures and isotopic signatures of
Quarries 2 and 3 and compare to values measured in Quarry 1.

Sequences exposed in Quarry 2 and Quarry 3 are divisible into
two styles; i) a region of less deformed steeply-inclined crinoidal
rudstones/wackstones, intercalated with siliciclastic fine sands and



Figure 9. Textures and isotope character of Area 2, Quarry 1 carbonates (Lat. 14.670948N, Long. 100.823355E). A) Photomosaic and geological overview of quarry wall showing
inclined bed orientation and the major geological features including caves and speleothems. Red rectangle indicates a person for scale. B) Intraclast rudstone, stormbed with sparry
calcite cement. c) Typical calcite-filled mesogenetic vug showing early cement rind (radial calcite) followed by later blocky mosaic calcite (pen tip for scale). D) Photomicrograph of
mesogenetic vug cements showing, from left to right, early radiaxial calcite rim passing into baryte (pseudohexagonal) and the later coarse calcite spar infilling. E) Rhombohedral
shaped cave with a shape that reflects the intersection of joints and bedding. F) Karst breccia. G) Speleothem (telogenetic) cavity infilled by growth-aligned meteoric spar. See also
Figure 5 for location in Area 2.
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silts showing abundant Bouma cycles, contorted beds and other
features indicative of deeper-water sub-wave-base deposition
(Fig. 10A and BeD) and, ii) a more deformed section, situated below
the main thrust, that is dominated by well-developed veined and
calcite-cemented breccias (Fig. 10A and EeG). Some of the crushed
and altered material in this highly deformed fault breccia zone in
Quarry 3 is typified by a ferroan carbonate cement that is
contemporaneous with blocky mosaic calcite (Fig. 10G).



Figure 10. Textures and isotope character of Area 2, Quarries 2, 3 and 4 carbonates (Lat. 14.675453N, Long. 100.837989E). A) Photomosaic and geological overview of quarry wall
showing inclined and deformed bed orientation and the major geological features. B) En-echelon calcite veins in inclined beds of Quarry 2. C) Multistage offset calcite veins in the
inclined beds of Quarry 2. D) Fusuline Neoschewagerina E) Photomosaic and interpreted section of highly deformed tectonised folds and thrust plane with sinistral strike-slip in
Quarry 2. Note the different styles of deformation on either side of thrust plane. F) Photomicrograph of calcite vein meshwork in a matrix block within a secondary thrust zone and
crosscut by later more coarsely crystalline vein calcite. G) Photomicrograph (stained thin section) of cement in thrust showing a combination of calcite (red) and ferroan calcite
(blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Isotopically, across quarries 2 and 3 in Area 2, the same general
covariant burial trends are seen, which were documented in Quarry
1 (compare Fig. 11A and B burial trends). Almost all of the calcite
vein and matrix samples from Quarry 2 that were collected from
samples in steeply dipping crinoidal rudstone beds, plot at the
upper cooler end of the burial trend (less negative oxygen values)
and were likely precipitated in the zone of ongoing mesogenetic
burial re-equilibration (Moore, 2001). These vein sets are mostly
the types described in Sections 3.2e3.4. As in Quarry 1, increasingly
negative oxygen values, with little change in carbon in the same
samples, relate to increasing burial temperatures in fluids
precipitating CaCO3, both in the compacting permeable matrix and
in the associated calcite veins (Fig. 10B, C).

Samples from Quarry 3, from zones of more complicated
Indosinian deformation (heavily deformed, with well developed
calcite-veins located in and about secondary thrust planes, as seen
in Fig. 10EeF), plot further along the burial trend (i.e., warmer
fluids indicated by more negative oxygen values, with little
change in corresponding carbon values; Fig. 8A). Clearly, the
texturally-consistent oxygen and carbon covariant values in the
vein and spar cements are related to increasingly hotter fluid
crossflows.



Figure 11. Area 2 isotope crossplots. A) Quarry 1. B) Quarry 2. See text for detailed discussion.
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Many of the calcite vein showing the most negative oxygen
isotope values are oriented within or adjacent to, and parallel to,
the trends of the secondary thrusts that dominant in Quarry 3
(Fig. 10A, E, F, G). As later hotter fluids passed through these
structurally-focused fault damage zones, they drove re-
equilibration/recrystallization in what were the still permeable
parts of the matrix in Quarry 3. This is true both of the matrix and
calcite veins in the deformed (fault damaged) strata in Quarry 2. In
Fig. 11B the CeO portion shaded light green, and indicative of the
somewhat negative oxygen values, come from samples mostly
collected in the Quarry 2 deformed zone. The most negative oxygen
values (shaded dark blue) are almost all collected from calcite veins
within and oriented parallel to the thrust plane that crops out in
Quarry 3 (Fig. 10EeG).

In this context it is important to note that all texture-based
isotope samples in this study were collected using a high-speed
dental technician’s drill. So, what is actually noted as CeO
isotope values for matrix blocks caught up in the thrust zone, at
the micro scale are actually sampling a matrix block containing a
meshwork of earlier finer-crystalline crosscutting calcite veins
(Fig. 10F). At the sampling scale controlled by the diameter of the
dental drill it cannot be resolved whether the original matrix is
still re-equilibrating, or if the increasingly negative oxygen comes
from vein calcite in microfractures, while the intervening matrix
remains tight during overpressured thrust-related fracturing.
Interestingly, some samples from the upper part of Quarry 1, that
were collected in the deformed and brecciated contact zone in the
region below the main thrust, also plot in the same CeO field as
the deformed sample field from Quarry 2, implying a similar
temperature regime was present in the more deformed zone at
that location (Fig. 11B).
Samples of weathered calcite veins from Quarries 2 and 3,
showing microkarst voids with geopetal silts, along with various
speleothem linings, plot along the same meteoric mixing trend as
seen in Quarry 1. They define covariant plot fields that are inter-
preted as related to the influence of modern meteoric waters,
which in places overprinted earlier vein calcites. Unlike Quarry 1,
no pure stalactites and flowstones (features formed solely from
meteoric waters) were available for sampling in the accessible
portions of Quarries 2 and 3. But, when the plotfield of samples
from the pure speleothem zones of Quarry 1 are compared, it is
obvious that samples collected from brown-coloured etched and
weathered veins (mostly seen in Quarry 2), plot along a mixing
trend directly overlapping Quarry 1’s speleothem plot field. At the
time of isotope sampling these buff brown vein/sediments were
drilled out as possibly preferentially-weathered burial-related
ferroan alteration features. But the CeO values makes it obvious
that this is not so, rather, the buff colour is a reflection of dis-
colouration related to nearsurface alteration in the modern telo-
genetic realm.

CeO values from quarries 2 and 3 (Fig. 11B), show an ongoing
covariant trend indicative of burial passing into deformation (Ahr,
2008; Moore, 2001). That is, in the early stages of burial, while
thematrix was still permeable, matrix and vein calcite continued to
re-equilibrate under the influence of increasingly warmer fluid
crossflows, up until burial temperatures equivalent to d18O values
of �8 to �10& were reached. Then it seems matrix permeability
became so low in the inclined beds in Quarry 1 that matrix-fluid re-
equilibration ceased (Fig. 11B; purple (in the web version) arrow).
However, matrix in the more deformed beds in Quarries 2 & 3
continued to evolve (at least at the scale of dental drill sampling).
Then, beyond burial pressures and temperatures equivalent to d18O



J. Warren et al. / Marine and Petroleum Geology 55 (2014) 100e121114
values of �12 to �14&, the matrix became so cemented, even in
the most highly deformed zones, that only thrust-related veins
continued to facilitate fluid ingress and the precipitation of calcite
cements. This is indicated by d18O values greater than�12 to�14&
(Fig. 11B). That is, by that time in the rock’s mesogenetic/defor-
mation history, cements were precipitating only in structurally-
created permeable zones, which were located in the thrust fault
damage zone, in and adjacent to the thrust. These isotopic/burial/
tectonic relationships clearly illustrate a zone of elevated thermal
haloes that occurs around the studied thrust faults and adjacent
deformed sediments. It lends support to an interpretation of peri-
odic overpressuring and thrust fault-focused escape of thermally
elevated fluids (the squeegee fluid model; Oliver, 1986).

When the CeO covariant burial trend in lower Permian platform
carbonates of Quarry 1 is compared to the trend lines in Middle
Permian carbonates in quarries 2 &3 there is a strong overlap, but
also some significant differences (e.g., compare burial trend extents
in Fig. 11A and B). Samples from quarry 2 inclined beds clearly
preserve CeO values that better encase the interval assigned to
original Permian seawater signatures than those in the carbonate
platform sampled by Quarry 1 (note star position in plotfields). This
may indicate early sediment transport from the platform into
cooler deeper water, with final deposition in a setting in Quarry 2
associated with fine-grained interbeds. This interbedding of fine
clays and carbonate rudstones in Quarry 2 may have sealed some of
the sampled crinoids and other fossils within the deeperwater
finer-grained succession and so slowed the effects of ongoing
burial-related diagenetic alteration. In contrast, the more homog-
enous and likely higher depositional poroperms in the platform
sediments of Quarry 1 allowed them to better re-equilibrate as
burial temperatures increased in the ongoing fluid crossflows.

The other interesting trend seen in Figure 11 is the divergence
that occurs at oxygen values around �10 to �12&. This is the value
zone seen in both Figures 11A and B that likely corresponded to a
loss of matrix permeability. In Quarry 1 the burial trend stops at
oxygen values between �9 and 10&. A strong trend of increasingly
negative oxygen and carbon values is associated with the various
speleothem calcites, which formermuch later, during uplift into the
telogenetic zone, as indicated by the meteoric mixing trend arrow
in Figure 11A. Compared to quarries 2 and 3, there is no evidence
for warmer burial/deformation fluids (more negative oxygen
values) in Quarry 1 beyond �10& (purple arrow), other than in the
immediate vicinity of Triassic intrusives, where samples of hydro-
thermal ferroan calcite cement in and immediately adjacent to an
andesite dyke have oxygen values in excess of �25& (this value is
not plotted in Fig. 11A). We shall continue this discussion after
looking at the burial evolution of the intensely deformed sediments
of Area 3.

5.3. Area 3; thrust-focused mesogenetic calcite precipitation

The studied quarry in Area 3 is located to the southeast of the
Area 2 quarries and samples calcites in a regional thrust fault
within the Khao Khwang Fold and Thrust Belt. The types of veins
found in this area correspond are those described in sections 3.2,
3.3, 3.4, 3.5, and 3.6, and in Figures 5 and 6. The geology and
structure of this region is documented in Morley et al. (2013), the
following discussion focuses on the isotopic character of the vein
calcite and matrix calcite in and around a large thrust (Fig. 12A).
The quarry wall in Area 3 exposes a north-verging thrust sheet,
where shortening by flexural-slip folding has clearly reached its
upper limit, because late structures such as conjugate tension
gashes cross-cut fold limbs (Fig. 12A). The range of calcite vein
styles occurring within and adjacent to the thrust are illustrated in
Figure 12BeD, while the resulting CeO isotope crossplot is
illustrated in Figure 12E. Sampling of matrix versus vein calcite in
and about the exposed thrust, and the resulting CeO crossplot,
shows a similar burial trend to Area 2 Quarry 3 (Fig. 12E versus
11B, respectively). That is, in the earlier stages of ongoing burial
and deformation, there is ongoing rock-fluid equilibration in a
regime of increasingly warmer fluid crossflows in a limestone host
that remained permeable. This facilitated vein-matrix-fluid re-
equilibration, and increasingly negative oxygen values in the
precipitated vein and matrix calcites, until calcite cements ob-
tained d18O values as negative as �13 to �14& (Fig. 12E). Beyond
this point, increasingly negative oxygen values come exclusively
from calcite veins within, or in the immediate vicinity (>3 m), of
the main thrust. A single stalactite sample for the quarry plots in
typical meteoric field, as defined in Area 2. The average value field
for Permian seawater (indicated by a blue star in the other isotope
plots) lies outside the CeO value range in Area 3 measurements
(Fig. 12E) indicating the higher intensity of isotope re-
equilibration in this the most highly deformed of the three
study areas.

6. Comparing isotope signatures across areas 1, 2 and 3

When CeO values from all three areas are compiled in a single
crossplot, it shows distinct but related CeO covariant trends
(Fig.13A). Themost obvious are the burial andmeteoric trends, best
seen in CeO crossplots of areas 2 and 3. Within the burial trend,
values from all three areas overlap in the upper (shallower and
cooler) part of the trend (indicated by light orange (in the web
version) shading in Fig. 13A). This is to be expected as it is the result
of regional pre-deformation rock-fluid burial interactions that drive
CeO re-equilibration, wherever the rocks experience normal-burial
mesogenetic fluid crossflows. It starts with Permian seawater and
evolving through characteristic rock-fluid interaction pathways
passing from eogenesis into mesogenesis and orogenesis. Inter-
estingly, values closest to original Permian seawater are preserved
mostly in samples of bioclasts and matrix from the deeper-water
slope and rise carbonates (crinoidal rudstones) of Quarry 2.
Owing to their relatively deepwater deposition, carbonate grains in
these beds likely were largely removed form the various platform-
driven marine cement and early mesogenetic hydrologies, and so
better retain their early eogenetic isotope character. In general, it
also seems that throughout their temperature-related evolution
(indicated by increasingly negative oxygen values) all the deeper
waters sediments of Area 2 show the least change in their carbon
values, even when highly deformed. That is, the deeper water
sediments of Area 2 Quarry 2 and 3 plot points lie consistently
toward the upper portions of the overall CeO cross plot (less
negative oxygen and carbon values in Fig. 13B).

When these values are compared to the overthrust lower
Permian platform carbonates of area 2 quarry 1, the latter consis-
tently plot on a burial trend-line that is below (that is, somewhat
more negative carbon values indicated by various coloured squares
in Fig. 13B) than those of the sub-thrust Middle Permian sediments
of Quarries 2 and 3 (indicated by various coloured circles Fig. 13B).
When the isotope values of the variousmesogenetic vug cements in
the platform carbonates of Quarry 1 are plotted, they occupy an
intermediate position between the platform burial trend and the
deeper water burial trend (brown (in the web version) shaded re-
gion in Fig. 13B). This suggests that the bicarbonate in fluids,
forming vug cements in platform sediments with an intermediate
set of CeO values and indicated by brown (in the web version)
shading in Figure 13B, was possibly derived via mixing of fluids
from compacting deeper water sediments with those locally pre-
sent in the platform pore waters, perhaps when thrusting had
begun.



Figure 12. Outcrop, textures and isotope character of Area 3 (Lat. 14.701703N, Long. 100.887324E). A) Photomosaic and geological overview of quarry wall showing major thrust,
inclined and detached deformed beds. Blue rectangle indicates position of outcrop photos shown in Figs. 8B, C and D chosen to illustrate different styles of calcite veins and adjacent
matrix sampled for stable isotope determinations. E) Isotope crossplot.
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CeO trends in burial-related calcite cement and grain values
across Areas 1 to 3 first diverge when oxygen values are around
�9 to �10& (Fig. 13B). Area 1, which is located away from main
tectonic zones has CeO values in late-stage mesogenetic vein
and cavity calcite which are defined by a combination of
increasing temperature (more negative oxygen) and somewhat
more negative carbon values, possibly indicative of the effects of
catagenic carbon (indicated by light yellow (in the web version)
shading in Fig. 13B). This is a separate plotfield to that defined by
the burial trends in areas 2 and 3. At that same zone in the
burial trend (that is, d18O z �10&) it seems that matrix
permeability was lost in most buried sediments across all three
areas. Beyond that point calcite precipitation was largely in
structurally-created fracture/vein porosity. Beyond burial tem-
peratures equivalent to oxygen values that are more negative
than �13& (the red (in the web version) dashed line in Fig. 13B),
it seems that calcite cements only formed in thrust-related
veins, from hot fluids confined to veins and fractures and
driven by the Indosinian orogeny. In this tectonic-vein-calcite
plotfield, the burial/orogenic trends of Areas 2 and 3 show a
consistent divergence, with the Area 3 trend showing somewhat
more negative carbon values than Area 2. The presence of
bitumen residues in some of the calcite veins in Area 3 suggests
a possible catagenic (oxidised-hydrocarbon?) influence on the
carbon values in the thrust fluids moving in the orogenic frac-
tures and veins in Area 3.



Figure 13. CeO isotope plot illustrating sample values from Areas 1, 2 and 3. See text for detailed discussion. A) All data measured in central Thailand. B) Filtered CeO covariant
trend in Area 2 all quarries (d18O values >�11& and exclusive of meteoric plot values).
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The other trend seen across all areas is the influence of meteoric
waters superimposed on uplifted sediments. Uplift and exposure,
facilitating this meteoric signature, is ultimately a response to the
Himalayan event, which began in the Eocene (Morley et al., 2013).
As noted earlier, the meteoric mixing trend is an example of the
subsurface combination of infiltrated rainwaters with fluids that
have dissolved from shallow uplifted Permian carbonates that have
entered the telogenetic zone (Fig. 13B).

7. Comparison to carbonate isotope signatures in other
orogenic belts

Table 1 lists geological characteristics of selected basins and
orogenic belts outside Thailand, where carbonates cements have
been studied in terms of the isotope/fluid signatures. Figure 14A, B
plots the associated isotope determinations from these studies and
separates them intoTertiary-age and Pre-Tertiary plots respectively.
Figure 14C overlays onto these regions, the CeO isotope values
determined in this current study. The following discussion focuses
on general trends related to burial and/or meteoric fluid in-
teractions, as such, it focuses on the broad covariant CeO trends in
each region, for the specifics from each area the interested reader is
referred to the listed references (Table 1). All the listed examples
were chosen as their textures and isotope data suggest carbonate
cement sequences indicative of typical diagenetic evolution path-
ways, passing from eogenesis to burial (mesogenesis), orogenesis
and uplift. Cements signatures were not strongly influenced by
methanogenesis or sulphate reduction.

Three Tertiary-age examples are graphed in Figure 14A. The
Oligo-Miocene Indonesian Berai Limestone was deposited in an
extensional setting in a back-arc basin and clearly shows the in-
fluence of pervasive eogenetic cements on the rock’s preserved
burial evolution CeO trajectory (arrow 1 in Fig. 14A; Tanos et al.,
2012). The presence of early pervasive early marine cements in
the platform reefal carbonates of Well X (dark grey circles in
Fig. 14A) stopped the ingress of later hotter andmore catagenically-
influenced fluids. In contrast, intergranular and mesogenetic cavity
cements in the basin slope and rise Berai limestones of Wells Y and
Z show lesser volumes of marine cements and so preserved a more
diagenetically evolved set of CeO values (more negative oxygen
and carbon values compared to Well X). This shows that effective
porosity and permeability still existed in these sediments at burial
of more than 2 km, allowing a crossflow of calcite-precipitating
burial fluids that could not enter the already tightly cemented
platform sediments that are the Berai limestones in Well X.

Compared to the Berai limestone, calcite cements in the matrix
of the Oligo-Miocene Qom Formation. marine limestones andmarls
in the Qom Basin of Iran occur in what is now in a much more
structurally complex condition (Table 1; Morley et al., 2009). Yet,
they occupy a CeO plot field that largely overlaps the intermediary
portion of the Berai CeO burial trajectory. This reflects the now
impervious nature of the Qom Formation limestones (outcrop visits
shows it is quarried for local sale as bathroom tiles, while petro-
graphic study of Alborz and Sarajeh cores by the authors shows
hydrocarbons are today carried only in open fractures, not in the
matrix). It seems the matrix in the Qom Formation has not been
subject to ongoing rock fluid interaction due to a loss of matrix
permeability.

The third Tertiary-age example plotted in Figure 14 comes from
the Asmari Limestone in the Zagros Fold and Thrust belt of Iran (Al-



Table 1
Selected worldwide examples of regions showing burial related covariant CeO trends. See text for further details. jkw ¼ John Warren.

Location Geological setting Diagenetic fluid evolution Comments

Asmari Limestone Oligo-
Miocene, fold and thrust
belt, Zagros, Iran
(Al-Aasm et al., 2009)

Burial to more than 2 km, followed by orogenesis.
First two generations of calcite cement (C1 and C2)
formed during early diagenesis in a marine
phreatic (eogenetic) environment, while the latter
types of calcite cements (C3 and C4, mostly vug fills)
formed during shallow to deeper burial
(mesogenetic) stages.

Covariant linear CeO correlation indicates
that the isotopic compositions of samples
with more negative oxygen values were
controlled by temperature-dependent
fractionation. d13C-depleted calcites may be
derived from the oxidation of hydrocarbons;
while earlier calcite with less negative values
was derived from sea water containing
relatively d13C-enriched bicarbonate.

Replotted from data in original paper. Is a hydrocarbon-
bearing interval in the study region.

Qom limestone, Oligo-Miocene,
Qom basin thrust belt, Iran
(Morley et al., 2009 discusses
regional geological setting)

Thick successions of marine marls, limestones,
gypsum and siliciclastics. Matrix permeability is
very low (<0.1 Md), Typified by calcite replacing
early radial marine cements and late mesogenetic
spar. Burial to 4e5 km followed by Pliocene inversion.

CeO plot indicates moderate burial
re-equilibration from a saline pore fluids and
possible separation of histories from the two
wells (Alborz 6 and Sarajeh 6), with Sarajeh
6 matrix re-equilibration probably occurring
in the presence of organic/hydrocarbon-
influenced fluids

Unpublished jkw isotope data from cores in two
wells sampling tight Miocene carbonates in the vicinity
of Qom city. Is a hydrocarbon-bearing interval in the study region.

Oligocene - Early Miocene Berai
Formation South Makassar
Basin, Indonesia (Tanos
et al., 2012 discusses
geological setting)

Burial in extensional basin to depths of 3 km.
Platform and debris flow carbonate reservoir.
Platform tightly cemented by eogenetic and early
mesogenetic carbonate. Basinal carbonates lack
eogenetic phase with textures more overprinted
by mesogenetic calcite.

CeO is covariant across cores from 3 sampled
wells with cores sampling basinal carbonates
showing better development of later
mesogenetic signatures while platform
carbonates better retain eogenetic and early
mesogenetic signatures. d13C-depleted calcites
associated with more negative oxygen values
may be derived from the oxidation of
hydrocarbons

Unpublished jkw isotope data across cores from three
wells. Economic levels of proper remain in the cores
from the basin and slope facies. Is a hydrocarbon-bearing
unit in study region.

Jurassic carbonate fold and
thrust belt, Southern Alps
and Apennines, Europe
(Ronchi et al., 2010)

Southern Alps burial to 3.5 km, Apennines burial to
around 3 km. In both settings there was late burial
precipitation of dolomite and calcite cements during
collisional tectonics. The overlapping isotope
relationship developed even though the
palaeohydrological burial regime developed in two
diagenetically distinct thrust-fold belteforeland
basin systems; the Apennines was dominated by
saline waters, the Alps less so.

In both areas, an initial, massive dolomite
replacement was followed during burial by
multiphase precipitation of dolomite and
calcite cements at mesogenetic temperatures
up to 100 �C. In both Alpine and Apennine
cases, the same diagenetic trend is observed
in thrust-fold belt and foreland basin units;
in both structural systems the diagenetic
events start precipitating cements in the
inner part of the collision zone and then the
diagenetic processes migrate towards the
foreland basin along with the structural
evolution of the area.

Replotted from data in Ronchi et al., 2010.
Oil inclusions trapped in some dolomite cements

Permian Zechstein carbonate
(Ca2), Germany (Fischer
et al., 2006)

Burial to more that 5e6 km in an intra-plate crustal
segment in NW Germany. Deep burial was follow by
Cretaceous and Tertiary inversion events. Diagenetic
history of the Ca2 is subdivided into early (shallow-
burial) and late (deep burial) diagenetic events. Sampled
concretions and cracks which are present in all 12 cores
studied, only the rocks of the CH4-rich sites contain
abundant fracture systems.

Early-formed carbonates are related to the
Permian 13C-rich carbon source, those
carbonates, which precipitated or recrystallised
during early to late stage diagenesis and/or
were induced by local tectonic events
incorporated 12C-enriched CO2 from organic
degradation processes. The stable oxygen
isotope values of authigenic carbonates probably
still reflect low temperatures of mineral
formation from Permian sea water or late-stage
high-temperature (w150 �C) precipitation from
sea water-derived pore waters which may have
been locally influenced by 18O-enriched fluids.

Replotted form data in Fischer et al. (2006). Is a hydrocarbon-
bearing interval in the study region.

Palaeozoic carbonates, fold
and thrust belt, Southern
Canadian Rockies (Cooley
et al., 2011)

Burial to more than 5 km of mostly Devonian
carbonates. The Livingstone Range anticlinorium (LRA)
marks a major hanging-wall ramp where the Livingstone
thrust cuts approximately 1000 m between regional

Fluid flow that occurred during thrust-propagation
folding is recorded by dolomite � calcite veins,
with d18O values that are similar to those of host
rocks (�7.92 to �1.08&). Anomalously high

Data replotted from Cooley et al. (2011). Is a hydrocarbon-
bearing interval in the study region.

(continued on next page)
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Aasm et al., 2009). Like the age equivalent Qom Formation, it is a
shelf limestone now caught up in an orogenic fold belt and buried
to similar depths to the Qom Formation of up to 4e5 km, prior to
inversion. Unlike the Qom Formation, the Asmari Formation. pre-
serves a range of CeO plot fields indicative of a range of diagenetic
calcite and dolomite cement signatures. Plot fields range from near-
marine in some of the bioclasts, through warmer fracture-carried
burial fluids in some of the coarsely crystalline dolomites through
catagenic in some of the equant spar calcites (Al-Aasm et al., 2009).
This range of signatures is evident because a combination of matrix
and fracture permeability still exists in this unit (unlike the Qom
Formation); the Asmari Formation is the major reservoir in the sub-
Gachsaran giant fields of Iran.

Compared to Figure 14A, a broader range of CeO values in
various sampled carbonate cements is evident in the carbon and
oxygen values from the Pre-Tertiary examples plotted in Figure 14B.
Yet each shows consistent set of covariant CeO trends that are
related to each region’s diagenetic/burial evolution. The Jurassic
carbonates of the fold and thrust belts of the southern Alps and the
Apennines show a consistent covariant trend (arrow 2. in Fig. 14B).
This is indicative of cements formed in conditions of increasing
temperature (increasingly negative oxygen values), with little or no
catagenic signature tied to increasing temperatures (little variation
in carbon values with increasing temperature). This is true in both
regions studied by Ronchi et al. (2010) independent of the pore
fluid salinity, whichwere dominated by saline and hypersaline pore
waters in the Apennines, and less saline pore waters in the Alps.

CeO covariant trends from cements in nodules, cracks and
fractures in the hypersaline Ca2 carbonates of the Permian Zech-
stein show little evidence of isolation of cement materials in con-
cretions and cracks (Fischer et al., 2006). The strong overlap in
concretion and crack values along the burial trend show some
calcites in these two cement styles clearly re-equilibrated to more
negative oxygen and carbon values (indicative of hotter (deeper)
burial). In contrast, fracture (vein) calcites (green (in the web
version) squares in Fig. 14B) tend to indicate mother fluids that are
hotter (more negative oxygen values) and catagenically influenced
(more negative carbon values) so defining the CeO covariant trend
(arrow 3 in Fig. 14B).

Isotope values in Palaeozoic vein carbonates in the fold and
thrust belt of Southern Canada also define a covariant burial trend
with a somewhat similar trajectory to that of the Permian Ca2
carbonates (arrow 4 in Fig. 14B). But the vein carbonate cement
values from thrust veins in these strata extend the plot field into
more negative values for oxygen and carbon compared to the other
regions. Cooley et al. (2011) argue that these more negative plot
points are indicative of the influence of heated meteoric waters,
which were deeply circulated and heated prior to cement precipi-
tation. The alternative origin for these more negative values is that
heated waters in these thrusts have included catagenetic-, not soil
moisture, influenced bicarbonate.

When all the data is compiledwe can place the Thai isotope data
into a broader world and time context (Fig. 14C). In the more
thermally and diagenetically evolved portions of the CeO burial
trajectories across all plot points, the Thai burial and meteoric
curves largely bracket the isotope value fields of the other chosen
examples. In the upper cooler ends of the burial trajectories some of
the Zechstein Ca2 concretions and crack cements preserve more
positive oxygen and calcite values indicative of their hypersaline
origin in the Zechstein seaway. At the higher temperature end of
the CeO burial trajectory of the calcite cements in Thailand, ce-
ments in the veins thrust-damaged areas (area 2 and 3) show little
influence of organic carbon (this would be indicated by more
negative carbon values). This non-organic trend is also shown (at
somewhat lesser temperatures) by the Jurassic carbonates from the



Figure 14. Isotope-fluid CeO covariant trends. A) Tertiary-age examples. B) Pre-Tertiary examples C) CeO isotope plot relating data from the current study to other selected regions
worldwide. See text for detailed discussion of significance of illustrated examples and trends.
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Apennines and the southern Alps. In contrast, away from the more
intensely structured zones of central Thailand the CeO burial tra-
jectory from area 1 follows a similar organic-matter influenced
burial curve trajectory, as seen in the Permian Ca2 carbonates. In
the Thai data, the divergence of the CeO burial trajectory from area
1, compared to areas 2 and 3 occurs where effective matrix poro-
perm is lost (oxygen values >�10 to�11&; blue arrow in Fig. 11D).

8. Summary and implications

Study of texture-aware isotope values across all three study
areas in central Thailand shows that isotope signatures of the
various calcite cements formed at different stages in the burial and
uplift history as summarised in Figure 15. This can be used to better
understand the sequence of permeability-related fluid crossflows.
Initially sediments across all three areas follow a similar burial
trend related to compaction and fluid-rock interactions under
conditions of increasing burial. Then at oxygen isotope values
around �9 to �11& the burial pathways diverge (blue (in the web
version) arrow in Fig. 14C). This corresponds to the point in the
burial history where most the matrix-related effective porosity is
lost. Beyond this, the various cements are mostly precipitating in
veins, residual open cavity remnants, or in stylolite pressure
shadows. Beyond oxygen values of �12 to �13&, calcite cements
tend to precipitate in structurally-created veins and sheets within
mesogenetic fracture porosity created by thrusting.

After this orogenic-driven set of events and the shutdown of
effective poroperm, except for the local occurrence of veins asso-
ciated with igneous intrusions and some Cenozoic strike-slip faults,
there appears to have been little more fluid activity preserved in
the calcite vein and cavity cements until uplift allowed porosity
creation once more, and the ingress of aggressive telogenetic fluids
(Fig.15 the time gap between vein events e and h). This created new
cavities and fissures where a new generation of uplift-related fluids
precipitated a set of calcite cements that define a characteristic
meteoric uplift trend (mostly speleothem cements).



Figure 15. Summary of the timing of the main vein types in the study area.
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In terms of economic outcomes, it seems that the likelihood of
preserving primary and mesogenetic matrix porosity in the
Permian carbonates of central Thailand is low. Likewise preserva-
tion of fracture porosity formed in the Indosinian orogeny is low; all
structurally-induced veins and fractures are now tightly cemented.
The only CeO plot field associated with effective porosity is that of
the meteoric-mixing trend. Such a set of karstic porosities would
only be economic in a subsurface situation where a subaerial un-
conformity was sealed by mudstones (similar to some buried-hill
plays such as Renqui, China; Qi and Xie-Pei, 1984; reviewed in
Cuong and Warren, 2009).

When the isotope data from all three areas are plotted, as in
Figure 14A, it creates a stable isotope template clearly separating
burial and meteoric mixing trends. This allows the use of isotope
analysis of drill cuttings from Permian limestones of Thailand to
define diagenetic history (only if individual chips are texturally
selected by an experienced operator). This type of analysis can be
done in intervals across Tertiary-Permian contacts situated some
hundreds to thousands of metres below the current surface. It will
allow suitable contacts to be defined for further study as possible
fractured basement/buried hill traps. That is, the samples must plot
in themeteoric mixing trend for a contact to be noted as suitable for
further study. Such a subsurface scenario may be relevant to areas
of onshore and offshore Thailand in situations where Permian
limestone pre-rift section was covered by Tertiary lacustrine
mudstones (as illustrated by the currently producing Nang Nuan
field offshore Gulf of Thailand). In both Nang Nuan Field (Heward
et al., 2000), and the onshore Phu Horm Field (unpublished re-
ports) there is a suggestion that hydrothermal processes may
contribute to the reservoir porosity. We have yet to identify any
analogous late (Cenozoic) hydrothermal events in the Khao
Khwang Fold and Thrust belt.
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