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SUMMARY  

Monsoon has tremendous impacts on the life and property in Asia. Population in 
monsoon Asia depends of monsoon precipitation for water and agricultural purposes. 
Differential heating of Asian landmasses and the oceans cause this seasonal reversal of 
winds. The links between global climate changes and monsoon circulation are 
immense. The monsoon is a complex system of land, sun and wind, and scientists 
believe that monsoon has undergone anomalous activities during the Holocene 
period.  It is very fundamental to understand the monsoon variability over time to 
understand monsoon that played a significant role in the field of global climate 
change. 
Monsoon variability records can be enhanced from different palaeo-environmental, 
palaeo-geographical, palaeo-archaeological, palaeo-ecological and geochemical records 
from the sediments deposited throughout the geological time. Lake sediments play a 
very important role to understand and grasp the monsoon variability over this time 
because lake systems are diverse and contain information regarding the geological 
evolution and associated environmental changes. The weather and climate system in 
Thailand is controlled by East Asian Monsoon. The geographic location is highly 
anticipated with the land-ocean-atmosphere interaction and lake sedimentary records 
are regarded as archives of terrestrial environmental changes. Although various 
previous studies reconstructed the environmental changes but multi-proxy records 
from lake sediments are not completely explored. 
This study analyzed the sedimentary core to construct a stratigraphy, radiocarbon 14C 
dating was done for the selected samples and laboratory analyses of core samples for 
geochemical data. Exploration of geochemical proxy records from Lake Pa Kho in 
Northeastern Thailand indicate unstable climate records during the ~7000 to 200 cal 
yr BP. Geochemical parameters like organic carbon, nitrogen and sulphur indicate low 
organic productivity in the lake and most of the organic materials came from 
terrestrial sources, which indicate a drier climate condition due to weak monsoon 
precipitation. The water level of the lake gradually decreased due to lack in 
precipitation, which resulted in a shift of a shallow lake into a peatland. 
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SUMMARY IN SWEDISH 

Monsunen har en enorm effekt på liv och egendom i Asien. Befolkningen i Asien är 
beroende av monsunens nederbörd för vatten och jordbruksändamål. Olika 
uppvärmning av landmassor och hav orsakar denna säsongsvariation av vindarna i 
regionen. Kopplingarna mellan globala klimatförändringar och monsuncirkulationen 
är signifikanta. Monsunen är ett komplext system av mark, sol och vind, och forskarna 
tror att monsunen har genomgått olika stadier under holocen. Det är mycket viktigt 
att förstå monsunens variation över tid för att förstå monsunens betydande roll när 
det gäller den globala klimatförändringen. 
Kunskap om hur monsunen varierat med tiden kan erhållas från olika paleologiska 
och geokemiska data från sediment avsatta under olika geologiska tidsepoker. 
Sjösediment spelar en mycket viktig roll för att förstå variationen under denna tid 
eftersom sjöar är olika och innehåller information om den geologiska utvecklingen 
och tillhörande miljöförändringar. Vädret och klimatet i Thailand styrs av ”the East 
Asian Monsoon”. Det geografiska läget är mycket viktigt för interaktionen mellan 
land, hav och atmosfär och sjösedimenten kan betraktas som ett arkiv över 
markbundna miljöförändringar. Även om olika tidigare studier rekonstruerat 
miljöförändringar, så är inte relationerna mellan olika kemiska parametrar i 
sjösediment helt utforskade. 
Denna studie analyserade sedimentprover för att beskriva sedimentens stratigrafi, kol-
14 datering gjordes för valda prover och laboratorieanalyser gjordes för att erhålla  
geokemiska data. De geokemiska resultaten från sjön Pa Kho i nordöstra Thailand 
indikerar ett instabilt klimat under perioden ~7000 till 200 cal yr BP. Geokemiska 
parametrar som organiskt kol, kväve och svavel indikerar en låg ekologisk 
produktivitet i sjön och det mesta av det organiska materialet har kommit från 
landbaserade källor, vilket visar på en period med torrare klimat på grund av en svag 
monsun med låg nederbörd. Vattennivån i sjön minskade gradvis på grund av brist på 
nederbörd, vilket resulterade i en utveckling från en grund sjö till en torvmark. 
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ABSTRACT 

Lake Pa Kho is a fresh water lake in Northeastern Thailand, where the East Asian 
summer monsoon prevails. The monsoon climate and associated variability has 
tremendous impacts on the life and environmental aspects of the region. In this study, 
climate and palaeo-environmental history of Lake Pa Kho has been extracted from 
geochemical proxy indices during the Holocene time. Geochemical variables like total 
organic carbon (TOC), total nitrogen (TN), atomic Carbon-Nitrogen ratio (C/N) of 
organic matter, stable isotope fractionations (δ13C, δ15N, δ34S) and radiocarbon 14C 
dating of the lake sedimentary core samples were analyzed during the past >7000 cal 
yr BP in terms of palaeo-climate interpretation. The Loss-on-ignition (LOI%) curve, 
TOC% value, higher C/N ratio indicate that organic materials in lake sediments has 
been mostly derived from terrestrial sources. δ13C value supports the terrestrial source 
of organic matter. TN% and δ15N value indicate low organic productivity in the lake. 
δ34S value indicate possible anoxic condition in the bottom of the lake due to lowering 
water level. Lower Aquatic productivity and deposition of organic material from 
terrestrial sources show that the lake was shallow and dry climate condition prevailed 
at ~7000 to 2000 cal yr BP due to weak monsoon precipitation. Moreover, monsoon 
played a significant role in controlling the lake level and overall Aquatic productivity. 
Progressive lowering of water level due to a lack in precipitation might have 
transformed the lake into a wetland and subsequently into a peatland at around 1500 
cal yr BP. A possible explanation for the gradual shift up to 200 cal yr BP might be 
invasion of terrestrial vegetation from the surrounding catchment sources due to weak 
monsoon intensity. 

Key words: Lake Pa Kho; Monsoon variability; Lake sediments; Geochemical 
variables; 14C dating; Northeastern Thailand. 

1.  INTRODUCTION 

The word ‘monsoon’ came from the Arabic word ‘mausim’ which means 
‘seasonally shifting winds’. The ‘monsoon’ has a significant 
environmental power story in some parts of the Earth including Asia. 
The monsoon is characterized by excessive precipitation which brings 
different weather conditions depending on the shift of the prevailing 
wind direction. It has also been defined as gigantic breeze between land 
and sea (Gadgil, 2003). 
Monsoon variability is controlled by differential heating and cooling of 
the oceans and landmasses, wind directions and associated precipitation. 
Monsoon controls the heat budget of the atmosphere in some regions. 
Variability in monsoon is potentially important in global climate 
phenomenon as the seasonal changes in wind direction play an 
important role for the overall hydrogeological, chemical and 
sedimentological cycles of a region. 
Inter-annual variation of monsoon is also directly associated with water 
supply and agriculture, property damages, crop yields and famine as a 
result of excessive and deficits of monsoon precipitation over the years 
(Tchernia, 1980). The monsoon circulation also influences the 
development of eco-systems as well as the associated human civilization 
in some regions of the world.  
Various geological and instrumental records like micro-fossil analysis, 
sedimentary core analyses etc indicate past changes in monsoon in Asia. 
Sediment and peat studies from the end of the Last Glacial Maximum 
(LGM) (Ca 20-11.5 thousand yrs) and the Holocene (last 11.5 thousand 
years) tell about terrestrial and aquatic ecosystem changes associated with 
changes in monsoon strength and intensity (Wang et al, 2005; Morrill et 
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al, 2003). Studies also show that changes in monsoon precipitation lead 
to shifts in vegetation and biodiversity changes in some areas (White et 
al, 2004). 
Therefore, it is necessary to explore more scientific aspects associated 
with changes in monsoon climate. A better knowledge of understanding, 
the development and variability of monsoon climate is involving basic 
facts to understand the dynamics and its responsive manner to changing 
global climate conditions (Maxwell & Liu, 2002). 
A picture of past monsoon variability in the context of climate and 
environmental changes can be extracted from sediments deposited at the 
bottom of lakes. Lake sediment cores may work as an archive since 
deposited sediments derived from both Aquatic sources and transported 
terrestrial materials from nearby watershed can provide information on 
lake history and evolution as well as on associated environmental 
changes (Engstrom & Wright, 1984). According to Schiff (2009), "The 
lake cores contain the 'story' of the changes that have occurred in and 
around the lake over thousands of years. Each sediment layer is like a 
page of a book". 
The study area Lake Pa Kho is located on the Khorat Plateau in 
Northeast Thailand. The area experiences both summer and winter 
monsoons from May-October and November-February respectively. 
Summer monsoon precipitation has very high significance for water 
resources and agricultural practices in this area. This part of Northeast 
Thailand is also a significant area as it is potentially sensitive to climate 
change, particularly changes associated with relative influence of 
monsoon climate systems. Understanding of the monsoon systems is 
important here to predict future response of environmental dynamics 
and climate changes under a variety of monsoon climate circulation 
scenarios. Assessment of lake sediments to interpret palaeo-
environmental changes from the point of monsoon scenarios could be 
an important instrument. 

1.1. Background of the study 
Monsoon variability is known from scientific studies around the world 
including Asia (Fang et al, 1999; An et al, 2000; White et al, 2004; Rashid 
et al, 2007). The explanation of monsoon mechanism firstly came from 
the English astronomer and mathematician Edmond Halley in 1686. 
Halley postulated the hypothesis that differential heating of land and 
oceans are responsible for monsoon wind circulations. There are two 
types of monsoon; the summer monsoon that develops between May 
and October and the winter monsoon that develops between November 
and June.  
The basic mechanism of monsoon is the incoming solar radiation that 
heats the landmass faster than large bodies of ocean water in summer. 
The sun heating warms the surrounding ocean waters too, but the effect 
is slower due to its high water heat capacity. Thermal heating of the 
continent creates a continental scale thermal low (Fig. 1). Low pressure 
system builds over the landmass, the moisture laden denser and cooler 
air above the ocean creates a high pressure zone, and the wind blows 
from ocean to land. Winds flow from high to low pressure areas due to 
pressure gradient.  
On the contrary, during winter solar thermal heating gives rise to a 
continental scale thermal high and the resultant pressure gradients force 
the winds to move from land to ocean and creating winter monsoon 
(Webster, 1987). 
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Alternative hypotheses explaining monsoon mechanisms have also been 
described by various authors. They are described as seasonal migration 
of the inter-tropical convergence zone (ITCZ) (Charney, 1969) or the 
equatorial trough (Riehl, 1954; 1979) due to seasonal variation in 
latitudes. Researchers of the National Centre for Atmospheric Research 
in Colorado, USA introduced a new hypothesis regarding monsoon 
mechanism (NASA, 2008). They used computer models to re-create an 
Earth without landmasses and interpreted that differential heating of 
land and ocean is not a compulsory part for creating monsoons. It has 
been concluded in this way that the monsoon arises as a result of 
interaction between tropical air circulation and large-scale turbulence in 
the mid-latitudes. These mid-latitude turbulences and air circulation 
modify circulation changes in tropical regions and induce high surface 
winds and precipitations of the monsoon systems (NASA, 2008). 
The present day monsoon system in Asia is composed of four monsoon 
sub-systems; the Southwest Asian monsoon, the Northeast Asian 
monsoon, the East Asian monsoon and the Indian monsoon (Fig. 2). 
The Southwest Asian monsoon consists of southerly and westerly wind 
components. This monsoon system has summer monsoon only and 
precipitation occurs in summer. High pressure system builds along the 
Indian Ocean and wind moves towards landmasses. In the Northeast 
Asian monsoon, the winds blow from northeast and bring dry weather 
during winter. The Indian monsoon is composed of both the summer 
and winter monsoon components and is characterized by land in the 
north and ocean in the south. The Indian summer monsoon is 
characterized by low atmospheric inflow from the ocean that results in 
increases in humidity and corresponding increases in precipitation over 
land. In case of Indian winter monsoon, the features are opposite 
(Webster, 1987). 
The East Asian monsoon is also composed of two parts; the summer 
and the winter monsoon. The East Asian monsoon has land in the north 
and south, a maritime continent in the west, and an open ocean to the 
east (Fig. 2). The East Asian monsoon system brings moist air from the 
Pacific Ocean to East Asia. In addition, the Western North Pacific 
typhoons are thought to be active and precipitation occurs when the 
East Asian monsoon prevails (Lau & Li, 1984). 

Figure 1: Conventional mechanism of monsoon circulation (www.abdn.ac.uk). 
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Thailand has been considered as one of the key geographic locations to 
study monsoon variability and scientist from different parts of the world 
work on palaeo-environmental studies to reconstruct monsoonal 
variations in this region. Lake sediment records from Lake Han 
Kumphawapi in Northeastern Thailand indicate drier climate condition 
between ~14000 and 10000 cal yr BP, while between 10000 and 9000 cal 
yr BP shows higher effective moisture content in the atmosphere 
(Kealhofer, 1996; Penny et al, 1996; Penny 1998; 1999). Marked changes 
in floral and vegetation assemblages between 9000 and 5000 cal yr BP 
also suggest higher effective moisture in the atmosphere in the 
Northeastern Thailand (Penny, 1998). 

1.2. Objectives of the study 
The present work focuses on the analysis of geochemical parameters 
from sediments of Lake Pa Kho to reconstruct lake status changes 
through geologic time. Useful generalizations can also be made about the 
origins and depositional histories of sedimentary organic matter. So, the 
specific aims of the study are to: 
 Construct a composite sediment stratigraphy on the basis of 

lithological changes and marker horizons to understand depositional 
processes. 

 Construct an age-depth curve of the sedimentary sequence on the 
basis of 14C Dating to obtain an age for the lithostratigraphic 
sequence. 

 Generate a continuous loss-on-ignition (LOI %) curve of the 
sedimentary record to learn about the organic content of the 
sediments. 

 Generate continuous curves for geochemical parameters like total 
organic carbon (TOC), total nitrogen (TN), total sulfur (TS) and their 
isotopes (δ13C, δ15N, δ34S) to estimate the source of the organic 
matter in the sediments. 

1.3. Thesis layout 
This thesis work consists of eight major sections. The first section 
introduces the problems, relevance and objectives of the study with a 
brief background. The second and third sections describe literature 
review of relevant study with a brief profile of the study area. The 
methodology part exists in section four, which describes the principles 

Figure 2: Monsoon distribution along the Asian territory 
(modified after Wohlfarth, 2012). 
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and materials used for study. The section five and six discuss the 
obtained results and relevant discussion for 14C dating, geochemistry, 
stratigraphy of Lake Pa Kho. The origin and source of organic materials 
in the lake and prevailed climate conditions throughout time has been 
discussed in these sections. The final two sections provide a drawn 
conclusion of the study and recommendations for further research work. 

2. LITERATURE REVIEW 

For the present study, different study reports, project documents and 
previous investigations particularly for climate and environmental 
reconstructions related to the study area are reviewed. 

2.1. General 
Various studies on quaternary stratigraphy, chronology, geophysics, 
tectonic activities, hydrology, hydrogeochemistry, palynology, 
archaeology, sedimentary core analysis (Kealhofer, 1996; Penny et al., 
1996; Penny 1998; 1999; Hope et al, 2004; Morrill et al, 2006) in the 
northeastern part of Thailand including the study area had been done by 
different scientists. 

2.2. Previous Investigations 
The studies on sedimentary geochemistry, tree ring study, hydrology, 
micro-paleontology and environmental study etc. in and around Thailand 
are summarized as follows: 
 Kealhofer & Penny (1998) worked on palaeo-vegetation changes 

from pollen and phytolith study for last 14000 years in Northeastern 
Thailand. They discovered evidence of drier and unstable climate 
condition in Late Pleistocene and Early Holocene boundary due to 
different temperature magnitudes and less intense summer monsoon. 

 Boyd & McGrath (2000) worked on palaeo-vegetation reconstruction 
based on geoarchaeological and geomorphological evidences in 
Northeastern Thailand. They have pointed out significant climate 
changes during the Middle and Late Holocene due to significant 
decline in monsoon seasonality. 

 Penny (2001) worked on pollen records in Northeastern Thailand to 
provide evidence of environmental conditions prior to and during the 
most recent glacial maximum. He pointed out rapid floral and 
vegetation changes at the Pleistocene-Holocene boundary in response 
to climate changes. He also discovered that components of the local 
vegetation assemblages responded to increased and decreased 
monsoon precipitation and variability. 

 Gupta et al. (2003) worked on monsoon variability record from Mid 
to Late Holocene and detected continued swings in monsoon 
intensity. They detected considerable shifts of monsoon intensity 
from strong to weak state during transition from the Medieval Warm 
Period (800-1300 AD) to the Little Ice Age (1300-1870 AD). 

 Morrill et al. (2003) worked on historical and pre-historical time 
palaeo-climate records of Asian monsoon to determine temporal and 
spatial variability of monsoon since last glacial period. They 
interpreted abruptly weaker monsoon precipitation during Mid 
Holocene at around 5000 to 4500 cal yr BP. 

 Penny et al. (2003) also worked on pollen and spores, phytolith, algae 
and charcoal analyses from lake sediments and reconstructed 
environmental changes in Northwest Thailand from the Late 
Pleistocene to Recent period. They discovered existence of an arid 
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and distinct seasonal climate in Late Pleistocene. This happened as a 
result of north-south temperature gradients responsible for stronger 
winter monsoon (Verstappen, 1975; 1980, Van Campo, 1986). 

 Tanabe et al. (2003) worked on sedimentological and palaeontological 
data analyze the Holocene evolution of the Chao Phraya delta in 
Thailand. They analyzed different fossil molluscan assemblages to 
reconstruct environmental history of the Palaeo-gulf during Holocene 
period. 

 Hope et al. (2004) worked on tree ring dendrochronology and 
vegetation changes in Thailand and discovered drier climate 
conditions due to northeast monsoon. The monsoon resulted in 
depression of the tree-line, expansion of high latitude montane 
forests and grasslands during the LGM. 

 White et al, (2004) worked on lake sediments as part of the palaeo-
environment project in Thailand to study environment changes in 
areas of archaelogical significances. They interpreted monsoonal 
changes from vegetation and sedimentary data sequences in this 
monsoon region. 

 Morrill et al. (2006) worked on lake sediment geochemistry in Tibet. 
They measured the geochemical parameters like carbon and 
carbonate content, C/N ratio, carbon and nitrogen stable isotopes of 
bulk sediment organic matter and interpreted declined monsoon 
precipitation and lake level around 7500 cal yr BP and 4700 cal yr BP 
in this region. 

 Buckley et al. (2007) worked on teak dendrochronology to find out 
past changes in summer monsoon in Northeastern Thailand and 
identified several wet and drought periods in this region due to East 
Asian monsoon variability. 

 Monsoon variability has also been confirmed around the world, for 
example, faunal and organic molecular data from Arabian Sea, lake 
levels and vegetation data in China, India, Indonesia and Taiwan etc. 
that responded to general trend of strong and weak monsoon in 
Early Holocene and Mid to Late Holocene consecutively (Dam et al, 
2001; Anderson et al, 2002; Herzschuh et al, 2005; Morrill et al, 2006; 
Sinha et al, 2006; Wang et al, 2007; Liew et al, 2006). 

3. STUDY AREA PROFILE 

The study area Lake Pa Kho is located in Northeastern Thailand. The 
area lies approximately between 1709/28//N to 1709/30//N latitudes and 
103010/55//E to 103012/55//E longitudes (Fig. 3). 

3.1. General 
Lake Pa Kho is a fresh water lake. It is located on the Khorat Plateau of 
Northeast Thailand, which itself covers an area of approximately 170000 
km2. 

3.2. Rationale for selecting the study area 
Because of the extensive geographic location, hydrogeological condition 
and topographic features of Lake Pa Kho, (a relatively small catchment 
area of 3 km2, surrounded by a plateau area), the water level is very 
sensitive to moisture changes and monsoon precipitation changes in 
Northeastern Thailand. Therefore, palaeo-climate and palaeo-
environmental records from Lake Pa Kho can provide important 
information for understanding monsoon climate variability, particularly 
past moisture and precipitation changes in the catchment area. 
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The sedimentary record from Lake Pa Kho has been studied by Penny 
(2001) to produce palaeo-climate records spanning the last 40000 years 
from palynological study which needs to be correlated with other studies 
in the same region. In addition, climatic, environmental and biological 
changes during the late Quaternary time have not been completely 
explored in geological and geochemical studies using sediment cores 
from this lake. 

3.3. Physiography and natural drainage 
The area is regionally bounded to the north and east by the Mekong 
River and to the south and west by the mountain ranges (Parry, 1996). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Elevation contour map of the study area (modified 
after Penny, 2001).

Figure 3: Location map of the study area.
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The lake itself has a basin size of 3 km2 and is situated at 180 m a.s.l. The 
regional topography is relatively low, gently undulating between 150-250 
m a.s.l (Fig. 4). The region is structurally controlled by the Dong Rek 
Mountain Range to the south and Dong Phrayayen Mountain Range to 
the west (Penny, 2001). The major source of water in Lake Pa Kho is 
monsoon precipitation and runoff coming from the adjacent elevated 
catchment areas. The water level is controlled naturally and there is no 
water stream inflow into and outflow from the Lake Pa Kho. 
There is no such distinct hypothesis about the natural formation of the 
lakes in this region including Lake Pa Kho but some researchers pointed 
out that the formation may have been taken place due to dissolution of 
underlying salt sequences or could have developed from meanders of the 
large Mekong River (Kealhofer & Penny, 1998). 

3.4. Climate 
Lake Pa Kho and the adjacent areas experience a continental and sub-
tropical monsoon climate. Average temperature varies between 80C to 
400C, average annual precipitation is of 200 mm, and average monthly 
evaporation is of 5 mm (Fig. 5).  
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Figure 5: Bar diagram showing the average monthly 
temperature and evaporation in 2008 and average monthly 
rainfall from 1951-2004 in Udon Thani. 



Climate and environmental changes in Northeastern Thailand-The record of Lake Pa Kho
 

9 

The temperature is usually low in October to January as the winter 
monsoon prevails at this time and starts increasing afterwards up to June. 
The temperature starts to decline again from July to October. The 
relative humidity is lower in March and higher in August-September. 
Wind speed is high during April to June due to the secondary affect of 
the Southeast Asian monsoon subsystem, which dominates from May to 
November and monsoon precipitation is higher at this period. The 
whole Northeastern part of Thailand receives around 1400 mm of 
rainfall annually (http://www.weather.com/). 

3.5. Geology, tectonics and stratigraphy 
The geology and tectonics of the area is too complex. The Khorat 
plateau area is covered with Mesozoic rocks (red clays, siltstone, 
sandstone and conglomerates) and the existing landforms are low hills 
and ridges. The valleys between hills are not narrow (Löffler et al, 1984). 
Stratigraphically, the sedimentary sequences at the bottom consist of 
Carboniferous to Cretaceous sand and clayey sand.  
The overall depositional process of the sedimentary sequences started 
with weathering and erosion of Khorat group (sandstone and siltstone) 
during Tertiary to Early Quaternary times and signifies facies changes 
from continental delta plain, fluvial to Aquatic depositional 
environments (DMR, 1999). As a whole, the depositional processes and 
the variation of sedimentary sequences were highly influenced by existing 
monsoon climate systems and geomorphic features (Cooper et al, 1989). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Geological map of the Lake Pa Kho area (modified 
after Wohlfarth, 2012). 
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Lake Pa Kho is surrounded by mudstone, shale, siltstone, and fine 
grained sandstones, rock salt and other evaporites from lower 
Cretaceous to Tertiary, gravel, sand, silt and clay, terrace deposits of 
Quaternary and sandstone, siltstone, shale, lime-noduled conglomerate 
of Upper Cretaceous times (Fig. 6). 

3.6. Biological environment 
The biological environment in Northeastern Thailand is represented by a 
range of deciduous to mixed deciduous vegetation communities (Fig. 7). 
Coniferous vegetation in this area is characterized by members of 
Betulaceae, Lauraceae, Podocarpaceae, Theaceae, etc. and these species 
are largely distributed to adjacent hill slopes and plateau areas 
(Arbhabhirama et al. 1988). The Lake Pa Kho surface is also covered 
with swamp, grasses and sedges. The common grass, sedge and fern taxa 
exist in the surrounding area are Alocasia macrorhiza, Eupatorium odratum, 
Ludwigia adscendens, Nelumbo nucifera, Nymphaca lotus, Typha angustifolia etc. 
Some of the fern taxa are floating and some are partially rooted to lake 
bottom (Penny, 1998). The faunal distribution includes few fish species 
with some crustaceans, mollusks, amphibians, reptiles etc. Some 
mammals and common terrestrial bird species are also exists (Smitinand, 
1989). 

 

Figure 7: Vegetation map of Thailand (www.learnnc.org). 
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3.7. Land use pattern 
Lake Pa Kho is mostly a rural area. Despite of being a small rural area, 
quite a large part under its territory is used for agriculture purposes 
indicating low density of structures and population. 
As a rural part, the major land of the Lake Pa Kho area goes to 
agricultural purposes followed by residential use, vacant land, water body 
and institutional use and ultimately the huge natural water resource 
bodies. Agricultural use covering about 35% of the rural space in the 
highest land use (Fig. 8). Water bodies like river, pond, ditch etc. 
encompass a major part and about 20% of the land is still being used for 
residential purpose. Road infrastructure, educational institute, industry 
and storage together comprise only 1% while business and mercantile 
constitute a very small coverage (http://www.encyclopedia.com/). 

4. MATERIALS AND METHODS 

Laboratory analysis and explanatory approach of the collected sediment 
samples has been considered as the basic principle in this literature. 

4.1. Fieldwork and core collection 
A 10 m sediment core was collected from the approximate center of 
Lake Pa Kho in January 2009 with a Russian Corer with 7.5 cm diameter 
and 1 m length. The collected cores were wrapped in plastic and 
preserved in a cold room to maintain their original quality and water 
content properties. 

4.2. Laboratory work 
The collected lake sedimentary cores were transported to Sweden under 
necessary measures and were analyzed at the Department of Geological 
Sciences of Stockholm University. 

Figure 8: Land use map of the Lake Pa Kho area. 
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4.2.1. Lithostratigraphy 
Four cores of Lake Pa Kho CP3 in the depth ranges of 2.00 to 3.00 m, 
2.50 to 3.50 m, 3.00 to 4.00 m and 3.50 to 4.50 m were analyzed. The 
lithostratigraphy of all cores was described in the laboratory. Marker 
horizons as well as the sedimentary facies of the core sediments were 
identified in order to establish a composite lithostratigraphy. 

Figure 9: Picture showing the Lake and core collection from 
Lake Pa Kho. 



Climate and environmental changes in Northeastern Thailand-The record of Lake Pa Kho
 

13 

4.2.2. Radiocarbon 14C Dating 
The cores were sub-sampled between 2.00 and 4.5 m depth for 
geochemical analyses and 14C dating. For 14C dating, samples were sieved 
under running tap water and kept in plastic bottles with water. The sieve 
remains were identified and terrestrial plants picked out, dried at 1050C 
overnight in pre-cleaned glass bottles and sent to the laboratory for 14C 
dating. 
A group of eight samples containing plant macro-fossils (woods, 
charcoal, seeds etc.) were dated at the CHRONO Centre, Queens 
University, Belfast, Northern Ireland. The 14CHRONO Centre use 
Accelerator Mass Spectrometer (AMS) to provide 14C radiocarbon dates. 
Radiocarbon 14C dating is a method to obtain estimated ages for organic 
materials. It is an important chrono-stratigraphic tool to date a particular 
sedimentary sequence and to correlate to local and regional sequences. 
Obtained radiocarbon ages are not the same as calendar year due to past 
atmospheric fluctuations of carbon-14. Calibration is necessary to 
convert radiocarbon ages into calendar years (calibrated ages). Ages were 
calibrated using the Radiocarbon Calibration Online Program (CALIB 
Execute Version 6.0 html) (Stuiver & Reimer, 1993), and the calibration 
data set INTCAL 04 (Reimer et al, 2009). Age Calibration for this study 
was done by using calibration curve at 2σ and it is highly reliable.  

4.2.3. Loss on Ignition (LOI) 
For Loss-on-Ignition (LOI) and other geochemical analyses, the cores 
were sectioned into 1 cm intervals. A group of 250 samples were 
prepared for LOI measurements. Samples for LOI were placed in pre-
cleaned and weighted crucibles. The crucibles containing the samples 
were placed in an oven overnight at 1050C. The samples were cooled to 
room temperature in a desiccator to avoid humidity changes and 
weighted again. In a next step, the samples were burned at 5500C in a 
furnace for 2 hours.  
As the furnace has limited space to place crucibles in it for burning, a set 
of 50 crucibles was burnt at the same time. The crucibles were removed 
from the furnace once it had cooled to normal temperature and placed in 
the desiccator and weighted again. The overall procedure can be 
expressed as follows (Fig. 10): 

 
Dried samples in at 105ºC isotemp 

Burning samples to 550º in a 
muffle furnace for two hours 

Weighed sample 

Weighed sample 

Figure 10: LOI measurement procedure. 
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LOI measurement is correlated to the bulk organic matter content of the 
sediments. The weight loss is easily measured by weighing the samples 
before and after burning. The method basically involves destruction of 
organic matter in sediment by the burning process (Dean, 1974; 
Bengtsson & Enell, 1986). Organic matter content of sediments is 
calculated by the difference between initial and final sample weights 
divided by initial sample weights, multiplied by 100%. 
LOI is simply calculated as: 
LOI550 (%) = ((DW105–DW550)/DW105)*100 
Where, LOI550 represents LOI% at 5500C, DW105 represents the dry 
weight (gm) of the sample before combustion and DW550 represents the 
dry weight (gm) of the sample after combustion at 5500C. 

4.2.4. Total Organic Carbon (TOC) 
Total organic carbon in sediments is expressed as: 
Total Carbon = Inorganic Carbon + Organic Carbon 
TOC content can be measured by difference between total carbon 
content and measured inorganic carbon content. But for sediments, 
inorganic carbon forms are thought to be absent and the expression 
becomes:  
Total Carbon = Organic Carbon 
TOC concentration is significant to describe abundance of organic 
carbon content in lake sediments. And it also plays a significant role to 
characterize and assess sediment type and nature of depositional 
environment. 

4.2.5. Total Nitrogen (TN) 
Total nitrogen (TN) has been used by scientists to assess the production 
level of lakes (Bremner & Mulvaney, 1982). Total Nitrogen is an 
aggregate of nitrate (NO3), nitrite (NO2), organic nitrogen and ammonia 
content in sediments.  
It can be simply expressed as: 
TN = NO3- + NO2- + NH4+ + Norg. 

4.2.6. Carbon/Nitrogen ratio (C/N) 
Lake sediments are thought to contain a mixture of terrestrial and 
aquatic organic matter with distinguished geochemical properties. C/N 
ratio of lake sediment organic matter has been used by scientists to 
determine temporal changes in sources of organic matter. C/N atomic 
ratio also provides information about the source and proportions of 
terrestrial and aquatic carbon and nitrogen in lake sediments (Meyers & 
Teranes, 2001).  
The C/N ratio is usually calculated as Corg(%)/Ntot(%) multiplied by 
1.167 to yield atomic mass ratios. 
An increase in the C/N ratio indicates high proportion of terrestrial 
organic matter in lake sediments (Guilizzoni et al, 1996). On the 
contrary, decrease in ratio indicates high proportion of aquatic organic 
matter (Kansanen & Jaakkola, 1985).  
For terrestrial organic matter, C/N atomic ratios are higher than 20 and 
for aquatic organic matter, C/N atomic ratios varies between 4 and 10 
(Meyers & Teranes, 2001).  The C/N ratio of terrestrial plants is 20 to 
30, which may reach up to 45 to 50, while that of aquatic plants is about 
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5 to 12, generally less than 10 (Stuiver, 1975; Krishnamurthy et al, 1986; 
Meyers & Ishiwatari, 1995). 

4.2.7. Total Sulphur (TS) 
Sulphur is incorporated into lake sediments both the inorganic and 
organic forms. Sulphur in lake sediments can be inaugurated both from 
biogenic and bedrock sources. Organic sulphur helps to find out source 
of sediment organic matter. Total sulphur has been considered as 
representative of past environmental changes, and in the long term 
useful in characterizing palaeo-environments (Mizota et al, 2009).  
Most common form of sulphur in lake sediments are sulphate 
compounds. Dissolved sulphate influx into lake sediments depends upon 
precipitation, groundwater condition and stream influx into the lake, and 
prevailing environmental conditions. When a reducing environment 
occurs at the lake bottom, sulphur used to appear exclusively from 
bacterial decomposition and sulphate reduction phenomenon. Inorganic 
sulphur and elemental sulphur in lake sediments is derived particularly 
from iron-sulphide compounds in basement rock (Edwards, 1998). 

4.2.8. Isotope fractionations (δ13C, δ15N, δ34S) 
Isotopic compositions are expressed in terms of δ (‰), which are parts 
per thousand differences from a standard isotope value and expressed in 
terms of PDB. PDB refers to the Cretaceous belemnite formation at 
Peedee in South Carolina, USA (Keith et al, 1964; Aitken, 1990). This 
can be expressed as: 
δX (‰) = [(Rsample /Rstandard) - 1] × 103 
Where X is 13C, 15N, or 34S, and R is the corresponding 13C/12C, 15N/14N 
or 34S/32S ratio. The δ values are measurements of the amount of heavy 
and light isotopes in a sample and an increase in δ value means increases 
in heavy isotope components in samples. On the contrary, decrease in δ 
values mean decreases in heavy isotope component in samples. Decrease 
in δ value means also a reversal increase in light isotope component in 
samples (Peterson & Fry, 1987). 
δ13C accumulation in lake sediments depends on change in weather and 
atmospheric carbon-dioxide (CO2) availability. Isotopic fractionation is 
responsible for geochemical transformation of carbon in environment, 
and resulted in equilibrium variations (12C, 13C and 14C). A correction is 
necessary by the ratio of 13C/12C according to the mentioned formula. 
Isotopic ratio is measured by ordinary mass spectrometer. 
The isotopic carbon (δ13C) in lake sediments is important to assess the 
organic sources. The δ13C component of organic matter in lake 
sediments is influenced by proportion of terrestrial, aquatic plants, lake 
planktons and chemical characteristics of the lake water. δ13C is 
significant in tracing past depositional and vegetation changes and also 
helps reconstructing past productivity level and nutrient cycles of organic 
matter in lakes (Meyers & Teranes, 2001).  
The nitrogen isotopic composition (δ15N) of sediment organic matter 
can similarly help to distinguish the sources of organic matter and to 
determine past productivity levels in lake. Nitrogen is basically 
accumulated in lake sediments from the atmosphere and also from 
decomposition of organic materials such as algae, phytoplankton, 
bacteria etc. 
The obtained δ15N values are measured by mass spectrometer and 
expressed in ‰, relative to the Atmospheric Air, which is the 
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international standard for Nitrogen isotope component. Pang & Nriagu 
(1976; 1977) interpreted that sediments with higher proportion of 
terrestrial organic matter have lower δ15N values than sediments with 
aquatic organic matter.  
Sulphur δ34S concentrations provide information on local environmental 
conditions (Mitchell et al, 1998). Changes in δ34S are initiated by depleted 
sulphides decomposition and function of lake sediment composition. 
Andreae & Jaeschke (1992) interpreted that if anoxic condition exists at 
the bottom of the lake, δ34S formation takes place by reduction reaction. 
The obtained δ34S values are measured by mass spectrometer, and 
expressed in ‰, relative to the Vienna Canyon Diablo Troilite (CDT), 
which is the international standard for sulphur isotope component 
measurement. 
For the present study, LOI was made as a first analysis to obtain a 
detailed overview on possible changes in organic matter. Subsequent 
samples for further geochemical analyses were chosen based on the 
pattern of the LOI curve. A set of 26 samples among the 250 sub-
samples were selected for further geochemical analyses. 
These analyses involved determination of total organic carbon (TOC), 
total nitrogen (TN), total sulfur (TS) and the corresponding isotopes 
(δ13C, δ15N and δ34S). The samples were freeze-dried in a freeze-drying 
vacuum chamber. Each of the freeze-dried samples were crushed and 
homogenized. A few milligrams of each sample were placed in tin 
capsules for subsequent analysis. Carbon and nitrogen weight 
percentages of sediment samples are typically determined simultaneously 
with an elemental analyzer. 
For C and N stable isotope analysis the samples were combusted with a 
Carlo Erba NC2500 analyzer connected via a split interface to reduce the 
gas volume to a Finnigan MAT Delta V mass spectrometer. From these 
measurements the reproducibility was calculated to be better than 0.15‰ 
for δ13C and δ15N. Carbon and nitrogen values were determined 
simultaneously when measuring the isotope ratios. 
The relative error was <1% for both measurements. And again for S 
stable isotope analysis the samples were combusted with a Carlo Erba 
NC2500 analyzer connected via a split interface to reduce the gas volume 
to a Finnigan MAT Delta plus mass spectrometer. From these 
measurements the reproducibility was calculated to be better than 0.2‰ 
for δ34S. 

4.3. Constraints and limitations of the study 
 The radiocarbon 14C dating might have some anomalies due to global 

climate changes. 
 Instrumental records are limited and multi-proxy approaches are 

necessary to further explain the long term monsoon variability. 

 It is sometimes hard to explain δ34S in terms of its source into lake 
sediments due to complex behavior in shallow depth. 

 Territorial effects of different monsoon subsystems are sometimes 
hard to understand. 

5. RESULTS 

Obtained results from the laboratory of radiocarbon dating and 
geochemical analysis of the prepared sediment samples have been 
illustrated in the following paragraphs. 
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5.1. Chronology 
It has been taken different plant remains and wood samples and other 
remnants in the lake sediments to yield reliable radiocarbon dates. 
Results of radiocarbon age determination for all the samples are shown 
in Appendix B. The plotted age-depth curves of radiocarbon and 
calibrated radiocarbon age (Fig. 11) show large age gap at the bottom of 
the sequence implying a hiatus. An increase in age with depth is observed 
in the stratigraphy. The substantial age difference of radiocarbon 
calibrated ages between 2.59 m to 2.71 m depth indicates a very slow 
sedimentation rate. After the depth of 2.71 m, the age depth curve 
indicates a possible rapid deposition of sediments and organic matters at 
approximately the same depth up to 2.96 m with the calibrated age varies 
between 1310±27 to 1480±65 cal yr BP. At a depth between 3.07 m and 
3.43 m, the similarity in the radiocarbon dates like 1835±63 and 
1801±79 cal yr BP indicate a period of extremely rapid deposition and 
suggests a period of high sediment transport in the basin. Below the 
depth of 3.43 m, the calibrated age depth curve shows a very slow 
deposition of sediments up to the depth of 3.67 m and the age difference 
is pretty large between 1801±79 cal yr BP and 6854±121 cal yr BP. The 
radiocarbon calibrated age of 24144±280 cal yr BP at a depth of 3.84 m 
has been excluded from the age depth curves. From the dataset 
(Appendix B), it has been observed that there is a very large age 
difference at a depth between 3.67 m and 3.84 m with calibrated ages of 
between 6854±121 and 24144±280 cal yr BP. Possible explanation of 
such age difference is very slow sedimentation rate or the existence of a 
hiatus. 

Figure 11: Age-depth curve produced from the obtained 
calibrated radiocarbon ages of the lithostratigraphic sequence. 
Errors 2σ are marked with error bars. 
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5.2. Lithostratigraphy, Geochemistry and Lake development 
On the basis of lithological composition and prominent marker horizon 
identification, the composite stratigraphy has been divided into 6 
lithostratigraphic units (lithostratigraphic units 1-6) (Fig. 13). 

5.2.1. Lithostratigraphic Unit 6 
Unit 6 ranges from a depth of 4.50 m to 3.78 m. It is composed of dark 
brown fibrous peat with relatively low clay content as compared to the 
overlying upper unit 5. It is less compact and organic materials are well 
decomposed (Fig. 12). 
LOI% varies between a maximum of 90% and a minimum of 80% in 
this unit (Fig. 13). TOC% varies from 44% to 54% at different depths 
and both LOI and TOC% indicate that the organic matter content is 
very high. TN values are comparatively low and vary between 1.93-3.0%. 
The C/N ratio is up to 28 and the ratio is constantly high in this unit as 
compared to the overlying units indicating terrestrial organic matter 
sources. δ13C and δ15N values range from -27 to -17‰ and 0.8 to 2.8‰ 
respectively. δ13C value also suggests a sources of terrestrial and δ15N 
values indicate lower productivity in the lake. TS% is relatively low and 
ranges from 0.12 to 0.17% and δ34S is up to 11.5‰ and is relatively 
higher than in the other units. Lower TS% indicates higher oxidation and 
decomposition of existing organic matter in the lake. 

5.2.2. Lithostratigraphic Unit 5 
Unit 5 ranges from 3.78 m to 3.39 m depth and is composed of a 
relatively fine detritus gyttja with more clay and well decomposed organic 
material. It is dark brown in color and well distinguished than the other 
units (Fig. 12). 
LOI% is up to 80% and values are almost constant for the whole unit 
and TOC% varies between 47-54% (Fig. 13) indicating higher organic 
content of the lake sediments. TN% varies between 2.2 to 3.3%. The 
C/N ratio varies between 15 and 25 indicates terrestrial sources of 
organic matter. δ13C and δ15N values range from -29 to -17‰ and 1.3 to 
2.2‰, respectively. δ13C does not indicate any other sources than  
terrestrial material and δ15N indicates a less productive lake. TS% ranges 
from 0.17 to 0.15% and δ34S is increasing up to 9.5‰. The lithological 
change from peaty gyttja to fine detritus gyttja at around 3.7 m, sharp 
changes in all geochemical variables and the huge gap of the radiocarbon 
dates indicate the possible existence of hiatus. 

5.2.3. Lithostratigraphic Unit 4 
Unit 4 ranges from 3.39 m to 3.20 m and is composed of peaty gyttja. 
The sediment is darker brown and contains more clay material (Fig. 12). 
LOI% varies from 75 to 80% and TOC% between 42 and 45% at 
different depths (Fig. 13). TN% is up to 3.97%, which is comparatively 
high compared to the underlying units. The C/N ratio varies between 14 
and 22, which is lower than the overlying and underlying units and still 
indicates terrestrial sources of organic matter. δ13C and δ15N values range 
from -18 to -28‰ and from 1.8 to 1.4‰ respectively. δ13C values are 
typical of terrestrial sources. At around 2000 cal yr BP, the progressively 
shallower lake started to transform into a wetland with increasing 
terrestrial matter inflow to the lake. This change occurred at a depth of 
3.43 m. The water level likely decreased due to a lack of moisture and 
precipitation. TS values range from 0.13 to 0.15% and δ34S is up to 
9.5‰. 
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5.2.4. Lithostratigraphic Unit 3 
Unit 3 ranges from 3.20 m to 2.72 m and is composed of dark brown, 
less compact fibrous peat (Fig. 12). 
LOI% varies between 80 to 90% and the value is uniform for the whole 
unit and TOC% varies between 34-50% (Fig. 13) indicating high organic 
content of the sediments. TN% varies between 2.0 to 3.97%. The C/N 
ratio varies between 15 and 20 and shows a marked change in the 
bottom of this unit indicating a terrestrial source of organic matter. 
δ13C and δ15N values range from -23 to -17‰ and from 2.0 to 1.5‰ 
respectively. TS% is comparatively higher than in the underlying units 
and ranges between 0.17 and 0.20% whereas the δ34S value varies 
between 9 and 10‰. 
At around 1500 cal yr BP, the wetland shifted into peatland due to 
continuous lower water level and lack of moisture in the atmosphere.
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Figure 12: Composite stratigraphy of Lake Pa Kho. 
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Figure 13: Geochemistry of Lake Pa Kho. See appendix B, C & D for detailed information or values of geochemical parameters.
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5.2.5. Lithostratigraphic Unit 2 
Unit 2 ranges from 2.72 m to 2.22 m and is composed of soft fibrous 
peat. This unit is characterized by poorly decomposed organic material 
with relatively fibrous and dark brown material. Unit 2 is relatively more 
fibrous than the overlying unit 1 and is relatively less compact and 
darker than the overlying unit 1 (Fig. 12). 
LOI% is up to 90% and TOC% varies between 30-50% (Fig. 13) 
indicating a terrestrial source of the organic matter. An abrupt change of 
TOC% is observed at a depth of 2.3 m. TN% varies between 2.7 to 
3.9% for this unit. The C/N ratio varies between 15 and 22. δ13C values 
range from -29 to -17‰ and δ15N values range between 1.7 and 2.5‰ 
respectively. TS% is relatively high and values range between 0.17 and 
0.20% and the δ34S value is up to 10‰. Some researchers believe higher 
terrestrial organic matter in the lake due to continuous lower water level 
and expansion of catchment vegetation towards the lake (Hannon & 
Gaillard, 1997). 

5.2.6. Lithostratigraphic Unit 1 
Unit 1 ranges from 2.22 m to 2.00 m and consists of dark brown 
compact and fibrous peat. The peat is more compact than in the 
underlying unit 2 (Fig. 12). 
LOI% is up to 90% and TOC% varies between 45 and 50%. TN% 
ranges between 2.0-3.0% in this unit. The C/N ratio is up to 25 in the 
top and the value is lower in the bottom of the unit (Fig. 13). δ13C and 
δ15N values range from -17 to -27‰ and from 2.0 to 2.3‰ respectively. 
TS% ranges between 0.20 and 0.25% and the δ34S value is up to 9.5‰ 
which is comparatively lower than in the underlying units. The 
lithological composition together with a C/N ratio >17 and δ13C value 
<-24‰ (Meyers & Teranes, 2001) indicate a dominantly terrestrial 
source of the organic material in the sediments of the lake. 

6. DISCUSSIONS 

In the literature, two major sources of organic matter have been 
described in lake sediments. These are autochthonous, which are aquatic 
organics developed within lake water body and allochthonous, which are 
terrestrial organics enhanced from adjacent catchment sources. 

6.1. General 
Gradual decrease in overall lake organic productivity between >7000 to 
200 cal yr BP supports invasion of catchment vegetation to the lake due 
to vegetation growth in and around the lake, which could have been 
initiated by an overall decrease in effective moisture due to weaker 
monsoon precipitation. Such development is closely associated with 
distinct lowering of the water level in the shallow lake. The progressive 
change in lake status started at around >7000 cal yr BP, as indicated by 
geochemical indices, also suggests the change occurred as a result of 
lower effective moisture content in the atmosphere. By 2000 cal yr BP 
an encompassing wetland had become established with dominant 
terrestrial organic sources. The peat accumulation started at around 1500 
cal yr BP, which could be interpreted in terms of low effective moisture 
availability with little or no accumulation of organic matter in the 
sediments, which persisted until around 200 cal yr BP. The present day 
monsoon circulation started to continue after that time. 



Md. Al Mamunul Haque TRITA-LWR Degree Project 12:23 

 

22 

6.1.1. Shallow Lake Phase 
The shallow lake phase has an age of >7000 to 2000 cal yr BP. LOI% 
and TOC% are very high and the C/N ratio is >17 and δ13C values 
range from >17‰ to <27‰. On the other hand, TS%, TN% and δ15N 
values show lower values whereas δ34S is higher in the bottom of the 
sequence (Fig. 13). The age at a depth of 3.675 m is 6854±121 cal yr BP, 
whereas at a depth of 3.845 m the age is 24144±280 cal yr BP. This gap 
in age could be described as a possible existence of a hiatus or that the 
deposition of organic material was very slow. δ34S values are higher than 
in the rest of the sequence, indicating an anoxic environment favorable 
for the decomposition of sulphur rich organic material. The deposition 
of organic matter basically from terrestrial sources indicates dry climate 
conditions due to lower precipitation. And consequently, the lake level 
was lowering coincided with rapid decay of organic material and 
invasion of terrestrial vegetation from the surrounding catchment 
sources. 

6.1.2. Wetland Phase 
The wetland phase has a calibrated age range of 2000 to 1500 cal yr BP. 
There is a gradual change in lithology from detritus gyttja to peaty gyttja 
observed in this phase. Both the LOI% and TOC% are very high and 
the C/N ratio is overall low here with a slight increase in the lower 
middle part of the sequence (Fig. 13). These parameters indicate that the 
organic materials were deposited from terrestrial sources. The δ13C value 
(<-25‰) shows the sign of terrestrial sources of organic material. δ34S 
value is low here and δ14N value shows some change in lower lake 
productivity in this phase. 

6.1.3. Peatland Phase 
The peatland phase has a calibrated age range of 1500-200 cal yr BP. 
The lithology is a less soft fibrous peat to compact peat. The measured 
chemical and isotopic parameters do not show any remarkable change in 
values with minor exceptions in some instances. The C/N ratio is 
sometimes less than 10 indicating the organic matter from aquatic 
sources, which does not match with the overall observation (Fig. 13). 
The other indices in most cases show the organic materials have been 
derived from the terrestrial organic sources. The change from wetland 
to peatland around 1500 cal yr BP, also designated by the lithological 
shift from peaty gyttja to peat and by a decrease in organic matter 
accumulation could suggest a decline in water level. 

6.2. Elemental and isotopic corroborations 
The LOI%, TOC%, TN%, TS% and C/N ratio have been used to 
distinguish the sources of terrestrial and aquatic organic matter in Lake 
Pa Kho’s sediments. Here, lake sedimentary cores had been collected 
from the lake bottom and analyzed range of LOI% and TOC% varies 
between 40-45% and 80-88% respectively and the C/N ratio varies 
between 17 and 22. This has been described in this principle that if 
sedimentary organic matter was sourced by terrestrial materials, this 
should get a higher TOC content with higher C/N ratio. Hence, it has 
been hypothesized that an increased TOC and higher C/N ratio in 
sediments of Lake Pa Kho would indicate a lower lake level and thus a 
weaker summer monsoon precipitation in Northeastern Thailand. The 
C/N ratio of lake sediment ranges from 17 to 22 and indicates terrestrial 
plant sources for organic matter for the past >7000 cal yr BP (Fig. 13). 
Sediment organic influxes from the catchment terrestrial were likely 
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higher during this period and their increasing trends indicate a 
continuous decreasing water level in the lake between >7000 and 200 cal 
yr BP. Furthermore, such logical judgment on the basis of circumstantial 
evidence suggests a weakening pattern of summer monsoon 
precipitation in Lake Pa Kho area during the Late Holocene. δ13C, δ15N 
and δ34S stable isotope fractionations in aquatic sediments have been 
used in the literature to reconstruct past environmental and climate 
conditions since they can provide information on internal lake processes 
and external terrestrial accumulation into the lake. Variations in isotope 
fractionations represent a signature of the depositional environment of 
organic matter at the time of deposition. Since the catchment area of 
Lake Pa Kho is dominated by deciduous forest species, the δ13C range 
(from -29‰ to -16‰) in lake sediments expose that the inheritance of 
organics from the terrestrial sources were constant in this case. 
Moreover, δ13C value signifies a positive contribution of terrestrial 
organic matter in the lake sediments. From this study, it has been 
assumed that the δ13C value in the sediments of Lake Pa Kho is 
evidence of organic influx from the lake surrounding, which in turn, 
indicates a change in monsoon precipitation and atmospheric moisture 
relationship. Although some scientists believe that the δ13C value is 
inversely related with the precipitation, where higher δ13C values indicate 
lower precipitation. On the other hand, it has also been assumed that 
δ15N values indicate substantial terrestrial input and thus an unstable 
lake level and weak monsoon intensity. 

6.3. Lake phase changes and monsoon variability 
It has been inferred weak monsoon activity in Lake Pa Kho area since 
>7000 cal yr BP from the TOC increase and δ13C values in the 
sediments (Fig. 13). The geochemical indices reveal high TOC% and 
C/N ratio, coherent δ13C and high δ15N values between >7000 and 
2000 cal yr BP. If TOC, C/N ratio and isotopic parameters are used as 
proxy indices for summer monsoon variability as mentioned in the 
previous sections in such close basin, then these changes may have 
attributed due to a weaker monsoon precipitation effect during this age 
interval. These trends during that time interval suggest a decreasing lake 
level, thus supporting an interpretation of a weakening of the summer 
monsoon from a possible stronger state. Moreover, the trends of δ13C 
and δ15N values reveal an increasing contribution of deciduous plants 
from the catchment, corroborating the previous evidence for a 
weakening pattern of summer monsoon in overall Northeastern 
Thailand. All proxy records show more or less stable but relatively high 
TOC and C/N ratios, and δ13C and δ15N in sediments between 2000 
and 200 cal yr BP, indicating a weaker and unstable monsoon and thus a 
more unstable lake level. 

6.4. Comparison with other studies in Thailand 
The obtained geochemical proxy records from Lake Pa Kho are matching 
with a number of previous studies in Northeastern Thailand. For 
instance, microfossil records from lake sediments suggested a weaker 
monsoon pattern of East Asian summer monsoon during Middle 
Holocene around 5500 cal yr BP which resulted in decreased 
precipitation and water level (Penny et al, 2005). Spore and pollen records 
in Northeast Thailand have also indicated several wet and drier climatic 
conditions during Holocene period (Penny, 2001). The author found an 
increase in dry pollens in Lake Pa Kho sediments in Northeast Thailand 
and explained that the local vegetation responded to the decreased 
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precipitation and climate changes at around 6300 yr BP. A possible 
sedimentation hiatus have been found between 24000 and 7000 cal yr BP 
in this study and the hiatus at this depth of 3.7 m may have attributed to a 
dry climate condition. Marwick & Gagan (2011) worked on δ18O records 
in Northwest Thailand and found the existence of drier climate at around 
20000 to 11500 yr BP which may support our findings with little or no 
deposits of sediments at that time. White et al, (2004) worked on 
sedimentary core analysis to reconstruct palaeo-environmental indicators 
to relate the environmental changes and cultural and/or climate impacts 
in Northeastern Thailand including Lake Pa Kho. They have pointed out 
both natural and cultural influences on the environmental changes during 
the Middle Holocene at around 5000 cal yr BP. They interpreted the 
changes as a result of drier and seasonal climate change from this time. 
On the basis of tree pollen studies, it has been described that around 
2000 cal yr BP, agricultural practices associated with change in land use 
pattern are likely to overwhelm climate change signal for Late Holocene 
period. It has also been mentioned that climate variability during the 
Middle and Late Holocene periods with the development and regional 
history of monsoon system affected the land use strategy and vegetation 
history in this region (White et al, 2004). Tree-ring studies (Buckley et al, 
2010; Cook et al, 2010; Sinha et al., 2011) indicate several mega-droughts 
in monsoon Asia during the past several thousand years. Cook et al, 
(2010) tried to present a monsoon atlas MADA (Monsoon Asia Drought 
Atlas) from tree-ring chronologies and identified several droughts over 
Asian monsoon regions. Buckley et al, (2007) identified some droughts 
from a teak tree-ring record from Northwest Thailand in Late Holocene. 
Buckley et al, (2010) also revealed a multi-decadal scale period of weak 
monsoon from the dendrochronology in monsoon Asia in Late 
Holocene. 

7. CONCLUSIONS 

Lake level changes and associated environmental history has been 
obtained from the geochemical proxy indices and chronology of the 
sedimentary cores from Lake Pa Kho in Northeastern Thailand. 
Geochemical variables like TOC, TN, TS and isotope fractionations like 
δ13C, δ15N and δ34S indicate a marked changes in water level, source of 
organic materials and status of organic productivity in the shallow lake 
that has been formed around >7000 cal yr BP.  It has been hypothesized 
that the lake was formed as a result of higher monsoon precipitation 
run-off and higher moisture availability due to a stronger summer 
monsoon. The subsequent development of a wetland around 2000 cal yr 
BP and its transition to a peatland around 1500 cal yr BP may have been 
resulted due to decrease in precipitation run-off and lower lake organic 
productivity. Lower effective moisture in the atmosphere occurred due 
to lower monsoon precipitation and organic materials into the lake 
sediment have been transported from the terrestrial sources. 
Radiocarbon 14C ages obtained on plant remains, insects and charcoals 
indicate that the sediment accumulation in the lake has been fluctuated 
from rapid to slower basis over time.  Higher TOC content, C/N ratio, 
δ13C values and δ15N values indicate a weakening pattern of summer 
monsoon precipitation and low effective moisture content in the 
atmosphere.  δ13C value suggest that the predominant source of organic 
matter into the lake sediment changed from Aquatic to terrestrial in 
response to monsoon climate changes over the years. Continuous 
lowering of water level and depositional conditions correspond to 
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overall monsoon variability and environmental changes in the region. 
Various studies like microfossil analysis, dendrochronology and 
archeological study in and around Lake Pa Kho area and in other parts 
of Thailand supports the monsoon variability as a contributing factor of 
climate change in the region. In addition, marked changes in all 
geochemical parameters of Lake Pa Kho at around 2000 cal yr BP might 
also have been influenced by anthropogenic factors such as past human 
settlements and forest destruction by fires to expand agricultural 
practices and introduction of technology in the society, which needs to 
be corroborated by further study. Since Lake Pa Kho is located at 180 m 
above mean sea level, it cannot easily rule out the possibility of human 
influence on the lake catchment vegetation around 2000 cal yr BP. 
However, the geochemical processes of the past environment of Lake 
Pa Kho and the environmental significance of the geochemical indices 
are not fully understood. It is necessary to reevaluate the climatic 
significance of the geochemical variables for further exploration of the 
monsoon climatic dynamics. A detail approach of multi-proxy indices is 
fundamental to understand the geochemical processes and climatic 
significance of the proxy indices. 

8. RECOMMENDATIONS FOR FURTHER STUDY 

Pattern and scale of palaeo-climate reconstruction can be suggested by 
evaluating the geochemical condition as a whole. 
Based on the findings of the study the following research can be 
proposed to implement in orders: 
 Multi-proxy analysis of the geochemical parameters and other studies 

like magnetic susceptibility, geophysical approach etc. will help 
further to analyze the climate response by the effect of monsoon 
variability. 

 Proper and effective monsoon monitoring system should be 
introduced to assess the state of climate condition. 

 The database must be preserved and updated continuously to 
improve the quality research. 

 A framework should be developed that will provide new outlook for 
further research and various options in the field of palaeo-climate 
reconstruction. 

 Hydrogeochemistry of the aquifer and determination of aquifer 
properties and distribution may help to know the climate response of 
the region. 

 Hydrogeological study in association with the environment and 
biological turnover is necessary to understand the distribution and 
origin of diversity over the time is necessary. 

 Introduction of satellite image interpretation and geographical 
information system (GIS) may help us to know the previous 
response of the society and biological species with the climate 
change. 

 Micropalaeontological and vegetation study could help to understand 
the overall monsoon variability in this region. 

 Accumulation and interpretation of regional human settlement and 
historical data could help in many instances. 
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APPENDICES 

APPENDIX A: LOI MEASUREMENT IN THE LABORATORY 
Sample 

No. 
Depth 

(m) 
Porceline 

weight (gm) 
Sample+Porceline 

weight (gm) 
Sample+Porceline 

weight after drying (gm) 
Sample+Porceline weight 

after Burning (gm) 

1 2.005 16.35 18.9 17.2133 16.7967 

2 2.015 16.3175 19.09 17.17 16.7837 

3 2.025 15.91 17.7787 16.2 16.03 

4 2.035 15.35 17.9774 15.6466 15.43 

5 2.045 16.2768 17.8273 16.4554 16.3239 

6 2.055 12.4395 14.9279 12.7153 12.509 

7 2.065 15.65 17.6257 15.8699 15.7059 

8 2.075 15.7073 17.7793 15.93 15.7594 

9 2.085 16 18.5397 16.2752 16.0679 

10 2.095 12.9165 15.1859 13.1754 12.9693 

11 2.105 16.0295 17.94 16.25 16.07 

12 2.115 15.56 18.05 15.8325 15.6 

13 2.125 15.4 17.8254 15.6635 15.4349 

14 2.135 16.04 17.9699 16.249 16.07 

15 2.145 16 17.7091 16.1854 16.0253 

16 2.155 16.04 17.93 16.23 16.0648 

17 2.165 15.8855 17.81 16.077 15.906 

18 2.175 16.06 18.3675 16.2842 16.0869 

19 2.185 16.9384 19.01 17.15 16.96 

20 2.195 16.67 18.4 16.86 16.6981 

21 2.205 16.3964 18.427 16.6086 16.4244 

22 2.215 16.6158 19.11 16.89 16.65 

23 2.225 16.7256 18.84 16.96 16.7551 

24 2.235 12.8275 14.7077 13.0281 12.85 

25 2.245 12.86 14.76 13.05 12.885 

26 2.255 16.48 19.02 16.7145 16.51 

27 2.265 16.2464 18.55 16.4734 16.2728 

28 2.275 16 18.3475 16.246 16.0335 

29 2.285 15.9081 17.85 16.1178 15.9332 

30 2.295 16.07 18.5773 16.3271 16.1 

31 2.305 16.2774 18.14 16.454 16.298 

32 2.315 16.239 18.43 16.4558 16.266 

33 2.325 15.9974 18.4891 16.2489 16.028 

34 2.335 13.0499 15.03 13.2421 13.07 

35 2.345 16.3 18.64 16.5278 16.3289 

36 2.355 16.05 17.9655 16.2276 16.0736 

37 2.365 15.74 17.96 15.967 15.77 

38 2.375 15.9493 18.2552 16.1858 15.9793 

39 2.385 15.6974 18.218 15.9539 15.7298 

40 2.395 15.8593 18.605 16.13 15.8973 

41 2.405 15.9678 18.66 16.2237 16.01 

42 2.415 16.3079 18.2672 16.4938 16.33 

43 2.425 13.4788 16.2975 13.74 13.51 

44 2.435 14.5165 17.0677 14.7744 14.5455 

45 2.445 13.9265 16.3744 14.17 13.95 

46 2.455 16.186 18.6775 16.4232 16.21 

47 2.465 13.53 15.61 13.7421 13.5544 

48 2.475 15.7154 17.93 15.9761 15.74 
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49 2.485 13.89 16.6246 14.1937 13.92 

50 2.495 16.6082 19.25 16.88 16.6393 

51 2.505 16.56 18.3251 16.7453 16.58 

52 2.515 15.7872 18.6698 16.1 15.82 

53 2.525 16.1961 18.5182 16.4562 16.22 

54 2.535 15.6489 18.99 16.0136 15.6877 

55 2.545 16.266 18.4692 16.5077 16.29 

56 2.555 16.6838 19.62 17.0033 16.7165 

57 2.565 16.1962 17.86 16.3881 16.2154 

58 2.575 15.7592 17.75 15.9785 15.78 

59 2.585 16.0918 18.1375 16.3196 16.11 

60 2.595 16.0074 18.69 16.3 16.0348 

61 2.605 15.9966 17.9295 16.21 16.0169 

62 2.615 12.9069 14.1943 13.05 12.92 

63 2.625 15.87 18.34 16.1424 15.9 

64 2.635 15.96 17.8964 16.1827 15.99 

65 2.645 16.2974 18.0782 16.5142 16.34 

66 2.655 16.1993 18.2276 16.414 16.23 

67 2.665 15.9516 18.1125 16.1726 15.974 

68 2.675 15.907 17.8052 16.12 15.9276 

69 2.685 15.48 17.2684 15.6689 15.4961 

70 2.695 16.59 19.028 16.86 16.6134 

71 2.705 16.2459 18.4171 16.4751 16.26 

72 2.715 12.31 13.8253 12.4654 12.32 

73 2.725 16.1279 18.29 16.345 16.14 

74 2.735 11.2 14.2845 11.52 11.23 

75 2.745 16.08 18.75 16.4475 16.1637 

76 2.755 16.37 18.6742 16.62 16.4034 

77 2.765 16.5691 18.7134 16.7797 16.5872 

78 2.775 16.07 18.6248 16.3164 16.09 

79 2.785 16.2872 18.675 16.5081 16.3017 

80 2.795 16.0696 18.6966 16.313 16.0846 

81 2.805 16.076 18.41 16.296 16.0925 

82 2.815 12.0256 14.1969 12.2543 12.0529 

83 2.825 16.46 19.2395 16.79 16.51 

84 2.835 16.64 19.4996 16.9833 16.6966 

85 2.845 15.4885 18.257 15.7425 15.5135 

86 2.855 16.2979 18.4091 16.47 16.3091 

87 2.865 15.48 18.4 15.71 15.4969 

88 2.875 15.7688 18 15.9387 15.7785 

89 2.885 13.27 15.6935 13.46 13.2843 

90 2.895 16.22 19.06 16.4277 16.2327 

91 2.905 12.8358 15.4756 13.0226 12.8464 

92 2.915 15.6373 18.66 15.8581 15.65 

93 2.925 16.7693 19.9169 17.0048 16.7853 

94 2.935 16.6 19.755 16.9337 16.65 

95 2.945 17.1236 19.5335 17.3999 17.17 

96 2.955 16.1233 18.14 16.3497 16.1629 

97 2.965 16.4565 18.5899 16.669 16.4894 

98 2.975 16.2271 18.5591 16.4642 16.2623 

99 2.985 16.2872 18.52 16.51 16.3174 

100 2.995 15.6 17.79 15.7932 15.6253 
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101 3.005 12.268 15.2343 12.47 12.2835 

102 3.015 15.8368 19.1272 16.0776 15.8573 

103 3.025 15.7759 18.69 16.082 15.8231 

104 3.035 16.03 18.15 16.2766 16.0722 

105 3.045 16.1452 18.657 16.459 16.2064 

106 3.055 16.076 19.13 16.46 16.1481 

107 3.065 13.7778 16.08 14.0676 13.83 

108 3.075 12.4945 15.0882 12.8063 12.5498 

109 3.085 14.43 17.3777 14.8037 14.5017 

110 3.095 15.6695 19.12 16.36 15.9881 

111 3.105 15.8694 18.45 16.2071 15.9321 

112 3.115 15.3545 17.7078 15.6231 15.3981 

113 3.125 15.56 18.41 15.92 15.6264 

114 3.135 13.6656 15.8497 13.9452 13.7161 

115 3.145 15.7844 18.8271 16.2174 15.8722 

116 3.155 15.98 18.5545 16.3733 16.0623 

117 3.165 13.8093 16.43 14.2286 13.8964 

118 3.175 16.05 18.9353 16.5145 16.15 

119 3.185 16.3478 19.15 16.8294 16.4533 

120 3.195 16.07 18.72 16.5374 16.17 

121 3.205 15.6963 18.4249 16.1798 15.8016 

122 3.215 16.0271 18.1661 16.4076 16.1112 

123 3.225 16.35 20.3281 16.9137 16.4645 

124 3.235 16.3175 20.6785 16.8628 16.4177 

125 3.245 15.91 18.6856 16.2548 15.9699 

126 3.255 15.35 18.4242 15.792 15.4385 

127 3.265 16.2768 19.5739 16.793 16.3855 

128 3.275 12.4395 15.484 12.9247 12.5434 

129 3.285 15.65 18.9438 16.1547 15.7576 

130 3.295 15.7073 18.0678 16.0633 15.782 

131 3.305 16 18.7963 16.43 16.0947 

132 3.315 12.9165 15.8954 13.3783 13.0146 

133 3.325 16.0295 18.7888 16.47 16.125 

134 3.335 15.56 18.04 15.9715 15.65 

135 3.345 15.4 17.5165 15.7419 15.4735 

136 3.355 16.04 18.87 16.5422 16.1687 

137 3.365 16 19.22 16.4619 16.0918 

138 3.375 16.04 19.4274 16.5078 16.132 

139 3.385 15.8855 18.8356 16.309 15.9725 

140 3.395 16.06 18.7187 16.4476 16.1448 

141 3.405 16.9384 20.5 17.4555 17.0436 

142 3.415 16.69 20.487 17.2269 16.7871 

143 3.425 16.3964 19.7894 16.907 16.5024 

144 3.435 16.6158 19.8436 17.1126 16.7199 

145 3.445 16.7256 19.905 17.2373 16.8413 

146 3.455 12.8275 16.05 13.3459 12.9388 

147 3.465 12.86 16.08 13.4277 13.0032 

148 3.475 16.48 20.03 17.0976 16.6384 

149 3.485 16.2464 19.7238 16.8384 16.3931 

150 3.495 16 19.844 16.6844 16.1794 

151 3.505 15.9081 18.24 16.3063 16.0052 

152 3.515 16.07 19.24 16.6417 16.2177 
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153 3.525 16.2774 19.31 16.8082 16.41 

154 3.535 16.239 18.7642 16.677 16.3471 

155 3.545 15.9974 18.6 16.46 16.1119 

156 3.555 13.0499 15.6436 13.48 13.1532 

157 3.565 16.3 18.2465 16.6372 16.3831 

158 3.575 16.05 19.476 16.6469 16.1965 

159 3.585 15.74 18.8 16.2537 15.8645 

160 3.595 15.9493 19.14 16.4757 16.07 

161 3.605 15.6974 18.7121 16.18 15.81 

162 3.615 15.8593 18.5145 16.3029 15.9754 

163 3.625 15.9678 18.5767 16.4287 16.0818 

164 3.635 16.3079 19.0224 16.6893 16.3617 

165 3.645 13.4788 15.8573 13.8262 13.5315 

166 3.655 14.5165 17.55 15.0449 14.6436 

167 3.665 13.9265 16.4568 14.3439 14.016 

168 3.675 16.186 18.0852 16.4906 16.2467 

169 3.685 13.53 16.05 13.9788 13.6423 

170 3.695 15.7154 18.4748 16.1695 15.81 

171 3.705 13.89 16.8348 14.42 14.0225 

172 3.715 16.6082 18.82 16.9738 16.6839 

173 3.725 16.56 19.36 17.0829 16.7036 

174 3.735 15.7872 17.95 16.16 15.8718 

175 3.745 16.1961 18.93 16.7257 16.3483 

176 3.755 15.6489 18.724 16.2453 15.8223 

177 3.765 16.266 19.6039 16.8929 16.4424 

178 3.775 16.6838 19.01 17.042 16.7595 

179 3.785 16.1962 18.6164 16.5546 16.2692 

180 3.795 15.7592 18.1671 16.0774 15.813 

181 3.805 16.0918 18.8283 16.4635 16.1583 

182 3.815 16.0074 19.0365 16.4431 16.09 

183 3.825 15.9966 19.3996 16.4985 16.1012 

184 3.835 12.9069 16.12 13.4125 13.031 

185 3.845 15.87 18.44 16.2426 15.956 

186 3.855 15.96 18.3029 16.2813 16.025 

187 3.865 16.2974 19.1867 16.673 16.3635 

188 3.875 16.1993 18.1077 16.4414 16.2415 

189 3.885 15.9516 18.1631 16.24 16 

190 3.895 15.907 19.1156 16.3311 15.9851 

191 3.905 15.48 19.1013 15.9787 15.5789 

192 3.915 16.59 19.7482 17.0363 16.6855 

193 3.925 16.2459 19.5279 16.7189 16.3529 

194 3.935 12.31 15.9249 12.82 12.4211 

195 3.945 16.1279 20.2212 16.6999 16.25 

196 3.955 11.2 13.7939 11.5492 11.2786 

197 3.965 16.08 19.5669 16.5427 16.1796 

198 3.975 16.37 20.8188 16.9682 16.4975 

199 3.985 16.5691 19.7187 17.01 16.6689 

200 3.995 16.07 19.3591 16.5757 16.2 

201 4.005 16.2872 19.3895 16.7688 16.4128 

202 4.015 16.0696 19.8032 16.6561 16.2223 

203 4.025 16.076 19.8156 16.6785 16.234 

204 4.035 12.0256 15.4442 12.57 12.1671 
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205 4.045 16.46 19.7451 16.9535 16.5828 

206 4.055 16.64 20.5386 17.185 16.7632 

207 4.065 15.4881 18.6179 15.8912 15.5678 

208 4.075 16.1229 19.4492 16.5244 16.193 

209 4.085 15.4834 18.9548 15.901 15.56 

210 4.095 15.682 19.3424 16.1875 15.8312 

211 4.105 13.2718 16.5924 13.679 13.3568 

212 4.115 16.2204 20.2447 16.6863 16.29 

213 4.125 12.8355 15.9631 13.1948 12.8856 

214 4.135 15.6369 18.6966 15.9875 15.6861 

215 4.145 16.769 19.7679 17.131 16.8225 

216 4.155 16.6025 20.1324 17.0195 16.6651 

217 4.165 17.1229 21.719 17.6755 17.2118 

218 4.175 16.2977 20.1986 16.7849 16.3915 

219 4.185 16.4562 21.6371 17.1471 16.6048 

220 4.195 5.9936 9.21 6.421 6.0931 

221 4.205 16.2869 19.822 16.7605 16.38 

222 4.215 15.6013 19.3498 16.0943 15.6884 

223 4.225 12.2673 15.0988 12.6424 12.331 

224 4.235 15.8362 19.3047 16.2706 15.9053 

225 4.245 15.7754 17.94 16.0348 15.8165 

226 4.255 16.0268 19.0835 16.4028 16.0856 

227 4.265 16.1447 19.2112 16.5341 16.2089 

228 4.275 16.076 18.3273 16.3728 16.13 

229 4.285 13.7778 17.2286 14.2494 13.867 

230 4.295 12.4945 16.0738 12.9786 12.5898 

231 4.305 14.43 18.02 14.9278 14.5347 

232 4.315 15.8895 18.7182 16.289 15.9724 

233 4.325 15.8694 18.7834 16.2152 15.9253 

234 4.335 15.3545 19.1069 15.8643 15.4428 

235 4.345 15.56 19.3616 16.0381 15.64 

236 4.355 13.6656 16.9472 14.0762 13.73 

237 4.365 15.7844 19.6168 16.2869 15.8668 

238 4.375 15.98 19.1929 16.3989 16.0453 

239 4.385 13.8093 17.2562 14.2383 13.8742 

240 4.395 16.05 19.5311 16.4758 16.1128 

241 4.405 16.3478 20.4038 16.8081 16.4068 

242 4.415 16.07 19.4753 16.4574 16.1145 

243 4.425 15.6963 19.2448 16.1056 15.7482 

244 4.435 16.0271 19.9625 16.4642 16.0822 

245 4.445 16.2264 19.4182 16.5949 16.2751 

246 4.455 16.3478 18.8485 16.6423 16.3887 

247 4.465 16.07 18.9373 16.4337 16.1217 

248 4.475 15.6963 18.325 16.0488 15.751 

249 4.485 16.0271 19.0124 16.4219 16.092 

250 4.495 16.2264 18.8933 16.5744 16.2892 
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APPENDIX B: 14C DATES FOR LAKE PA KHO. CALIBRATION 
OF 14C DATES IS ACCORDING TO REIMER ET AL. (2009) AND 
WAS MADE WITH THE CALIB 6.0 ONLINE PROGRAM 

(HTTP://CALIB.QUB.AC.UK/CALIB/CALIB.HTML). 
 

Lab code 
UBA 

Sample 
ID 

Dated 
material 

Composite 
depth (m) 

Depth 
mean 
(m) 

14C Age Cal. 
errors 
(1σ) 

Calibrat
ed 14C 
Age 

Cal. 
errors 
(2σ) 

AMS 
δ13C 
(‰) 

14635 PK-
1/1109 

Wood, seeds, 
charcoal 

2.58-2.61 2.595 410 38 475 48 -34 

14636 PK-
4/1109 

Wood, seeds, 
charcoal 

2.67-2.70 2.685 1153 26 1065 85 -32.2 

12777 PK-1 Plant 
macrofossil 

2.70-2.73 2.715 1388 22 1310 27 -27.5 

14637 PK-
10/1109 

Charcoal 2.94-2.99 2.965 1611 21 1480 65 -27.5 

14638 PK-
15/1109 

Insects, seeds, 
leaves 

3.05-3.10 3.075 1897 27 1835 63 -29.6 

14639 PK-
20a/1109 

Wood 3.41-3.46 3.435 1873 32 1801 79 -32.8 

14641 Pk-
31/1109 

Charcoal, 
leaves, 
insects, seeds 

3.65-3.70 3.675 6006 48 6854 121 -29.5 

14640 PK-
24/1109 

Charcoal 3.82-3.87 3.845 20218 80 24144 280 -16.8 
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APPENDIX C: MEASUREMENT OF ORGANIC CARBON, TOTAL 
NITROGEN AND δ13C, δ15N STABLE ISOTOPES IN THE 
LABORATORY. 

Sample No Depth δ13Corg vs PDB % Corg δ15N vs air % N 

PK-3 3.09-3.10 -21.78 47.70 1.97 2.08 

PK-10 3.39-3.40 -21.61 47.60 2.42 2.11 

PK-20 2.89-2.90 -29.15 51.66 1.93 3.16 

PK-30 2.02-2.03 -25.74 31.73 1.93 2.40 

PK-40 2.19-2.20 -24.80 48.57 2.03 3.82 

PK-50 3.59-3.60 -21.09 46.49 2.69 1.99 

PK-60 4.09-4.10 -17.69 50.26 1.47 2.24 

PK-70 2.59-2.60 -25.24 51.95 2.33 3.59 

PK-80 2.29-2.30 -25.29 47.96 1.97 3.92 

PK-90 2.49-2.50 -23.33 37.67 2.22 2.46 

PK-100 3.99-4.00 -16.44 44.31 1.83 1.97 

PK-110 2.69-2.70 -27.34 51.35 2.11 3.36 

PK-120 2.09-2.10 -25.05 44.17 1.51 3.76 

PK-130 2.39-2.40 -24.69 46.89 2.07 3.66 

PK-140 4.29-4.30 -18.00 48.82 1.50 2.33 

PK-150 3.29-3.30 -22.14 47.62 2.37 2.18 

PK-160 3.79-3.80 -16.48 49.98 1.64 2.11 

PK-170 2.79-2.80 -28.30 52.68 1.59 3.24 

PK-180 3.89-3.90 -16.90 48.61 1.35 2.13 

PK-190 3.69-3.70 -20.27 48.11 2.75 2.17 

PK-200 3.19-3.20 -22.31 47.94 1.81 2.25 

PK-210 4.49-4.50 -17.84 48.94 0.91 2.42 

PK-220 2.99-3.00 -26.78 51.69 1.53 2.58 

PK-230 4.19-4.20 -16.54 47.88 1.87 2.26 

PK-240 4.39-4.40 -17.31 52.62 1.69 2.47 

PK-250 3.49-3.50 -20.70 45.25 2.51 1.93 

 



Md. Al Mamunul Haque TRITA-LWR Degree Project 12:23 

 

viii 

APPENDIX D: MEASUREMENT OF SULPHER STABLE 
ISOTOPE IN THE LABORATORY. 

Sample No Depth Weight No δ34S vs CDT %S 

PK-3 2.02-2.03 5.3191 12 10.24 0.25 

PK-10 2.09-2.10 6.4365 15 9.77 0.27 

PK-20 2.19-2.20 5.7057 10 9.12 0.20 

PK-30 2.29-2.30 4.7376 1 8.53 0.24 

PK-40 2.39-2.40 5.1149 3 9.36 0.23 

PK-50 2.49-2.50 6.3521 17 9.37 0.18 

PK-60 2.59-2.60 5.0453 23 9.39 0.22 

PK-70 2.69-2.70 5.9955 7 9.33 0.20 

PK-80 2.79-2.80 4.6707 4 9.22 0.21 

PK-90 2.89-2.90 4.8569 6 9.43 0.21 

PK-100 2.99-3.00 5.43 19 10.21 0.24 

PK-110 3.09-3.10 6.4765 8 9.54 0.16 

PK-120 3.19-3.20 5.2165 2 9.50 0.18 

PK-130 3.29-3.30 5.0495 5 9.80 0.18 

PK-140 3.39-3.40 4.8293 24 9.71 0.18 

PK-150 3.49-3.50 5.3698 14 9.69 0.15 

PK-160 3.59-3.60 5.7815 21 9.59 0.15 

PK-170 3.69-3.70 5.6358 9 9.80 0.15 

PK-180 3.79-3.80 4.7838 22 11.43 0.15 

PK-190 3.89-3.90 4.5159 18 11.06 0.16 

PK-200 3.99-4.00 4.9022 13 11.46 0.15 

PK-210 4.09-4.10 5.1981 26 11.41 0.16 

PK-220 4.19-4.20 5.1924 11 11.48 0.16 

PK-230 4.29-4.30 5.6935 20 11.62 0.15 

PK-240 4.39-4.40 5.1318 25 11.34 0.17 

PK-250 4.49-4.50 7.2069 16 11.64 0.15 

 

 


