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Abstract

Bamnet Narong is located in northeastern Thailand (Chaiyaphum Province). It is the largest salt
mine in the country and has been mined for decades. The landscape in this part of Thailand is
characterised by a low plateau, which is called the Khorat Plateau. The plateau is divided into two
basins by the Phu Phan Range, the Sakhon Nakhon Basin in the north and the Khorat Basin in the
south. The analysed potashes and rock salts are deposited in the Maha Sarakham Formation, which
represents the salt-bearing strata of the Khorat Basin. The stratigraphic age of this deposit has
been debated since the late 1960’s. The assigned ages range from Mid-Cretaceous to Late Creta-
ceous and up to the Eocene. In this study different isotopic dating systems (Rb-Sr, Sr-Sr, K-Ar and
K-Ca) were applied. The stratigraphic age for the time of deposition was confirmed to be Mid Cre-
taceous (Cenomanian). Furthermore, the homogeneity of the carnallites was investigated in order
to trace a possible redistribution of rubidium.

Keywords

Isotope Dating, Salt Deposits, Mid-Cretaceous, Asian Potash Mine, Thailand

1. Introduction

Bamnet Narong is located in northeastern Thailand (Chaiyaphum Province) and hosts the largest salt mine
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(Asian Potash Mine) in Thailand that was mined for decades. Geographically, it is considered part of the western
edge of the Khorat Basin (Figure 1). Stratigraphically this salt deposit is part of the so-called Maha Sarakham
Formation and represents one of the world’s largest salt deposits. The stratigraphic and palaeontological study of
the Maha Sarakham Formation, as well as the whole Khorat Basin began in the early 1960’s, whereas the salt
resources and related issues were studied during the 1970°s. The stratigraphic age of this formation has been
highly debated since the late 1970’s. The Maha Sarakham Formation was first named by [1] who assigned an
age from the Late Cretaceous to the Eocene. Based on palynological evidence [2] a Mid-Cretaceous age was
proposed for the deposition. In 1990 doubt was cast by [3] who compared it with the depth of core samples and
then specified an age of Mid-Late Albian to Cenomanian. Geochemical studies of [4] on the sulphur and oxygen
isotopes of the Maha Sarakham anhydrites yielded an age of Neocomian (lower Cretaceous) to Cenomanian.
Multiple isotope analyses on various halite, anhydrite and carnallite samples as well as one clay sample from the
shaft at Bamnet Narong pointed to a deposition age of about 95 Ma (Cenomanian) [5]. This agrees with the as-
sumed Aptian-Albian age from [6], which was obtained from vertebrate fossils of the underlying Khok Kruat
Formation.

The research objectives of this study are to date the Maha Sarakham Formation by using the K-Ca and Rb-Sr
isotope systems in comparison with the existing data. K-Ca decay is used for the carnallite samples, which were
collected from a 1200 m long profile in the shaft of the Bamnet Narong (Asian Potash Mine). Rb-Sr decay is
used for the anhydrites which were in parts already analysed [5]. These data were subsequently compared with
the seawater evolution curve, LOWESS curve [7]. Anhydrites are used because they are very stable in regards to
the redistribution of rubidium, as their content of rubidium is negligible. Another aim of the present study is the
geochemical characterisation of the carnallites in terms of the variation of specific elements in a small area con-
cerning their potential heterogeneity.

2. Geological Setting

Tectonic and Geologic Evolution of the Khorat Plateau

The Khorat Plateau is framed by an escarpment of mostly steeply dipping sediments, which form slopes on its
western and southern margins rising from 600 - 1000 m above sea level. The plateau is situated between 14°N
and 19°N and 101°E and 106°E. It is divided by the Phu Pan Range into two depositional basins, the Khorat Ba-
sin in the south and the smaller Sakhon Nakhon Basin in the north [8]. In a broader sense it is part of the Indo-
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Figure 1. Geographical location of the Khorat Basin, the Phu Phan Range and the northern Sakhon Nakhon Basin. Bamnet
Narong is highlighted by a pink star in the western part of the Khorat Basin. Source: Google Maps (query 10.07.2013).
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china Terrane, which originated by rifting of the margin of Gondwana. Furthermore, it represents a broad syn-
clinorium bounded to the west by the Shan Thai Terrane and to the north by the South China Plate [9] [10]. The
Khorat Plateau has, in connection with investigations of its hydrocarbon potential, been described as a “sauce-
pan morphology” [11].

The basement of the Khorat Plateau consists of igneous, metamorphic and sedimentary rocks which underlie
the Huai Hin Lat Formation. Sedimentation of the Mesozoic rocks began in the Early Triassic, after the Khorat
Basin was formed due to extension during the Indosinian Orogeny [13]. The deposition took place in half-gra-
ben rift basins, which were developed during this orogeny, and filled with mainly lacustrine and fluviatile clastic
sediments. This Triassic sequence is called the Huai Hin Lat Formation. The depositional period of this forma-
tion ended in the late Upper Triassic (Norian-Rhaetian) during the first episodes of the Indosinian Orogeny [14].
The following fluvial red-beds sequence was mapped as the Nam Phuong Formation, which represents the be-
ginning of the Khorat Group. Afterwards uplift and erosion events as well as subsidence took place. The fol-
lowing red-bed formations of Cretaceous age are (from bottom to top): The Phu Kradung, the Phra Wihan, the
Sao Khua, the Phu Pan and the Khok Kruat Formation. This Cretaceous succession is unconformably overlain
by the continental evaporitic Maha Sarakham Formation [15], which was deposited during the Mid-Cretaceous
(Albian-Cenomanian) regional folding. This process initiated the uplift of a large scale basin, which was later
filled with evaporitic deposits, caused by sea water inflow from the west into the western edge of the basin
(Figure 2)): the Phu Kradung, the Phra Wihan, the Sao Khua, the The Maha Sarakham Formation is not part of
the Khorat Group. Three transgressions and two regressions with evaporation can be reconstructed during the
accumulation of this formation. The youngest Mesozoic formation which overlies the Maha Sarakham Forma-
tion is the Phu Tok Formation, which was formed when the sea water regressed entirely. Finally, the Khorat de-
posits were intruded by granites of Campanian and Cenomanian age. During the Early Paleocene, compression
from the northeast, due to continental collision of the Indochina Terrane with the Southeast China Plate (Hima-
layan Orogeny), and also from back arc compression to the west, resulted in uplift and erosion of a part (~3000
m) of the Khorat sediments as well as the formation of the NW-SE trending Phu Phan Anticline. The Cenozoic
sediments consist of alluvial, eolian and fluvial deposits, as described in [15]-[17].

3. Stratigraphic and Supposed Ages

The stratigraphy of the entire Mesozoic succession of the plateau is shown in Figure 3. The continental red-beds
of the Mesozoic Khorat Group, which built up most of the Khorat Plateau, unconformably overly the Triassic
rocks. The definition of the Khorat Group differs from author to author and is commonly considered to comprise
the sediments above the basal Nam Phuong Formation unconformity [17]. Also the exact position of the Juras-
sic-Cretaceous boundary in the Khorat strata has not been pinpointed until now. The base of the Maha Sarakham
Formation has been dated by means of palynological analysis as Mid-Albian-Cenomanian in age. Usually the
Nam Phuong Formation is considered to be Late Triassic and the Phu Kradung, Phra Wihan and Sao Khua For-
mations are related to the Jurassic. However, the Phu Phan and Khok Kruat Formations are assigned to the Early
Cretaceous, for example by [15] and [18]. All these age determinations are primarily based on plant macrofos-
sils, pollen and vertebrate remains, e.g. in [19] and [15].

As mentioned above the Khorat Plateau almost consists of Cretaceous rocks (Figure 3). These are slightly
deformed, fossiliferous and well-exposed. Thus, the Khorat Plateau received more attention than the Cretaceous
rocks elsewhere in Thailand [12]. Most authors assume six formations within the Cretaceous deposits, which are
named in ascending order according to their age and are as follows: the Phra Wihan, Sao Khua, Phu Phan, Khok
Kruat, Maha Sarakham and Phu Thok Formations.

3.1. Phra Wihan Formation

The Phra Wihan Formation crops out in the Phu Phan Range and is also widely distributed around the western
and especially the southern rims of the Khorat Plateau. At the southern rim it forms the Dongrek Range which
marks the border to Cambodia. This formation is named after the temple mountain of Khao Phra Wihan located
at the south-eastern border of the Khorat Plateau. The rocks usually consist of light buff to grey, fine- to coarse-
grained quartzitic sandstones and to a lesser extent of siltstones and mudstones with occasional occurrences of
conglomerates [12]. They were deposited in a fluvial environment dominated by a high-energy, shallow braided
river system and associated floodplains [15]. This formation conformably overlies the Phu Kradung as well as
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the underlying Sao Khua Formation and has a gradational contact to both of them. Its thickness varies between
100 and 250 m. In the central and northern parts of the Phu Phan Anticline the formation overlies the Phu
Kradung Formation with a sharp contact [12] [15]. The Phra Wihan Formation dates to around Middle Juras-
sic/Early Cretaceous in age by [20] on the basis of plants and arthropod fossils (crustaceans and insects). A re-
cent study by [15] proposes a Lower Cretaceous age (Berriasian-Barremian), due to the analyses of palyno-
morphs which were collected near the base of the formation.

3.2. Sao Khua Formation

The Sao Khua Formation crops out throughout the whole Phu Phan Range. The rocks usually consist of an al-
ternation of reddish-brown conglomeratic sandstone, siltstone and mudstone together with common calcretes.
The thickness of this formation varies between 100 and 600 m. It was deposited in an environment with low-
energy meandering channels and extensive floodplains. The contact of this formation with the underlying Phra
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Figure 2. Distribution of Cretaceous strata in NE and SE Thailand. The pre-Cretaceous rocks may be Jurassic or Jurassic-
Cretaceous in age [12].
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Figure 3. Stratigraphic column of the Mesozoic rocks of the Khorat Plateau, NE Thailand, [12].

Wihan and overlying Phu Phan Formation is gradational and conformable [15]. At the beginning of the Sao
Khua Formation it was considered to be Late Jurassic, for example by [21] on the basis of vertebrate remains.
This area has the richest and most diverse vertebrate fauna found in Thailand [12]. In contrast, [22] [23] as well
as [15]) determined an Early Cretaceous age (Berriasian-Barremian) based on palynological investigations, similar
to the Phra Wihan Formation.

3.4. Phu Phan Formation

The rocks of the Phu Phan Formation usually consist of greyish-white, medium- to coarse-grained cross-bedded
sandstones and lacustrine grey siltstones and mudstones with subordinated conglomerates [12] [15]. Generally,
the formation is 75 - 150 m thick and the contact with the underlying Sao Khua Formation is locally erosive or
distinctively sharp but mainly conformable and with the overlying Khok Kruat Formation. The supposed depo-
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sitional environment was a high-energy, low-sinuosity braided river system with subordinate floodplains [12]
[15]. According to [23] and [15], the age of the formation is Barremian to Aptian, based on the ages of the over-
and underlying formations and also on palynological studies.

3.5. Khok Kruat Formation

The Khok Kruat Formation is widely distributed in the outer parts of the Phu Phan Anticline. It usually com-
prises reddish-brown, fine- to medium-grained sandstone, siltstone, shale and mudstone with several conglom-
erate beds [12] [15]. The reddish colour gradually turns into greenish-grey at a few metres below the overlying
Basal Anhydrite of the Maha Sarakham Formation. This is a result of subsequent diagenesis, probably from re-
ducing subsurface brines that had percolated through the rocks during the time of burial [24]. The contact with
the overlying Maha Sarakham Formation is unconformable [12] [15]. This sharp contact to the Basal Anhydrite
has been reported for example by [25] and within seismic profiles by [26]. The depositional environment is ex-
pected to have been a meandering river system, less mature than the rivers that deposited the Sao Khua Forma-
tion [12]. This assumption of a fluviatile environment with possible marine influence is based on the associated
fauna [15]. An age of Late Aptian for the upper parts of the formation was reported by [26] due to palynological
evidence. An Aptian to Albian age based on dinosaur findings in the Khok Kruat Formation was also indicated
by [27].

3.6. Maha Sarakham Formation

The Maha Sarakham Formation comprises four different salt units which principally consist of evaporates sepa-
rated by red-coloured siliciclastics: Basal Anhydrite, Lower Salt, Potash Zone, Several Colour Bands Salt Unit,
Lower Clastic, Middle Salt, Middle Clastic, Upper Salt and Upper Clastic (see Figure 4 for stratigraphy). Its
thickness ranges across the basin from 250 to 1100 m and its appearance varies upon the area controlled by rock
salt structures [28]-[30]. The formation overlies the Khok Kruat Formation with a very sharp contact. All three
units comprise beds which consist of halite-replaced pseudomorphs of bottom-growth gypsum. The formation
was deposited in a hypersaline, landlocked lake within an arid continental desert, hence fossils are rare [15] [30].
In several places of the basin salt domes and salt anticlines are present. Reference [26] reported an Albian to
Cenomanian age for them based on palynomorphs. The following is a description of all members including the
siliciclastics based on descriptions by [8] [29] and modified after [16]. The rock salt on the Khorat Plateau in
both the Khorat and the Sakhon Nakhon Basin has the same characteristics and correlations, which shows that
these two basins once formed one large basin during the deposition until the uplift of the Phu Phan Range in the
Early Paleocene, (refer to Chapter 2.3 in [29]).

3.7. Basal Anhydrite Unit

The Basal Anhydrite Unit represents the base of the Maha Sarakham Formation in both the Khorat and Sakhon
Nakhon Basin. This formation overlies the Khok Kruat Formation disconformably and stylolitic surfaces are
found [16] [28]. Most of the anhydrite is formed directly or from conversion of gypsum, which existed as beds
and clusters with gradational contacts to enveloping sediments [28]. Its thickness varies from 0.7 - 6.2 m [24].

3.8. Lower Salt Unit

The Lower Salt Unit overlies the Basal Anhydrite and the underlying Potash Zone Unit. This rock stratum con-
sists mainly of coarse crystalline, transparent to semitranslucent halite and a minor amount of anhydrite in the
form of thin partings [24]. The unit is separated by an anhydrite marker bed into two sequences. [16] named
them the Halite L1 and Halite L2 Unit. This marker anhydrite and also the following are a primary one deposited
directly from sea water [16]. The contact to the Basal Anhydrite Unit is very sharp and immediate. Reference [24]
proposed that this can either be the result from the abrupt change in gypsum solubility as the brine was introduced
into the halite saturation field or a result due to pressure solution under burial conditions. The thickness of this unit
depends on the position within the basin as well as salt flowage and ranges between 30 - 500 m [29] [31].

3.9. Potash Zone Unit

The Potash Zone Unit is located between the Lower Salt and the Several Colour Bands Salt Unit. This unit is
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Figure 4. Lithostratigraphy of the complete sedimentary section of the Maha Sarakham Formation. After [16] [24] [29].

composed of potassium and magnesium minerals which appear in single layers and is widely distributed through-
out the whole Khorat Plateau [29] [31]. Its thickness and distribution is highly variable and may be due to
patchy dissolution, deformation and subordinate depositional differences [16]. The potash minerals include syl-
vite (KCI), carnallite (MgCl,-KCI-6H,0) as well as the magnesium mineral tachyhydrite (CaMgCls-12H,0). [25]
found that the sylvite is a secondary deposit derived from leaching of carnallite so that the sylvite follows the
carnallite beds in intervals. In contrast, the potash minerals are of primary origin. After [16], the Potash Zone
Unit can be divided into three zones: 1) a lower zone consisting of massive halite with traces of red coloured
carnallite filling dissolution cavities in halite; 2) a middle zone composed of massive and poorly bedded pale red
or colourless carnallite and halite; and 3) an upper sylvite containing halite zones with traces of anhydrite and
gypsum pseudomorphs. Each zone grades into the next one. Accessory minerals which are associated with syl-
vite and halite are borate minerals and these occur either in thin layers in the sylvite beds or as dispersed nodules
and grains. The tachyhydrite usually appears as a single bed between the carnallite beds showing a gradational
contact. The base of the Potash Zone Unit is defined by the first appearance of carnallite. In general, the thick-
ness is highly variable from 10 to 80 m, in average about 50 m [16] [29] [31].
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3.10. Several Colour Bands Salt Unit

The Several Colour Bands Salt Unit is a very thin bed deposited on the Potash Zone Unit. It grades into the un-
derlying Potash Zone. It’s occurrence may be explained by ground water leaching. It is composed of
multi-colour bands of grey, orange, red, honey, colourless and smoky dark halite. Some carnallite and tachyhy-
drite are also found (for details see [29] [31]).

3.11. Lower Clastic Unit

The Lower Clastic Unit is situated between the underlying Potash Zone and the overlying Middle Salt Unit. The
rocks are very similar to the following Middle Clastic Unit. Both are semi-consolidated to damp mudstones
showing a dissolution contact to the underlying rock unit, but gypsum is absent. The colour of the Lower Clas-
tics is dark-red to reddish-brown but at the base there are locally greenish-grey portions. Carnallite veins and
veinlets occur in this unit showing a mostly deep red-orange colour. Its thickness ranges from a few metres up to
70 m [24] [29] [31].

3.12. Middle Salt Unit

The Middle Salt Unit overlies the Lower Clastic Unit and the underlying Middle Clastic Unit. The mean thick-
ness is about 30 - 130 m [29] [31]. The whole Middle Salt Unit shows most of the depositional and diagenetic
features like the Lower Salt Unit. Reference [16] divided this halite unit into two different sequences: the Halite
M1 Unit and Halite M2 Unit. They are separated by an anhydrite marker bed. The Halite M1 Unit consists of
well-bedded, dark honey coloured halite layers which are interbedded with thin anhydrite beds and layers of
gypsum pseudomorphs. Some traces of a few sylvite and carnallite spots are found. The Halite M2 Unit contains
dark honey coloured bedded halite, which is interbedded with dark smoky coloured halite beds. Anhydrite
stringers and gypsum pseudomorphs are also found.

3.13. Middle Clastic Unit

The Middle Clastic Unit overlies the Middle Salt Unit and the underlying Upper Salt Unit. The rocks are pre-
dominantly composed of clay, which is mostly dark reddish-brown in colour. In some cases, layers consisting of
breccias are found. Furthermore, in some portions calcareous components and gypsum veins as well as veinlets
near the bottom occur in this rock stratum [29] [31]. The thickness of this unit ranges between 20 - 70 m [16]. If
no overlying Upper Salt Unit exists, due to dissolution and salt flowage, the Upper Clastic Unit overlies the
Middle Clastic Unit directly. The contact of the Middle Clastic Unit with the underlying Middle Salt Unit shows
either a sharp or a gradational contact [29] [31].

3.14. Upper Salt Unit

The Upper Salt Unit, if not erased through salt structures or dissolution, generally overlies the Middle Clastic
Unit and the underlying Upper Clastic Unit. Near the structural high, salt ridges and domes of the Upper Salt are
dissolved and destroyed as a result of flowage. The thickness is highly variable and up to 20 m. It is usually
composed of moderate to dark yellowish-brown or honey coloured halite, minor anhydrite layers, dark smoky
coloured halite bands, milky-white coloured halite and a few orange coloured halite grains. Generally, the char-
acteristics of the Upper Salt Unit are similar to the Middle Salt Unit, but with geochemical methods they can be
separated by the KBr content [29] [31]. Several authors like [29] [31] and [16] divided this unit into two se-
quences: the Halite U1 Unit and Halite U2 Unit. These sequences are separated by an anhydrite marker bed,
which is about 1.5 m in thickness. The Halite U1 Unit forms the contact to the Middle Clastic Unit and is com-
posed of moderate to dark-honey or yellowish-brown coloured halite with minor anhydrite beds and a few layers
of gypsum pseudomorphs, whereas the Halite U2 Unit mostly consists of dark-honey and interbedded dark-
smoky and minor orange coloured halite. Local traces of potash are also found.

3.15. Upper Clastic Unit

The Upper Clastic Unit represents the uppermost rock stratum of the Maha Sarakham Formation. The Unit is
mostly built up of pale to moderate reddish-brown or brick-red coloured sandstone, siltstone and claystone [29]

882



B. T. Hansen et al.

[31]. Cross-beds and well-defined bedding are observable. The thickness is highly variable up to 680 m [16]. At
middle to lower sections white clear gypsum veins and veinlets are found [31]. The contact with the overlying
Phu Thok Formation, which is also composed of clastics, is not clearly defined. In comparison, the clastics of
the Phu Thok Formation are coarser than the ones of the Upper Clastic Unit.

3.16. Phu Thok Formation

The Phu Thok Formation occurs in the northern and central parts of the Khorat Plateau. Its thickness varies be-
tween 200 - 350 m. The lower 100 - 200 m generally consists of a sequence of brick-red to red-brown coloured
claystone with minor siltstone and rare fine-grained, thin sandstone beds, whereas the following meters consist of
thick beds of brick-red coloured sandstone with cross-bedding. For the lower part of the formation a very low-
energy fluvial system is assumed, while the upper part certainly represents an aeolian environment. The contact
with the underlying Maha Sarakham Formation is unconformable. Based on its stratigraphic position, the Phu Thok
Formation is considered to be Late Cretaceous in age although some authors have attributed it to the Early Cenozoic,
e.g. [12] [30]. For a general stratigraphic correlation and detailed lithological description see also [32].

4. Sample Locations and Analytical Methods

The study area is located in the western part of the Khorat Basin on the Khorat Plateau, in northeastern Thailand.
In general, the topography of northeastern Thailand consists of rolling plains bounded by mountains to the west
and south. The exact working area is situated in a salt mine in Bamnet Narong (Chaiyaphum Province) where
mining took place for decades. The samples were collected along a 1200 m profile in one shaft of the mine.
Figure 5(a) shows the surface projection of this shaft with the respective sample points. The samples vary from
halite and anhydrite to carnallite and one sample represents an intercalated clay layer from the Middle Clastic
Unit. The vertical distribution of these different salt layers within the deposition is shown in the stratigraphic
column in Figure 5(b).
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Samples collected for rare earth elements were determined by ICP-MS on a PerkinElmer DRC 11 (Sciex,
Canada) at the Department of Geochemistry. Bromide concentration was measured by anion chromatography
DX320 (Dionex) with an auto-sampler AS11-HC at the Department of Applied Geology department. Sr concen-
trations and isotopic compositions were determined using a Thermo-Finnigan Triton® TIMS at the Department
of Isotope Geology. Prior to digestion, samples were mixed with a tracer solution enriched in 8’Rb-#Sr. Detailed
descriptions of the analytical procedure for salt samples is given in [33] and [34]. Throughout this work, a value
of 0.710267 + 0.000041 (20) for the NBS 987 (n = 10) was observed. Instrumental mass fractionation was cor-
rected with a ®8Sr/*°Sr ratio of 0.1194 using the exponential law. K-Ar analyses were also performed at the De-
partment of Isotope Geology. The analytical procedure is given in [35]. All departments are part of the Geo-
science Centre (GZG) at the University of Gottingen (Germany).

5. Analytical Results
5.1. Rb-Sr and Sr-Sr

Carnallites and anhydrites were analysed for their Rb-Sr values. Table 1 shows these data including the 8Sr/®°Sr
ratios corrected to an NBS987 value of 0.71024 used for the calculation of ages by means of the LOWESS Iso-
topic Database [7] in order to acquire the corresponding age of this stratigraphic unit.

The anhydrite samples are almost free of rubidium, except sample ST12, which in comparison to its strontium
content includes more rubidium. Most probably it is not pure anhydrite, which is also recognizable in the plot in
Figure 6(a). The #'Sr/%Sr ratios vary between 0.707461 and 0.707630. In contrast, the carnallites show a high
range of strontium and rubidium content without an obvious trend. The lowest ratio by far is measured in sample
ST11 with 0.707881, and in relation to the other samples, it contains much more strontium in comparison to the
amount of rubidium. Generally, the carnallites scatter in the Rb-Sr diagram (Figure 6(b)).

The ®'Sr/*Sr record can be used to date and correlate marine sediments [36]. The change in the marine
87Sr/%°Sr ratio throughout the Phanerozoic is shown Figure 7. For the samples discussed, the Late Cretaceous

Table 1. Rb-Sr Data.

8gp Sr ¥Rb Rb 87 /86 87,86 ¥'Sr/®sr [fc]
Sample (umol) (/) (umol) (/) Rb/**Sr Sr/*°Sr [fc] 2se corrected
Anhydrite ST4 0.024124 410.7 0.00019 1.12 0.007825 0.707595 0.000016 0.707595
Anhydrite ST5 0.030156 475.0 0.00017 1.01 0.005497 0.707484 0.000019 0.707461
AnhydritST12 0.001302 23.1 0.00007 0.463 0.057561 0.707653 0.000044 0.707630
Carnallite ST11 0.015876 284.0 69.8 69.8 0.706835 0.707904 0.000017 0.707881
Carnallite ST10 0.002626 46.8 53.0 53.0 3.230726 0.709293 0.000013 0.709270
Carnallite ST9 0.002016 35.7 60.6 60.6 4.886292 0.709171 0.000047 0.709148
Carnallite ST8 0.002483 43.9 45.6 45.6 2.986739 0.709636 0.000130 0.709613
fc. = ratio corrected for mass fractionation, corr. = ratio downscaled to an NBS987 value of 0.71024.
0.70764 0'709805
0.707624 T12 0.709605 ST8 °©
0707601 §T4 S g'?,ggggi .
0.70758 ' ST10 °
070756 _ 0.70900; aTo
g . $ 0708803
. 0.70754; % 0.708603
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0.707504 E
0'70820§ ST11
0.707484 0.708004
0.70746] ¥&T° 0.707803 °
0.70744 T T 0.707603— —— — .
0 0.02 0.04 0.06 0 2 4 6
87RbAeST 87RbASSK

Figure 6. Rb-Sr-Plot of the anhydrites (a) and the carnallites (b).
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Figure 7. Sea water evolution curve, LOWESS, during the Phanerozoic with a more detailed section of the Cretaceous after
[7]. Red coloured line means the upper limit of the ¥Sr/%Sr, the blue one analogues the lower limit and the black curve is the
mean value.

time is important and needs to be looked at in more detail because of the stratigraphic relation of the formations.
Details on how the LOWESS fit is derived are given in [36]. To determine the age by using the LOWESS fit, it
is necessary to calculate the initial 3'Sr/*®Sr ratio for different ages by correcting for the amount of ¥’Sr enrich-
ment by %’Rb decay. Is the initial value equal to the seewater curve, which is used for the calculation, then this is
the age of the sample. This was done for all the anhydrites as well as for all the carnallites.

This method was not applicable for the carnallites due to their high contents of rubidium. The back-calculated
initials for 95 Ma are extremely low (0.70256 - 0.70694), which would normally reflect a strong input of vol-
canic material into the basin. This cannot be true as the basin was filled from the west and the only volcanic ma-
terial present crops out in the south and is Cenozoic in age. By plotting the ¥Sr/%Sr ratios of the anhydrites
against the so-called LOWESS composite strontium isotope curve from [7], the authors fit the curve with limits
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of error corresponding to ages of the Upper Cretaceous. This was a period of worldwide sea level change (trans-
gression) [37].

5.2. K-Ca age Determination

Carnallite is an evaporitic double chloride mineral, a hydrated potassium magnesium chloride with the chemical
formula: KMgCls-6(H,0). It occurs within a sequence of potassium and magnesium evaporate minerals such as
sylvite and kainite, and other salts like gypsum and anhydrite. Since this mineral is theoretically free of calcium,
it should be possible to date these evaporates by means of the K-Ca method.

Four carnallites samples (Figure 5) have been analysed (Table 2 & Table 3) concerning their calcium and
potassium content for the K-Ca age determination. Because of the immobility of calcium and its characteristic as
a retentive daughter, the K-Ca ages are more resistant to resetting. However, in this case it turned out that the
analysed samples (after loss of ignition) were inhomogeneous even on a small scale, and thus analytical results
of the Ca-concentration could not be reproduced. To find out whether the calcium determinations are influenced
by a possible heterogeneity of the salt, the sample ST11 was used to investigate each clearly recognisable phase
of carnallite separately (in the rock association, Figure 8). This figure shows the hand-specimen of sample ST11
(a) and the parts (b)-(d), which were differentiated on the basis of their colour difference and then crushed in a
mortar. The optical inhomogeneity was confirmed by LA-ICPMS investigations. The carnallites were analysed
for their Li, B, Na, Mg, Al, Si, S, Cl, K, Ca, Mn, Br, Rb, Sr, Cs and Pb content by profiles on different frag-
ments of the salts. Iron was not measured because it behaves like manganese. The profiles vary in length from 1
- 2.5 mm, since the length is correlated to the time in seconds, this is indicated as a reference. For these meas-
urements the total magnesium amount was set to 400,000 ppm, and therefore it calculates everything in relation
to it. This was later relativized during the normalisation. One encountered problem was that chlorine was im-
mensely mobile during the measurement and shows a strong drift, so that the published values in ppm are incor-
rect as an absolute value. They are still relative if the proportions or ratios are considered, and for the change
over time on a logarithmic scale. We here just show the most meaningful elevated ones (Figures 9-11). Sample
ST8 was measured four times. The samples are all similar, therefore only some spectra from ST11 are given be-
low. Apparently there are abrupt changes concerning the content of magnesium and potassium over four magni-
tudes (Figure 9) or the content of both elements can be constant along the profile. Again it can be seen that both
magnesium and potassium can behave in the same way, but also contrary to each other (Figure 9(c) & Figure
9(d)). These changes in the concentration occur very suddenly and unexpectedly, which indicate different
phases in the carnallite.

Table 2. Results of the LOWESS fit after [7] for all samples.

A SRb/A%Sr  ¥FSr/Sre;  Ini.75Ma.  Mean  Ini.76Ma.  Mean  Ini.77 Ma.  Mean Ini.78 Ma. Mean
ST4 0.007825 0.707595 0.707586 76.5 0.707586 76.5 0.707586 76.5 0.707586 76.5
ST12  0.053763 0.707630 0.707573 77.05 0.707572 77.10 0.707571 77.15 0.707571 77.15
ST5 0.005637 0.707661 0.707461 84.70 0.707455 84.70 0.707455 84.70 0.707455 84.7
ST11  0.706835 0.707881 0.707128 147,85 0.707118 148.20 0.707108 148.50 0.707098 148.85

ST10  3.230726 0.709270 0.705798 - 0.705752 - 0.705706 - 0.705660 -
ST9  4.886292 0.709148 0.703945 - 0.703875 - 0.703806 - 0.703736 -
ST8  2.986739 0.709613 0.706430 - 0.706388 - 0.706346 - 0.706303 -

B ¥Rb/Sr  ¥'Sr/*Sre;  INi.84Ma  Mean  Ini85Ma.  Mean  Ini.86Ma  Mean  Ini.100 Ma.  Mean
ST4 0.007825 0.707595 0.707585 76.55 0.707585 76.55 707585 76.55 0.706878 76.60
ST12  0.053763 0.707630 0.707566 77.35 0.707566 77.35 0.707564 77.45 0.707554 77.95
ST5 0.005637 0.707661 0.707454 84.75 0.707454 84.75 0.707454 84.75 0.707453 84.8
ST11 0.706835 0.707881 0.707038 150.60 0.707038 150.60 0.707018 151.10 0.706878 155.20

T10  3.230726 0.709270 0.705382 - 0.705382 - 0.705289 - 0.704641 -
ST9  4.886292 0.709148 0.703320 - 0.703320 - 0.703181 - 0.702210 -
ST8  2.986739 0.709613 0.706049 - 0.706049 - 0.705964 - 0.705370 -
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Figure 8. Pictures of sample ST11 and different portions of it. (a) The base material of sample ST11 with different phases
highlighted; (b) Light orange-clear phase, crushed; (c) Intensive red phase, crushed; (d) Dark phase, crushed (in the rock as-
sociation this phase was much darker than it appears in the picture).

Overall, sample ST11 is mostly subject to fluctuations in terms of the various measured elements. The
changes of the elements manganese, sodium and calcium can be seen in the graphs of Figure 10. Sodium gener-
ally shows the strongest variations with respect to the changing high of magnitude. Compared with Figure 9, the
sodium content always increases abruptly when the potassium and magnesium content decreases but with one
exception: In part C of both figures the content of sodium increases immensely after about 235 seconds, while
the potassium and magnesium content only shows a little change or fluctuation. Calcium itself also varies
greatly, especially at points of increasing sodium content. In contrast to the change of the magnesium and potas-
sium content the calcium content remains unchanged. The boron content in the carnallite varies strongly over
four orders of magnitude, as shown in Figure 11. Furthermore, it is evident that each portion of the carnallite
sample contains boron (B). The recognisable peaks of the boron content are in favour of a boron-containing
phase, as already mentioned above. In a Rb/Br diagram [38], the obtained ratios plot outside the field of primary
carnallites except sample ST9 (Figure 12). Based on the facts presented, a dating of the investigated carnallites
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Figure 9. Mg and K results (using LA-ICPMS) of sample ST11with different measurements for different portions of the
sample.
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Figure 10. Mn, Na and Ca results (using LA-ICPMS) of sample ST11 with different measurements for different portions of
the sample.

is not possible due to the inhomogeneity of the samples,. An attempt to have a more representative sample by
using higher sample amounts failed due to the high concentration of sodium. The fact that the analysed samples
do not originate from primary carnallite is confirmed by separate Br analyses (Table 4). If these data are plotted
against the concentration of Rb in a Rb/Br diagram [38], therefore also K was redistributed during later hydro-
thermal activity.

5.3. K-Ar

In 2002 the authors in [5] presented a K-Ar age for the clay layer in between the Middle Salt Unit and the Potash
Unit (Figure 5) of 97.7 Ma. The analytical data are given in Table 4. The age was obtained in the fraction < 0.2
um. The illite crystallinity of the sample corresponds to a Kiibler Index (KI) of 0.69 A"20. This value is normally
interpreted as reflecting diagenetic conditions. However, we cannot exclude that the sample contains tiny parts of
detrital material, so therefore we interpret this age as a maximum age for the deposition of the clay Table 5.
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Figure 11. Boron results (using LA-ICPMS) of sample ST11 with different measurements for different portions of the sample.
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Table 4. Bromide content.

Sample No. Bromide in % Bromide mean%
ST8 0.268
ST8 0.268 0.268
ST9 0.342
STO 0.339 0.340
ST10 0.238
ST10 0.241 0.239
ST11 0.217
ST11 0.217 0.217
Table 5. K-Ar analytical data from clay sample ST6.
Sample No ST 6 K0 (Wt. %) “Ar" (nlig) STP “Ar" (%)  Age(Ma)  2¢-Error (Ma) Illite crystallinity A°2©
<0.2 um 6.12 18.98 78.99 93.7 2.7 0.69
0
10 Sand layer
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40 <R
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60 80 | 76.50 Ma | |«—4 (anhydrite)
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Figure 13. Vertical distribution of the different salt layers (core sample) with the data points and the obtained depositional ages.

6. Discussion and Conclusions

The age of the salt in Bamnet Narong has been debated since the late 1970°s by using multiple stratigraphic and
isotopic approaches. The goal of the present study was to obtain age data, particularly for the carnallites by us-
ing the K-Ca as well as the Rb-Sr decay. However, as discussed above the content of calcium is very inhomo-
geneous, and could therefore not be used for the age determinations. In the Rb-Sr isochrones diagram the carnal-
lite samples scatter, therefore their isotope systems obviously are disturbed by later redistribution of rubidium
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and correspondingly potassium. The K-Br analysis of [39] corresponds with this assumption of redistribution. A
possible dissolution of the carnallites effected by groundwater would increase the rubidium content in the solu-
tion, the result would be a phase with high 8'Sr/®°Sr.

The obtained #’Sr/%Sr data indicates a deposition age for the anhydrites (using the LOWESS fit after [36]) to
be between 76.50 Ma and 84.75 Ma. Figure 13 illustrates that these ages match the stratigraphy of the Asian
Potash Mine as well as the K-Ar age of the clay layer, which represents the Lower Clastic Unit [5]. The age of
the Clastic Unit has to be treated with caution because these clastics are erosional continental deposits, so they
normally have to be older than the deposition in the basin. The age of the anhydrites of the Middle Salt Unit
from the Maha Sarakham Formation is considered to be Santonian to Campanian (Upper Cretaceous). If the age
of the clay layer is correct, it indicates that the underlying Potash Unit (carnallites) is at least Cenomanian in age.
This would be in good agreement with the obtained ages from [6] who postulated, that the Khok Kruat Forma-
tion (which underlies the Maha Sarakham Formation) is of Aptian to Albian age.
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