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Abstract

Non-marine Cretaceous rocks are widespread in northeastern Thailand and is
well known as “the red bed” Khorat Group. The Sao Khua Formation is in the
upper half of the Khorat Group which is comprised of six formations. This
formation was named and defined at the type section for the rocks between
the restricted PhraWihan Formation and the Phu Phan Formation in the
drainage area of the Huai Sao Khua, an intermittent stream that flows west-
ward parallel to the highway between Nong Bua Lamphu and UdonThani
Provinces. It contains richest and most diverse vertebrate and invertebrate
Mesozoic fossils in Thailand. The Sao Khua Formation is characterized by the
sequence of the fining-upward successions of at least 4 - 5 megacycles
throughout the formation with the total thickness ranging between 400 - 700
meters. Each cycle starts with a channel lag conglomerate which the clasts
consist totally of re-worked calcrete nodules. The conglomerates were over-
lain by fine- to medium-grained sandstones of point bar deposit. Finally, the
top part of each cycle was covered by a succession of fine-grained floodplain
deposit that makes up 60% - 70% of the formation. Paleosols are commonly
found in the Sao Khua Formation within the floodplain sequence and their
geochemistry indicates a semi-arid paleoclimate. Based on lithostratigraphy,
the Sao Khua Formation is interpreted to have been deposited by a meander-
ing river system under a semi-arid climate condition. The age of the forma-
tion is assigned as the Hauterivian - Late Barremian based on vertebrate and
bivalves fossils.
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1. Introduction

The Cretaceous rocks in Thailand are widespread in Northeastern Thailand and
are all non-marine sediments. They are composed of Phu Kradung, Phra Wihan,
Sao Khua, Phu Phan, Khok Kruat, Maha Sarakham, and Phu Tok Formations in
ascending order. One of the Sao Khua Formation is the richest and contains the
most diverse vertebrate and invertebrate Cretaceous fossils in Thailand. Bivalves
were the first fauna studied by Japanese workers [1]. Later on, the vertebrate and
other fossils have been reported. However, most of the papers do not clearly
demonstrate which part of the Sao Khua Formation contains the fossil samples.
So, the aim of this paper is to review the lithostratigraphy of the Sao Khua For-
mation by compiling previous works together with some field checking in order
to get a better understanding on the geology of the Sao Khua Formation which
can contribute not only to the fossil studies but also for the paleoclimate and pa-

leoenvironment of the Early Cretaceous.

2. Geological Setting

The geology of northeastern Thailand or the Khorat Plateau has been previously
described (e.g. [2]-[11]). The stratigraphic sequence consists mainly of the Me-
sozoic non-marine red beds (Khorat Group), which is unconformably overlain
by continental evaporites of the Maha Sarakham Formation and aeolian sand-
stone of the Late Cretaceous Phu Tok Formation. The group is underlain by the
older rocks including the Late Triassic fluvial and lacustrine sediments of the
HuaiHinLat Formation (Figure 1 and Figure 2). The igneous rocks, which are
well exposed in the western region in the Loei - Phetchabun Fold Belt, are com-
posed of both volcanic and plutonic rocks with a long age range from the Silu-
rian to the Tertiary in age [12] [13] [14] [15] [16].

Generally, the Khorat Group comprises six formations, from bottom to top:
Nam Phong, PhuKradung, PhraWihan, Sao Khua, Phu Phan, and KhokKruat
(see Figure 1). The Nam Phong Formation varies in thickness from 2500 m in
the central portion of the region to, thin or disappear along its flanks. [8] dem-
onstrated that the Nam Phong Formation is divided into an Upper Nam Phong
Formation and Lower Nam Phong Formation separated by an unconformity. Its
stratigraphic successions are mainly of clastic sedimentary rock, consisting of
reddish-brown micaceous sandstone, conglomerate, siltstone, and mudstone.
The environment of deposition is considered as a fluviatile [17] commencing af-
ter the end of the deformation event (Indosinian II) of half graben basin of the
HuaiHinLat Formation. The PhuKradung Formation varies from 1200 m in the
basin centre to around 500 m in thickness on the basin flanks. The rocks consist
predominantly of maroon siltstone while sandstone and conglomerate are sub-
ordinate. [18] has shown the coarsening-upward sequence throughout the for-
mation on the basis of the subsurface study. The environmental deposition is
considered as alluvial at the lower part and grade into fluvial in the upper part

under meandering river system in semi-arid paleoclimate [18] [19] [20]. The
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Figure 1. Stratigraphic column of the Mesozoic rocks of Northeastern Thailand (from [7]).
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Figure 2. Simplified geological map of Northeastern Thailand (from [28]).

PhuKradung Formation lies conformably on the upper Nam Phong and shows
gradational contact with the overlying formation (the PhraWihan Formation).
[21] assign the age of the PhuKradung Formation at the Late Jurassic - the Early
Cretaceous based on the basis of palynological evidence. The PhraWihan For-
mation varies in thickness from around 50 to 300 m. The rocks are composed
entirely of white, coarse-grained, well-sorted texture, arkosic to orthoquartzitic.
It is rare of siltstone, mudstone, and conglomerate. This dominant sandstone
bed is interpreted to have been deposited by high energy, shallow braided stream
with a subordinate meandering stream. The PhraWihan Formation is overlain
conformably by the Sao Khua Formation and lies conformably on the PhuKra-
dung Formation with age constraint at the Early Cretaceous (not older than Ber-

riasian) [21]. The Sao Khua Formation varies widely in thickness from around
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100 to 700 m. The successions of the Sao Khua Formation are generally composed
of an alternation of reddish-brown conglomeratic sandstone with lime-nodule
clasts, siltstone, and mudstone with calcrete and silcrete horizons at the base [1].
It was interpreted to have been deposited by low-energy of meandering stream
and extensive flooding under warm and cool semi-arid paleoclimate. [21] sug-
gested that the age of the Sao Khua Formation is the Berriasian-Barremian (the
Early Cretaceous) based on the palynological data. The Phu Phan Formation is
generally 50 - 100 m thick. It consists mainly of light-buff to brown, medium- to
coarse-grained, well-sorted sandstone with sub-rounded texture. Siltstone and
mudstone are rare but pebbly conglomerate with well-rounded quartz pebbles and
subordinate mudstone intraclasts are found in several locations [20]. The presence
of dominant sandstone beds is interpreted to have been deposited by high energy
braided streams whilst subordinate fine-grained sediments represent floodplain
deposits [20]. The KhokKruat Formation shows marked variations in thickness
because of erosion, from 200 m in the NW to 850 m in the SE [8]. The rock con-
sists mainly of light grey to light brown, thin- to thick-bedded, fine- to me-
dium-grained micaceous or arkosic sandstone and often contains clay rip-up
clasts. The sandstone beds are occasionally interbedded with siltstone and mud-
stone with subordinate conglomerate beds [22]. Subsequently, the sandstone
beds generally show cross-bedding with some bi-directional cross laminations
[20]. As a result, the formation was interpreted as deposited by predominantly
meandering streams and on a floodplain. The KhokKruat Formation is overlain
unconformably by the Maha Sarakham Formation and lies conformably on the
Phu Phan Formation [23] [24] with a constrained age of the late Early Creta-
ceous (Aptian) [21].

In the Mid-Cretaceous, the inversion took place after the end of the Khorat
Group accumulation [8] [24]. The inversion in the Mid-Cretaceous led to a re-
stricted depositional basin containing red beds. Subsequently, the associated
three rock salt layers of the Maha Sarakham Formation began to be deposited
under a hypersaline land-locked, lacustrine basin in the arid condition of the
mid-Cretaceous [1] [20]. The basin was subsequently covered by the PhuTok
Formation in the Late Cretaceous under an arid desert environment [22] [25]
[26]. Finally, in the Late Cretaceous to the Early Paleogene, the Southeast Asian
region including Thailand was subject to strong deformation due to collision
of the Greater India with the Eurasia [27]. The deformation produced large
wave-length structures throughout the basin and formed the anticlinorium of
the Phu Phan range.

3. Lithostratigrapy of the Sao Khua Formation

3.1. Definition and Type Section

The non-marine redbeds in northeastern Thailand have been studied for more
than 60 years ago. The name Khorat Group is proposed for the group of the

Mesozoic red beds deposited in northeastern Thailand or the Khorat Plateau.
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The group comprises six formations more than 3500 m thick. The Sao Khua
Formation is one formation in the middle part of the group. It was named by [2]
and it was defined at the type section for the rocks between the restricted Phra-
Wihan Formation and the Phu Phan Formation in the drainage area of the Huai
Sao Khua, an intermittent stream that flow westward parallel to the highway

between Nong Bua Lamphu and UdonThani provinces.

3.2. Lithology and Thickness

Lithostratigraphically, based on the study of [2] the Sao Khua Formation is 512
m thick at the type section but it varies in another section from 404 to 720 m.
The rocks are characterized by fining upward sequence at least 4 - 5 cycles of the
meandering river deposits (Figure 3). The lower part of each cycle is characte-
rized by channel lag deposits represented by a conglomerate with calcareous
nodules or calcrete nodules are the main compositions of the clasts in the con-
glomerate. On top of the conglomerate is a point bar or channel bar sandstone.
Finally, the sequence of flood plain deposits which comprise mainly of siltstone
is lies on top of the point bar or channel bar sandstone of each cycle. It should be
noted that the sandstone proportion is slightly higher at the lower and the upper
parts of the formation (see Figure 3). It is characterized by yellowish-grey to
yellowish-brown and pale red, fine- to medium-grain (Figure 4) while those at
the middle part are reddish-brown. These features may be caused by the transi-
tion contrast between the Sao Khua Formation and lower and upper formation
those PhraWihan and Phu Phan that are dominated by white quartzitic sand-
stone of braided stream river. The middle part of the formation is dominated by
a succession of fined-grain, reddish-brown siltstone, and mudstone. As stated by
[2] fined-grain clastic rocks make up 60% - 70% of the formation but are seldom
well exposed. Acalcrete horizon or lenticular caliche is usually evident on the top
of the fined-grained clastic rocks succession. The sandstone beds are characte-
rized by reddish-brown and pale red, fine- to medium-grain size. As stated by
[7] the Sao Khua Formation is lithologically similar to the PhuKradung Forma-
tion being composed of reddish-brown fine- to medium-grained sandstone in-
terbedded with fine-grained clastic rocks. The Sao Khua Formation in the east-
ern rim of the Khorat Plateau is sandier than in the western rim with its sedi-
mentary structure(Figure 5) indicated the paleo-currents flowing from the east
and northeast directed toward the west to the southwest [20] [29] [30].

3.3. Depositional Environment and Paleoclimate

The environment of deposition is interpreted to have been deposited by low
energy meandering channel and extensive floodplain deposits with crevasse
splay deposits in warm to slightly cool [31] semiarid conditions where the sedi-
ment were modified by pedogenesis [7]. Thinner sandstone beds are interpreted
as crevasse splays, and those more than 1.5 meters thick represent meandering
channels [21].
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Figure 3. Stratigraphic column of Sao Khua Formation at the type section (slightly mod-
ified from [2] [29]).
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Figure 4. Photomicrographs of sandstones of the upper Sao Khua Formation. (a) fine- to
medium-grain under plane polarized. (b) under cross polarized. Q. Quartz; F. feldspar; L.
Lithic fragment. The sample location is at Wat KhaoKheeKatod, Khampha Ung, Phochai
District, Roi-et Province. (Grid reference 16.446N, 1.3.815E)

Figure 5. Thick bedded with cross-bedding sandstone of the upper Sao Khua Formation in the eastern rim of the
Khorat Plateauat the Mekong River bank, Pho Sai District, UbonRatchathani Province. (Grid reference 15.752N,
105.135E)

As stated by [7] the Sao Khua Formation contains paleosols that are formed at
the topmost part of each fining-upward cycle. Paleosols in the Sao Khua Forma-
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tion range in thickness from 0.5 - 5 m (average 2 m) and consist of the horizon
with calcrete and siltcrete nodules ranging in diameter from 0.3 - 5 cm. In some
places, paleosols were eroded and calcrete nodules re-deposited as channel con-
glomerate (Figure 6). [7] stated that the paleosols in the Sao Khua Formation
are calcic and in general calcic paleosols are found in arid to semi-arid environ-
ments [1]. This point of view is supported by geochemical and petrography of
the siltcrete in the Sao Khua Formation. As reported by [7] the Titanium dioxide
(TiO,) of siltcrete in the Sao Khua Formation is less than 0.03% in which the
humid environment has a high concentration of TiO, (>0.2%). Additionally, the
feature of the petrography of the siltcrete in the humid environment such as void
fills fibrous chalcedony, microcrystalline quartz, and colloform structures are
absent. [1] concludes that the Sao Khua Formation was deposited by meandering

river system under a semi-arid paleoclimate.

3.4. Fossil Assemblage and Age

The Sao Khua Formation not only contains the richest and most diverse of ver-
tebrate fossils but invertebrates are also found. Isolated teeth of five hybodont
taxa Hybodus sp., Parvodus sp., Lonchidion khoratensis nov. sp., Isanodus pa-
ladeji nov. gen., nov.sp., Heteroptychodus steinmanni have been described from
the Sao Khua Formation by [32]. Five new species of dinosaur both theropod and
sauropod are reported from the formation including Siammosaurus sutheethor-
ni [33], Phuwianggosaurus sirindhornae [34], Siammotyrannus isanensis [35],
Kinnareemimus khonkaenensis [36], Phuwiangvenator yaemniyomi and Vayu-
raptor nongbualumphuensis [37]. The fossil woods Agathoxylon saravanensis,
and the adocidturtle Isanemys srisuki, the carettochelyid Kizylkumemys sp. and
undetermined Trionychoidea have been reported by [38] and [39]. Freshwater
bivalves are also abundant in the formation particularly the superfamily Trigo-
nioidacea [40] [41]. As stated by [42] the presence of Koreanaia (Eokoreanaia)

Figure 6. Photograph of channel lag conglomerate overlying on the floodplain deposit
exposed at the Mekong River bank at Ban Song Khon, Pho Sai District, Ubon Ratchathani
Province. Yellow line is sharp erosive contact between conglomerate and floodplain de-
posit. (Grid reference 15.844N, 105.378E)
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sp. - Yunannoconcha sp. assemblage in the lower part of Sao Khua Formation
indicate the Hauterivian - Early Barremian age while those the upper part is
dominated by Pseudohyria (Matsumotoina) somanai - Trigonioidoidea fam. in-

det assemblage indicating the Late Barremian.

3.5. Contact

As mentioned by [7] the Sao Khua Formation starts with rocks that consist of an
alternation of reddish-brown silty claystone, siltstone, and fine- to medium-
grained sandstone. However, in the eastern rim of the Khorat Plateau, the Sao
Khua Formation starts with the grayish-brown, fine, cross-laminated sandstone.
Theses rock types are underlain conformably by the white quartzitic sandstone of
the PhaWihan Formation. In the eastern rim of the Khorat Plateau, the contact
gradually change from the white, cross-bedded, quartzitic sandstone of the un-
derlying PhaWihan Formation to the grayish to reddish-brown, cross-laminated
sandstone of the Sao Khua Formation (Figure 7).

The upper contact of the Sao Khua Formation is conformably overlain by the
Phu Phan Formation. In places, the formation show a sequence of fining-upward
sequence with the channel lag conglomerate, lateral migration of point bar sand-
stone and finally covered by reddish-brown siltstone with thinning-upward of
floodplain deposit before it is conformably overlain by the light grey, conglome-

ratic sandstone of the Phu Phan Formation (Figure 8).

Figure 7. Photographs of the lower contact of the Sao Khua Formation with the underlying
PhraWihan Formation. There are two contrast colour and grain size between the PhraWi-
han and Sao KhuaFms. (a) grayish brown, fine- to medium-grained, cross-laminated sand-
stone of the Sao Khua Formation (b) white, medium- to coarse-grained sandstone of the
PhraWihan Formation. Both are at Mekong river bank, Ban Song Khon, Pho Sai District,
UbonRatchathani Province. (Grid reference 15.848N, 105.374E).
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Figure 8. Photographs of the upper contact of the Sao Khua Formation with the overly-
ing Phu Phan Formation (a) at the ThamHin So, Khampha Ung, Phochai District, Roi-et
Province (Grid reference 16.432N, 103.855E) (b) at Wat KhaoKheeKatod, Khampha Ung,
Phochai District, Roi-et Province.(Grid reference 16.446N, 103.815E).

4. Conclusions

The Sao Khua Formation was named and defined at the type section for the
rocks between the restricted PhraWihan Formation and the Phu Phan Forma-
tion in the drainage area of the Huai Sao Khua, an intermittent stream that flows
westward parallel to and north of the highway between Nong Bua Lamphu and
UdonThani Provinces. It is characterized by the sequence of the fining-upward
sequence at least 4 - 5 megacycles throughout the formation with the total
thickness ranging between 400 - 700 meters. Each cycle starts with a channel lag
conglomerate and the clasts are mainly composed of re-work calcrete nodules.
The conglomerates were overlain by fine- to medium-grained sandstones of
point bar deposits. Finally, the top part of the cycle was covered by the succes-
sion of fine-grained floodplain deposits that makes up 60% - 70% of the forma-
tion. Paleosols are commonly found in the Sao Khua Formation within the
floodplain sequence and their geochemistry indicates a warm to slightly cool
semi-arid paleoclimate. Based on lithostratigraphy, the Sao Khua Formation is
interpreted to have been deposited by meandering river system under semi-arid
condition. The Sao Khua Formation contains the richest and most diverse ver-
tebrate and invertebrate Cretaceous fossils in Thailand. The age of the formation
is assigned as the Hauterivian - Late Barremian based on the vertebrate and bi-

valves fossils.
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