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Abstract
The gypsum-anhydrite deposit in Loei-Wang Saphung (LWS) area of northeastern Thailand is a small evaporite 

sediment deposit with up to 50 m thick gypsum-anhydrite beds. The evaporite deposits are overlain by cross-laminated 
and fine-grained siliciclastic and carbonate rocks of the Carboniferous to Permian ages. This paper documents some 
characteristics of the deposits, including lithologies, textures, and structures of gypsum-anhydrite and associated rocks, 
based on the stratigraphic core logging of boreholes and lithofacies analysis of selected samples. 

Morphological and textural mineralogical relationships reveal 10 textures of the evaporite formation viz. alabastrine 
gypsum, satin spar gypsum, selenite gypsum, gypsarenite, porphyroblastic gypsum, fine lenticular gypsum, 
crystalloblastic or blocky anhydrite, prismatic anhydrite, epigenetic anhydrite, and felty epigenetic anhydrite. The 
results also indicate that the LWS sulfate deposit has passed through at least 4 evolutionary alterations; (1) original 
precipitation as gypsum deposit, (2) gypsum-to-anhydrite transformation resulting from burial diagenesis in response 
to basinal subsidence, (3) rehydration of anhydrite-to-gypsum, indicated by distorted gypsum rocks, resulting from the 
increase of volume due to the rehydration from anhydrite to gypsum, and recrystallization of anhydrite and/or primary 
gypsum to secondary gypsum (4) uplift and re-expose of gypsum, indicated by the karstification and dissolution cavities 
and gypsarenite veins. The gypsum-anhydrite beds with associated carbonate and mud rocks suggest that these 
sedimentary sequences form in a subaqueous, probably shallow marine marginal setting during Late Carboniferous.

Keywords: Diagenesis; Gypsum-anhydrite deposits; Loei-Wang
Saphung (LWS); Recrystallization; Rehydration 

Introduction
Ancient evaporate including sulphates and rock salts are 

economically important not only as major sources for salt (such as 
halite and gypsum) and metal (such as Cu, Zn, and Ag minerals) but 
also as indications for structural trap of petroleum [1]. Thailand is one 
of the world leading producers of many non-metals including gypsum 
[2]. The identified resources of these minerals/rocks are being produced 
for domestic consumption and export [3]. According to DMR (1977), 
the evaporite/sulphate deposits are abundant in many parts of Thailand 
[4]. They can be grouped into 3 categories based upon their lithology 
and age association (Figure 1), including 1) deposits associated with 
Pre-Mesozoic rocks, 2) deposits associated with Mesozoic rocks, and 3) 
deposits associated with Post-Mesozoic rocks. 

The Pre-Mesozoic evaporite deposits (gypsum/anhydrite) are 
located in Pichit-Nakhon Sawan area (central Thailand), Nakhon 
Sri Thamarat-Surat Thani area (southern Thailand), and Loei-Wang 
Saphung area (northeastern Thailand). The Mesozoic evaporite deposits 
(potash and rock salts) are much less widespread. They are restricted 
to the Khorat Plateau (Basin) which extends northward to Vientiane 
Basin in Lao PDR. The last deposit type is relatively uncommon and is 
frequently associated with the Neogene coal deposits. Among these, the 
Mae Moh coal deposits (northern Thailand) is the most economically 
essential. 

Evaporites, particularly gypsums, have been exploited from the 
first and second types. According to the USGS [3], approximately 8.5 
million to 10 million metric tons of gypsum have been mined annually. 
The gypsum deposits in Loei-Wang Saphung (LWS) area is estimated 
to be larger than 35 million tons from geophysical survey and drilling 
explorations [5,6]. However, little is known on the evaporite/sulphate 
deposits in Thailand. In the past, few researches that have been done 

so far, describe the lithology and some geochemistry of the deposits 
such as Pisutha-Arnond and El Tabahk and Utha-Aroon [7,8].This 
paper is therefore the first to document the presence of the sulphate 
deposit in the LWS area of northeastern Thailand by providing 
geological mapping, macroscopic and microscopic drilled core data 
analyses, and stratigraphic correlation. It is therefore our aim to pursue 
further detailed study on the gypsum/anhydrite deposits in this area. 
It is important to determine the location, geometry, and size of the 
deposits with respect to the geology of the study area. More detailed 
studies on geology, sedimentology, petrography, and paleontology of 
the deposits themselves as well as the detailed geologic controls and 
tectonic setting of the adjacent areas governing their transformation 
are needed to understand their geological depositional settings and 
diagenetic alteration history.

Geological Setting
Tectonics setting

The Loei and Petchabun fold belts were formed in response to 
convergent tectonics of the Shan-Thai and the Indochina terranes during 
closure of the Paleo-Tethys ocean by the end of Permian to early Triassic 
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rocks are alternated with volcanic clastic rocks and overlain by the more 
widespread Carboniferous marine sedimentary rocks in the middle 
part. The Devonian strata are in contact with the overlying rocks by 
thrust fault [16]. The youngest sedimentary rocks are Permian marine 
strata, continental Mesozoic rocks (the Mesozoic Khorat Group), and 
recent sediments. The names and stratigraphic relationships of the 
rocks in Loei and adjacent area are shown in Figure 2.

Igneous rocks in Loei area are plutonic rocks consisting of granite, 
granodiorite, diorite, and hornblendite of Late Paleozoic to Early 
Mesozoic age and are spatially associated with volcanic rocks. The 
volcanic rocks are predominantly rhyolite, andesite, and dacite with 
a small amount of basalt which are distributed in three nearly north-
south trending belts along the eastern, western, and central parts of 
the Loei area. Based on their field relation and geochronological data, 
volcanic rocks in Loei area are Middle Devonian-Early Carboniferous 
and Permo-Triassic age [17] studied the intrusion associated with the 
Cu-Au skarn formation near the Wang Saphung area, the intrusions 
(mainly diorite/granodiorite) are emplaced in the Carboniferous 
sedimentary rocks (Wang Saphung Formation). The U-Pb zircon and 

[9-11]. These two belts trend roughly in the north-south direction and 
are exposed extensively in northeastern and central Thailand. The 
suture between the Shan-Thai and Indochina plates is marked by the 
Nan-Uttaradit Suture Zone and is characterized by an ophiolite belt 
[12-14]. Tectonic movements have resulted in the following features 
[8]: (1) compressional events during early Carboniferous Variscan 
Orogeny creating tight fold structures of pre-Permian strata; (2) back 
arc rifting during the Carboniferous and development of an extensive 
platform and basin; (3) late Permian/early Triassic Indosinian orogeny, 
interaction of the Indochina and the Shan-Thai terranes, and the 
closure of Paleo-Tethys ocean; (4) Triassic sag, development of foreland 
basin setting and deposition of the non-marine sediments of the Khorat 
Group covering the Permian platform in northeastern Thailand; and 
(5) early Tertiary compression and uplift of the Khorat Plateau.

Stratigraphy

The Loei area, where the LWS study area is located, is near the 
northwestern edge of the Khorat Plateau (Indochina terrane) [12,15]. 
The oldest rocks are low-grade meta-sedimentary rocks of Devonian 
age cropping out in the eastern part of the Loei area (Figure 2). The 

Figure 1: Map of Thailand showing locations of evaporite/sulphate deposits (modified after DMR in 1977 and Tabahk et al. in 1999).
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laser ablation Ar-Ar dating of biotite of the intrusions yields a Middle 
Triassic age 248–242 Ma. However, the intrusions also display younger 
feldspar 40Ar/39Ar age (ca. 164 ± 0.6 Ma) [18].

The study area lies in a narrow valley of Loei River in Wang 
Saphung District about 20 km south of Loei Province which is a part of 
a graben structure running roughly in the north–south direction. Much 
of the river valley is covered with semi-consolidated and recent alluvial 
sediments [6]. The valley is bounded on both sides by the north–
south trending Late Paleozoic rocks which are well-exposed along the 
mountains [5]. According to the geological map by DMR [19], the 
eastern side of the exploration site is bounded by the Carboniferous 
rocks which are mapped as the Wang Saphung Formation (Cws). 
Farther east and south is the massive limestone of Pnm - Nam Maholan 
Formation (Early Permian). West and southwest of the exploration area 
(across the Loei River) is the thin bedded Pel-E-Lert Formation (Middle 
Permian). The nearest igneous outcrop inferred to be the Permo-Triassic 
volcanic rocks (rhyolite, andesite, and dacite) and located to the east of 
the exploration area belongs to the Cws Formation. The stratigraphic 
subdivisions of Carboniferous and Permian facies distribution in Loei 

area has been studied and named after the place of the type sections as 
shown in Figure 3. 

The outcrops of the LWS gypsum deposits are found at shallow 
depth (2-3 meters below surface) particularly near Non Sawang temple. 
One outcrop was discovered in a laterite pit during the investigation in 
1997 (Figure 4A), the other outcrop was discovered about 2 km east of 
Non Sawang Temple in a small pond (Figure 4B). The gypsum in the 
outcrop has a sugary texture (alabaster). Gypsum in both localities are 
present below unconsolidated alluvial sediments. 

Facies Description and Interpretation
Stratigraphy

About 30 drilled holes with a total length of 1,799 meters have been 
investigated for evaporite (sulphate) deposits in the LWS area. All drilled 
holes are in terrace deposits, except that of No. 28 which is situated in 
alluvial deposits (Figure 5). From the results of lithostratigraphic and 
lithofacies analyses, 3 major pre-Cenozoic sedimentary rocks have 
been identified including carbonates, fine-grained clastic rocks, and 
evaporite (sulphate) facies. 

Figure 2: Simplified geological map of the Loei area, north-eastern Thailand, showing the location of the study area (modified after; DMR in 2010). 
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Figure 3: Carboniferous and Permian facies distribution and resulting stratigraphic subdivisions of the study area (modified after Ueno and Chareonthitirat in 2011).

Figure 4: Outcrops of shallow gypsum; (A) a gypsum boulder discovered in a laterite pit behind Non Sawang temple during 1997 (Kuttikul et al. in 1997); and (B) 
alabaster gypsum from an outcrop to the east of Non Sawang temple.
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Figure 5: Geological map of the Loei-Wang Saphung (LWS) area showing the locations of boreholes and depth to top horizon of gypsum (modified from Kuttikul 
et al. in 1997).

Figure 6: Schematic sulphate deposits of LWS area from a gravity survey by Kuttikul et al. in 1997; (A) 3D interpretation of an anomaly residual map; and (B) 
Interpretation map showing 3 highly potential gypsum areas with inferred faults in NNW-SSE and NE-SW directions.
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The thickness of Quaternary sediments and top soils range from 
2 to 10 meters. These unconsolidated sediments have a maximum 
thickness in the east where the holes encounter colluvial deposits. 
Beneath the top soil and Quaternary sediments, the predominant facies 
comprise of carbonate strata with a thickness varying from 1 to 40 
meters. These carbonate facies beds consist largely of light to dark grey 
laminated mudstone, wackstone and packstone, algal boundstone, and 
fenestral carbonate mudstone based on Dunham (1962)’s classification 
[20]. The most common carbonate rocks found in the boreholes are 
the carbonate mudstone and wackstone. Sedimentary structures found 
in these lithofacies are lamination, bird’s eye structure, bioturbation, 
stylolites, and fracture. Most of the fractures are filled by calcite. Pyrite is 
also abundant in these carbonate beds with some other heavy minerals. 

These carbonate lithofacies are sometimes interbedded with fine-
grained siliciclastic rocks. The latter range is in thickness from 1 to 
20 meters. The light to yellowish brown, well-bedded to laminated 

sandstone with a thickness of 1 to 20 meters seem to be less common 
than the dark grey to black mudstone/siltstone with a thickness of 2 to 
30 meters. 

Few fossils have been reported from the cores and from surface 
mapping near the exploration area (Stop 1 in Figure 5). The fossils 
from the outcrop (Stop 1) are brachiopods, crinoids, and fusulinids. 
The fusulinid from the outcrop was identified to be Beedeina sp. of 
the Moscovian (Middle Carboniferous) age, while the fossils in the 
borehole studied by Fontain yield the age of Late Moscovian to late 
Permian [21]. However, the gypsum-anhydrite does not show any clear 
stratigraphic relationship with the carbonate rocks nor siliciclastic 
rocks in the exploration wells. 

Although, not exposed anywhere in the exploration drilling area, 
felsic to intermediate volcanic rocks have been discovered at depth in 
the boreholes. A few occur as small dikes (up to 10 cm thick) cross-

Figure 7: Schematic profile of sulphate deposits along (A) NW-SE and (B) E-W of the Wang Saphung area, showing the karst topography of the sulphate deposits.  

Figure 8: (A) Breccia clast above gypsum bed; (B) Large selenite gypsum; (C) Light green volcanic rock cross-cut in gypsum; and (D) Contact between gypsum-
anhydrite.
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cutting the gypsum beds. The rhyolite from drilled hole WP10 at 11.5 
meters was sent for geochronological analysis. The dating of plagioclase 
feldspar yields an age of 140.8±3.1 Ma which is younger than the 
intrusion age reported by previous works. 

Evaporite geometry of the sulphate deposits and their 
lithological contacts

The gypsum presents a karst-type relief like that developed in 
limestone. The solution of gypsum produces landforms that are 
different in size and characteristics. Most forms are the result of 
space and time distribution of the chemical solution in relation to 
different hydrodynamic and hydrological processes. Geological, 
geomorphological, climatic, and biological factors control these 
processes. The geometry of the evaporite bodies are shown in Figure 
6, which is inferred from a gravity survey interpretation, and Figure 7, 
which is inferred from core log interpretation. Figure 6A shows a 3D 
gravity model based on Bougeur anomaly residual data interpretation 
by Kuttikul which presents 3 discontinuous high potential zones of 
sulphate minerals [6]. They interpreted that the discontinuity of the 
sulphate bodies are caused by a structural control. There are at least 
2 sets of faults, NNW-SSE and NE-SW directions partially separating 
the deposits into blocks (Figure 6B). They proposed that the evidence 
supporting this interpretation is the abrupt change of the sulphate body 
within the area. For example, drill holes WP8 and WP9, which are 
located only about 100 meters apart, reveal gypsum at very different 
depths (Figure 7A). In WP8, the gypsum is found at 19 meters, while in 
WP9, the presence of gypsum is deeper at 34 meters. A similar discrepancy 
is also found between drill holes WP20 and WP21 (Figure 7B). 

In this research, the geometry of sulphate bodies are interpreted 
by correlation of core logs (Figures 7A and 7B). We interpret that the 
abrupt change of the depth of sulphate may be caused by weathering and 
erosion processes. Karst topography or the karstification of sulphate is 
a result of the solution process under different hydrodynamic behaviors 
of gypsum. Supporting evidence of weathering and erosion are the 
breccia clast of the associated rocks at the contact top of the gypsum 
body (Figure 8A). The rocks display dissolution features, karstification, 
and cavities at depth. Some of the cavities contain large, elongated, 
saber-like gypsum crystals. Each crystal can be up to 3 cm long (Figure 
8B). The gypsum body may have been uplifted and exposed to the 
surface and been through weathering and erosion before the deposition 
of recent fluvial sediments. 

Lithological contact of the LWS sulphate deposits with other rocks 
are recognized in almost all drilled holes. They can be divided into 4 
types including; 1) those with carbonate rocks, 2) those with siliciclastic 
rocks, 3) those with minor intrusive, and 4) those with slight alteration 
to anhydrite.

The contact with the carbonate rocks are present throughout 
the holes in various positions such as with carbonate rocks lying 
above, and interbedded or intercalated with gypsum and other rocks. 
Uncommonly, some contacts are found between the gypsum-anhydrite 
at the end of the boreholes. In some places, cores of carbonate rocks are 
broken and some are interpreted to be the result of karstification.

The contact with the siliciclastic rocks are occasionally found in 
some boreholes as interbeds with both carbonate rocks and gypsum. 
The siliciclastic beds compose mainly of intercalated mudstone and 
sandstone, some beds are sand dominant and some beds are mud 
dominant. 

The third type of contact is occasionally found in some drilled 

holes such as WP11, WP15, and WP29 at depth. In this area, volcanic 
rocks are exposed in the eastern part of the investigation area and are 
quite common in the surrounding area. These are identified as Permo-
Triassic age [17,22]. Igneous rocks in the boreholes are andesitic to 
rhyolitic dikes with a maximum thickness of 40 cm. Minor intrusions 
in the drilled cores show thin andesitic and rhyolitic rocks cross-cutting 
the gypsum layers (Figure 8C).

The fourth type of contact can be clearly observed in almost all 
drilled holes (Figure 8D). The gypsums gradually change to anhydrite 
at depth 25 – 85 meters. This can be observed by the lithology change 
from loose sugary texture of gypsum to dense and hard texture of 
anhydrite. 

Petrology and alteration of calcium sulphates

The LWS calcium sulphates deposits consists of 5 main lithologies 
including carbonate rocks, siliciclastic rocks, sulphate rocks, breccia-
conglomerate, and volcanic rocks. The sulphate rocks occur at depth, 
ranging from less than 10 meters to more than 50 meters under the 
ground surface, as a small evaporite body. The deposits comprise of 
gypsum-anhydrite beds interbedded with carbonate and siliciclastic 
rocks and are covered by unconsolidated Quaternary sediments. 

Gypsum-anhydrite: The gypsum-anhydrite facies are present 
as laminae, which are 0.5 to 2.0 cm thick, of milky white gypsum-
anhydrite separated by thin (<0.25 mm), dark gray to dark gray-brown, 
even to wavy and discontinuous thin seams and clasts of dolomitic 
limestone, carbonate mudstone, and mudstone. The character of the 
bedding varies from even and nearly flat to wavy with small amplitude 
folds to discontinuous (Figures 9A and 9B). The sulphate deposits are 
accompanied by carbonate rocks, silicic-clastic rocks, and breccia-
conglomerate. No clear nodular anhydrites have been observed in 
this study. Generally, most of the gypsum have a white sacharoidal 
appearance and commonly show knotty structure or enterolithic fold 
(snaky gypsum) due to disordered swelling deformation. They change 
to anhydrite with even carbonate and clay lamination at depth.

The evaporite facies from the LWS area were characterized 
petrographically through the analysis of 66 thin sections. Based on 
morphology and crystal relationships, 10 phases of evaporite formation 
were recognized, which include: 1. alabastrine gypsum, 2. satin spar 
gypsum, 3. selenite gypsum, 4. brecciated gypsum or gypsarenite, 5. 
porphyroblastic gypsum, 6. fine lenticular gypsum, 7. crystalloblastic 
or blocky anhydrite, 8. prismatic anhydrite, 9. epigenetic anhydrite, and 
10. felty epigenetic anhydrite.

Gypsum: The alabastrine gypsum consists of small to large, 
commonly poorly defined interlocking crystals, many with irregular 
extinction. Anhydrite inclusions are very numerous around the 
gypsum crystals. They are very small and appear as irregular shreds 
with random orientation (Figure 9C). Satin spar gypsum (or fibrous 
alabastrine gypsums) are present at the boarder of the gypsum grains 
and in the gypsum veins, having a displacive (intrusion) relationship. 
Usually, they are a few micrometers or millimeters in thickness and 
consist of vertically arranged fibers.

Selenitic gypsum could be recognized at both macroscopic and 
microscopic scale. In the core it is found as large, elongated, saber-like 
gypsum crystals. Under the microscope it can be seen as large crystals 
floating in alabastrine and felty epigenetic anhydrite matrix showing 
peculiar fabric of the twin, perpendicular or sub-perpendicular to the 
bedding plane, surrounded by rupturally deformed secondary gypsum 
crystals (Figure 9D).
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The gypsarenite is found associated with alabastrine gypsum and 
in the gypsum veins. Gypsarenite consists of grains of recrystalline 
gypsum. The texture of the gypsarenite is present as a granitoid rock, 
the grains are angular, monocrystalline, and interlocking with no 
apparent cementation (Figure 9E). The cementation of the rock is 
mostly made by direct contact between the gypsum individuals. In the 
gypsarenite, the lacks of inverse graded bedding (which is the primary 
texture of gypsum beds) and of textures, indicate transformations 
or replacements. Without any doubt the larger grains in this texture 
originated from selenitic secondary gypsum because this size is far 
above 0.5 mm, which is the dimension of the largest granules of primary 
gypsum, and also because they display twinning that was described as a 
typical feature for selenitic secondary gypsum (Figure 9F).

Porphyroblastic gypsum can be observed as large crystals (Figure 
9G) under the microscope associated with alabastrine and lenticular 
gypsum (Figure 9H). Recently, it was found that lenticular gypsum can 
be formed in intertidal zones [23]. 

These gypsum textures, together with the deformation of 
the embedded sediments, the elongation of the crystal, and the 
crystalloblastic textures, clearly show that crystal neoformation took 
place with mechanical strains due to a volume increase. Hence, the 
petrography of gypsum infers that the gypsum is secondary gypsum 
which was transformed from the rehydration of anhydrite.

Anhydrite: The anhydrite occurs as a dense, white to grayish rock, 
laminae usually a few millimeters to centimeters thick, alternating with 
carbonate mud and clay laminae (Figure 10A). The anhydrite laminae 
are almost entirely made up of anhydrite grains separated by very 
thin carbonate layers, which have a micrite-microsparite texture, with 
partially dolomitized and scattered pyrite crystals. These carbonate 
laminae are lithologically comparable to the carbonate laminae 
intercalated with gypsum. 

Microscopically, the anhydrite laminae consist of densely packed, 
elongated anhydrite laths with dimensions mostly less than 75 µm. Some 
crystals range up to 100 µm long. Overall, most of the anhydrite crystals 
show random orientation, a texture termed decussate or subfelted to 
felted [24,25]. Anhydrite could be recognized as crystalloblastic or 
blocky anhydrite, prismatic anhydrite, epigenetic anhydrite, and felty 
epigenetic anhydrite texture. The carbonate lamellae have a micrite-
microsparite texture, with partial dolomitization, and contain detrital 
quartz and pyrite crystals.

Crystalloblastic or blocky anhydrite occurs as mosaics of commonly 
elongated, euhedral to subhedral anhydrite crystals with partially 
corroded margins (Figure 10B). Most of the crystals are blocky and 
have dimensions up to 50 µm in length. The fabric is felted and/or 
corrotopic, i.e., it consists of larger, partially corroded porphyroblastic 
crystals that float in a finer crystalline matrix. Some crystals show no 

Figure 9:  (A) Alabaster gypsum with thin lamination and carbonate clasts; (B) Alabaster gypsum with distorted laminated gypsum; (C) Photomicrograph of alabastrine 
gypsum displaying small to large crystals, poorly defined interlocking crystals with scattered pyrite crystals, (arrow 1), crossed Nicols; (D) Photomicrograph of satin 
spar gypsum (red circle) veins, in carbonate clast (1), crossed Nicols; (E) Photomicrograph of gypsarenite showing granitoid texture, angular grains and interlocking 
with no apparent cementing, crossed Nicols; (F) Photomicrograph of selenitic secondary gypsum showing limpid crystalline core surrounded by rupturally deformed 
secondary gypsum grains, crossed Nicols; (G) Porphyroblasts gypsum, some elongated crystals show replacement of felty epigenetic anhydrite, crossed Nicols; and 
(H) Gypsum porphyroblasts (G) in a fine lenticular gypsum texture with few dispersed anhydrite remains, crossed Nicols.
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Figure 10: (A) Dense anhydrite with thin carbonate lamination; (B) Photomicrographs of crystalloblastic anhydrite showing elongated, parallel or nearly parallel 
crystals, crossed Nicols; (C) Photomicrograph of prismatic anhydrite developed at the carbonate clast rim (arrow), crossed Nicols; and (D) Photomicrograph of 
anhydrite porphyroblast vein showing blocky crystals of anhydrite, crossed Nicols.

regular shape, but some of them display a very distinct rectangular 
outline. This texture is formed when gypsum transforms to anhydrite. 
Prismatic anhydrite is found developed at the rim of the carbonate 
clasts (Figure 10C). 

Epigenetic anhydrite is a secondary anhydrite which can be 
observed replacing the primary as well as secondary gypsum [26-
28]. This secondary anhydrite is designated as epigenetic anhydrite 
[29]. Its texture forms as spindle-shaped and rhomboidal individuals 
characterized by an elongation, often oblique to cleavage and optical 
axis, and lack well defined cleavage. Some parts of the rock have 
an aligned-felted texture in which anhydrite laths show preferred 
orientation parallel or subparallel to the bedding. The elongation of 
the individuals of epigenetic anhydrite is very striking and probably 
resulted by rehydration. 

The orientation of crystalloblastic anhydrite may have been 
caused by direct pressure or probably due to recrystallization flow. The 
porphyroblasts (Figure 10D) took place when the stress was removed, 
as is in this case where the rebound or growth phenomenon can be 
noted. 

Anhydrite in LWS deposits has been recrystallized. This is indicated 
by the crystalloblastic texture of the anhydrite. The petrographic study 
of anhydrite yield that anhydrite also show secondary features, which 
could be transformed from the former gypsum by dehydration process. 
Therefore, the sulphate deposits here should originally be deposited 
as gypsum with carbonate and siliciclastic rocks. Then gypsum was 

subsequently transformed to anhydrite upon burial as a consequence 
of rising temperature and pressure, this process could have occurred 
during subsidence of the deposits. Anhydrite re-emerged to near surface 
due to tectonic movements probably associated with the uplift of the 
Loei Fold Belt, and the upper part was rehydrated back to gypsum.

Associated rocks
Carbonate rocks: Carbonate rocks are found present throughout 

the boreholes, lying above, interbedded or intercalated with other rocks, 
and underlying the gypsum-anhydrite at the end of the boreholes. The 
cores of carbonate rocks are always found broken and karstification 
could be recognized from some. The carbonate rocks found in the 
boreholes include carbonate mudstone, wackstone and packstone, algal 
boundstone, and fenestral carbonate mudstone. The thickness of each 
lithology varies from less than 1 m up to 40 m. The most common 
carbonate rocks found in the boreholes are carbonate mudstone and 
wackstone. The carbonate mudstone beds are found extensively in the 
boreholes of the exploration area. These beds are highly fractured with 
calcite veins filling, well laminated with bird’s eye structure, found with 
minor thin shale beds intercalated, and consists of partially dolomitized 
and carbonaceous lime mudstone. Beds are light to dark grey in color 
and include detrital sand grains, unidentified microfossils, and fine-
grained skeletal debris. Two sets of stylolites are present in these beds, 
one set is parallel to the bedding and the other set is perpendicular 
to the bedding plane. The wackstone is light to dark grey in color 
and commonly found alternated with carbonate mudstone and algal 
boundstone in the boreholes. The beds are difficult to recognize due to 
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the badly broken core samples. The rock shows matrix supported texture 
which contains abundant peloids and bioclasts of foraminifera, algal 
fragments, brachiopods fragments, crinoids and corals. Bioturbation, 
fracture filled with calcite, stromatolite structure, wavy stylolite and Fe-
staining are common. Sedimentary structures found in this lithofacies 
are lamination, bird’s eye structure, stylolite, fracture (most of the 
fractures have calcite filling), and bioturbation. Pyrite is also abundant 
in these carbonate beds with some other opaque minerals. 

Theoretically, massive carbonate mudstone beds deposit in a 
shallow marine environment where carbonate particles accumulate in 
quiet water areas not affected by currents. However, thin and laminated 
carbonate mudstone beds accumulate in moderate energy areas 
where cyanobacterial mats bound the sediment surfaces [30]. For the 
carbonate mudstone in this area El Tabakh and UthaAroon suggested 
them to be accumulated in a subtidal environment. Normally, skeletal 
and peloidal wackstone and packstone lithofacies are deposited above 
storm-wave base and are typified by open marine fauna [31]. 

Siliciclastic rocks and volcanic rocks: The siliciclastic rocks, 
occasionally found in some boreholes are interbedded with carbonate 
rocks and gypsum. The beds are composed of intercalated sandstone 
and mudstone, some beds are sand dominant and some beds are 
mud dominant, but most of the siliciclastic rocks in the boreholes are 
mudstone. The sandstone beds are generally thinly even bedded, but 
in some boreholes, they are up to 15 m thick (WP2) and occasionally 
fractured and filled with calcite. The sandstone is fine- to medium-
grained, white, light brown or light yellowish brown in color. The 
mineral constituents are composed mainly of quartz, minor opaque 
minerals, and varying contents of dolomite, calcite, and carbonaceous 
lime mudstone. These sandstone beds are alternated with siltstone and 
mudstone, finely to wavy laminated. Some beds contain mudstone 
intraclasts and load structure. Sandstone beds display lateral variation 
of depth profile. Mudstone beds (or mud dominant beds) are more 
common in the boreholes than sandstone. The color of these beds is 
greenish grey to dark gray. The beds are well-laminated with layers of 
coarser lithoclasts and show graded bedding at some intervals. Some 
beds show wavy lamination, bioturbation, and fluidization. 

The thin, even bed with graded beds of sandstone and limestone 
within the mudrocks may represent storm deposits in an open marine 
shelf environment. Bioturbation is common. Mudrocks of the marine 
shelf are a major component of all shelf and epeiric-sea sequences in 
the geological record and they usually pass laterally (shorewards) or 
vertically into limestones or sandstones of the shallow-water near-shore 
zone [31].

Conglomerate beds are occasionally present in some boreholes. 
Breccia beds are always found in thick sandstone beds and near the 
karstification in carbonate beds. The conglomerate is found overlain 
and interbedded with fractured limestone as conglomeratic limestone. 
Carbonate clasts are up to 15 cm in size and are commonly matrix 
supported and locally mixed with detrital quartz grains. The beds are 
calcareous containing red colored sandy matrix (Figure 9). The inclined 
stylolite surfaces are present in these beds. Breccia beds are more 
common in this deposit. Most of the beds are brecciated limestone and 
semi-consolidated breccia intervals. The components of the breccia are 
limestone and sandstone with minor mudrocks.

Volcanic rocks are present in the east of the deposits. These are 
dominantly andesite, rhyolite, and dacite, which have been assigned to 
the Permo-Triassic age. The drilled cores show that small andesitic and 
rhyolitic rocks cross cut the gypsum layers in many boreholes such as 

WP2, WP11, WP15, and WP29. The relationship between the gypsum 
and volcanic dikes indicates that the gypsum is definitely older than 
Permo-Triassic.

Discussion 
Combination of facies and petrographic characteristics reveal that 

the foregoing described evaporites show features supporting both 
primary and secondary formations. In addition, the petrographic 
study also show that a great part of the secondary gypsum might have 
been formed under the influence of a near surface deposition, thus 
reflecting the original brine characteristics. In addition, the thin layers 
of carbonate and shale in the gypsum-anhydrite deposits show typical 
horizontal bedding planes. 

This gypsum morphology is similar to satin spar gypsum 
commonly recorded as fracture fillings in many publications [32-
36,8]. After replacement took place, the beds were slightly deformed, 
but kept the primary horizontal bedding. Although clear evidence is 
lacking, the absence of other types of secondary gypsum in the light 
gypsum beds suggests that such replacement took place shortly after 
deposition, nevertheless, still under the strong influence of the primary 
brine. Therefore, despite their authigenic nature, the satin spar gypsum 
is considered as a reflex of the primary evaporite bedding.

Despite the many varieties of evaporites recorded in the LWS area 
are presented underground near Loei river, these deposits display many 
petrographic and faciological attributes that are consistent with an early 
to late stage of a gypsum-anhydrite formation. These types of evaporites 
prevail particularly in the area, where laminated gypsum facies 
dominate. In this area, burial phases of gypsum seem to have developed 
only where gypsum was remobilized during halokinesis [37-45].

The lack of significant deep diagenetic modification such as nodular 
anhydrite of the Wang Saphung evaporate is recorded also by studies 
focusing on the limestones and shales interbedded with the evaporites. 
The limestones are dominated by calcimudstone, peloidal wackstone or 
packstone, algal boundstone, and fenestral carbonate mudstone with 
only local evidences of cementation or replacement. These beds suggest 
a shallow marine deposition, being accumulated in a tidal flat to subtidal 
environment. The beds display extensive karstification and cavity fill. 
The siliciclastic and conglomerate and breccia beds are also present in 
the sequences of the deposits. The sandstone beds indicate a marine 
shelf environment while the conglomerate and breccia indicate a basin-
margin slope deposit developed by over-steepening and subsequence 
collapse of the platform. However, the conglomerate and breccia in this 
deposit suggest being formed from a collapse or tectonics [46-50]. 

Conclusion 
The results from detailed lithologic and petrographic studies yield 

that these sulfate deposits have passed through at least 4 stages of 
diagenetic alterations, these are;

(1) Precipitation of bedded gypsum in a hypersaline basin. It is 
suggested that a large portion of the evaporite was originally precipitated 
as bedded gypsum in a restricted hypersaline basin. This is indicated by 
the laminated texture of the sulfate beds and the prominent laminae 
of carbonate in gypsum and anhydrite which are primary sedimentary 
textures of stratiform sedimentary deposits. Additionally, there is 
no evidence of nodular anhydrite grains which is a typical form of 
anhydrite formed at Earth’s surface (i.e., subkha environment). 

(2) Gypsum-to-anhydrite transformation resulting from burial 
diagenesis. These alterations are indicated by the corrotopic and felted 
epigenetic anhydrite which form when gypsum transforms to anhydrite.
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(3) Rehydration of anhydrite-to-gypsum. This is indicated by the 
distortion of gypsum rocks, which result from the increase of volume 
due to rehydration of anhydrite to gypsum and recrystallization of 
anhydrite and/or primary gypsum to secondary gypsum (alabastrine, 
selenitic, and gypsarenite secondary gypsum). 

(4) Uplift and erosion during re-expose of gypsum. This is indicated 
by karstification and dissolution of cavities in the sulfate bodies, the 
presence of gypsarenite without felty anhydrite replacement, and 
gypsarenite veins which are the latest veins cutting through the sulfated 
unit. These secondary gypsarenite indicate a later stage rehydration 
which is a result of transformation from secondary selenitic gypsum 
[51-66].

From the schematic diagram of depositional environment and 
alteration of evaporite/sulphate shown in Figure 11, we found the 
textures in the rectangular dash line in LWS sulphate deposits. Hence, 
the lithologies of our sulphate deposits could be interpreted as sub-
aqueous precipitation in a basin, probably shallow-lagoon setting 
or restricted marine, and may be accompanied with an intertidal 
deposition. 

Timing of the deposition is suggested to be during Late 
Carboniferous. This is indicated by the cross cut of Permo-Triassic 
volcanic dikes (age of this volcanic dikes are equivalent to the study 
by Intasopa and Khin Zaw in gypsum and the associated carbonate 
beds that are dated (by microfossils) to be below a Late Moscovian 
(Podolskian–Myachkovskian) in Late Carboniferous [17,18,21]. The 

environment and the age of the deposits in this paper is only a suggestion 
based on the study of core logging of the exploration wells in the area 
and petrography of selected samples, and interpretation of previous 
works on the gypsum deposits in this area. Therefore, it is necessary 
to verify the results by further studies such as a geochemical study of 
the deposits as well as a detailed analysis on the geologic controls and 
tectonic setting of the adjacent areas governing their transformation. 
These studies would add to the understanding of the depositional 
setting and diagenetic history as well as the origin of the deposits.
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