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Abstract 

Recent devastating flooding in Southeast Asia has drawn attention to the importance of 

understanding the long-term climate dynamics of the region, yet high-resolution 

paleoenvironmental records are still scarce. Here I present new radiocarbon dates, multi-proxy 

data (LOI, TOC, C/N, CNS isotopes, Itrax elemental data, magnetic susceptibility, biogenic 

silica and diatom stratigraphy) from sediment records retrieved from Lake Kumphawapi, the 

second largest natural lake in northeast Thailand. The data set is used to reconstruct regional 

climatic and environmental history during the Holocene. The comparison of multiple 

sediment sequences and their proxies suggests that the summer monsoon was stronger 

between c. 9800 and 7000 cal yr BP. Lake status and water level changes after 7000 cal yr BP 

signify a shift to lower effective moisture. By c. 6500 cal yr BP parts of the lake had been 

transformed into a peatland, while areas of shallow water still occupied the deeper part of the 

basin until c. 5400-5200 cal yr BP. The driest interval in Kumphawapi’s history occurred 

between c. 5200 and 3200 cal yr BP, when peat extended over large parts of the basin. After 

3200 cal yr BP, the deepest part of the lake again turned into a wetland. However, the 

sediments deposited between c. 3200 and 1600 cal yr BP provide evidence for at least two 

hiatuses at c. 2700-2500 cal yr BP, and at c. 1900-1600 cal yr BP, which would suggest 

surface dryness and consequently periods of low effective moisture. The observed lake-level 

rise after 1600 cal yr BP could have been caused by higher moisture availability, although 

increased human influence in the catchment cannot be ruled out.  

This study shows that multiple sediment sequences and a variety of proxies need to be studied 

in large lakes, such as Lake Kumphawapi to assess the time dependent response to past 

changes in hydroclimate conditions. Kumphawapi is a sensitive archive for recording past 

shifts in effective moisture, and as such in the intensity of the Asian summer monsoon. The 

Holocene record of Lake Kumphawapi adds important paleoclimatic information for a region 

in Southeast Asia and allows discussing past monsoon variability and ITCZ movement in 

greater detail.  
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1 Introduction 

1.1 Background 

During the last decade, some areas in Southeast Asia have experienced droughts while other 

areas have been flooded with heavy rainfall in short time spans. Most people in this large 

region rely on monsoon rainfall, and changes in this precipitation influence agriculture, 

economy, social and public health (Parry et al., 2007).  The multiple devastating flood events 

during recent years in Thailand have drawn attention to the importance of understanding long-

term climate dynamics of the region and of placing current events into a longer temporal 

perspective. The motivation of this thesis is to contribute to the knowledge of past climate and 

monsoon variability in northeast Thailand. 

A monsoon is defined as a seasonal reversing wind caused by a temperature gradient between 

the continent and the ocean (Kutzbach, 1981; Wang et al., 2005a.; Clift and Plumb, 2008). In 

Asia there are generally two different air masses, a warm and humid south (summer) 

monsoon and a cool and dry northeast (winter) monsoon. The Asian summer monsoon 

comprises the Southwest Asian or Indian summer monsoon (ISM) and the East Asian summer 

monsoon (EASM) sub-systems which are divided roughly at ~105°E (Wang et al., 2005a.). 

These two monsoon regions have different land-ocean forms that generate dissimilarities in 

the strengths and feedback mechanisms of the summer and winter monsoon regimes (Wang et 

al., 2003; Wang et al., 2005a.). Changes in monsoon can cause severe drought or flood events 

over densely populated regions (Webster et al., 1998; Wang et al., 2005a.).  

Thailand (5°–20°N and 97°–105°E) is located in a key geographic position for studying 

interaction between the two monsoon sub-systems. However, there are few detailed 

paleoclimate studies within Thailand and therefore little is known conclusively about 

Holocene climate change in the region. Paleoenvironmental information for Thailand, for 

example, has only been made available during the last 20 years (Penny, 1998; White et al., 

2004; Buckley et al., 2007; Boyd, 2008; Marwick and Gagan, 2011). 

            1.2 The Asian Monsoon during the Holocene  

During recent decades climate change and the variations of the Asian monsoon have gained 

increasing attention. It is generally acknowledged that the strength of the Asian summer 

monsoon during the Holocene followed insolation patterns, with an increased summer 

http://www.sciencedirect.com/science/article/pii/S0277379104002975#bib317�
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monsoon intensity during the early Holocene, and began gradually to decline from the mid-

Holocene onwards (Kutzbach, 1981; Wang et al., 2005b.). However, the timing of the 

strengthening and weakening of the monsoon varied significantly among sites as shown by 

paleorecords across Asia (An et al., 2000; Morrill et al., 2003; Herzschuh, 2006; Wang et al., 

2010b.; Cook et al., 2010). Moreover, the influence and extent of the ISM and EASM over 

China have been widely debated. It is also still unclear if mid-Holocene changes in monsoon 

intensity were synchronous or asynchronous between the two major monsoon sub-systems 

(Zhang et al., 2011; Wang et al., 2010b.; Cai et al., 2010; Zhao et al., 2009; Chen et al., 2008; 

Dykoski et al., 2005). The complexity of the Asian monsoon and the Holocene climatic 

variations are also widely debated, for example, different responses of environmental proxies 

to climatic changes (Wang et al., 2003). More high resolution and precisely dated for 

paleorecord and improved quantitative reconstruction are still required to provide insights into 

the processes of climatic changes and their links to the monsoon. 

            1.3 Lake sediments as paleoclimatic archives 

Paleoclimatic records can provide information on how the climate system changes over long-

term temporal perspectives. Knowledge of how the climate system has responded to past 

changes is useful in assessing how the same climate system might respond to changes in the 

future (Jansen et al., 2007). 

Lake sediment is one of the geological archives that can be used to reconstruct past climatic 

variability (Williamson et al., 2009). Lakes are widely spread around the world and lake 

sediments preserve detailed information on changing environmental conditions (e.g. 

weathering, vegetation and precipitation), which can be revealed by analysing a variety of 

physical, geochemical and biological data.  

1.4 Thesis objectives  

Detailed paleolimnological studies can provide baseline information for improving water and 

agricultural management. Together with a better understanding of past shifts in summer 

monsoon intensity and associated rainfall patterns will add important information for 

predicting regional climate change in the future. For this purpose, I use lake sediment as 

paleoclimatic archive to reconstruct the variability of monsoon and climate change in the past 

which influenced environmental condition in Thailand. Sediment sequences from Lake 

Kumphawapi, the second largest natural lake of northeast Thailand, were analysed for 
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detailed lithostratigraphy, magnetic susceptibility, long-core XRF scanning, LOI, TOC, CNS 

elements and isotopes, biogenic silica, diatom stratigraphy and 14C dating.  

2 Study Site 

            2.1 Lake Kumphawapi 

Lake Kumphawapi (17⁰11´N, 103⁰02´E) is located on the Khorat Plateau of northeast 

Thailand (Fig. 1A) and lies at approximately 170 m above sea level (asl). The lake covers an 

area of about 32 km2 and occupies a broad alluvial floodplain with low local relief and is 

surrounded by hills rising to 200 m asl (Fig. 1B). Kumphawapi is a shallow lake (<4 m water 

depth), but it has considerable seasonal fluctuations in water level. The main inflow is through 

Huai Phai Chan Yai River, which drains the southern slope of the Phu Phan range to the 

northeast of the lake; other smaller streams enter the lake in the north and west. The outflow 

is at the southern end of the lake through the Lam Pao River (Kealhofer and Penny, 1998). 

Many seasonal streams are active during the summer monsoon season (Fig. 1C). Groundwater 

flow is towards the northwest and is heavily influenced geochemically by the evaporites of 

the underlying Maha Sarakham Formation (Satarugsa et al., 2004).   

2.2 Climate of the study area  

The southwest monsoon brings warm moist air from the Indian Ocean towards Thailand 

causing abundant rain over the country between May and October. Precipitation during this 

period is caused by the southwest monsoon, the intertropical convergence zone (ITCZ) and 

tropical cyclones. The ITCZ first arrives to southern Thailand in May and moves northwards 

reaching southern China about June to early July. After that the ITCZ moves in a southerly 

direction to northern and northeastern Thailand in August and later to the central and southern 

regions in September and October, respectively. During November and February, the 

northeast (winter) monsoon brings cold and dry air masses from the Siberian anticyclone over 

Thailand, especially higher latitude areas in the north and northeast. In the southern part, this 

monsoon causes abundant rain along the eastern coast (Thai meteorological department; Fig.  

2).  Following the movement of the ITCZ, humid air masses from the Indian Ocean reach the 

study area between mid-May and mid-October. During August and September tropical 

cyclones from the east contribute additional precipitation (Fig. 2). Mean annual precipitation 

of the study area is about 1455 mm, 88% of which falls during periods from May to October. 
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The highest (strongest) rainfall occurs during August and September (c. 262 mm/month). 

Mean air temperatures are of 22-25°C from November to February and of 27-30°C from 

March to October (Klubseang, 2011). 

 

      Fig. 1 (A) Location of the study area on the Khorat Plateau in northeast Thailand. (B) 

Topography of the study area and (C) Lake Kumphawapi and the location of coring points. 

The coordinate system is based on the UTM Grid system (Indian 1975 zone 47).  
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Fig. 2 The present monsoon season and tropical cyclones in Thailand (modified from Thai 

meteorological department) 

               2.3 Geology of the study area 

The Khorat Plateau consists of the southern Khorat and the northern Sakon Nakhon basins, 

which are filled with Quaternary sediments (Fig. 3A). These two sub-basins are separated by 

the northwest-trending Phu Phan anticline, which was formed during the Early Paleocene 

collision of Southeast Asia and southern China. Kumphawapi is situated in the Sakon Nakhon 

basin, 36 km southeast of Udon Thani province (El Tabakh et al., 2003; Wannakomol, 2005).  

Quaternary sediments consist mainly of fluvial gravel, sand, silt and clay and have been 

attributed to high, middle and low terrace deposits. The youngest sediments are valley plain 

and floodplain deposits (clays, silt and sand and occasional gravelly sand). Quaternary 

sediments overlie the Neogene Phu Thok Formation (fine- to medium-grained sandstone and 
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siltstone) to the far north of the Kumphawapi basin. The bedrock to the north and south of the 

basin is made up of the Cretaceous Maha Sarakham Formation, composed of claystone, 

siltstone and three rock salt beds, which are interbedded with gypsum, anhydrite and potash 

(Fig. 3B). The Maha Sarakham Formation overlies the Khok Kruat Formation (sandstone and 

siltstone), which crops out to the west and east of the Kumphawapi basin (El Tabakh et al., 

2003; Wannakomol, 2005; DMR, 2009). 

 

Fig. 3A Location of the Khorat and Sakon Nakhon basins in northeast Thailand and position 

of Lake Kumphawapi in the southern Sakon Nakhon basin.  

The margins of the Khorat and the Sakon Nakhon basins and the upper and lower contacts of 

the salt units of the Maha Sarakham Formation show strong dissolution (Warren, 1989). Basin 

subsidence is strong in the Khorat basin, resulting in salt domes and leaching of salts to the 

groundwater, but is less prominent in the Sakon Nakhon basin (Sattayarak, 1985). Dissolution 

of salt has led to poor preservation of the upper and middle evaporite beds in the Maha 

Sarakam Formation and also resulted in the accumulation of anhydrite residues from 

dissolution of salt in some beds. Anhydrite-dominated thin residual layers cap the underlying 

salt beds and follow hydrology and topography. The δ34S values of anhydrite from salt beds 
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are +14‰ to +17‰ (CDT), which are very similar to world-wide Cretaceous marine 

evaporites (El Tabakh et al., 1999). Fluvial sedimentary rocks are intercalated between each 

of the three marine evaporite phases. The δ34S values of anhydrite nodules in non-marine 

clastic sedimentary units range from +6.4‰ to +10.9‰ (CDT) and are assumed to be the 

product of continental or mixed-water precipitation (El Tabakh et al., 1999).  

 

Fig. 3B Simplified lithostratigraphy of the Khorat group (modified from El Tabakh et al., 

1999). Note the presence of evaporites in the Maha Sakharam Formation. 

A recent seismic and 2-D resistivity survey (Satarugsa et al., 2004) in the surroundings of 

Lake Kumphawapi showed that the depth of the rock salt layers varies from 50 m to > 100 m 
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below the ground surface, and that dissolution of the underlying salt sequences and diapiric 

salt domes impact the surface morphology of the lake. The island of Ban Don Kaew, which 

rises to 10-15 m above the lake, constitutes such a salt mound. It is hypothesised that the 

formation of the Kumphawapi basin is due to a combination of rock salt cavity collapse and 

gradual land subsidence (Satarugsa et al., 2004). 

           2.4 Archaeological sites  

Several archaeological sites are known in close proximity to the lake. The famous Bronze 

Age and Iron Age settlements of Ban Na Di and Ban Chiang for example are ca. 8 km and 30 

km to the northeast of Kumphawapi. The chronology of Ban Na Di is not well constrained, 

while Ban Chiang can be subdivided into several phases, based on changes in pottery style 

and developments in metal technology: Early Period >2100 to 900 BC; Middle Period from 

900 to 300 BC; and Late Period from 300 BC to 200 AD (White, 2008). The settlement of 

Ban Chiang became abandoned around 1800 cal yr BP (Pietrusewsky and Douglas, 2002; 

White, 2008). In addition, boundary stones have been found on the Ban Don Kaew salt dome 

and dated to approximately 800 AD (c. 1150 cal yr BP) based on the presence of Mon 

inscriptions (Penny, 1999). Landscape management and construction of drainage channels 

were common during c. 2500 to 1500 cal yr BP in the Upper Mun River valley, c. 250 km to 

the southeast of Kumphawapi (Boyd, 2008). 

         2.5 Damming around Lake Kumphawapi 

According to the Mekong Chi Mun Project Plans, a dam was built to block the Lam Pao 

River, expand the storage capacity of the lake for the dry season and to protect from flooding 

during the rainy season. The dam was finished in 1994. It includes 5 floodgates and 124 km 

of dyke (8 m wide and 6 m high) around Lake Kumphawapi. Fourteen electrically powered 

pump stations were installed to pump water from the lake into the irrigation canal systems 

which irrigate 35.9 km2 of agricultural area (Klubseang, 2011). The lake ´s water level had 

changed after the dam was finished in 1994. The aerial photos show that the lake surface area 

expanded from 36 km3 to 44 km3 (Klubseang, 2011).  In addition, the land-use map from 2001 

shows the change in plantation; rice paddies and sugarcane still dominate, but eucalyptus and 

para rubber now exist in the region (Klubseang, 2011).  
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          2.6 Aquatic vegetation 

Kumphawapi´s extensive floating herbaceous swamp vegetation was described by Penny 

(1998, 1999), who noted a domination of grasses (Poaceae including Phragmites sp.) and 

sedges (Cyperaceae), as well as Eichhornia crassipes, Ipomoea aquatica, Ludwigia 

adscendens, L. octovalis, Nelumbo nucifera, Nymphaea lotus, Nymphoides indicum, 

Persicaria attenuata, Saccharum spp., Typha angustifolia and Salvinia cucullata. Several fern 

taxa occur as epiphytic elements on the floating or partially rooted herbaceous substrate.  

          2.7 Previous studies of Kumphawapi´s sedimentary records  

Several sediment sequences were taken from different parts of Lake Kumphawapi for PhD 

study of Penny (1998). Correlation between sediment cores KUM.1, KUM.2, KUM.3, 

KUM.4 and KUM.9 (Fig. 1C) has been done based on stratigraphic changes. The study 

indicated that there are two major changes of sediment stratigraphy. The first changes 

delineated from light grey-yellowish grey fine sand to clay loam at bottom of each core.  The 

second changes indicated from the shift of clay loam to brownish black/black peat and humic 

organic clay loam. The thickness of clay loam is greater in cores taken from southern of the 

lake (KUM.3 and KUM.2), whereas the overlying peat, taken as a proportion of the total core 

length, is more abundant in cores taken from the northern (KUM.9) and eastern of the lake 

(KUM.1). This would suggest that southern part of the lake is the deepest part (Penny, 1998).   

The regional paleoenvironment of sediment sequences KUM.3 and KUM.1 were 

reconstructed based on pollen and phytolith studies (Kealhofer and Penny, 1998; Penny, 

1998, 1999; White et al., 2004). Pollen stratigraphy showed that Kumphawapi’s catchment 

was composed of sparse dryland vegetation, and that the basin itself may have been 

characterised by grassy floodplain and backswamp vegetation between c. <12,400 and 10,400 

cal yr BP. Dry climatic conditions were thus inferred for this time interval. The increase in 

pollen abundance and diversity during the early Holocene (c. 10400-9000 cal yr BP) 

suggested a change to more humid climatic conditions (Kealhofer and Penny, 1998), and 

marked changes in the local flora between c. 9000 and 6800 cal yr BP indicated subsequent 

high moisture availability. The development of an herbaceous swamp, the increase in charcoal 

and the reduction of dryland taxa between c. 6000 and 3000 cal yr BP may have been due to 

climatic changes or might reflect anthropogenic influences (Kealhofer and Penny, 1998). The 

re-appearance of secondary forests and the increase in charcoal particles after c. 3000 cal yr 
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BP is interpreted as a result of intensified anthropogenic activities or a change in agricultural 

practice ((Kealhofer and Penny, 1998; Penny, 1998).  

Although several sediment cores had been retrieved and analysed by Penny (1998), 

correlations between these proved difficult, especially between sequences from the northern 

(KUM.1) and southern part (KUM.3) of the lake. The location of the analysed sediment 

sequence and the choice of proxies can thus generate differing temporal and spatial 

reconstructions of the lake’s response to past climatic shifts. The complexity of this large lake 

system therefore needs to be investigated in more detail before stratigraphic changes in the 

Kumphawapi basin can be interpreted as an indicator of paleoclimate variability. 

3 Material and Methods 

3.1 Fieldwork  

The sediment sequences of CP3A, CP4 were obtained in January 2009 and 2010 from the 

middle and southern part of Lake Kumphawapi (Fig. 1C) using a modified Russian corer (7.5 

cm diameter, 1 m length) and maintaining a 50 cm overlap between the 1 m core segments. 

The sediment cores were preliminary described in the field, wrapped in plastic and placed in 

PVC tubes for transport to the Department of Geological Sciences at Stockholm University. 

The cores were stored at 4°C before analysis. Laboratory work included detailed 

lithostratigraphic descriptions, long-core magnetic susceptibility, long-core XRF scanning, 

LOI, TOC, CNS elements and isotopes, biogenic silica, diatom stratigraphy and 14C dating.  

             3.2 Lithostratigraphic descriptions  

The lithostratigraphy of each core segment was again described by its physical properties in 

the laboratory and compared to the field notes. Correlations between the overlapping 1 m core 

segments were done visually, based on stratigraphic markers. The overlapping 1 m core 

segments were also compared to the magnetic susceptibility and major XRF elemental curves. 

The composite stratigraphy based on lithostratigrapic, physical and chemical correlation was 

used as the basis for further sampling of the sequence. The sedimentary sequence of CP3A 

was subdivided into 20 layers and grouped into six lithostratigraphic units (see details in 

Table 3 of manuscript I). The sedimentary sequence of CP4 was subdivided into 23 layers, 

which were grouped into six lithostratigraphic units (see details in Table 1 of manuscript II).  
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             3.3 Long-core magnetic susceptibility  

Whole-core magnetic susceptibility was measured for CP3A along the split core at 5 mm 

resolution with a Bartington MS2EI point sensor core logger (at 0.565 kHz, with a low field 

intensity of 80 A/m) and was expressed as volume specific susceptibility (χ) (x10-5 SI). 

Magnetic susceptibility is used as an indicator for variations in lake sediment properties, 

principally with regard to the content of iron-bearing minerals (Thomson, 1973; Thomson et 

al., 1975). Magnetic minerals are derived from catchment erosion (bedrock and soil) and in 

lake processes. The magnetic susceptibility records can be linked to paleoclimatic and 

paleoenvironmental changes, and to human activity in the catchment (Sandgren and 

Snowball, 2002). The result from long-core magnetic susceptibility is expressed in S.I. values. 

Magnetic susceptibility measurements are useful to correlate stratigraphies from different 

parallel sequences and overlapping cores.  

              3.4 Long-core XRF scanning 

Each 1 m long-core segment of CP4 was scanned with the Itrax XRF core scanner at 5 mm 

resolution using a Mo tube set at 30 kV and 30 mA for 60 sec/point. The Itrax XRF core 

scanner is a non-destructive analytical instrument which is designed for paleoclimatic 

research. Scanning of a core produces an optical RBG, a micro-radiographic image and 

micro-XRF elemental profiles at high resolution (Croudace, 2006). The XRF measurents 

allow all major elements between Al and U to be analysed. For each point measured spectra 

are produced. The data output is expressed as an intensity (counts/ sec-1). In this study, the 

selected elements (Si, K, Ti, Rb, Ca and Zr) are used to provide information on the mineral 

input from catchment run-off. The elemental data were averaged over 1 cm intervals and 

smoothed using a 3 points running mean (peak area). The obtained curve was then divided by 

incoherent and coherent scattering to obtain normalised peaks which account for changes in 

organic content, water content and sediment density during analysis (Kylander et al., 2011). 

Incoherent (Compton) and coherent (Rayleigh) scattering is normally acquired during the 

measuring process. The incoherent/coherent scattering ratio (inc/coh) is dependent on the 

average atomic number of the sediment material. Geochemical compounds of organic carbon, 

for example, have a lower average atomic mass than carbonates, aluminosilicates or silica. 

The ratio thus increases with higher organic carbon concentrations and can be used as a 

qualitative indicator of the organic matter content (Sáez et al., 2009; Corella et al., 2010). The 

organic matter dilution factor needs to be considered in the element profiles of organic rich 
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sediments (Brown et al., 2000; Thomson et al., 2006; Brown et al., 2007; Löwemark et al., 

2011). 

                3.5 Loss-on-ignition (LOI) 

Contiguous, 1 cm intervals were sub-sampled for LOI analysis both in CP3A and CP4 

sediment sequences. LOI analysis is based on differential thermal analysis. It is expressed as 

percentage of the dry weight of each sample. The weight loss during the reactions is easily 

measured by weighing the samples before and after heating and is closely correlated to the 

organic matter and carbonate content of the sediment (Dean, 1974; Bengtsson and Enell, 

1986). The organic content is estimated from weight loss-on-ignition at 550°C, following 

Dean (1974), while the carbonate content is estimated from weight loss-on-ignition at 950°C 

(Dean, 1974; Bengtsson and Enell, 1986; Heiri, 2001). LOI analysis is generally performed 

on the sediment sequence and LOI percentage can give information about the nature of the 

sediment and sediment sources (e.g. lake organic matter sources, past lake productivity). 

             3.6 Total organic carbon (TOC), total nitrogen (TN) and total sulphur (TS) 

Sub-samples for total organic carbon (TOC), total nitrogen (TN) and total sulphur (TS) were 

taken at 10 cm intervals (CP3A) and at 30 cm intervals (CP4) in the lower part of the 

sediment sequences, and at 1 cm intervals in the upper part of both CP3A and CP4. TOC 

concentration is a bulk value for the fraction of organic matter that was not remineralised 

during sedimentation (Meyers and Teranes, 2001). The lake productivity depends on the 

amount of available biomass, which becomes proportionately degraded after burial. High 

TOC values may thus indicate increased lake organic productivity, increased preservation or 

decreased dilution. 

The weight percentages of total organic carbon (TOC) and total nitrogen (TN) are used to 

calculate the C/N mass ratios, which are multiplied by 1.167 to yield C/N atomic ratios 

(Meyers and Teranes, 2001). Aquatic organic matter from phytoplankton is rich in N due to 

its high protein and lipid content, and has low C/N ratios (commonly between 4 and 10). On 

the other hand, terrestrial organic matter is dominated by fibrous tissues, cellulose and lignin, 

which are N-poor, and has C/N ratios of 20 or higher. The C/N ratio is here used to 

distinguish changes in aquatic and terrestrial organic matter sources. Such changes can also 

reflect changes in lake organic productivity, terrestrial run-off and catchment vegetation, but 

http://www.sciencedirect.com/science/article/pii/S003101821000074X#bb0040�
http://www.sciencedirect.com/science/article/pii/S003101821000074X#bb0265�
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might signify lake-level fluctuations (Meyers and Lallier-Verges, 1999 and Meyers and 

Teranes, 2001). 

Total sulphur in lake sediments has two major sources: organic matter derived from the 

remains of limnic animals and plants, and reduction products from sulphate dissolved in water 

(Zobell, 1963). The influx of dissolved sulphate to lakes depends on catchment process, 

precipitation, river and groundwater influx, and is largely governed by changes in 

environmental conditions (Mizota et al., 2009). 

          3.7 CNS stable isotopes 

Sub-samples for δ13Corg, δ15N and δ34S were taken at the same depth for TOC, TN and TS 

analysis. The samples were freeze-dried and homogenised before analyses without prior 

removal of carbonate carbon, because the inorganic carbon content of the sediments was low. 

δ13Corg, δ15N and δ34S were measured on a Carlo Erba NC2500 elemental analyser, which is 

coupled to a Finnigan MAT Delta+ mass spectrometer.  δ13Corg, δ15N and δ34S values are 

reported in ‰ relative to Vienna PeeDee Belemnite (VPDB, for C), to AIR (for N) and to 

Canon Diablo Troilite (CDT, for S) standard, respectively. The analytical error was ±0.15‰ 

for δ13C and δ15N, and ±0.2‰ for δ34S. 

Analysis of stable carbon isotopes (δ13C) of organic matter in lake sediments can provide 

information about organic matter sources. δ13C value can be employed for reconstructing past 

productivity and for identifying changes in the availability of nutrients in surface water 

(Meyers and Teranes, 2001). Similarly, nitrogen isotopic compositions (δ15N) may be used to 

distinguish the source of organic material and to reconstruct past aquatic productivity. 

However, the dynamics of the nitrogen biogeochemical cycle are more complicated than those 

of carbon; hence interpretations of sedimentary δ15N are rather difficult (Meyers and Teranes, 

2001). Stable sulphur isotopes (δ34S) of lake sediments have been used to constrain past 

changes in the sulphur cycle (Mayer and Schwark, 1999; Watanabe et al., 2004). The 

variations in sulphur isotope ratios can be caused by changes in the isotopic compositions of 

the respective sulphur sources and can indicate variations in sulphate availability in the lake 

over time (Russell and Werne, 2009). The δ34S values of organic sulphur in lake sediments 

often mirror the isotopic values of the aqueous sulphate because only minor fractionation 

effects during immobilization and sedimentation (Mayer and Schwark, 1999). In this study, I 

employ δ34S to assess changes in the groundwater table. I hypothesise that a lowering of the 

groundwater level would result in a change in the δ34S signature, since anhydrite samples 

http://www.sciencedirect.com/science/article/pii/S0031018210006061#bb0165�
http://www.sciencedirect.com/science/article/pii/S0031018210006061#bb0160�
http://www.sciencedirect.com/science/article/pii/S0031018210006061#bb0285�
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from the different sedimentary units of the Maha Sarakham formation display distinct changes 

in δ34S values (Fig. 3B) (El Tabakh et al., 1999).  

           3.8 Diatom stratigraphy 

Sub-samples for diatom studies of CP3A sediments were treated with 10% HCl to remove any 

carbonates, heated in H2O2 to oxidize organic matter, and then rinsed multiple times with 

distilled water to remove oxidation by-products. Afterwards, an aliquot of each treated sample 

was dried onto a coverslip, and the coverslip was mounted onto a glass slide using a 

permanent mounting medium (Zrax or Naphrax). At least 300 diatom valves from each depth 

interval were identified and counted in transects using a 100x oil immersion objective on a 

Zeiss Axioscop 2 plus microscope (University of Nebraska – Lincoln) or Olympus BH 2 

microscope (Stockholm University).  

Diatoms are photosynthetic algae. Their structure is composed of opal or biogenic silica (SiO2 

x nH2O) (Round et al., 1990). Diatoms are present in most lakes where nutrients of Si, N and 

P are available and are found in a variety of life forms e.g. planktonic, benthic and attached 

forms (epiphytic and epilithic). Diatom species and their productivity are controlled by 

variability in climate, temperature and nutrient supply (Battarbee et al., 2001). In this study, 

diatom diagrams were generated. Diatom zones were constructed based on the relative 

abundance of planktonic/benthic diatom species.  

           3.9 Biogenic silica (BSi) 

Samples for biogenic silica (BSi) measurement of CP4 sediments were taken at the same 

levels as those for TOC, TN, TS and CNS isotope analyses. The freeze-dried sediment 

samples were analysed after pre-cleaning with H2O2 and HCl to remove organic matter and 

carbonate as suggested by Mortlock and Froelich (1989) and Saccone et al. (2006). The BSi 

content of the sediments was determined by alkaline extraction of 30 mg of sediment in 40 

mL of 1% Na2CO3 solution, over a 5 hour period with sub-samples taken at 3 (within), 4 and 

5 hours and neutralised with 0.21N HCl as described by Conley and Schelske (2001). The 

extracts were analysed for dissolved silica (DSi) by ICP-OES (Varian Vista Ax), and the 

concentration data were plotted against depth/time. The y-intercept of sub-samples was 

considered to be the BSi (wt %) content corrected for a simultaneous dissolution of silica 

from minerals.  

http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DEl%2520Tabakh,%2520Mohamed%26authorID%3D6603389910%26md5%3D61e73b538d2b14e3660e4b8cb10c6227&_acct=C000035218&_version=1&_userid=2195977&md5=4d32e1306d66c84db1931f4ab882f575�
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Biogenic silica (BSi) is a measure of amorphous silica in the sediment, and a good proxy for 

the abundance of diatoms and other siliceous microfossils (sponges, phytoliths) (Conley, 

1988). The BSi content of sediments can provide information about production and 

preservation. Biogenic silica decreases in preservation at high temperatures (Jorgensen, 

1955), high pH (Hecky and Kilham, 1973) and in lakes that are undersaturated with silica. 

Thus changes in pH, in silica supply and in production are the main controls on silica 

preservation in a tropical lake (Burnett et al., 2011). 

            3.10 14C chronology and age model 

The radioactive decay of 14C within fossil organic material is generally measured and used for 

dating lake sediment sequences. Living organisms take up atmospheric CO2 which 

incorporates a quantity of 14C that is approximately equal to the level of the isotope in the 

atmosphere. After organism dies the 14C fraction of the organic material declines at a fixed 

exponential rate due to the radioactive decay of 14C. The age of the sample is estimated by 

comparing the remaining 14C fraction of the sample to that expected from atmospheric 14C 

(Aitken, 1974). 

Fourteen samples from CP3A and sixteen samples from CP4 sediments were selected for 14C 

dating. The samples were sieved (mesh size 0.5 cm) under running tap water, and sieve 

remains were stored in distilled water. Sieve remains were identified under a 

stereomicroscope and cleaned in distilled water. Charcoal, seeds, leaves, insects, twigs and 

small wood fragments were chosen for dating. The selected samples were dried overnight at 

105ºC in pre-cleaned glass vials and sent to the 14CHRONO Centre, Queen’s University 

Belfast.  

The 14C dates were calibrated with the Calib 6.0 online program using the northern 

hemisphere terrestrial calibration curve (Reimer et al., 2009). In this study, an age model was 

constructed using Bacon, a Bayesian statistics-based routine that models accumulation rates 

by dividing a core into many thin slices and estimating the (linear) accumulation rate for each 

slice based on the (calibrated) 14C dates together with prior information (Blaauw and Christen, 

2011). The Bayesian model is based on the prior knowledge of stratigraphically ordered dates. 

The prior information included assumptions about accumulation rate, the memory or 

variability of accumulation rate between neighbouring sections.  

 

http://www.sciencedirect.com/science/article/pii/S003101821000074X#ref_bb0145�
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          4 Results 

        4.1 Presentation and contribution to the manuscripts 

The results from this thesis are presented in the appended Manuscript I and II. My PhD thesis 

is part of the project “Asian monsoon variability and its impact on terrestrial ecosystems in 

Thailand during the past 25,000 years”. I have contributed as follows 

For manuscript I, I wrote parts of the text about the geology of the study area. 
For manuscript II, I performed the BSi measurement, interpreted all datasets, wrote 

whole text and made all the figures, with important suggestions and comments from my 

co-authors. 

Manuscript I: we combined sediment geochemistry and diatom stratigraphy of sediment core 

CP3A to generate a reconstruction of the environmental history since c. 9400 cal yr BP at 

high temporal resolution. We also discussed whether changes in the lake environment during 

late Holocene were linked to shifts in Asian monsoon intensity or were due to human 

activities in the lake’s catchment. 

Manuscript II: we present a multi-proxy geochemical record (TOC, C/N, CNS isotopes, Si, 

Zr, K, Ti, Rb and Ca elemental data and biogenic silica record) and the chronology for 

sediment core CP4. The proxy data are used to reconstruct changes in lake status, 

groundwater fluctuations and catchment run-off for the past 9800 cal yr BP. We compare the 

results to previous studies and present a comprehensive paleoclimatic and paleoenvironmental 

synthesis for the Kumphawapi basin during the Holocene. Moreover, we evaluate 

Kumphawapi´s record to other Asian monsoon records and place it in wider regional contexts.  

          4.2 Interpretation of the major geochemical proxies of CP3A and CP4  

> c. 9800 - c. 7000 cal yr BP 

The gyttja clay/silt with low organic matter and carbon content of sediments CP3A and CP4 

suggest low lake organic productivity or that most of the organic material had become 

decomposed and oxidised. The C/N ratio and δ13C values show that the sediments contain a 

mix of aquatic and terrestrial organic material. δ34S values of +6 to +12‰ in sediment 

sequence CP3A and CP4 are in the range of the isotopic composition of the non-marine 

sulphur anhydrite nodules (Fig. 4A, B). The sulphur isotope values show that the groundwater 
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that affected the sulphur system in the lake was influenced by the dissolution of anhydrite 

nodules in the uppermost clastic unit of the Maha Sarakham Formation (El Tabakh et 

al.,1999) (Fig. 3B). Sediment composition and geochemical parameters of CP3A and CP4 

thus indicate an open lake with aquatic and terrestrial organic material and possibly also high 

run-off. 

c. 7000 - c. 1600 cal yr BP 

The peaty gyttja and the overlying non-humified peat, together with the geochemical proxies 

of CP4, suggest that the shallow lake had transformed into a wetland (c. 7000 cal yr BP) and 

subsequently into a peatland (c. 6500 cal yr BP) (Fig. 4B). According to the vegetation type 

described by Penny (1998, 1999) I classified the wetland as swamp. The term peatland is used 

when peat is present and when the Kumphawapi basin was dominated by living plant layers 

and thick accumulations. The shift from shallow lake to wetland/peatland would imply a 

lowering of the groundwater level and/or reduced precipitation and as such drier climatic 

conditions. The increase in δ34S values in the peat indeed suggests a deeper groundwater flow, 

i.e. that the groundwater level had reached the lower units of the Maha Sarakham formation 

(El Tabakh et al., 1998) (Fig. 3B). Mineral material present in the peat layer coincides with a 

long hiatus shown by the age model between c. 6500 cal yr BP and 1600 cal yr BP (see details 

in manuscript II), but the δ34S values give no indication of a marked shift in the groundwater 

level and for wetter conditions, which could have led to higher run-off to the lake. Another 

explanation for the presence of mineral particles in the peat could be wind transport during 

dry conditions. Since physical weathering is elevated during dry periods, strong winds could 

have transported sediment material to the lake. If this assumption holds true, the intervals 

characterised by higher contributions of mineral particles could signify marked dry periods. 

The geochemical proxies of sediment sequence CP3A suggest gradual increase in organic 

carbon content from c. 6600 to c. 5900 cal yr BP. The C/N ratios and δ13C values indicate a 

mix of terrestrial and aquatic organic matter. The sediments of CP3A in this time can 

therefore be interpreted as reflecting less catchment run off and increased lacustrine 

productivity, and/or enhanced preservation of the organic material (Fig. 4A). The sediments 

and geochemical proxies of CP3A document a distinct change c. 5900 cal yr BP to a lake with 

more terrestrial organic matter contributions (Fig. 4A). Around 5400 cal yr BP, the shallow 

lake transformed into a wetland, which became increasingly dominated by terrestrial 

vegetation. The shift from lake to wetland and subsequently to peatland (c. 5200 cal yr BP) 

http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DEl%2520Tabakh,%2520Mohamed%26authorID%3D6603389910%26md5%3D61e73b538d2b14e3660e4b8cb10c6227&_acct=C000035218&_version=1&_userid=2195977&md5=4d32e1306d66c84db1931f4ab882f575�
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shows that the water level in the basin had decreased substantially. The transition from 

wetland to peat, which is seen in the stratigraphy, coincides with a hiatus as suggested by the 

age model (see details in manuscript I). Peat growth seems to have been interrupted by 

periodic desiccation, as suggested from the presence of soil mineral particles and the frequent 

appearance of charcoal (Fig. 4A).  

The lithological change from peat to peaty gyttja and the geochemistry of CP3A indicate a 

rise in water level c. 3200 cal yr BP and the subsequent establishment of a wetland/shallow 

productive lake. The occurrence of soil mineral particles in the peaty gyttja and high amounts 

of charcoal, just below the transition, however suggest that this shallow lake also experienced 

periodic dryness (Fig. 4A).  

c. 1600 cal yr BP to present 

The clayey gyttja sediments and the geochemical proxies of CP3A and CP4 indicate the re-

establishment of a shallow lake c. 1600 cal yr BP. The C/N ratio, δ13C and δ15N values 

suggest that the lake organic material was composed of a mix of terrestrial and aquatic 

organic matter sources and the decrease of sulphur isotope values imply a rise in the 

groundwater table (Fig. 4A, B). High organic matter and high organic carbon values suggest 

high lake organic productivity during the past 1000 and 600 years for CP3A and CP4, 

respectively (Fig. 4A, B). The increase in %TN during the last 1000 years might be related to 

higher nutrient load from the catchment leading to higher productivity, which in turn could be 

related a change in land use and human activity (Hodell and Schelske, 1998; Mazinger et al., 

2007). 
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Fig.4 (A) Lithostratigraphy and geochemistry of sediment sequence CP3A and (B) CP4. See Figure 1C for the location of the sediment core. 
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4.3 Paleoenvironmental synthesis for Lake Kumphawapi  

Several sediment sequences from Lake Kumphawapi have previously been studied (Fig. 1C). 

Penny (1998, 1999) and Kealhofer and Penny (1998) analysed pollen and phytolith 

assemblages in sediment core KUM.3, which is located close to CP4, and provided an 

environmental reconstruction. Additional pollen stratigraphic studies used sediment core 

KUM.1, while KUM.2 was analysed for LOI and magnetic susceptibility, KUM.4 and 

KUM.9 were only described for sediment stratigraphy (Penny, 1998, 1999). The 14C dates 

that have been published for sediment sequences KUM.3, KUM.2 and KUM.1 have recently 

been recalibrated using the Calib 6.0 online program (Reimer et al., 2009) to facilitate 

correlations to the study of CP3A and CP4. The multiple sediment sequences for 

Kumphawapi allow for a better understanding of the basin topography of this large lake and 

provide a more detailed picture of the response to past climatic changes recorded in its 

sediments. 

The clay loams and gyttja clays in the lower part of the sediment stratigraphy of KUM.3, 

KUM.2 and CP4 correlate well with each other in time. The chronology of all three sequences 

dates the deposition of these layers to older than c. 7200 cal yr BP (Fig. 5). The lithological 

change from gyttja clay to clayey gyttja and peaty gyttja in CP4, from low organic to higher 

organic loam and peat in KUM.3, or from clay to peat in KUM.2 shows that parts of the lake 

had transformed into a wetland and that some areas had become a peatland shortly after c. 

7200-7000 cal yr BP. According to the chronology of CP4, the wetland persisted until c. 6500 

cal yr BP and then transformed into a peatland that underwent periodic desiccation, as seen by 

the long hiatus between c. 6500-1600 cal yr BP, and by intervals with higher contributions of 

mineral particles (Fig. 4B). No hiatus is reported for KUM.3 and KUM.2 (Penny, 1998, 1999; 

Kealhofer and Penny, 1998), but the 14C dates for these two sequences do not contradict the 

presence of a hiatus in the peat either. In all three sediment sequences the re-establishment of 

a lake phase is dated to c. 1800-1500 cal yr BP (Fig. 5). 
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 Fig. 5 Correlation of CP3A and CP4 to other studied sediment sequences in Kumphawapi: KUM.3, KUM.2, KUM.1 (Kealhofer and Penny, 1998 and Penny, 

1998, 1999). See Figure 1C for the location of the coring points.  



22 
 

Sediment sequences CP3A and KUM.1 farther to the north (Fig. 2C) show mineral-rich 

sediments at the bottom. In CP3A the gyttja clays grade into a sequence of gradually more 

organic sediments at c. 6600 cal yr BP, while a transition to peaty gyttja and peat is only seen 

at c. 5400 cal yr BP. The transition from gyttja clay to clay gyttja at c. 6600 cal yr BP could 

signify reduced effective moisture availability. The clayey sediments in KUM.1 on the other 

hand are replaced by peat c. 6000 cal yr BP, although the pollen stratigraphy shows that 

herbaceous swamp communities started to develop already c. 7000 cal yr BP (Penny 1998, 

1999) (Fig. 5). Proxies and hiatuses in the peat and in the peaty gyttja of CP3A (c. 5200-1600 

cal yr BP) indicate the presence of more than one break in sedimentation (Fig. 5). The basin 

where CP3A is located became flooded by the rise in lake level at c. 1600 cal yr BP, but the 

area around KUM.1 was not affected.  

The lithostratigraphic change from clay and clayey gyttja sediments to peaty gyttja and peat 

occurred c. 7200-7000 cal yr BP in the southern part of the lake. However, in the northern 

part of the lake, where CP3A and KUM.1 are situated, this transition occurred c. 5400 and 

6000 cal yr BP, respectively (Fig. 5). This would imply that the bottom topography of the lake 

is highly variable and that different sub-basins can be differentiated, a southern shallow sub-

basin (KUM.3, CP4 and KUM.2), a deeper northern sub-basin (CP3A) and a shallower basin 

further to the north (KUM.1). Climatic changes, such as a shift from wetter to drier 

conditions, would thus affect the sedimentation in the sub-basins differently. The earliest 

signs of a shift to drier climatic conditions are seen in the sediments of KUM.3, CP4 and 

KUM.2 at c. 7200-7000 cal yr BP, when the shallow lake in the southern part transformed 

into a wetland/peatland (Fig. 5). No sedimentary change is seen at c. 7000 cal yr BP in 

KUM.1, but pollen assemblages show an expansion of swamp communities (Penny 1998, 

1999), which would imply a lowering of the lake level.  

CP3A, on the other hand, displays a lithological change to more organic sediments c. 6600 cal 

yr BP, which could have been initiated by a change in water level. The peat deposits in CP4 

are characterised by a long-lasting hiatus (c. 6500-1600 cal yr BP), which shows that 

conditions had become too dry for continuous peat growth in the southern sub-basin. In 

contrast, the water level in the shallow part of the northern sub-basin (CP3A) gradually 

decreased after 6600 cal yr BP, and the basin transformed into a wetland/peatland at c. 5400 

cal yr BP (Fig. 5). The hiatus between 5200 and 4000 cal yr BP seen in the peat in CP3A 

moreover suggests severe dryness during this time interval. Around 3200 cal yr BP the water 
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level increased slightly in the northern sub-basin (CP3A), and led to the re-establishment of a 

wetland. Multiple hiatuses in these wetland sediments however show that wetter and drier 

conditions alternated, which explains the long-lasting hiatus seen in CP4 (Fig. 5). 

The transition from peatland/wetland to a new lake phase seems to have been more or less 

synchronous since it is dated to approximately 1800-1500 cal yr BP in KUM.3, CP4, KUM.2 

and CP3A. At the location of KUM.1, however, peat growth continued, which shows that the 

new lake was a smaller size than the lake that existed earlier. 

        5 Discussions  

        5.1 Climatic and environmental interpretation of Lake Kumphawapi´s sediment 

sequences 

Sediments dating to >10,000 cal yr BP were attained neither in CP4 nor CP3A. According to 

Penny (1998, 1999) and Kealhofer and Penny (1998), the catchment of Kumphawapi may 

have been composed of sparse dryland, grassy floodplain and backswamp vegetation 

communities. The subsequent diversification of arboreal taxa is interpreted as an expansion of 

dryland forests under more humid climatic conditions (Kealhofer and Penny, 1998). The 

geochemical proxies in sediment sequence CP3A and CP4 suggest that Kumphawapi became 

an open water lake with high-energy sediment transport, high run-off and sparse and open 

vegetation around the shore > c. 9800 cal yr BP. Weathering seems to have been considerable, 

likely as a consequence of higher precipitation, higher effective moisture and a stronger 

summer monsoon (see more details in manuscript I and II).  

The different proxies of CP3A suggest a shallow freshwater lake and higher moisture 

availability for between c. 9400 and 6800 cal yr BP. This interpretation compares well to that 

obtained for CP4.  Stable lake conditions between c. 9600 and 7000 cal yr BP are indicated by 

the proxies analysed in CP4. Pollen stratigraphic data from KUM.3 for c. 9100 to 6800 cal yr 

BP suggest significant changes in the local flora (Kealhofer and Penny, 1998) with marked 

increases in sedge pollen and fern spores. Phytolith assemblages show an increase in 

Cyperaceae and Oryza phytoliths, while Chloridoid and Panicoid grasses and bamboos 

declined significantly (Kealhofer, 1996). This development was interpreted as an increase in 

water level, i.e., as a hydrological change in the basin and consequently as a period of higher 

moisture availability (Kealhofer and Penny, 1998), which is in line with the interpretation of 
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CP3A and CP4.  I correlated major changes in sediment stratigrahy of CP3A and CP4 to 

KUM.3, KUM.2, KUM.4, KUM1 and KUM.9 (Penny, 1998) to illustrate the status of Lake 

Kumphawapi in different time periods (Fig. 6A-G).  
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Fig. 6 Major stratigraphic changes and status of Lake Kumphawapi in different time periods. 
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The change in sediment lithology and geochemistry in CP4 c. 7100-7000 cal yr BP gives 

evidence for a distinct shift in lake status from an open, shallow lake to a wetland. The 

increasing organic content of the sediments, lower sediment accumulation rates, and higher 

terrestrial organic matter content characterise this transition and show that run-off decreased 

considerably. A lowering of the lake level, a further development of herbaceous swamp 

communities and a reduction in dryland taxa in the lake’s catchment c. 7000 cal yr BP have 

been noted by Kealhofer and Penny (1998) and Penny (1999) for KUM.3. These observations 

compare well to the lake status changes observed for CP4. Together, they can be interpreted 

as a reduction in moisture availability and possibly as a weakening of the summer monsoon. 

The sediments and the geochemical proxies in CP3A show an increase in organic content c. 

6600 cal yr BP and a change to a shallow, high lake productivity, which could also be 

interpreted as signifying less effective moisture availability. The lowering of the lake level 

and the start of drier conditions obviously affected the shallower basin already c. 7000 cal yr 

BP, while the deeper parts still contained a shallow water body, which, as moisture 

availability decreased, only dried out later.  

Around 6500 cal yr BP the southern sub-basin with KUM.3, CP4 and KUM.2 transformed 

from a wetland into a peatland (Fig. 6B). In CP4 this transition coincides with a hiatus. 

Geochemical proxies indicate organic matter from higher plants, which probably colonised 

the peat surface and δ34S values show a lowering of the groundwater table. Changes in 

elemental proxies and TOC values between 2.93 and 2.88 m depth in CP4 (more details in 

manuscript II; Fig. 4), which suggest periodic dryness of the peat surface, might correlate 

with the high concentration of charcoal, which has been observed in KUM.3 (Kealhofer and 

Penny, 1998; Penny 1999). White (2004) discussed whether these high amounts of charcoal 

could be the result of natural forest fires due to a drier climate, or whether these could indicate 

human activities, which also led to a reduction of forests in the catchment. While the southern 

sub-basin had dried out by 6500 cal yr BP, the northern sub-basin with CP3A still contained a 

shallow lake. The water level only started to drop at c. 5900 cal yr BP, and the shift to a 

wetland with predominantly terrestrial vegetation was c. 5400 cal yr BP. The fact that the 

southern sub-basin transformed from a shallow lake to a wetland and subsequently to a 

peatland suggests a decrease in effective moisture availability already c. 7000 cal yr BP. 

However, the sediments in the deeper northern sub-basin did not clearly register the shift from 

lake to wetland and peatland until c. 5400 cal yr BP and 5200 cal yr BP, respectively. It is 

possible that climatic condition had become very dry after 5400 cal yr BP, and that the low 
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groundwater level made it impossible to maintain a shallow lake also in the northern part. 

Indeed, the stratigraphy of CP3A indicates an interval of severe dryness between 5200 and 

3200 cal yr BP (Fig. 6C).  

According to the chronology for KUM.3, the peatland existed until c. 3000 cal yr BP, when it 

transformed again into a wetland (Fig. 6D). This transition compares well to CP3A, where the 

change from peat to wetland is dated to c. 3200 cal yr BP. Although a long hiatus is present in 

CP4 and prevents an age assignment for the peat. The transition from peat to wetland one is 

assumed to occur at about the same time. This shift would signify a rise in water level and 

flooding of the peat surface as a consequence of higher effective moisture availability. 

However, as shown by CP3A, two intervals with reduced effective moisture availability 

characterise this wetland phase, one at c. 2700-2500 cal yr BP and another between c. 1900 

and 1600 cal yr BP (Fig. 5).  

The start of the second lake phase and a higher water level in the Kumphawapi basin at c. 

1600 cal yr BP coincides with the end of the hiatus in CP4 and also with a hiatus in CP3A 

(Fig. 5). δ34S values of CP3A and CP4 sediments show a rise in the groundwater table and 

diatom assemblages in CP3A are evidence for an increase in water depth (see details in 

manuscript I). The lake that had become established c. 1600 cal yr BP was of a smaller size 

than the lake that existed before, since peat growth continued to present. The sediment 

sequences KUM.3, KUM.2, KUM4, KUM1 and KUM.9 were retrieved in 1993 by Penny and 

his team (Fig. 6F). They do not report the water depth at coring point, however, the top of 

sediment KUM.4, KUM.1 and KUM.9 were described as humified herbaceous peat. The dam 

around Kumphawapi was built and finished in 1994. The sediment sequence of CP3A, CP4 

were obtained from our team in January 2009 and 2010. The water depth at coring point 

CP3A and CP4 are around 2 m and 1.7 m, respectively (Fig. 6G). Higher effective moisture 

availability and a stronger summer monsoon might account for the renewed filling up of the 

new lake phase. On the other hand, geochemical proxies in CP3A and CP4 could provide 

evidence for anthropogenic activities in the catchment after c. 1000 cal yr BP. Although 

archaeological remains around Kumphawapi are poorly dated, boundary stones from the 

island of Ban Don Kaeo (Fig. 1C) date settlements there to c. 800 AD (Penny, 1999) or 1150 

cal yr BP.  
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            5.2 Correlation to other Asian monsoon records  

The time slices in Figures 7A-E present a fairly coherent picture of Asian monsoon variability 

during the Holocene (more details in Fig. 10 manuscript II). The time interval between 9000 

and 7000 cal yr BP displays wet conditions for most records, but also shows that humidity 

started to decrease (e.g., Tham Rod, Huguang Maar, Xinyun, Qilu and Horton plains) (Fig. 

7A). Between 7000 and 3000 cal yr BP, less moisture and dry conditions prevailed at most of 

the sites north of 5 °N, which suggests a southward movement of the ITCZ and as such a 

weaker summer monsoon (Fig. 7B-E). The exceptions are the three marine sites, which show 

wetter conditions until 6000 cal yr BP and the two lakes Sambhar and Nal Sarovar in 

Northwest India, which seem to register wetter conditions by 6000 cal yr BP.  Regional 

climate and hydrology may be major factors in determining the ecological response to climate 

change and/or different proxies used for climate reconstruction could cause apparent time lags 

or gradual responses.  Between 4000 and 3000 cal yr BP, records from the Horton Plains on 

Sri Lanka and from the eastern Arabian Sea again suggest higher effective moisture, whereas 

other records still display dry conditions. However, between 3000 and 2000 cal yr BP records 

from Indochina also point to higher moisture availability, comparable to those from Sri Lanka 

and the eastern Arabian Sea (Fig. 7E). This could indicate that the northern boundary of the 

ITCZ had moved farther north. The gradually decrease of the summer monsoon together with 

a southward movement of the ITCZ between c. 7000 and 4000 cal yr BP seems to be 

synchronous in most of the records from Indochina, Southern China and Sri Lanka, while the 

opposite is the case for northwest India. However, more paleoclimatic records between 5 and 

15°N, for example from southern Thailand, and from southern and central India, need to be 

investigated to discuss the movement of ITCZ between 4000 and 2000 cal yr BP in greater 

detail. 



29 
 

 

Fig.7 Spatial and temporal variability of the Asian summer monsoon during the Holocene reconstructed from marine and terrestrial records (see 

reference, details in manuscript II). The dark blue filled circles show sites where low effective evaporation has been reconstructed; the light blue 

filled circles indicate decreasing humidity; the dark brown filled circles demonstrate high effective evaporation and the light brown filled circles 

indicate increasing humidity. The red dashed line is possible position of the ITCZ and the arrows show the movement direction of the ITCZ. 
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            6 Conclusions 

The multiple sediment sequences and proxies from Lake Kumphawapi in northeast Thailand 

allows for a better understanding of the basin topography of this large lake and provides a 

more detailed picture of its response to past climatic changes. The sediment sequences and 

their proxies suggest a strong summer monsoon between c. 9800 and 7000 cal yr BP. 

Effective moisture availability seems to have decreased after 7000 cal yr BP, as seen by the 

gradual transformation from lake to wetland. The reconstruction of driest conditions between 

c. 5400 and 3200 cal yr BP compares well with other paleoarchives from the Asian monsoon 

region. After 3200 cal yr BP, the deepest part of the lake may have turned into a wetland, 

while shallower areas remained dry. By 1600 cal yr BP a lake had become re-established in 

the basin, but this lake had smaller size than the lake that existed before. Kumphawapi´s 

record provides the first comprehensive paleoclimatic and paleoenvironmental synthesis for 

northern Thailand during the Holocene. It suggests a gradual decrease of the summer 

monsoon and a southward movement of the ITCZ between c. 7000 and 3000 cal yr BP. The 

ITCZ possibly moved northward again after 3000 cal yr BP. The detailed paleoclimatic 

information derived from Kumphawapi provides important baseline information for 

reconstructing Holocene monsoon variability and ITCZ movement, and for model-data 

comparisons. 

          7 Future perspectives 

The results presented in manuscript I and II showed that the late Holocene lake-level rise in 

Kumphawapi after 1600 cal yr BP needs to be constrained by better and more chronology for 

example to enable comparisons to regional tree-ring records, and to decipher whether the 

changes seen in Kumphawapi were caused by human influence or whether these were due to 

climatic factors. Therefore, I would like to study in more details for the last 2000 years 

climate history of Kumphawapi ´s sediment sequences and correlate them to other lake 

sediment records from northeast Thailand. Lake Pa Kho, for example, is located c. 15 km 

southwest from Kumphawapi. The Pa Kho´s sediment sequences were retrieved from our 

team in 2010. The stratigraphy and age model for Pa Kho´s sediment sequences show a hiatus 

between c. 20000 and 2000 cal yr BP. I have already performed TOC, TN, TS, CNS isotopes 

analysis and BSi measurements for Pa Kho sediments during c. 2000 cal yr BP.  
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Furthermore I would like to investigate and study the multi-proxy data of lake sediments form 

southern Thailand (between 5 and 15°N) in high-resolution. According to the result of 

correlation CP4 to other Asian monsoon paleoclimatic records presented in manuscript II, the 

paleoenvironmental and paleoclimatic records form southern Thailand need to assess in more 

detail in order to discuss the spatial and temporal variability of the Asian monsoon and the 

Holocene movement of ITCZ in greater detail. 
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ABSTRACT 19 

Geochemical variables (TOC, C/N, TS, δ13C) and diatom assemblages were analyzed 20 
in a lake sediment sequence from Nong (Lake) Han Kumphawapi in northeast 21 
Thailand to reconstruct regional climatic and environmental history during the 22 
Holocene. By around c. 10,000-9400 cal yr BP, a large shallow freshwater lake had 23 
formed in the Kumphawapi basin. Oxygenated bottom waters and a well-mixed water 24 
column were characteristic of this early lake stage, which was probably initiated by 25 
higher effective moisture and a stronger summer monsoon. Decreased run-off after c. 26 
6700 cal yr BP favored increased aquatic productivity in the shallow lake. Multiple 27 
proxies indicate a marked lowering of the lake level around 5900 cal yr BP, the 28 
development of an extensive wetland around 5400 cal yr BP, and the subsequent 29 
transition to a peatland. The shift from shallow lake to wetland and later to a peatland 30 
is interpreted as a response to lower effective moisture. A hiatus at the transition from 31 
wetland to peatland suggests very low accumulation rates, which may result from very 32 
dry climatic conditions. A rise in groundwater and lake level around 3200 cal yr BP 33 
allowed the re-establishment of a wetland in the Kumphawapi basin. However, the 34 
sediments deposited between c. 3200 and 1600 cal yr BP provide evidence for at least 35 
two hiatuses at c. 2700-2500 cal yr BP, and at c. 1900-1600 cal yr BP, which would 36 
suggest surface dryness and consequently periods of low effective moisture. Around 37 
1600 cal yr BP a new shallow lake became re-established in the basin. Although the 38 
underlying causes for this new lake phase remain unclear, we hypothesize that higher 39 
effective moisture was the main driving force. This shallow lake phase continued up 40 
to present but was interrupted by higher nutrient fluxes to the lake around 1000-600 41 
cal yr BP. Whether this was caused by intensified human impact in the catchment or, 42 
whether this signals a lowering of the lake level due to reduced effective moisture, 43 
needs to be corroborated by further studies in the region. The multi-proxy study of 44 
Kumphawapi’s sediment core CP3A clearly shows that Kumphawapi is a sensitive 45 
archive for recording past shifts in effective moisture, and as such in the intensity of 46 
the Asian summer monsoon. Many more continental paleo records, however, will be 47 
needed to fully understand the spatial and temporal pattern of past changes in Asian 48 
monsoon intensity and its ecosystem impacts. 49 

 50 
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Introduction 59 

Excess precipitation and drought associated with the varying intensity of the Asian 60 
monsoon impact a region where more than half of the world’s population live. A 61 
better knowledge of how tropical ecosystems responded to past shifts in monsoon 62 
intensity may help further our understanding of their resilience to changes in effective 63 
moisture (precipitation minus evapotranspiration, P-ET) and may provide guidelines 64 
for their sustainable management.  65 

 The Asian monsoon is generally subdivided into the tropical Indian Ocean and 66 
the tropical/subtropical Southeast Asian monsoon, which are roughly delineated at 67 
105° E (Wang et al., 2005). Paleoclimate archives show that both monsoon systems 68 
responded to decreasing insolation patterns during the Holocene (Kutzbach, 1981; P. 69 
Wang et al., 2005), but whether this response was gradual or abrupt (Morrill et al., 70 
2003; Dykoski et al., 2005), synchronous (e.g. Zhou et al., 2005, 2007; Zhang et al. 71 
2011) or asynchronous (An et al., 2000; Herzschuh, 2006; Cai et al. 2010; Y. Wang et 72 
al., 2010) over larger regions is still debated. An asynchronous pattern would suggest 73 
decoupling of the Indian Ocean and Southeast Asian summer monsoon during much 74 
of the Holocene (Herzschuh, 2006; Y. Wang et al., 2010). High-resolution 75 
precipitation reconstructions for the last millennium, however, show that severe 76 
drought intervals were registered more or less simultaneously in paleo archives across 77 
the Asian monsoon region (Cook et al., 2010; A. Sinha et al., 2011), which suggests a 78 
synchronous response. The underlying causes of sub-millennial scale intensified and 79 
weak monsoon phases are still not resolved, but climatic links to the North Atlantic 80 
region (A. Sinha et al., 2007; Berkelhammar et al. 2010) and to the El Niño Southern 81 
Oscillation (Buckley et al., 2007) have been suggested, as well as multiple global 82 
forcing mechanisms (Cook et al., 2010; A. Sinha et al., 2011). 83 

 Paleoclimatic archives have greatly advanced our understanding of past shifts 84 
in Asian summer monsoon intensity. However, the comparably low number of 85 
investigated sites and their often weak chronological framework, the application and 86 
correlation of different types of proxies for tracing past hydroclimatic variability, and 87 
the varying response of different ecosystems (and proxies) to shifts in precipitation 88 
suggest that a much denser regional network of well-dated, multi-proxy records is 89 
necessary to faithfully trace sub-millennial scale shifts in effective moisture 90 
throughout the Asian monsoon region.  91 

 Thailand is one of the regions that is heavily under-sampled with respect to 92 
paleoclimatic and paleoenvironmental records (Penny, 1998; White et al. 2004; 93 
Buckley et al., 2007; Boyd, 2008; Marwick & Gagan, 2011), despite having several 94 
large lake-wetland systems and extensive cave deposits. Moreover, the country’s 95 
tropical climate is influenced by both the Indian Ocean and the Southeast Asian 96 
monsoon sub-systems. Summer rainfall intensity shows clear links to the El Niño 97 
Southern Oscillation (Singhrattna et al., 2009), but the Indian Ocean and western 98 
North Pacific summer monsoon modulate annual rainfall variability over Thailand 99 
(Limsakul et al., 2010). Paleoclimate records from Thailand have the potential to 100 
allow tracing of the influence of the two monsoon sub-systems and to contribute to 101 
the open questions regarding the extent to which they are synchronous and are 102 
coupled or decoupled during the Holocene. 103 
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 One of the few late Pleistocene and Holocene lake sediment records that has 104 
been investigated is from Nong (Lake) Han Kumphawapi in northeast Thailand 105 
(Kealhofer, 1996; Penny et al., 1996; Penny 1998; 1999). Based on sediment lithology 106 
and vegetation reconstructions of the longest core KUM.3 (Fig. 1B), Penny (1998) 107 
and Kealhofer and Penny (1998) concluded that arid conditions interrupted by 108 
intervals with higher rainfall prevailed between <14,000 and 10,000 cal years BP, 109 
while the early Holocene (10,000-9000 cal years BP) may have experienced higher 110 
effective moisture (Kealhofer & Penny, 1998) (Table 1). Marked changes in the local 111 
flora between 9000 and 5000 cal years BP suggested higher effective moisture, while 112 
an increase in charcoal and the reduction of dryland taxa after 5000 cal years BP, as 113 
well as the re-appearance of dry-land deciduous forests at around 3000 cal years BP 114 
were attributed to human activities (Penny, 1998) (Table 1). 115 

Here we combine sediment geochemistry and diatom analysis of a new 116 
sediment sequence from Nong Han Kumphawapi, to generate a reconstruction of 117 
environmental history at higher temporal resolution than prior studies; we also 118 
revaluate whether observed changes in the lake environment are linked to shifts in 119 
Asian monsoon intensity or are an expression of human activities in the lake’s 120 
catchment. 121 

Regional setting  122 

Nong Han Kumphawapi (17° 11’ N, 103°02’E) is situated at 166 m above sea level 123 
(asl) on the Khorat Plateau of northeast Thailand (Fig. 1A, B) and is one of Thailand’s 124 
few natural freshwater lakes. The Khorat Plateau reaches elevations of 150-500 m asl 125 
and covers an area of about 170 000 km2. It is bordered by 600-1000 m high 126 
escarpments in the west and south, but slopes gently towards the Mekong River into 127 
Laos. The NW-SE extending Phu Phan mountain range divides the plateau into two 128 
basins: the smaller Sakhon Nakhon basin in the north and the Khorat basin to the 129 
south (El Tabakh et al., 2003). Sedimentary rock sequences on the Khorat Plateau 130 
include late Triassic to Neogene sandstones, conglomerates, mudstones, siltstones and 131 
shale, which accumulated in lacustrine, fluvial and alluvial environments (El Tabakh 132 
et al., 2003; Wannakomol, 2005). Of special importance is the Upper Cretaceous 133 
Maha Sarakham Formation, an extensive evaporite succession and the main source of 134 
soil and groundwater salinization and sinkhole formation (El Tabakh et al., 2003; 135 
Wongpokhom et al., 2008). Quaternary sediments are mainly fluvial gravel, sand, silt 136 
and clay. Laterites occur frequently, and their formation seems to date to about 0.6-0.7 137 
ma based on tektites contained in the laterites (Tamura, 1992).  138 

 The region has a continental and tropical monsoon climate. The dry, cool 139 
continental northeast monsoon operates from November to February, and the wet, 140 
warm southwest monsoon supplies precipitation between May and October. Mean 141 
monthly temperatures for the years 1951-2008 are c. 22-25° C between November 142 
and February, and 27-30° C between March and October (Klubseang, 2011). Almost 143 
no rain falls between November and February, but mean monthly precipitation 144 
increases slightly in March and April to ~50-100 mm, and rises to 200-300 mm 145 
between May and October (Klubseang, 2011). 146 

 Nong Han Kumphawapi is located in the southeast part of the Sakon Nakhon 147 
basin, where it occupies a broad alluvial plain. The lake is surrounded by low-relief 148 
hills rising to over 200 m, while higher peaks to the west and east rise to between 500 149 
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and 622 m asl. The Maha Sarakham Formation, which is approximately 130-170 150 
meters thick, underlies the Kumphawapi basin and the area immediately to the north 151 
and south (Fig. 2). It is made up of alternating clay-, silt- and sandstones and 152 
evaporites (rock salt inter-bedded with gypsum, potash and anhydrite). The salt facies 153 
impact the surface morphology due to dissolution of underlying salt sequences and 154 
diapiric salt domes. The island of Ban Don Kaeo, which rises 10-15 m above the 155 
surrounding herbaceous swamp in the southern part of Kumphawapi, constitutes such 156 
a salt mound (Figs. 1B, 2). Earlier studies (Rau & Supajanya, 1985) and more recent 157 
seismic investigations (Satarugsa et al., 2004) indicate the presence of a salt dome 158 
below Kumpawapi and rock salt in variable thickness adjacent to the lake. The 159 
formation of the lake basin is therefore likely due to a collapse of sub-surface rock salt 160 
cavities.  161 

Kumphawapi today is a shallow circumneutral lake (pH 6.8), with a water 162 
depth of < 4m in its deepest part (Fig. 1B), and is c. 7 km long and 4 km wide. 163 
Floating plant communities create extensive herbaceous mats that cover large parts of 164 
the lake and form mosaics with sheltered open water areas. The aerial extent of the 165 
wetland is estimated to around 56 km2, and the open water surface is about 20 km2 166 
(Fig. 1B), but this may vary greatly between dry and wet seasons. Numerous 167 
perennial and seasonal streams feed the lake from the surrounding hills. Of these, 168 
Huai Phai Chan Yai, which rises on the southern slopes of the Phu Phan Range, 169 
provides the largest fluvial input. The Lam Pao River drains the lake to the south (Fig. 170 
1B). Groundwater flow, on the other hand, seems to be towards the northwest. Large 171 
irrigation work to expand the lake’s water storage capacity during the dry season led 172 
to the construction of a wide dam around the lake (completed in 1994). Pump stations 173 
now pump water from the lake into irrigation canals, which irrigate 36 km2 of 174 
agricultural area.  175 

Materials and methods 176 

Sediment cores from Nong Han Kumphawapi were obtained in January 2009 from a 177 
coring platform using a modified Russian corer (7.5 cm diameter, 1 m length). To 178 
achieve a continuous sequence, sediment cores were taken with an overlap of 50 cm at 179 
each coring site. The water depth at coring sites CP1 and CP2 was 1.50 m and 1.70 m 180 
at sites CP3, CP3A and CP3B. The sediment cores were wrapped in plastic and placed 181 
in PVC tubes for transport to the Department of Geological Sciences at Stockholm 182 
University. Laboratory work included detailed lithostratigraphic descriptions of all 183 
sediment sequences and correlation between overlapping core segments. CP3A was 184 
further analyzed for long-core magnetic susceptibility, geochemistry, diatoms and 14C 185 
dating.  186 

Whole core magnetic susceptibility was measured along the split core at 5-mm 187 
resolution with a Bartington MS2EI point sensor core logger (at 0.565 kHz, with a 188 
low field intensity of 80 A/m) and is expressed as volume specific susceptibility (χ) 189 
(x10-5 SI).  190 

 For loss-on-ignition (LOI) analyses, consecutive 1-cm samples were dried at 191 
105°C and homogenized. Samples were then combusted for 2 hours at 550°C to 192 
determine organic matter content, and for 4 hours at 950°C to estimate the carbonate 193 
content of the sediments. LOI is expressed as percentage loss of the original dry 194 
weight. Selected 1-cm sub-samples were freeze-dried and homogenized prior to 195 
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analyses of total organic carbon (TOC), total nitrogen (TN), total sulfur (TS), and 196 
bulk δ13Corg. %TOC and %TN were determined without prior removal of carbonate 197 
carbon, since the inorganic carbon content of the sediments was very low, as shown 198 
by LOI measurements at 950°C. %TOC, %TN, %TS and δ13Corg were measured on a 199 
Carlo Erba NC2500 elemental analyzer, which is coupled to a Finnigan MAT Delta+ 200 
mass spectrometer.  δ13Corg is expressed as δ (‰) relative to the Vienna PeeDee 201 
Belemnite (VPDB) standard, and measurement reproducibility is better than 0.15‰. 202 
The Corg/Ntot ratio, which is commonly used to discriminate the origin of lacustrine 203 
organic material (aquatic/terrestrial) (Meyers and Lallier-Vergès, 1999; Meyers and 204 
Teranes, 2001), was calculated as Corg (%) / Ntot (%) and multiplied by 1.167 to yield 205 
atomic mass ratios. Sulfur in lake sediments comprises inorganic and organic sulfur 206 
species, which can become incorporated into iron-sulfide compounds, or into organic 207 
matter. Although the incorporation of sulfur into lake sediments depends on a variety 208 
of different factors, organic matter concentrations and availability of soluble iron have 209 
been cited as two of the main factors (Mitchell et al., 1990). Here we mainly use %TS 210 
to discriminate biogenic sulfur sources and sulfur contributions from the underlying 211 
evaporite bedrock. 212 

Subsamples for diatom analysis were treated with 10% HCl to remove any 213 
carbonates, heated in H2O2 to oxidize organic matter, and then rinsed multiple times 214 
with distilled water to remove oxidation by-products. Afterwards, an aliquot of each 215 
treated sample was dried onto a coverslip, and the coverslip was mounted onto a glass 216 
slide using a permanent mounting medium (Zrax or Naphrax). At least 300 diatom 217 
valves from each depth interval were identified and counted in transects using a 100x 218 
oil immersion objective on a Zeiss Axioscop 2 plus microscope (University of 219 
Nebraska – Lincoln) or Olympus BH 2 microscope (Stockholm University). In each 220 
sample, the abundance of each identified diatom taxon is expressed as a percentage of 221 
the total number of valves counted in that sample. Diatom abundance and preservation 222 
was variable, and some samples contained very low concentrations of diatoms. In 223 
these samples, diatoms were enumerated on up to 5 slides in an attempt to achieve a 224 
count of 300 diatom valves. Samples with total diatom counts of <300 valves are not 225 
included in the diagram.   226 

Sediment samples selected for 14C dating were sieved under running tap water. 227 
The sieve remains were stored in deionised and slightly acidified water, examined 228 
under a binocular microscope and identifiable plant remains (seeds, charcoal, leaves, 229 
small twigs and wood fragments) were picked out, placed in pre-cleaned glass vials 230 
and dried at 105°C overnight. Charcoal and wood samples were pretreated following 231 
the acid-base-acid method (de Vries and Barendsen, 1952) where HCl is used to 232 
remove carbonates and fulvic acids and NaOH to remove humic acids. More fragile 233 
plant macrofossils were treated with HCl only and are marked in Table 2. The 234 
samples were then rinsed in deionised water and dried at 50oC overnight, then 235 
weighed into pre-combusted quartz tubes with silver and CuO and combusted at 850º 236 
C overnight to produce CO2. Samples with less than 0.8 mg of carbon were 237 
graphitised in the presence of hydrogen on an iron catalyst at 560º C for a maximum 238 
of 4 hours according to the Bosch-Manning Hydrogen Reduction Method (Vogel et al., 239 
1984). The CO2 from the larger samples was converted to graphite on an iron catalyst 240 
using the zinc reduction method (Slota et al., 1987). The 14C/12C ratio and 13C/12C 241 
were measured on a 0.5MV National Electrostatics Corporation accelerator mass 242 
spectrometer (AMS) at the 14CHRONO Centre, Queen’s University Belfast. The 243 
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radiocarbon age and one standard deviation were calculated following the conventions 244 
of Stuiver and Polach (1977) using the Libby half-life of 5568 years and a 245 
fractionation correction based on δ13C measured on the AMS which accounts for both 246 
natural and machine fractionation. The fourteen 14C dates were calibrated with the 247 
Calib 6.0 online program using the northern hemisphere terrestrial calibration curve 248 
(Reimer et al., 2009) (Table 2).  249 

The age-depth curve for CP3A was constructed using the Bacon age-250 
modelling software (Blaauw and Christen, 2011), which explicitly models past 251 
accumulation rates and their variability. The routine assumed an average 252 
accumulation rate of 25 years/cm, with other rates possible though less likely (using a 253 
gamma prior distribution with shape 2). The CP3A sequence was divided into 5 cm 254 
thick sections and the accumulation rate of each subsequent cm was allowed to vary 255 
to a certain degree (average 50%; a beta distribution with strength 10 and mean 0.5) 256 
from its underlying cm, therefore modelling an evolving accumulation rate. In order 257 
to accommodate for outlying dates, we assume that the 14C dates follow a student t 258 
distribution with wider tails than the usual Gaussian distribution (Christen and Perez, 259 
2009).  260 

The sediment sequences that had been described in Penny (1998) were re-261 
drawn to make them comparable to our new sediment successions, and published 14C 262 
dates (Penny, 1998; 1999) were re-calibrated with Calib 6.0 (Reimer et al., 2009) 263 
(Table 2).  264 

Results and discussion 265 

Coring points CP1, 2, 3, 3A, and 3B and are located in the southeastern and eastern 266 
part of the basin in close proximity to the sediment sequences described by Penny 267 
(1998) (Fig. 1B).  CP1, CP2 and CP3 reached compact clay between 0.8 and 1.3 m 268 
depth, while CP3A and CP3B attained a sediment depth of ca. 4 m without reaching 269 
the underlying compact clay. The short sequences of CP1 to CP3 contained peat 270 
alternating with detritus gyttja (CP1), peat overlain by alternating layers of gyttja and 271 
detritus gyttja (CP2), and gyttja (CP3), respectively. CP3A and CP3B have almost 272 
identical lithostratigraphies; here we focus on the sediment sequence of CP3A (Fig. 273 
1B; Table 3), which has been analyzed for organic matter content, geochemical 274 
parameters, and diatom assemblages.  275 

Chronology 276 

The chronology of CP3A is based on fourteen 14C dates obtained on charcoal, seeds, 277 
leaves, wood fragments, small twigs, and other (undetermined) fragile plant remains 278 
(Table 2; Figs. 3A-C). The 14C dates in the lower and upper part of the sequence plot 279 
sequentially according to depth, but five 14C dates between 1.18 and 1.60 m do not fit 280 
this general pattern (UBA-14170, UBA-12662, UBA-14168, UBA-12661, and UBA-281 
14166), and resulted in older ages than expected. Four of these samples consisted of 282 
wood fragments (UBA-14170, UBA-12662, UBA-14168, UBA-12661), and one 283 
sample was composed of charcoal and seeds (UBA-14166) (Fig. 3B). Older ages for 284 
wood samples may result from reworking, since wood is more resistant to 285 
decomposition than seeds and leaves. Reworking would, however, involve transport 286 
of the wood fragments, which seems unlikely for the peat between 1.35 and 1.60 m, 287 
but could have been the case in the peaty gyttja between 1.18 and 1.35 m (UBA-288 
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12662; UBA-14170) (Fig. 3B). Samples UBA-12661 and UBA-14166 are from 289 
approximately the same depth interval in the peat as sample UBA-16761 (charcoal, 290 
seeds, leaves), but are offset from the latter by more than 1000 years (Table 2). 291 
Possible explanations for the large age difference between these close-by dates are the 292 
presence of a hiatus, or a very low sedimentation rate. The gradual transition between 293 
layers 14 and 13 (Table 3) and the geochemical proxies (Fig. 4) do not provide 294 
support for a hiatus at 1.60 m. However sieve remains between 1.60 and 1.00 m depth 295 
contained varying amounts of soil mineral particles, including a peak at 1.57 m (Fig. 296 
4). These particles could indicate periodic desiccation, and as such a break in peat 297 
growth and a hiatus. Samples UBA-16763, UBA-14169 and UBA-14170 are also 298 
from approximately the same depth, but vary in age by 400-3000 years (Table 2, Fig. 299 
3B). The boundary between layers 11 and 10 is sharp (Table 3), which would suggest 300 
a hiatus at 1.18 m; moreover, the second peak in soil mineral particles between 1.20 301 
and 1.30 m depth, just below this transition, points to desiccation, and the high 302 
number of charcoal particles at 1.18-1.25 m could indicate surface burning (Fig. 4). 303 
Taken together, these observations would support a break in deposition in layers 11-304 
12, and at the transition between layers 11 and 10. 305 

 Different age models were run to test how the outlying dates would influence 306 
the modelled age-depth curve and whether the break in sedimentation, as suggested 307 
around 1.60 m and 1.30-1.20 m, could be reproduced. Exclusion of the outliers (UBA-308 
14170, UBA-12662, UBA-14168) provided a fairly smooth age-depth curve through 309 
most of the accepted data points, with higher sedimentation rates below 1.60 m and 310 
above 1.20 m, and low sedimentation rates around 1.60-1.50 m and 1.30-1.18 m depth 311 
(Fig. 3C), but failed to produce clear breaks in sedimentation. Modelled minimum and 312 
maximum errors between 2.65 and 1.60 m are 180 and 1200 years, respectively (mean 313 
660 years), 260 and 1400 years (mean 390 years) between 1.60 and 1.20 m, and 240 314 
to 760 years (mean 210 years) for the upper 1.20 m. In the following we use the 315 
modelled mean age points for assigning age estimates to the different layer and unit 316 
boundaries (Table 3), but also assume breaks in peat growth and sedimentation, 317 
respectively between 1.60 and 1.18 m depth. 318 

Lithostratigraphy and geochemistry 319 

The gyttja clays of Unit 1 (c. 9400 – c. 6700 cal yr BP) have bulk mineral magnetic 320 
susceptibility (MS) values of around 5 x 10-5 SI, suggesting some contribution of 321 
magnetic minerals. LOI (at 550o C) is <6% and TOC around 2-3%, which indicates 322 
that the organic matter content of the sediments is low. Carbonates are present in the 323 
sediments at between 1 and 5% (Fig. 4). The C/N ratio of 15-20 indicates a mix of 324 
terrestrial and lacustrine organic matter sources (Meyers and Teranes, 2001), which is 325 
also suggested by δ13Corg values of -21 to -24 ‰ (Figs. 4, 5A). Sediment composition 326 
and geochemical parameters thus provide the picture of a low productivity lake, which 327 
received most of its input through catchment run-off. The comparably low organic 328 
matter content of the sediments is, however, somewhat unexpected. The catchment 329 
supported open woodlands and dry/mixed deciduous forests (Kealhofer and Penny, 330 
1998; Penny, 1998) (Table 1), whose plant remains should have been transported into 331 
the lake by seasonal streams. The low organic matter content of the sediments could 332 
therefore be a productive of extensive decomposition and oxidation of the organic 333 
material. Low %TS and slightly depleted values of δ13Corg (Fig. 5A, B) favour the 334 
assumption of an oxic environment and higher rates of decomposition. 335 
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 MS values decline in the clay gyttja (layers 19-18) of Unit 2a (c. 6700-5900 336 
cal yr BP), coincident with a gradual increase in organic carbon content (Fig. 4). C/N 337 
ratios of 14-18 and δ13Corg values of around -21 to -22 ‰ are similar to unit 1, 338 
indicating a mix of terrestrial and aquatic organic matter. The increase in %TS in the 339 
upper part of unit 2a precedes the rise in %TOC and suggests reducing bottom water 340 
conditions. The sediments in unit 2a can therefore be interpreted as reflecting less 341 
catchment run off and increased lacustrine productivity, and/or enhanced preservation 342 
of the organic material under less oxic conditions. 343 

 The sediments in Unit 2b (c. 5900-1600 cal yr BP) change from gyttja (layers 344 
17-15) to peaty gyttja (layer 14) and peat (layer 13), and back to peaty gyttja (layers 345 
12-11) (Table 3). Soil mineral particles in sieve remains are present in low amounts 346 
throughout unit 2b, but show a peak at 1.60 m (layer 13) and 1.30-1.20 m (layers 12-347 
11). Charcoal appears at 1.60 m and has a distinct peak at 1.25-1.20 m (Fig. 4). MS 348 
values are mainly negative, but start to increase at 1.40 m, in the upper part of layer 349 
13. LOI and TOC mirror this trend with high values of 50-60% and 30-35%, 350 
respectively in layers 17-13, and a subsequent decline to 30% and 18%, respectively 351 
(Fig. 4). C/N ratios increase and are ~20-25 throughout Unit 2b, and δ13Corg values of 352 
<-25‰ (Figs. 4, 5A) are typical of higher plants (Meyers and Teranes, 2001), 353 
indicating that most of the organic material is of terrestrial origin. %TS is highest in 354 
layers 16-15 with 0.8%, but declines upward, more or less following the pattern 355 
of %TOC and %LOI (Figs. 4, 5B). Anoxic conditions could explain the initially high 356 
TS values and the gradual decline in %TS could be ascribed to subsequent sulfur 357 
limitation. The sediments and the geochemical proxies thus document a distinct 358 
change around 5900 cal yr BP to a lake with anoxic bottom water conditions and 359 
increasing terrestrial organic matter contributions. About 500 years later, the shallow 360 
lake transformed into a wetland, which became increasingly dominated by terrestrial 361 
vegetation. The shift from lake to wetland and subsequently to peatland shows that the 362 
water level in the basin had decreased substantially. The transition from wetland to 363 
peat, which is seen in the stratigraphy at 1.60 m (Fig. 4), coincides with a hiatus as 364 
suggested by the 14C dates and by high amounts of soil mineral particles, while the 365 
age model points to very low sedimentation rates (Figs. 3B, C). These two 366 
assumptions do not necessarily contradict each other, since very low sedimentation 367 
rates can also conceal a hiatus. Peat growth seems to have been interrupted by 368 
periodic desiccation, as suggested from the presence of soil mineral particles and the 369 
frequent appearance of charcoal, although this is not corroborated by the geochemical 370 
proxies (Fig. 4). The lithological change from peat to peaty gyttja at 1.35 m and the 371 
geochemistry indicate a rise in water level around 3200 cal yr BP and the subsequent 372 
establishment of a wetland/shallow productive lake. The occurrence of soil mineral 373 
particles in the peaty gyttja of layers 12-11 and high amounts of charcoal at 1.20 m 374 
depth, just below the transition to unit 3a, however suggest that this shallow lake also 375 
experienced periodic dryness (Fig. 4). Moreover, the sharp boundary between layers 376 
11 and 10 at 1.18 m depth (Table 3) and very low sedimentation rates may indicate 377 
another hiatus (Fig. 3).  378 

 Unit 3a (c. 1600-1000 cal yr BP) is made up of clay gyttja with varying colour 379 
and FeS stains (layers 10-8) (Table 3). The distinct lithological transition observed 380 
between layers 11 and 10 is not reflected in the geochemical parameters, which 381 
indicate a gradual decline in %LOI, %TOC, %TS and in the C/N ratio, and δ13Corg 382 
values of -25 to -24‰ (Fig. 4). The change in sediment composition between Units 2b 383 
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and 3a and the geochemical parameters thus document a return to a higher water level, 384 
and the slightly higher proportion of mineral matter could signify higher catchment 385 
run-off. LOI and TOC values are around 20% and 10%, respectively, and carbonate 386 
percentages increase slightly in Unit 3a. C/N ratios of 11-17 and more depleted 387 
δ13Corg values in layers 9 and 8 suggest a higher proportion of algal organic material 388 
as opposed to terrestrial derived organic matter (Figs. 4, 5A).  389 

 Unit 3b (c. 1000 – c. 600 cal yr BP) with gyttja layers 6-7 (Table 3) is 390 
characterized by slightly higher MS values and distinctly high %LOI and %TOC of 391 
50 and 25%, respectively. TS is around 0.3%, C/N ratios are <17, and δ13Corg values 392 
decrease from -21 to -24‰ (Figs. 4, 5A, B). The comparably high %LOI and %TOC 393 
are surprising and suggest, together with a C/N ratio of <17, high autochthonous 394 
productivity.  This partly contrasts with the slight increase in MS values, which could 395 
be related to increased run-off and/or to the presence of iron sulfides (e.g. greigite). 396 
The gradual enrichment of the δ13Corg values might suggest higher contributions from 397 
C3 plants and/or phytoplankton sources. A marked increase in primary productivity 398 
(‘eutrophication’) in sub-recent lake sediments is generally interpreted as a sign of 399 
increased human activity in the catchment (e.g., Hodell & Schelske, 1998; Mazinger 400 
et al., 2007). Higher organic matter content, however, could also indicate expansion of 401 
the shore vegetation and a lowering of the lake level (Hannon & Gaillard, 1997). 402 

 The uppermost Unit 3c (last ca. 600 cal years BP) is composed of clay gyttja, 403 
which oxidized rapidly from grey to reddish-black or greenish-brown (layers 5-1) 404 
(Table 3), indicating the presence of iron sulfides. Higher, but variable mineral 405 
magnetic values, including peak values of 16 x 10-5 SI units, therefore may be 406 
attributed to iron-bearing minerals washed into the lake from the catchment, and/or to 407 
greigite, and as such less oxic bottom water conditions. Organic matter content 408 
and %TOC are distinctly lower than in Unit 3b, while carbonates increase to 7-8% 409 
(Fig. 4). A C/N ratio of <15 together with δ13C values of -24 to -22 ‰, suggest a 410 
dominantly aquatic origin of the organic material (Figs. 4, 5A).  411 

Diatom assemblages and lake status changes 412 

Diatom abundance and diversity in the sediments are highly variable. The lowermost 413 
sediments in diatom zone A (3.70-1.95 m; 9200-6000 cal yr BP) are dominated by 414 
Aulacoseira granulata (>75%), with low relative abundances (<5%) of both 415 
Aulacoseira ambigua and Cyclotella meneghiniana (Fig. 6).  Aulacoseira granulata is 416 
a cosmopolitan plankonic species that is abundant in conditions of low light and high 417 
turbulence (Kilham and Kilham, 1975; Anderson 2000). This includes both 418 
monomictic and dimictic lakes, where the average daily irradiance necessary for 419 
diatom growth is low because of deep mixing of surface waters, as well as shallow 420 
polymictic lakes where turbidity is high.  Both Aulacoseira granulata and Cyclotella 421 
meneghiniana (Tuchman et al., 1984) are common in relatively shallow nutrient-rich 422 
tropical lakes (Gasse et al., 1983).  423 

Diatom concentrations are very low in diatom zone B between 1.95 and 1.765 424 
m (c. 6000-5800 cal yr BP), which suggests either very low diatom production or 425 
dissolution of diatom silica. The sediments in this zone are gyttja, which suggests 426 
algal production may have been moderately high. Thus, one explanation for the 427 
absence of diatoms is that they were excluded as a result of resource competition with 428 
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other algal groups. None of the geochemical data provide a clear picture of a driver of 429 
such a shift. It also is possible that the diatoms were dissolved after their deposition in 430 
the sediments. Many very different conditions can dissolve diatom valves, including 431 
high pH, high salinity, low dissolved silica, and sediment drying and oxidation.  432 
Given the inferred hiatuses subsequent to the deposition of this unit, one logical 433 
scenario is that the periodic desiccation of the sediments enhanced the breakage and 434 
subsequent dissolution of diatoms in the underlying sediments. However, presently 435 
insufficient information is available to confidently identify the likely cause of the 436 
absence of diatoms in this zone of the core.      437 

The highest diversity of diatoms is in diatom zone C between 1.765 and 0.895 438 
m (Fig. 6).  In the lower part of this zone (1.765-1.345 m, subzone C1; c. 5800 –3200 439 
cal yr BP) Aulacoseira granulata declines in relative abundance to <35% and is 440 
replaced by Aulacoseira ambigua and a diverse array of benthic diatoms.  The higher 441 
abundance of Aulacoseira ambigua (5-20%) and benthic diatoms (55-75%) suggests 442 
increased water clarity. The assemblage of benthic diatoms consists of species 443 
characteristic of low-alkalinity waters, such as Brachysira vitrea, Frustulia 444 
rhomboides, multiple Eunotia species, and several Pinnularia species (Charles, 1985). 445 
The benthic assemblage is typical of a low-alkalinity shallow lake with abundant 446 
aquatic plants or a wetland, as suggested by the lithostratigraphy.  In the middle part 447 
of zone C (1.345-1.045 m, zone C2; c. 3200 – c. 1500 cal yr BP) benthic diatom 448 
diversity and abundance (<30%) declines and A. granulata increases (>70%) (Fig. 6),  449 
suggesting somewhat reduced water clarity and increased water depth.  In the top of 450 
zone C (1.045-0.895; c. 1500 – c. 1400 cal yr BP), diatom concentrations are low and 451 
planktonic diatoms decrease relative to benthic diatoms. The low diatom 452 
concentration may reflect increased clastic inputs in runoff, consistent with the higher 453 
mineral content in the sediments.  454 

In the uppermost sediments (<0.895 m, diatom zone D; <1400 cal yr BP) 455 
diatom abundance is very low (Fig. 6). In contrast, in the contemporary lake, living 456 
diatoms are abundant on both plants and mud (Inthongkaew, unpublished data), which 457 
suggests that the absence of diatoms in the uppermost sediments is a result of 458 
dissolution of biogenic silica.  This hypothesis is corroborated by the absence of 459 
phytoliths in the correlative unit of cores taken by prior researchers (Kealhofer, 1998).   460 
The processes producing silica dissolution again are unclear.  461 

Correlation of CP3A to the sediment sequences of Penny (1998) and 462 
Kealhofer and Penny (1998)  463 

Although the availability of multiple sediment sequences in the deeper part of the lake 464 
and along its eastern shore (Fig. 1B) would offer an excellent opportunity for detailed 465 
lithostratigraphic correlations, the sediment descriptions provided in Kealhofer and 466 
Penny (1998) and Penny (1998) only allow for general comparisons to our new cores. 467 
We illustrate a possible correlation between Kealhofer and Penny’s (1998) and 468 
Penny’s (1998) sediment sequences and CP3A along a southwest – northeast transect 469 
in Figure 7. The bottommost fine sand and sandy clay sediments, which were reached 470 
in sediment cores KUM.3, KUM.2, KUM.1, and KUM.9 (Kealhofer and Penny, 1998; 471 
Penny, 1998) and dated to ~ >10,500 cal yr BP, could not be obtained in CP3A. The 472 
transect, however, shows that the surface of these sediments is very irregular, 473 
indicating large variations in lake bottom topography (Fig. 7). The grey gyttja clay of 474 
sedimentary unit 1 in CP3A correlates with the loam, clay and silt in KUM.3, with the 475 
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clay to silty clay in KUM.2 (Penny, 1998) and the clay/silt in KUM.1 and KUM.9. 476 
This correlation is supported by 14C ages, which estimate the deposition of these 477 
sediments to between ~ 10,000 and 7000 cal yr BP (Kealhofer and Penny, 1998; 478 
Penny, 1998). The transect suggests that these layers drape the underlying sediments 479 
and fill the deeper parts of the basin (Fig. 7). The succession of organic-rich layers 480 
between 2.16 and 1.18 m in CP3A, which were assigned to sedimentary units 2a and 481 
2b (6700-1600 cal yr BP), compare well to the peat layers described for KUM.3, 482 
KUM.2 and KUM.1 (Kealhofer and Penny, 1998; Penny, 1998) and are also likely 483 
correlative to the black organic clay and silt in KUM.9 (Penny, 1998). The upper 484 
boundary of these organic sediments coincides with a hiatus of approximately 1500 485 
years in CP3A, but is dated to c. 2100 cal yr BP in KUM.2 and to c. 3000 cal yr BP in 486 
KUM.3. Given that that all 14C dates for KUM.2 and also the uppermost 14C date for 487 
KUM.3 were made on pollen concentrates, this age difference would suggest that peat 488 
formation ended earlier in KUM.3 and that the southern part of the basin is slightly 489 
deeper (Figs. 1B, 7). The hiatus observed in CP3A, at or just below the boundary of 490 
unit 3a, could on the other hand suggest erosion of the upper part of the peat in 491 
KUM.3. The peat layers in the three sequences KUM.3, KUM.2 and CP3A are 492 
overlain by clay gyttja and gyttja sediments, which indicate a rise in lake level. In 493 
contrast, peat formation continued at KUM.1 and KUM.9, sites situated closer to the 494 
shore of the present lake (Fig. 7).  495 

Paleoclimatic and paleoenvironmental interpretation  496 

Kealhofer and Penny (1998) and Penny (1998) demonstrated that sand and clay layers 497 
accumulated in the Kumphawapi basin before ~ 10,500 cal yr BP and suggested 498 
deposition in a floodplain or back swamp environment (Table 1). The inference of 499 
arid climatic conditions was based on the reconstructed species-poor and strongly 500 
seasonal vegetation that surrounded the site. By c. 10,000-9400 cal yr BP a lake had 501 
formed in the basin, as documented by the proxies analysed in CP3A. The shallow 502 
freshwater lake, where terrestrial and aquatic organic material accumulated together 503 
with clastic sediments derived from the catchment, was characterized by low light 504 
conditions, high turbulence in the water column, and oxygenated bottom water. This 505 
suggests high run-off and consequently higher moisture availability (Fig. 8). Pollen 506 
and phytolith assemblages provide evidence for the establishment of a mosaic of open 507 
dry-land vegetation, open woodlands, and dry/mixed deciduous forests between ~ 508 
10,500 and ~ 9000 cal yr BP (Table 1), which has been interpreted as a change 509 
towards more humid climatic conditions (Kealhofer and Penny, 1998; Penny, 1998). 510 
This assumption compares well to the proxy record from CP3A.  511 

Gradually increasing in lake organic productivity between 6700 and 5900 cal 512 
yr BP and less oxic bottom water conditions suggest decreased catchment run-off (Fig. 513 
8). This development could have been a response to denser vegetation around the lake, 514 
but could also have been initiated by a decrease in effective moisture. The subsequent 515 
rapidly increasing organic content of the sediments, reduced bottom water conditions, 516 
and a decrease/increase in planktonic/benthic diatoms, indicate a distinct lowering of 517 
the water level in the already shallow lake. The fairly abrupt change in lake status at c. 518 
5900 cal yr BP indicated by multiple proxies suggests that this shift was not a simple 519 
response to basin infilling, but was caused by a change to lower effective moisture. 520 
By 5400 cal yr BP an extensive wetland with predominantly terrestrial vegetation had 521 
become established. According to the chronology of Kealhofer and Penny (1998) and 522 
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Penny (1998), lowering of the lake level commenced already ~ 6800 cal yr BP, 523 
coincident with a significant reduction in dry-land taxa (Table 1). This is 524 
approximately 1000 years earlier than the water level lowering evidenced in our proxy 525 
records. Given that most of Kealhofer and Penny’s (1998) and Penny’s (1998; 1999) 526 
14C dates for KUM.3 were made on bulk sediment (Table 2), this older age could be 527 
explained by incorporation of reworked organic material.  528 

 The transition from wetland to peatland coincides with a hiatus, or 529 
alternatively with a change to very low peat accumulation starting around 5200 cal yr 530 
BP, as suggested by the age model (Figs. 3B, 8). Both a hiatus and/or slow peat 531 
growth would indicate no accumulation or very low accumulation rates, which in turn 532 
could be interpreted in terms of low effective moisture availability. The peatland 533 
persisted until about 3200 cal yr BP and seems to have been subject to periodic 534 
desiccation. The change from peatland to wetland around 3200 cal yr BP, indicated by 535 
the lithological shift from peat to peaty gyttja and by a decrease in organic matter 536 
content and an increase in planktonic diatoms, would suggest a rise in water level and 537 
flooding of the peat surface. According to the age model, deposition of the peaty 538 
gyttja would have occurred between 3200 and 1600 cal yr BP (Fig. 3, Table 3), which 539 
implies very slow sediment deposition, or a hiatus. The high number of soil mineral 540 
particles between c. 2700 and 2500 cal yr BP, large amounts of charcoal between 541 
1900 and 1600 cal yr BP, and the sharp lithological transition between units 2b and 3a 542 
would argue for hiatuses, possibly due to surface dryness. This in turn would indicate 543 
at least two intervals of reduced effective moisture availability, one around 2700-2500 544 
cal yr BP, and one around 1900-1600 cal yr BP (Fig. 8). The latter coincides with the 545 
transition to the clay gyttjas of unit 3a, which document the establishment of a 546 
shallow lake. Most of the northern and northeast parts of the basin (KUM.1, KUM.6 547 
and KUM.9) were not flooded (Fig. 7), we therefore assume that the new lake had a 548 
smaller size than the lake that existed between ~ 9400 and ~ 5600 cal yr BP. The 549 
higher lake level, evidenced in our record around 1600 cal yr BP, has not been 550 
discussed by Kealhofer and Penny (1998) and Penny (1998), although the 551 
stratigraphies of KUM.2 and KUM.3 show a distinct transition from peat to 552 
gyttja/clay sediments (Fig. 7). The distinct rise in water level in the basin is enigmatic 553 
and leads to a number of questions: Was the rise in lake level caused by 554 
anthropogenic or natural damming of the outlet, for example by uplift of the salt dome 555 
in the southern part of the lake? Did dissolution of the Maha Sarakham salt beds cause 556 
basin subsidence? Or, can higher groundwater levels and higher moisture availability 557 
explain the gradual rise in water level? 558 

Kumphawapi’s present outlet towards the south runs through a several 559 
kilometres-wide, low-relief area (Klubseang, 2011). Damming of the outlet at its 560 
narrowest point would have involved construction of a 0.5 to 1 km long dam by the 561 
former settlers. Geoarchaeological investigations in the Upper Mun River valley, 562 
some 250 km to the southeast of Kumphawapi, have shown that intensified landscape 563 
management and construction of drainage channels became common during the Iron 564 
Age (c. 2500-1500 cal yr BP) due to limited water availability (Boyd, 2008). On the 565 
other hand, the well-known Iron Age settlement of Ban Chiang had became 566 
abandoned around 1800 cal yr BP (Pietrusewsky and Douglas, 2002; White, 2008), 567 
which predates the higher lake level in Kumpawapi. The construction of a large dam 568 
to raise water levels in Kumphawapi seems therefore less probable. Uplift of the salt 569 
dome, which forms the small island of Ban Don Kaeo to the south of the lake (Figs. 570 
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1B, 2), could have played a role in blocking the outlet. Active salt dome uplift due to 571 
regional tectonic compression or buoyancy has been reported at rates varying between 572 
an extreme of 82 mm yr-1 and 2 mm yr-1 (Davison, 2009). Given these uplift rates, 573 
Ban Don Kaeo could theoretically have been uplifted by between 33 and 0.8 m during 574 
the c. 400 years, which cover the upper hiatus. However, on-going uplift for Ban Don 575 
Kaeo has not been described, although many topographic features on the Khorat 576 
Plateau are explained by the formation of salt domes and by the corrosion/dissolution 577 
of salt beds of the Maha Sarakham formation (Hisao and Wichaidit, 1989; Malilla, 578 
2001). Moreover, a gradual uplift of the salt dome would likely not have caused a 579 
hiatus, but would show up as a fairly gradual transition from peaty gyttja to clay gyttja. 580 
Subsidence of the Kumphawapi basin, due to the dissolution of underlying salt beds, 581 
could be another explanation for the rise in water level. However, none of the 582 
analysed proxies in the sediments of CP3A indicates a change in lake water salinity, 583 
which would be expected as a result of salt bed dissolution. Rising groundwater levels 584 
and higher effective moisture is another explanation for the gradual increase in lake 585 
level. Given that anthropogenic impact and salt-related processes seem less probable, 586 
we hypothesize that climate-induced changes led to higher water levels in 587 
Kumphawapi. 588 

Kumphawapi’s lake phase continued up to present, but was interrupted by a 589 
change in lake status between c. 1000 and 600 cal yr BP (Fig. 8). The distinct increase 590 
in sediment organic matter content could have been caused by intensified agriculture 591 
in the catchment (i.e. deforestation, construction of irrigation channels), which led to 592 
increased nutrient flux to the lake. Boundary stones from the island of Ban Don Kaeo 593 
(Fig. 1) date the presence of settlements to 800 AD (1200 cal yr BP) (Penny, 1998), 594 
which compares approximately to the interval of higher organic matter content. 595 
Another explanation could be expansion of the shore vegetation due to a lowering of 596 
the water level and lower effective moisture availability, which could have increased 597 
the organic matter content in the shallow lake. In addition, it could be speculated that 598 
a stronger human impact on the lake’s catchment could have been a result of a change 599 
in climatic conditions. 600 

Is Lake Kumphawapi recording local or regional past climatic changes? 601 

Given the scarcity of paleo-precipitation records from tropical lakes in Southeast Asia, 602 
it is important to examine whether Lake Kumphawapi can be added as an archive of 603 
tropical climate change or whether the environmental signals stored in its sediments 604 
are recorders of local catchment processes and/or anthropogenic impact. We therefore 605 
compare our environmental reconstruction to terrestrial records from the Asian 606 
monsoon region (Fig. 9).  607 

 Geoarchaeological investigations in the Upper Mun River valley to the 608 
southeast of Kumphawapi suggest that drier climate conditions starting around 3500 609 
cal yr BP led to decreased water availability, to gradually intensified landscape 610 
management, and to the final abandonment of Iron Age settlements after 1500 cal yr 611 
BP (Boyd, 2008). This observation is in line with the general view of a mid-Holocene 612 
decline in Asian monsoon strength (Morrill et al., 2003; P. Wang et al., 2005), but 613 
diverges from the record of Lake Kara in northern Cambodia (Maxwell, 2001). The 614 
data from this site suggest higher effective moisture c. 9500-6200 cal yr BP and 615 
during the past 2700 cal yr BP, and lower effective moisture c. 6200-2700 cal yr BP 616 
(Maxwell, 2001). These trends compare fairly well to the lake-level history of 617 
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Kumphawapi (Fig. 9). Variable lake levels are also reported for Lake Tonle Sap since 618 
the mid-Holocene, but these are explained by decreased rainfall and increased 619 
seasonality (Penny, 2006).  620 

 Paleoclimate reconstructions based on the record from Lake Huguangyan in 621 
southern China (S. Y. Wang et al., 2007) indicate high effective moisture between 622 
9500 and 8000 cal yr BP, lower effective moisture between 7800 and 4200 cal yr BP, 623 
and distinctly drier conditions between 4200 and 350 cal yr BP (Fig. 9). The Dongge 624 
cave stalagmite δ18O record suggests that the East Asian summer monsoon was 625 
stronger between 9000 and 5600 cal yr BP, and then declined in a step-wise sequence 626 
with marked shifts at 5600 and 3500 cal yr BP (Y. J. Wang et al., 2005; Dykoski et al., 627 
2005). Superimposed on this general trend were a number of short-term events when 628 
the monsoon was distinctly weaker; these were centred at around 8300, 7200, 6300, 629 
5500, 4400, 2700, 1600, and 500 cal yr BP (Y. J. Wang et al., 2005). Comparisons 630 
between speleothem δ18O records from southern and central China moreover suggest 631 
that East Asian summer monsoon precipitation decreased asynchronously from south 632 
to north, i.e. starting around 7000 cal yr BP in Dongge cave and around 4500 cal yr 633 
BP in Jiuxian cave (Cai et al., 2010). These findings contrast with those of An et al. 634 
(2000), who had suggested that the Holocene precipitation maximum reached 635 
southern China as late as around 3000 cal yr BP, and also diverge from the findings of 636 
Zhang et al. (2011) and Zhou et al. (2005; 2007), who show that Holocene climate 637 
was broadly synchronous across the monsoon region. Moreover, syntheses of 638 
paleorecords from central Asia suggest that the Indian Ocean and East Asian summer 639 
monsoon behaved in an asynchronous way during much of the Holocene (Herzschuh, 640 
2006; Y. Wang et al., 2010). The wettest interval occurred between 10,900 and 7000 641 
cal yr BP, with continued moderately wet conditions until 4400 cal yr BP for sites 642 
influenced by the Indian Ocean monsoon. In contrast, sites influenced by the East 643 
Asian summer monsoon show generally wet conditions between 11,500 and 1700 cal 644 
yr BP, with the wettest period between 8300 and 5500 cal yr BP. A stronger early 645 
Holocene summer monsoon is in line with the moisture history reconstructed for 646 
Kumphawapi, although the decline in monsoon strength seems to have been registered 647 
earlier in Lake Huguangyan in southern China than in northeast Thailand and in 648 
Cambodia (Fig. 9). The early Holocene short-term events of a weaker summer 649 
monsoon evidenced in the Dongge record (Y. J. Wang et al., 2005) are not seen in 650 
Kumphawapi, but the timing of late Holocene weak monsoon events at 2700, 1600 651 
and 500 cal yr BP correspond approximately in time to the hiatuses in the 652 
Kumphawapi record, and to the assumed low lake level phases (Figs. 8, 9). The 653 
timing of lower effective moisture availability reconstructed for Lake Huguangyan 654 
between 8000 and 4200 cal yr BP and the subsequent low moisture availability only 655 
partly compare to the environmental history of Kumphawapi.  656 

 Paleorecords for the Indian Ocean monsoon region (Fig. 9) show high lake 657 
levels and increased precipitation between approximately 7200 and 6000 cal yr BP, 658 
and an onset of aridity around 5300 cal yr BP in NW India (Prasad & Enzel, 2005; 659 
Singhvi & Kale, 2008). High lake levels and higher moisture availability have been 660 
reported for Lake Sambhar between 9600 and 7500 cal yr BP, and between 6800 and 661 
2500 cal yr BP, while lower lake levels and decreased precipitation are reconstructed 662 
between 7500 and 6800 cal yr BP and during the past 2500 years (Sinha et al., 2006) 663 
(Fig. 9). Pokhara Playa, also in the Thar Desert of Northwest India registered a high 664 
rainfall regime between 4000 and 2300 cal yr BP and low rainfall conditions between 665 
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2300 and 1100 cal yr BP (Roy et al., 2009). The rainfall history reconstructed from 666 
the two Thar Desert lakes (Fig. 9) compares partly to that observed in Siddha Baba 667 
Cave in Nepal (Denniston et al. 2000), where arid conditions are observed between 668 
2300 and 1500 cal yr BP. However the increase in summer monsoon precipitation 669 
around c. 500 cal yr BP (1550-1640 AD) in Nepal (Fig. 9) and the humid phase seen 670 
around 1000 cal yr BP (peaking 500-750 yr BP) in northern Indian cave deposits 671 
(Yadava and Ramesh, 2005) are not registered in the desert lakes. These latter 672 
changes also do not compare in time to the decadal to centennial long intervals of a 673 
stronger monsoon between 950 and 1200 AD (c. 1000-800 cal yr BP) and the series of 674 
decadal droughts between 1250 and 1450 AD (c. 800-600 cal yr BP) (Cosford et al., 675 
2008; A. Sinha et al., 2007; 2011; Buckley et al., 2007; 2010; Cook et al., 2010) 676 
reconstructed from speleothem and tree-ring records in Southeast Asia.  The changes 677 
in Kumphawapi’s lake level and inferred effective moisture availability are not 678 
comparable to the above-mentioned Indian Ocean monsoon paleoclimate records. The 679 
decadal droughts between 1250 and 1450 AD (c. 800-600 cal yr BP) seen in tree-ring 680 
and speleothem archives, however, overlap approximately with the assumed lake level 681 
lowering in Kumphawapi between 1000 and 600 cal yr BP.  682 

 The discrepancy between the inferred lake-level changes in Kumphawapi and 683 
moisture records from the Indian and East Asian monsoon regions (Fig. 9) highlights 684 
the problem of interpreting environmental proxies in lake sediments in terms of 685 
hydroclimate, and the difficulties in correlating moisture histories over large 686 
geographical distances. Each lake basin had and has its own specific setting, different 687 
lakes had different threshold responses to changing climatic conditions, and different 688 
paleo proxies provide a range of possible environmental responses. In contrast to 689 
temperature, precipitation is spatially heterogeneous; annual and rainy season 690 
precipitation totals from the Asian monsoon region can, for example, only be 691 
compared at distances of around 500 km (Dayem et al., 2010), which would mean that 692 
a spatially dense network of well-dated sites is needed for southeast Asia to track 693 
changes in monsoon intensity in greater detail. Such a network already exists for the 694 
past 1000 years based on tree-ring series (Cook et al., 2010). Any conclusions 695 
regarding asynchronous/synchronous changes between the different regions remain 696 
premature until more well-dated records have become available. 697 

 698 

Conclusions 699 

Sediment geochemistry combined with diatom assemblage changes provides a 700 
detailed record of past environmental changes in northeast Thailand. Nong (Lake) 701 
Han Kumphawapi formed around 10,000-9400 cal yr BP as a result of higher run-off 702 
and higher moisture availability due to a stronger summer monsoon. The sediments 703 
deposited between c. 9400 and c. 6700 cal yr BP indicate a well mixed water column 704 
and oxygenated bottom waters. A decrease in run-off and the concomitant increase in 705 
lake organic productivity between c. 6700 and 5900 cal yr BP suggests the 706 
development of dense shore vegetation or alternatively a decrease in effective 707 
moisture. Multiple proxies indicate a marked lowering of the already shallow lake 708 
around 5900 cal yr BP and the development of an extensive wetland around 5400 cal 709 
yr BP. The fairly abrupt change in lake status suggests that this shift was caused by 710 
lower effective moisture. The subsequent transition to a peatland coincides with a 711 
hiatus, which indicates very low accumulation rates due to very dry climatic 712 
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conditions. The re-establishment of a wetland around 3200 cal yr BP is interpreted as 713 
a rise in groundwater and lake level, indicative of slightly higher effective moisture. 714 
However, the sediments deposited between c. 3200 and 1600 cal yr BP provide 715 
evidence for at least two hiatuses at c. 2700-2500 cal yr BP, and at c. 1900-1600 cal 716 
yr BP, respectively. These hiatuses suggest surface dryness and consequently intervals 717 
of low effective moisture. Around 1600 cal yr BP a new shallow lake became re-718 
established in the basin, as documented by the sediment lithology and various other 719 
proxies. Although the underlying causes for this new lake phase remain unclear, we 720 
hypothesize that higher effective moisture was the main driving force. This shallow 721 
lake phase continued up to present, but was interrupted by higher nutrient flux to the 722 
lake around 1000-600 cal yr BP. Whether this was caused by intensified agriculture in 723 
the catchment or, whether this signals a lowering of the lake level and exposure of the 724 
shore vegetation due to reduced effective moisture, needs to be corroborated by 725 
further studies in the region. 726 

The lake level changes and inferred effective moisture history reconstructed for 727 
Kumphawapi compare well to the general observation of a strong Asian summer 728 
monsoon during the early Holocene and a weakening of the monsoon during the mid-729 
Holocene. The assumption of higher effective moisture during the later part of the 730 
Holocene is in line with reconstructions based on lake sediments from Cambodia and 731 
also with precipitation changes inferred from the Dongge Cave speleothems, but 732 
contrasts with other reconstructions, especially from the Indian subcontinent. Whether 733 
this is due to coupling/decoupling between the Indian Ocean and the East Asian 734 
monsoon systems, or due to local influences on the archive and/or dependent on the 735 
choice of the studied proxies, needs to be evaluated by a much denser network of 736 
hydroclimatic reconstructions. 737 
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Figure captions 949 

Fig. 1: A. Location of the study area on the Khorat Plateau in Northeast Thailand. B. 950 
Lake Kumphawapi and location of coring points. The coordinate system is based on 951 
the UTM Grid System (Indian 1975 zone 47). KUM = coring points of Penny (1998) 952 
and Kealhofer (1996); CP = coring points of the present survey. 953 

Fig. 2: Geological map of Kumphawapi, redrawn from the Geological Map of Udon 954 
Thani Province (2005) (Department of Mineral Resources, 955 
Thailand; http://www.dmr.go.th/ewt_news.php?nid=8879).

Fig. 3: (A) Lithostratigraphy of CP3A, (B) calibrated 14C dates (2 σ) shown on a depth 969 
scale. Samples UAB-12662, UAB-14170 and UBA-14168 were identified as outliers 970 
(see text for discussion). (C) Modelled age-depth curve, excluding the outlying dates; 971 
the shaded grey area and the dotted curve show the calculated errors. See Table 2 for 972 
details on the 14C dates and Figure 4 for a stratigraphic legend.  973 

 The coordinate system is 956 
based on the UTM Grid System (Indian 1975 zone 47). The Upper Jurassic Sao Khua 957 
Formation to the west of the Kumphawapi Basin includes silt- and sandstones with 958 
calcrete and silcrete horizons, and the Lower Cretaceous Phu Phan Formation consists 959 
of gravelly sandstone and siltstones. The middle Cretaceous Khok Kruat Formation 960 
with siltstones, calcareous sandstones and conglomerates with calcrete horizons is 961 
found to the west and east of the basin. The Upper Cretaceous Maha Sarakham 962 
Formation, which is approximately 130-170 meters thick, underlies the Kumphawapi 963 
basin and the area immediately to the north and south. It is made up of alternating 964 
clay-, silt- and sandstones and evaporites (rock salt inter-bedded with gypsum, potash 965 
and anhydrite). Dissolution of the rock salt, salt domes and salt anticlines are common 966 
features. River terrace and alluvial deposits are made up of gravel, sand, silt, clay and 967 
laterites.  968 

Fig. 4: Lithostratigraphy and geochemistry of CP3A. See Table 3 for a detailed 974 
description of the different layers. 975 

Fig. 5: Plots of (A) δ13C versus C/N and (B) %TS against %TOC according to the 976 
respective sedimentary units. 977 

Fig. 6: Diatom diagram for CP3A. See Figure 4 for a stratigraphic legend. 978 

Fig. 7: Stratigraphic SW-NE transect for the eastern part of the Kumphawapi basin. 979 
The stratigraphies for KUM.3, KUM.2, KUM.1 and KUM.9 follow the description by 980 
Penny (1998).  981 

Fig. 8: Reconstructed lake level, run-off and moisture history for Kumphawapi. The 982 
different settlement periods at Ban Chiang are according to Pietrusewsky and Douglas 983 
(2002) and White (2008). 984 

Fig. 9: Comparison of the reconstructed effective moisture availability of Lake 985 
Kumphawapi to selected Asian paleo-monsoon records. 1 = Maxwell (2001); 2 = S. Y. 986 

http://www.dmr.go.th/ewt_news.php?nid=8879�
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Wang et al. (2007); 3 = Y. L. Wang et al. (2005); Dykoski et al. 2005); 4 = Prasad and 987 
Enzel (2005), Singhvi and Kale (2008); 5 = R. Sinha et al. (2006); 6 = Roy et al. 988 
(2009); 7 = Denniston et al. (2000); 8 = A. Sinha et al. (2011). 989 

Tables 990 

Table 1: Summary of vegetation and climatic reconstructions for Nong Han 991 
Kumphawapi based on pollen and phytolith analyses of core KUM.3  (Penny 1998; 992 
Kealhofer & Penny 1998). The age boundaries are based on the recalibrated 14C dates 993 
shown in Table 2. See Figure 6 for details on the lithostratigraphy of core KUM.3. 994 
 995 

Table 2: 14C dates for Lake Kumphawapi. Core depth (in cm) is given below the 996 
sediment-water interface. Calibration of 14C dates is according to Reimer et al. (2009) 997 
and was made with the Calib 6.0 online program 998 
(http://calib.qub.ac.uk/calib/calib.html). See Figure 1B for the location of the coring 999 
points. Sedimentary units 1-3 relate to those shown in Figures 3 and 4. Plant remains 1000 
= remains that could neither be identified as seeds, leaves or wood. 1001 
 1002 

Table 3: Lithostratigraphic description of sediment sequence CP3A and modelled age 1003 
range of the lower boundary of each layer. MAP = mean age point; gLB = gradual 1004 
lower boundary; sLB = sharp lower boundary. 1005 

http://calib.qub.ac.uk/calib/calib.html�
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Table	  1:	  Summary	  of	  vegetation	  and	  climatic	  reconstructions	  for	  Nong	  Han	  
Kumphawapi	  based	  on	  pollen	  and	  phytolith	  analyses	  of	  core	  KUM.3	  	  (Penny	  
1998;	  Kealhofer	  &	  Penny	  1998).	  The	  age	  boundaries	  are	  based	  on	  the	  
recalibrated	  14C	  dates	  shown	  in	  Table	  2.	  See	  Figure	  6	  for	  details	  on	  the	  
lithostratigraphy	  of	  core	  KUM.3.	  
	  
	   	   	  
Sediment	  	   	   Vegetation	   Lake	  level,	  climate,	  
depth	  (cm)	   	   	   human	  impact	  
	  
	  

0-‐50	   Establishment	  of	  re-‐growth	  or	  secondary	   Human	  activities	  
	   forest;	  decline	  in	  charcoal	  
	  

__________________________	  	  	  	  	  	  	  	  	  	  	  	  ca.	  3000	  cal	  yr	  BP	   ______________________________	  
	  

50-‐120	   Further	  development	  of	  local	  herbaceous	   Lake	  level	  lowering,	  drier;	  
	   swamp	  communities,	  	  significant	  reduction	  	   new	  and	  intensified	  	  
	   of	  dry	  land	  taxa,	  except	  for	  Pinus;	  increased	   human	  activities	  
	   burning	  
	  

__________________________	  	  	  	  	  	  	  	  	  	  	  	  ca.	  6800	  cal	  yr	  BP	   ______________________________	  
	  

120-‐220	   Expansion	  of	  sedges	  and	  ferns,	  development	   Higher	  moisture	  	  
	   of	  a	  herbaceous	  swamp	   availability	  
	  

__________________________	  	  	  	  	  	  	  	  	  	  	  	  ca.	  9100	  cal	  yr	  BP	   ______________________________	  
	  

220-‐530	   Open	  dry-‐land	  vegetation,	  incorporating	   Increasing	  humidity;	  
	   open	  woodlands	  and	  dry/mixed	  deciduous	   minor	  human	  impact	  on	  	  
	   forest;	  charcoal	  spike	  between	  350-‐250	  cm	   the	  landscape	  
	  

___________________________	  	  	  	  	  	  	  	  	  	  	  ca.	  10,500	  cal	  yr	  BP	  	  	  	  	  	  	   ______________________________	  
	  

530-‐550	   Xeric,	  species-‐poor	  and	  strongly	  seasonal	   Floodplain	  or	  back	  swamp	  
	   vegetation;	  Panicoideae	  &	  Oryzoid	  grasses,	   arid,	  seasonal	  inundations	  
	   Cyperaceae	  
	  	  

__________________________	  	  	  	  	  	  	  	  	  	  	  	  	  	  >10,500	  cal	  yr	  BP	   ______________________________	  
	  

550-‐620	   Species	  poor,	  dominance	  of	  Panicoid	  and	  	   Arid	  
	   Bambusoid	  grass	  forms	  
	  

	   	   	  

Table



Table 2: 14C dates for Lake Kumphawapi. Core depth (in cm) is given below the sediment-water 
interface. 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). See Figure 1B for the location 
of the coring points. Sedimentary units 1-3 relate to those shown in Figures 3 and 4. Plant 
remains = remains that could neither be identified as seeds, leaves or wood. 
_____________________________________________________________________________ 
 
Lab ID Core depth 14C date BP Measured Calibrated age  Sedimentary Published in 
 (cm) ± 1 sigma material (2 sigma) range  units 
    (cal yr BP) 
_____________________________________________________________________________________________ 
 
KUM.1 
NZA-5765 40-41 2010±110 Pollen 1712-2184    2 Penny (1989, 1999) 
WK-2366 77-79 4950±80 Sediment 5583-5901    2 Penny (1989, 1999) 
NZA-5766 80-81 5650±110 Pollen 6272-6677    1 Penny (1989, 1999) 
NZA-5768 100-101 6010±100 Pollen 6651-7160    1 Penny (1989, 1999) 
OZB070 140-141 5320±60 Pollen 5985-6218    1 Penny (1989, 1999) 
 
KUM.2 
OZB071 60-61 1420±90 Pollen 1171-1530    3 Penny (1989, 1999) 
OZB072 170-171 6280±80 Pollen 6994-7335    2 Penny (1989, 1999) 
OZB073 235-236 6580±40 Pollen 7427-7520    1 Penny (1989, 1999) 
OZB074 305.5-307 8150±50 Pollen 9004-9257    1 Penny (1989, 1999) 
OZB075 379-380 3150±90 Pollen 3141-3579    1 Penny (1989, 1999) 
 
KUM.3 
OZC319 45-46 2690±70 Pollen 2710-2964    3 Penny (1989, 1999) 
BETA93027 80-85 5540±70 Sediment 6208-6470    2 Penny (1989, 1999) 
BETA93028 136-141 6080±60 Sediment 6793-7157    2 Penny (1989, 1999) 
BETA93029 152-157 6270±100 Sediment 6949-7418    1 Penny (1989, 1999) 
BETA93030 255-230 8610±100 Sediment 9428-9913    1 Penny (1989, 1999) 
BETA93031 355-340 8570±100 Sediment 9402-9889    1 Penny (1989, 1999) 
BETA72096 540-545 9170±130 Sediment 10,120-10,701    1 Penny (1989, 1999) 
BETA72097 580-581 12270±70 Pollen 13,897-14,612    1 Penny (1989, 1999) 
 
 
CP3A 
UBA-16764* 69-66 757±22 Charcoal, plant 669-725    3 this work 
   remains 
UBA-12663 95-100 1639±29 Charcoal 1417-1611    3 this work 
UBA-16763* 118-121 1829±24 Charcoal 1706-1825 
UBA-14170 118-121 5228±28 Wood 5917-6173    2 this work 
UBA-14169 121-124 2385±24 Charcoal 2344-2473    2 this work 
UBA-12662 125-130 4282±30 Wood 4823-4958    2 this work 
UBA-16762* 133-130 2932±24 Charcoal, plant,  2997-3167    2 this work 
   remains 
UBA-14168 140-145 5526±28 Wood 6284-6397    2 this work 
UBA-14166* 150-155 4689±30 Charcoal, seeds 5320-5576    2 this work 
UBA-16761* 155-158 3587±31 Charcoal, seeds, 3830-3980    2 this work 
   leaves 
UBA-12661 155-160 4432±30 Wood 4879-5276    2 this work 
UBA-12660 265-270 6936±34 Charcoal 7683-7841    1 this work 
UBA-16759* 325-320 7851±46 Plant remains 8541-8781    1 this work 
UBA-16758* 375-380 8338±33 Seeds, plant  9280-9462    1 this work 
   remains, small 
   twig 
 
_____________________________________________________________________________________________ 
*acid only pretreatment 

Table



Table	  3:	  Lithostratigraphic	  description	  of	  sediment	  sequence	  CP3A	  and	  modelled	  age	  
range	  of	  the	  lower	  boundary	  of	  each	  layer.	  MAP	  =	  mean	  age	  point;	  gLB	  =	  gradual	  lower	  
boundary;	  sLB	  =	  sharp	  lower	  boundary.	  
	  
	  

Depth	  below	  	   Lithostratigraphic	  description	   Layer	   Unit	   Age	  range	  (MAP)	  
surface	  (m)	   	   	   	   cal	  yr	  BP	   	  
	  
0.00	  –	  0.11	   Grey	  in	  field,	  now	  oxidized	  reddish	   1	   	  3c	   66-‐386	  (307)	  
	   black	  clay	  gyttja,	  gLB	  
0.11	  –	  0.25	   Grey	  in	  field,	  now	  oxidized	  clay	  gyttja	  	   2	   	  3c	   155-‐515	  (440)	  
	   with	  reddish	  spots,	  light	  laminations,	  	  
	   gLB	  
0.25	  –	  0.42	   Grey	  brown	  in	  field,	  now	  greenish-‐	  	   3	   	  3c	   288-‐648	  (551)	  
	   brown	  slightly	  oxidized	  clay	  gyttja,	  
	   gLB	  
0.42	  –	  0.51	   Dark	  brown	  clay	  gyttja,	  gLB	   4	   	  3c	   384-‐734	  (602)	  
0.51	  –	  0.58	   Oxidized	  greenish	  brown	  clay	  gyttja	   5	   	  3c	   476-‐836	  (615)	  
	   with	  reddish-‐black/brown	  spot,	  gLB	  
	  

0.58	  –	  0.65	   Olive	  green	  gyttja,	  gLB	   6	   	  3b	   558-‐903	  (653)	  
0.65	  –	  0.77	   Dark	  brown	  gyttja,	  gLB	   7	   	  3b	   727-‐1217	  (1043)	  
	  

0.77	  –	  0.91	   Dark	  greenish	  brown	  clay	  gyttja,	  gLB	   8	   	  3a	   1213-‐1608	  (1409)	  
0.91	  –	  1.05	   Dark	  brown	  clay	  gyttja,	  some	  FeS	  	  	   9	   	  3a	   1469-‐2089	  (1500)	  
	   stains,	  gLB	  
1.05	  –	  1.18	   Dark	  brown/blackish	  brown	  clay	  	  	   10	   	  3a	   1553-‐2328	  (1562)	  
	   gyttja,	  sLB	  
	  

1.18	  –	  1.35	   Dark	  brown-‐black	  peaty	  gyttja,	  	   11+12	  	  2b	   3043-‐3403	  (3168)	  
	   possibly	  some	  clay,	  gLB	  
1.35	  -‐	  1.60	   Blackish	  brown	  peat,	  gLB	   13	   	  2b	   4963-‐5358	  (5317)	  
1.60	  –	  1.67	   Blackish	  brown	  peaty	  gyttja,	  gLB	   14	   	  2b	   5026-‐5741	  (5554)	  
1.67	  –	  1.72	   Dark	  brown	  gyttja,	  gLB	   15	   	  2b	   5089-‐5924	  (5715)	  
	  

1.72	  –	  1.75	   Transition	  zone:	  greenish	  brown	  	   16	   	  2b	   5128-‐5998	  (5786)	  
	   and	  black	  gyttja,	  gLB	  
1.75	  –	  1.85	   Greenish	  brown	  gyttja,	  gLB	   17	   	  2b	   5285-‐6295	  (5874)	  
	  

1.85	  –	  1.95	   Olive	  brown	  clay	  gyttja,	  gLB	   18	   	  2a	   5493-‐6573	  (6037)	  
1.95	  –	  2.16	   Olive	  brown	  clay	  gyttja,	  gLB	   19	   	  2a	   6030-‐7115	  (6659)	  
	  

2.16	  –	  3.85	   Grey	  gyttja	  clay	   20	   	  1	   9294-‐9574	  (9420)	  
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Abstract  25 

Recent devastating flooding in Southeast Asia has drawn attention to the importance of 26 
understanding the long-term climate dynamics of the region, yet high-resolution 27 
paleoenvironmental records are still scarce. Here we present a new 14C-dated, multi-proxy 28 
sediment record (TOC, C/N, CNS isotopes, Si, Zr, K, Ti, Rb, Ca elemental data, biogenic 29 
silica) for Lake Kumphawapi, the second largest natural lake in northeast Thailand. The data 30 
set provides a reconstruction of changes in lake status, groundwater fluctuations, and 31 
catchment run-off during the Holocene. A comparison of multiple sediment sequences and 32 
their proxies suggests that the summer monsoon was stronger between c. 9800 and 7000 cal 33 
yr BP. Lake status and water level changes around 7000 cal yr BP signify a shift to lower 34 
effective moisture. By c. 6500 cal yr BP parts of the lake had been transformed into a 35 
peatland, while areas of shallow water still occupied the deeper part of the basin until c. 36 
5400-5200 cal yr BP. The driest interval in Kumphawapi’s history occurred between c. 5200 37 
and 3200 cal yr BP, when peat extended over large parts of the basin. After 3200 cal yr BP, 38 
the deepest part of the lake again turned into a wetland, which existed until c. 1600 cal yr BP. 39 
The observed lake-level rise after 1600 cal yr BP could have been caused by higher moisture 40 
availability, although increased human influence in the catchment cannot be ruled out. The 41 
present study shows that multiple sediment sequences and a variety of proxies need to be 42 
studied in large lakes, such as Lake Kumphawapi to assess the time transgressive response to 43 
past changes in hydroclimate conditions. The Holocene record of Lake Kumphawapi adds 44 
important paleoclimatic information for a region in Southeast Asia and allows discussing past 45 
monsoon variability and ITCZ movement in greater detail.  46 

 47 

Keywords: Thailand; Asian monsoon; lake sediments; multi-proxy geochemistry; Holocene; 48 
paleoenvironment; paleoclimate; ITCZ; paleomonsoon  49 
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1. Introduction  68 

Societies and economies in Southeast Asia are strongly dependent on the Asian monsoon. 69 
Extreme drought and/or precipitation can have severe impacts on these mainly agrarian 70 
economies (Parry et al., 2007). The multiple devastating flooding events during recent 71 
decades have increased the need for acquiring more knowledge about the climate history of 72 
this region and to place current events into a longer temporal perspective. Moreover, detailed 73 
paleolimnological studies can provide baseline information for improving water management 74 
practices and add important information for testing the performance of regional climate 75 
models.  76 

The variation of the Asian monsoon during the Holocene has gained increasing attention 77 
during recent decades. It is generally acknowledged that the strength of the Asian summer 78 
monsoon during the Holocene followed insolation patterns, with an increased summer 79 
monsoon intensity during the early Holocene, and a gradual decline from the mid-Holocene 80 
onwards (Kutzbach, 1981; P. Wang et al., 2005; Y. Wang et al., 2005). However the timing 81 
of the strengthening and weakening of the monsoon varies significantly among sites as shown 82 
by paleorecords across Asia (e.g. An et al., 2000; Morrill et al., 2003; Herzschuh, 2006; Y. 83 
Wang et al., 2010; Cook et al., 2010). It is for example still unclear if mid-Holocene changes 84 
in monsoon intensity were synchronous or asynchronous between the two major monsoon 85 
subsystems, the Indian summer monsoon (ISM)  and the East Asian summer monsoon 86 
(EASM)  (e.g. Zhang et al., 2011; Y. Wang et al., 2010; Cai et al., 2010; Zhao et al., 2009; 87 
Chen et al., 2008; Dykoski et al., 2005). Indochina is located in a key geographic position for 88 
studying the interaction between the ISM and the EASM subsystems, but 89 
palaeoenvironmental data for this large region are still scarce. Paleoclimatic and 90 
paleoenvironmental information for Thailand (e.g. Penny, 1998; White et al., 2004; Buckley 91 
et al., 2007; Boyd, 2008; Marwick & Gagan, 2011), for example, has only been made 92 
available during the last decade. 93 

Nong (Lake) Han Kumphawapi in northeast Thailand is one of the largest natural freshwater 94 
lakes in the country. Reconstructions of the regional paleoenvironment based on pollen and 95 
phytolith studies (Kealhofer and Penny, 1998; Penny, 1998, 1999; White et al., 2004) showed 96 
that Kumphawapi’s catchment was composed of sparse dryland vegetation and that the basin 97 
itself may have been characterised by grassy floodplain and backswamp vegetation between 98 
c. 12,400 and 10,400 cal yr BP. Dry climatic conditions were thus inferred for this time 99 
interval. The increase in pollen abundance and diversity during the early Holocene (c. 100 
10,400-9000 cal yr BP) suggested a change to more humid climatic conditions (Kealhofer 101 
and Penny, 1998), and marked changes in the local flora between c. 9000 and 6800 cal yr BP 102 
indicated subsequent high moisture availability. The development of an herbaceous swamp, 103 
the increase in charcoal, and the reduction of dryland taxa between c. 6000 and 3000 cal yr 104 
BP may have been due to climatic changes or might reflect anthropogenic influences 105 
(Kealhofer and Penny, 1998). The re-appearance of secondary forests and the increase in 106 
charcoal particles after c. 3000 cal yr BP is interpreted as a result of intensified anthropogenic 107 
activities and/or a change in agricultural practice (Kealhofer and Penny, 1998; Penny, 1998). 108 
Although several sediment cores had been retrieved and analysed by Penny (1998), 109 
correlations between these proved difficult, especially between sequences from the northern 110 
and southern part of the lake.  111 

Further exploration of Lake Kumphawapi’s potential as a paleoclimatic and 112 
paleoenvironmental archive has shown that the major sedimentary units can be followed 113 
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across the eastern part of the basin (Wohlfarth et al., submitted). However, the sediment 114 
stratigraphies (Penny, 1998; Wohlfarth et al., submitted) also indicate that multiple sub-115 
basins existed in the Kumphawapi basin and that deposition of the major sediment units may 116 
have been time-transgressive. The location of the analysed sediment sequence and the choice 117 
of proxies (Penny, 1998; Wohlfarth et al., submitted) can thus generate differing temporal 118 
and spatial reconstructions of the lake’s response to past climatic shifts. The complexity of 119 
this large lake system therefore needs to be investigated in more detail before stratigraphic 120 
changes in the Kumphawapi basin can be interpreted as an indicator of paleoclimate 121 
variability. Here we present the stratigraphy, a multi-proxy geochemical record, and the 122 
chronology for sediment core CP4 to reconstruct changes in lake status, groundwater 123 
fluctuations and catchment run-off for the past c. 9800 cal yr BP. We then compare our 124 
results to those obtained by Penny (1998; 1999) and Wohlfarth et al., (submitted) and present 125 
a comprehensive paleoclimatic and paleoenvironmental synthesis for the Kumphawapi basin 126 
during the Holocene. Moreover, we evaluate Kumphawapi´s paleoclimatic record in respect 127 
to other Asian monsoon records and place it in wider regional context. 128 

2. Regional setting 129 

Nong Han Kumphawapi (17⁰11´N, 103⁰02´E) is located on the Khorat Plateau of northeast 130 
Thailand (Fig. 1A). The lake is situated at approximately 170 m above sea level (asl) and 131 
covers an area of about 32 km2. It occupies a broad alluvial floodplain with low local relief 132 
and is surrounded by hills rising to over 200 m asl (Fig. 1B). Kumphawapi is a shallow lake 133 
(<4 m water depth), but it has considerable seasonal fluctuations in water level. The main 134 
inflow is through Huai Phai Chan Yai River, which drains the southern slope of the Phu Phan 135 
range to the northeast of the lake; other smaller streams enter the lake in the north and west 136 
(Fig. 1C). The outflow is at the southern end of the lake through the Lam Pao River. Many 137 
seasonal streams are active during the summer monsoon season (Fig. 1C). Groundwater flow 138 
is towards the northwest and geochemically heavily influenced by the evaporites of the 139 
underlying Maha Sarakham Formation (Satarugsa et al., 2004).  140 

The lake’s extensive floating herbaceous swamp vegetation has been described by Penny 141 
(1998, 1999), who noted a domination of grasses (Poaceae including Phragmites sp.) and 142 
sedges (Cyperaceae), as well as Eichhornia crassipes, Ipomoea aquatica, Ludwigia 143 
adscendens, L. octovalis, Nelumbo nucifera, Nymphaea lotus, Nymphoides indicum, 144 
Persicaria attenuata, Saccharum spp., Typha angustifolia, and Salvinia cucullata. Several 145 
fern taxa occur as epiphytic elements on the floating or partially rooted herbaceous substrate.  146 

Present-day climate in the region is tropical monsoonal, with mean air temperatures of around 147 
22-25°C for November to February, and 27-30°C for March to October. Mean annual 148 
precipitation is about 1455 mm, 88% of which falls during May to October. Highest rainfall 149 
(c. 262 mm) occurs during August and September, respectively (Klubseang, 2011). 150 
Following the movement of the Intertropical Convergence Zone (ITCZ), humid air masses 151 
from the Indian Ocean reach the region between mid-May and mid-October. During August 152 
and September tropical cyclones from the east contribute additional precipitation. The 153 
northeast monsoon, which dominates between November and February, carries cool and dry 154 
air masses from the Siberian anticyclone to the south. 155 

The Khorat Plateau consists of the southern Khorat and the northern Sakon Nakhon basins 156 
(Fig. 2A), which are filled with Quaternary sediments. These two basins are separated by the 157 
northwest-trending Phu Phan anticline, which was formed during the Early Paleocene 158 
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collision of Southeast Asia and southern China. Kumphawapi is situated in the Sakon Nakhon 159 
Basin, c. 36 km southeast of Udon Thani province (Fig. 2A) (El Tabakh et al., 2003; 160 
Wannakomol, 2005). Quaternary sediments consist mainly of fluvial gravel, sand, silt and 161 
clay and have been attributed to high, middle and low terrace deposits. The youngest 162 
sediments are valley plain and floodplain deposits (clays, silt and sand and occasional 163 
gravelly sand). Quaternary sediments overlie the Neogene Phu Thok Formation (fine- to 164 
medium-grained sandstone and siltstone) to the far north of the Kumphawapi Basin. The 165 
bedrock to the north and south of the basin is made up of the Cretaceous Maha Sarakham 166 
Formation, composed of clay-stone, siltstone and three rock salt beds, which are interbedded 167 
with gypsum, anhydrite and potash (Fig. 2B). The Maha Sarakham Formation overlies the 168 
Khok Kruat Formation (sandstone and siltstone), which crops out to the west and east of the 169 
Kumphawapi basin (El Tabakh et al., 2003; Wannakomol, 2005; DMR, 2009). 170 

The margins of the Khorat and Sakon Nakhon basins and the upper and lower contacts of the 171 
salt units of the Maha Sarakham Formation show strong dissolution (Warren, 1989). Basin 172 
subsidence is stronger in the Khorat Basin, resulting in salt domes and leaching of salts to the 173 
groundwater, but is less prominent in the Sakon Nakhon Basin (Fig. 2A) (Sattayarak, 1985). 174 
Dissolution of salt has led to poor preservation of the upper and middle evaporite beds in the 175 
Maha Sarakam Formation and also resulted in the accumulation of anhydrite residues from 176 
dissolution of salt in some beds (Fig. 2B). Anhydrite-dominated thin residual layers cap the 177 
underlying salt beds and follow modern hydrology and topography. The sulphur isotope 178 
values of anhydrite samples from the Maha Sarakham salt beds have δ34S values of +14‰ to 179 
+17‰ (CDT), which are very similar to world-wide Cretaceous marine evaporites (El 180 
Tabakh et al., 1999). Fluvial and lacustrine sedimentary rocks are intercalated between each 181 
of the three marine evaporite phases. The δ34S values of anhydrite nodules, which are present 182 
in these non-marine clastic sedimentary units, are +6.4‰ to +10.9‰ and are thus assumed to 183 
be the product of continental or mixed-water precipitation (El Tabakh et al., 1999).  184 

A recent seismic and 2-D resistivity survey (Satarugsa et al., 2004) in the surroundings of 185 
Lake Kumphawapi showed that the depth of the rock salt layers varies from 50 m to >100 m 186 
below the ground surface, and that dissolution of the underlying salt sequences and diapiric 187 
salt domes impact the surface morphology of the lake. The island of Ban Don Kaeo, which 188 
rises to 10-15 m above the lake, constitutes such a salt mound (Fig. 1C). It is hypothesised 189 
that the formation of the Kumphawapi basin is due to a combination of rock salt cavity 190 
collapse and gradual land subsidence (Satarugsa et al., 2004).  191 

3. Materials and Methods 192 

The sediment sequence of CP4 was obtained in January 2010 from the southern part of Nong 193 
Han Kumphawapi (Fig. 1C) using a modified Russian corer (7.5 cm diameter, 1 m length) 194 
and 50 cm overlap between the 1 m core segments. The sediment cores were preliminary 195 
described in the field, wrapped in plastic and placed in PVC tubes for transport to the 196 
Department of Geological Sciences at Stockholm University, Sweden. The cores were stored 197 
in a cold room (at 4°C) until analyses. Laboratory work included detailed lithostratigraphic 198 
descriptions; non-destructive XRF scanning measurements (specifically Si, Zr, K, Ti, Rb, and 199 
Ca); geochemistry (carbon, nitrogen, and sulphur elemental and isotopic composition; 200 
biogenic silica analyses) and 14C dating.  201 

The core surfaces were carefully cleaned, and each 1 m long core segment was scanned with 202 
the Itrax XRF core scanner at 5 mm resolution using a Mo tube set at 30 kV and 30 mA for 203 
60 sec/point. Information about incoherent (Compton) and coherent (Rayleigh) scattering is 204 

http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DEl%2520Tabakh,%2520Mohamed%26authorID%3D6603389910%26md5%3D61e73b538d2b14e3660e4b8cb10c6227&_acct=C000035218&_version=1&_userid=2195977&md5=4d32e1306d66c84db1931f4ab882f575�
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DEl%2520Tabakh,%2520Mohamed%26authorID%3D6603389910%26md5%3D61e73b538d2b14e3660e4b8cb10c6227&_acct=C000035218&_version=1&_userid=2195977&md5=4d32e1306d66c84db1931f4ab882f575�
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DEl%2520Tabakh,%2520Mohamed%26authorID%3D6603389910%26md5%3D61e73b538d2b14e3660e4b8cb10c6227&_acct=C000035218&_version=1&_userid=2195977&md5=4d32e1306d66c84db1931f4ab882f575�
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acquired normally during the measuring process. The incoherent/coherent scattering ratio 205 
(inc/coh) is dependent on the average atomic number of the sediment material. Chemical 206 
compounds of organic carbon, for example, have a lower average atomic mass than carbonate 207 
carbon, aluminosilicates or silica. The ratio thus increases with higher organic carbon 208 
concentrations and can be used as a qualitative indicator of the organic matter content (Sáez 209 
et al., 2009; Corella et al., 2010), especially in organic-rich sediments (Brown et al., 2000; 210 
Thomson et al., 2006; Brown et al., 2007; Löwemark et al., 2011). The elemental data were 211 
averaged over 1 cm intervals and smoothed using a 3 point running mean (peak area). The 212 
curve was then divided by incoherent and coherent scattering to obtain normalised peak 213 
areas. These account for changes in organic content, water content, and sediment density 214 
during analysis (Kylander et al., 2011).  215 

The lithostratigraphy of each core segment was again described in the laboratory and 216 
compared to the field notes. Correlations between the overlapping 1-m cores segments were 217 
done visually, based on stratigraphic markers, but were aided by major XRF curve features. 218 
The sedimentary sequence between 7.03 and 2.00 m depth was subdivided into 23 layers, 219 
which were grouped into six lithostratigraphic units (Table 1).  220 

Contiguous 1-cm intervals were sub-sampled for loss-on-ignition (LOI) analysis to obtain an 221 
estimate of the organic matter content of the sediments. The samples were dried at 105°C, 222 
homogenised, and combusted at 550°C. Sub-samples for total organic carbon (TOC), total 223 
nitrogen (TN), total sulphur (TS), and stable isotopes (δ13Corg, δ15N and δ34S) were taken at 224 
30-cm intervals in the lower part of the sediment sequence and at 1-cm intervals in the upper 225 
part, corresponding to 110 samples. The samples were freeze-dried and homogenised before 226 
analyses without prior removal of carbonate carbon, because the inorganic carbon content of 227 
the sediments is low (Wohlfarth et al., submitted). %TOC, %TN, %TS, δ13Corg, δ15N and δ34S 228 
were measured on a Carlo Erba NC2500 elemental analyser, which is coupled to a Finnigan 229 
MAT Delta+ mass spectrometer.  δ13Corg, δ15N and δ34S values are reported in ‰ relative to 230 
Vienna PeeDee Belemnite (VPDB, for C), to AIR (for N), and to Canon Diablo Troilite 231 
(CDT, for S) standards, respectively. The analytical error was ±0.15‰ for δ13C and δ15N, and 232 
±0.2‰ for δ34S. 233 

Total organic carbon (TOC) concentration is a bulk value for the fraction of organic matter 234 
that was not remineralised during sedimentation (Meyers and Teranes, 2001). The original 235 
lake productivity depends on the amount of available biomass, which becomes 236 
proportionately degraded after burial. Higher TOC values may thus indicate increased lake 237 
organic productivity, increased preservation and/or decreased dilution. Nitrogen and carbon 238 
in lacustrine sediments are measured and reported in weight percentage total nitrogen (TN) 239 
and total carbon (TOC) enabling the calculation of the carbon: nitrogen (C/N) atomic ratios 240 
(Meyers and Teranes, 2001). Aquatic organic matter from phytoplankton is rich in N due to 241 
its high protein and lipid content and has low C/N ratios (commonly between 4 and 10). On 242 
the other hand, terrestrial organic matter is dominated by fibrous tissues, cellulose and lignin, 243 
which are N-poor, and have C/N ratios of 20 or higher. The C/N ratio is here used to 244 
distinguish changes in aquatic and terrestrial organic matter sources. Such changes can reflect 245 
changes in lake organic productivity, terrestrial run-off, and catchment vegetation, but might 246 
also signify lake-level fluctuations (Meyers and Lallier-Verges, 1999 and Meyers and 247 
Teranes, 2001). The influx of dissolved sulphate to lakes depends on catchment processes, 248 
precipitation, river- and groundwater influx (Mizota et al., 2009). Total sulphur (TS) in lake 249 
sediments has two major sources: organic matter derived from the remains of limnic animals 250 
and plants, and biological reduction products from sulphate dissolved in water (Zobell, 1963). 251 

http://www.sciencedirect.com/science/article/pii/S003101821000074X#bb0040�
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Stable carbon isotope (δ13C) values of organic matter in lake sediments can provide 252 
information about organic matter sources. They can be used for reconstructing past aquatic 253 
productivity and for identifying changes in the availability of nutrients in surface water 254 
(Meyers and Ishiwatrai, 1993; Meyers and Teranes, 2001). Similarly, nitrogen isotopic (δ15N) 255 
values may be used to distinguish the source of organic material and to reconstruct past 256 
aquatic productivity. However, the dynamics of the nitrogen biogeochemical cycle are more 257 
complicated than those of carbon; hence interpretations of sedimentary δ15N are rather 258 
difficult (Meyers and Teranes, 2001). Stable sulphur isotopic (δ34S) values of lake sediments 259 
have been used to constrain past changes in the sulphur cycle (Mayer and Schwark, 1999; 260 
Watanabe et al., 2004). In lake sediments, variations in sulphur isotope ratios can be caused 261 
not only by changes in the isotopic compositions of the respective sulphur sources but also 262 
indicate variations in sulphate availability in the lake over time (Russell and Werne, 2009). 263 
Here we employ δ34S to assess changes in the groundwater table; we hypothesise that a 264 
lowering of the groundwater level would result in a change in the δ34S signature, because 265 
anhydrite samples from the different sedimentary units of the Maha Sarakham formation 266 
display distinct changes in δ34S values (El Tabakh et al., 1999).  267 

Samples for biogenic silica (BSi) were taken at the same levels as those for TOC, TN, TS and 268 
CNS isotope analyses. The freeze-dried sediment samples were analysed after pre-cleaning 269 
with H2O2 and HCl to remove organic matter and carbonate as suggested by Mortlock and 270 
Froelich (1989) and Saccone et al. (2006). The BSi content of the sediments was determined 271 
by alkaline extraction of 30 mg of sediment in 40 mL of 1% Na2CO3 solution, over a 5 hour 272 
period with sub-samples taken at 3 (within), 4 and 5 hours and neutralised with 0.21N HCl as 273 
described by Conley and Schelske (2001). The extracts were analysed for dissolved silica 274 
(DSi) by ICP-OES (Varian Vista Ax), and the concentration data were plotted against 275 
depth/time. The sub-sample y-intercept was considered to be the BSi (wt %) content 276 
corrected for a simultaneous dissolution of silica from minerals. BSi is a measure of 277 
amorphous silica in the sediment and a good proxy for the abundance of diatoms and other 278 
siliceous microfossils (sponges, phytoliths) (Conley, 1988), and can provide information 279 
about production and preservation. Biogenic silica decreases in preservation at high 280 
temperatures (Jorgensen, 1955), high pH (Hecky and Kilham, 1973) and in lakes that are 281 
under-saturated with silica. Thus changes in pH, silica supply and in production are the main 282 
controls on silica preservation in tropical lakes (Burnett et al., 2011). 283 

Sixteen samples were selected for 14C dating (Table 2). The samples were sieved (mesh size 284 
0.5 cm) under running tap water, and sieve remains were stored in distilled water. Sieve 285 
remains were identified under a stereomicroscope and carefully cleaned in distilled water. 286 
Charcoal, seeds, leaves, insects, twigs and small wood fragments were chosen for dating. The 287 
selected samples were dried overnight at 105ºC in pre-cleaned glass vials and were then 288 
submitted to the 14CHRONO Centre at Queen’s University, Belfast for analysis. Pre-289 
treatment of the charcoal and wood samples followed the acid-base-acid method (de Vries 290 
and Barendsen 1952), where HCl is used to remove carbonates and fulvic acids and NaOH to 291 
remove humic acids. The samples were rinsed in deionised water and dried at 50oC overnight, 292 
then weighed into pre-combusted quartz tubes with silver and CuO and combusted at 850º C 293 
overnight to produce CO2.  Samples with less than 0.8 mg of carbon were graphitised in the 294 
presence of hydrogen on an iron catalyst at 560º C for a maximum of 4 hours according to the 295 
Bosch-Manning Hydrogen Reduction Method (Vogel et al. 1984). The CO2 from the larger 296 
samples was converted to graphite on an iron catalyst using the zinc reduction method (Slota 297 
et al. 1987). The 14C/12C ratio and 13C/12C were measured on a 0.5MV National Electrostatics 298 
Corporation accelerator mass spectrometer (AMS). The radiocarbon age and one standard 299 
deviation were calculated following the conventions of Stuiver and Polach (1977) using the 300 

http://www.sciencedirect.com/science/article/pii/S0031018210006061#bb0160�
http://www.sciencedirect.com/science/article/pii/S0031018210006061#bb0285�
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DEl%2520Tabakh,%2520Mohamed%26authorID%3D6603389910%26md5%3D61e73b538d2b14e3660e4b8cb10c6227&_acct=C000035218&_version=1&_userid=2195977&md5=4d32e1306d66c84db1931f4ab882f575�
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Libby half-life of 5568 years and a fractionation correction based on δ13C measured on the 301 
AMS which accounts for both natural and machine fractionation. The sixteen 14C dates were 302 
calibrated with the Calib 6.0 online program using the northern hemisphere terrestrial 303 
calibration curve (Reimer et al., 2009) (Table 2). 304 

4. Results 305 

4.1 Lithostratigraphy and geochemistry of CP4 306 

The gyttja silts and gyttja clays (7.03-5.40 m depth) of unit 1 a have low, but variable LOI (3-307 
6%), TOC (0.5-1.6%) and BSi (0.8-1.8%) and δ15N values of ~+3‰ (Figs. 3, 4A, B, Table 308 
1). The C/N ratio is around 18 in the lowermost part, declines to 11-13 in the middle part and 309 
increases to 20-21 in the upper part of unit 1a. δ13C values decrease gradually from of -18 to  310 
-24 ‰. Sulphur isotopes were not measured because of the low organic carbon content. The 311 
XRF normalised and peak area curves display similar patterns, although each element has 312 
different absolute counts (Fig. 5A). Si and Zr co-vary, and K, Ti and Rb correlate well. The 313 
XRF data suggests a sub-division into two sub-units: layers 23-20 show higher values of K, 314 
Ti and Rb as compared to Si and Zr, while the opposite is the case for layer 18. The Zr/Rb 315 
ratio shows considerable variability with depth and becomes significantly higher in layer 18. 316 
These observations are corroborated by statistical correlation matrices, which confirm two 317 
groups of elements, Si and Zr; and K, Ti and Rb (Fig. 5B).  318 

In the grey gyttja clay of unit 1b (5.40-3.80 m depth) LOI (4-6%) and TOC (1-1.5%) values 319 
remain low and the C/N ratio is around 13-16 (Fig. 3). BSi values fluctuate between 1.0 and 320 
1.4% and show two peaks of 2.69% and 2.72%. δ13C values are -23 to -24‰, δ15N values 321 
decrease from +3.5 to +1.5‰ and δ34S values are +8.6 to +11.8‰ (Figs. 3, 4A-C). Elemental 322 
curves for Si, K, Ti, Rb and Ca show similar variations and have values comparable to layers 323 
23-20 in unit 1a (Fig. 5A). Si, K, Ti and Ca are significantly lower between 4.7 and 4.6 m 324 
depth, and the Zr/Rb ratio is slightly higher between 4.7 and 4.2 m.  The major elements in 325 
unit 1b show clear affinities between K, Ca, and Rb on one side, and Si and Ti on the other 326 
side (Fig. 5B). This is different from unit 1a, where Si correlates with Zr. 327 

The sediments of unit 2a change from gyttja clay in layers 15-13 (3.80-3.39 m depth) to 328 
clayey gyttja in layer 12 (3.39-3.28 m depth), and to algae gyttja in layer 11 (3.28-3.26 m 329 
depth) (Table 1). This change is reflected by a gradual increase in LOI and TOC values to 330 
10% and 5%, respectively (Fig. 3).  The C/N ratio varies around 14-18, BSi values decrease 331 
markedly at 3.69 m depth and remain low throughout and δ13C values of around -22 to -24‰ 332 
are similar to those in unit 1b (Figs. 3, 4A). δ15N values in the lower part of unit 2a are close 333 
to those of unit 1b, but < 0 ‰ in the upper part. δ34S values fluctuate slightly, but range 334 
between +12.2 and +13‰, which is higher than in unit 1b (Figs. 4B, C). All elemental values 335 
are lower than those in units 1a and 1b. The correlation matrix suggests a strong correlation 336 
between the elements of Si, K, Ti and Rb (Fig. 5B). The Zr/Rb ratio indicates that sediments 337 
in layer 12 (3.39-3.28 m depth) are finer grained than those in layers 15-13 (3.80-3.39 m 338 
depth) (Fig. 5A). 339 

The change to peaty gyttja (layers 10-9, 3.26-2.94 m depth) and peat (layers 8, 2.94-2.78 m 340 
depth) in unit 2b (Fig. 3; Table 1) is reflected by high LOI and TOC percentages. LOI attains 341 
values of between 22 to 74% and TOC increases from 11 to 40% (Fig. 3).  It is noteworthy 342 
that both %LOI and %TOC decrease markedly in the peat between 2.91 and 2.93 m depth 343 
(Fig. 3). BSi values fluctuate between 0.2 and 0.8%, which is relatively low, as compared to 344 
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unit 1a and b. C/N ratios increase from 16 to 27, δ13C values decrease from -25 to -27‰, and 345 
δ15N values fluctuate between +0.1 and +0.9‰ (Figs. 3, 4D, E). δ34S values fluctuate 346 
between +12.2 and +13.2‰ in the peaty gyttja but reach +12.8 to +13.5‰ in the peat layer 347 
(Fig. 4F). Major elements have much lower values than in unit 1a and b but show a clear 348 
correlation between Si, Zr, K, Ti and Rb (Fig. 6B). The marked peak in Si, Zr and Ti at 2.91-349 
2.93 m depth in the peat layer coincides with the decrease in %LOI and %TOC and suggests 350 
incorporation of silicate minerals. Also, the comparably high Zr/Rb ratio between 2.92 and 351 
2.88 m depth indicates the presence of mineral material (Fig. 6A). At 2.84 m depth values of 352 
K, Ti and Rb are again comparably high, at the same time as %LOI and %TOC are low. 353 
These higher values for K, Ti and Rb suggest the presence of clay particles. 354 

In the clayey gyttja of unit 3a %LOI decreases from 50 to 14% and %TOC from 32 to 5% in 355 
layers 7-3 (2.78- 2.37 m depth). The C/N ratio declines from 29 to 15, BSi values are variable 356 
(0.5-2.1%) and δ13Corg values range from -28 to -23‰ (Figs. 3; 4G). In layer 2 (2.37-2.15 m) 357 
%LOI increases to 24% and %TOC to 10%. BSi values remain low (<0.5%), the C/N ratio is 358 
around 13-16, and δ13Corg has values of around -22 to -24‰. δ34S values vary from +11 to 359 
+13‰ throughout unit 3a (Fig. 4I). Elemental values gradually increase between 2.78 and 360 
2.37 m and subsequently decline (Fig. 7A). The increase and subsequent decline corresponds 361 
well to the decrease and increase in %LOI and %TOC. All elements display similar patterns, 362 
except for Ca, and good correlations (r >0.7) exist between Si, Zr, K, Ti, Rb and Ca (Fig. 363 
7B). 364 

The algae gyttja layers of unit 3b (2.15-2.00 m) are characterised by LOI and TOC values of 365 
up to 46% and 25%, respectively. The high LOI and TOC values, and stable BSi percentages 366 
(<0.5%) are similar to those in unit 2b, but C/N ratios of 13 and δ13Corg values of around -367 
21‰ are very different from those in unit 2b (Fig. 3). δ15N values are below 0, and δ34S 368 
values range between +11 and +12‰ (Fig.4 H, I). All major elements display similar patterns 369 
and have low values (Fig. 7A), comparable to those in the upper part of unit 3a and in unit 2b, 370 
except for Ca. Calcium has higher values in units 3a and b. The Zr/Rb ratio is fluctuating, and 371 
a correlation exists between Si and Ti, and between K, Ti, Rb and Ca (Fig. 7B).   372 

4.2 Chronology 373 

The 16 AMS 14C dates do not show any age-reversals (Table 2 and Fig. 8). However the 374 
dates in unit 1a are all of comparable ages, indicating a rapid sediment accumulation. 375 
Moreover, the dates indicate a long-lasting hiatus between 2.94 and 2.65 m depth. This gap 376 
could not be filled by more 14C dates, since the sieve remains contained only larger wood 377 
fragments, which were not selected for dating because they might have been reworked. 378 
An age-model was constructed using Bacon, a Bayesian statistics-based routine that models 379 
accumulation rates by dividing a sequence into many thin segments and estimating the 380 
(linear) accumulation rate for each segment based on the (calibrated) 14C dates (Reimer et al., 381 
2009) together with prior information (Blaauw and Christen, 2011). The prior information 382 
includes assumptions about the accumulation rate (a gamma distribution with a mean of 20 383 
yr/cm and shape 1.1), the memory or variability of the accumulation rate between 384 
neighbouring segments (a beta distribution between 0 and 1, mean 0.7, strength 4), and hiatus 385 
length (a gamma distribution with mean 3000 and shape 1, set at 2.925 m depth as the most 386 
likely depth for the hiatus given stratigraphical information). Since the Bacon model 387 
considers very high sediment accumulation rates unlikely, the model does not follow through 388 
the 'vertical' group of 14C dates in unit 1a. Instead, since the 14C dates within that section 389 
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provide little guidance, the Bacon model mostly followed here the prior information on 390 
sediment accumulation rates. 391 
Reconstructed sedimentation rates were high in unit 1a, which is dated to between >9800 and 392 
c. 9600 cal yr BP. Lower sedimentation rates are assumed during the deposition of units 1b 393 
and 2a, which date to c. 9600-7600 cal yr BP, and 7600-7000 cal yr BP, respectively  (Fig. 8). 394 
The lower part of unit 2b (layers 11-9) has an age of between c. 7000 and approximately 395 
6500 cal yr BP. However the duration of the overlying peat (layer 8) cannot be estimated, 396 
since its lower boundary coincides with a long-lasting hiatus. Major element counts in the 397 
peat give evidence for the presence of mineral material, which supports the occurrence of a 398 
hiatus. The upper units 3a and b are dated to between AD 1600 and present day. 399 
 400 

5. Interpretation of the lithostratigraphy and geochemistry of CP4 401 

5.1 Unit 1a: >9800 - c. 9600 cal yr BP 402 

The low organic matter and carbon content of these rapidly accumulated sediments suggest 403 
low lake organic productivity or that most of the organic material had become decomposed 404 
and oxidised. The C/N ratio and the δ13Corg values show that the sediments contain a mix of 405 
aquatic and terrestrial organic material, but that the terrestrial component increases around 406 
9700 cal yr BP. The association of K, Ti and Rb in the lower part of unit 1a is typical for 407 
fine-grained sediments, such as clay and could indicate weathering of clay minerals in the 408 
catchment. Zr and Si on the other hand are often associated with silty sediments and coarse-409 
grained minerals, and the high Zr/Rb ratio in the upper part of unit 1 a can therefore be taken 410 
as a proxy for coarser grain size (Dypvik & Harris, 2001). The change in grain size between 411 
the lower and upper sub-unit, suggests that transport mechanisms to the lake had changed. 412 
This change could have been caused by higher run-off and higher precipitation, which would 413 
have brought coarser mineral material and terrestrial organic matter from the surroundings 414 
into the lake. Sediment composition and geochemical parameters in unit 1a thus might 415 
indicate a change from a lake with predominantly aquatic organic material and less run-off to 416 
a lake with more terrestrial input and possibly also higher run-off. 417 

5.2 Unit 1b: c. 9600 - c. 7600 cal yr BP 418 

Lake organic productivity remains low and most of the organic material in the sediments is 419 
derived from a mix of terrestrial and aquatic organic matter sources. δ34S values of +8 to 420 
+12‰ are in the range of the isotopic composition of the non-marine sulphur anhydrite 421 
nodules (Fig. 3), which are part of the uppermost clastic unit of the Maha Sarakham 422 
Formation underlying the lake basin (El Tabakh et al.,1999). The sulphur isotope values show 423 
that the groundwater that affected the sulphur system in the lake was influenced by the 424 
dissolution of anhydrite nodules in the uppermost clastic unit of the Maha Sarakham 425 
Formation (Figs. 2A, B). The major elements (Si, K, Ti, Rb and Ca) have an association with 426 
fine-grained mineral particles, which would imply transport of clay and silt-sized particles to 427 
the lake. In contrast to unit 1a, Si correlates here with Ti, which together with peaks in BSi 428 
values could indicate a biogenic source for Si. The sediment geochemical parameters thus 429 
suggest the presence of a lake with more stable conditions than before, although lake organic 430 
productivity remained low.  431 

5.3 Unit 2a: c. 7600 - c. 7000 cal yr BP 432 

http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DEl%2520Tabakh,%2520Mohamed%26authorID%3D6603389910%26md5%3D61e73b538d2b14e3660e4b8cb10c6227&_acct=C000035218&_version=1&_userid=2195977&md5=4d32e1306d66c84db1931f4ab882f575�
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The sediments and the different proxies indicate a gradual decrease in grain size and an 433 
increase in lake organic productivity, which suggests minor run-off and stable lake 434 
conditions. The organic material was composed of a mix of terrestrial and aquatic sources. 435 
The shift observed in the δ15N values could indicate a change in catchment vegetation and 436 
might compare to the change in vegetation from predominantly Bambusoid grasses to 437 
Cyperaceae and Oryza species, sedges and ferns observed in KUM.3 (Fig. 1C) (Kealhofer 438 
and Penny, 1998; Penny, 1999).  439 

5.4 Unit 2b: c. 7000 - c. 6500 cal yr BP 440 

The high organic matter and organic carbon values, together with the C/N ratio and the 441 
δ13Corg values give evidence for distinctly higher plant production in the lake basin. The peaty 442 
gyttja and the overlying non-humified peat, together with the geochemical proxies, suggest 443 
that the shallow lake had transformed into a wetland and subsequently into a peatland (Fig. 3, 444 
Table 1). This shift would imply a lowering of the groundwater level and/or reduced 445 
precipitation and as such drier climatic conditions. The increase in δ34S values in the peat 446 
indeed suggests a deeper groundwater flow, i.e. that the groundwater level had reached the 447 
lower units of the Maha Sarakham formation (El Tabakh et al., 1998) (Fig. 2B).  448 

The distinct decline in organic carbon content and the concomitant increase in Si, Zr and Ti at 449 
2.93-2.91 m depth, a higher Zr/Rb ratio at 2.92-2.88 m depth and lower organic carbon 450 
content and higher K, Ti and Rb counts at 2.84 m depth suggest intervals with increased 451 
contribution of mineral material. The presence of mineral material in the peat layer is 452 
surprising, since the δ34S values give no indication of a marked shift in the groundwater level, 453 
and for wetter conditions, which could have led to higher run-off to the lake. Another 454 
explanation for the presence of mineral particles in the peat could be wind transport during 455 
dry conditions. Since physical weathering is elevated during dry periods, stronger winds 456 
could have transported sediment material to the lake. If this assumption holds true, the 457 
intervals characterised by higher contributions of mineral particles could signify marked dry 458 
periods. 459 

5.5 Unit 3a and b: c. 1600 cal yr BP to present 460 

The clayey gyttja sediments and the geochemical proxies indicate the re-establishment of a 461 
shallow lake around 1600 cal yr BP. The C/N ratio, δ13C and δ15N values suggest that the 462 
lake organic material was composed of a mix of terrestrial and aquatic organic matter 463 
sources, and the sulphur isotope values imply a rise in the groundwater table. Higher values 464 
for the elemental data suggest higher contributions of mineral material and higher run-off. 465 
This interpretation compares well to the record for core CP3A (Wohlfarth et al., submitted), 466 
where an increase in planktonic diatoms relative to benthic diatoms indicates an increase in 467 
water depth.  468 

High organic matter and high organic carbon values suggest high lake organic productivity 469 
during the past 600 years. The low C/N ratio, together with the δ13C and δ15N values, 470 
signifies a mix of aquatic and terrestrial organic matter sources. The low BSi values compare 471 
well to the very low diatom percentages observed in this zone of CP3A (Wohlfarth et al., 472 
submitted) and to the disappearance of phytoliths in the upper part of the KUM3 sequence 473 
(Kealhofer and Penny, 1998). Low element values indicate less contribution of mineral 474 
material. Changes in run-off and lower Si supply and/or changes in pH (suggested by higher 475 
Ca counts) could be an explanation for the low preservation of biogenic silica. The increase 476 
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in %TN might be related to higher nutrient load from the catchment leading to higher 477 
productivity, which in turn could be related a change in land use and human activity (e.g., 478 
Hodell & Schelske, 1998; Mazinger et al., 2007). 479 

6. Correlation of CP4 to other sediment sequences in Lake Kumphawapi 480 

Several sediment sequences have previously been described from Lake Kumphawapi (Fig. 481 
1C). Penny (1998, 1999) and Kealhofer and Penny (1998) analysed pollen and phytolith 482 
assemblages in sediment core KUM.3, which is located close to CP4, and provided an 483 
environmental reconstruction over the last 12,400 cal yr BP. Additional pollen stratigraphic 484 
studies used sediment core KUM.1, while KUM.2 was only analysed for LOI and magnetic 485 
susceptibility (Penny, 1998, 1999). Unfortunately, Penny (1998, 1999) and Kealhofer and 486 
Penny (1998) did not report the depth of their studied sequences (KUM.3, KUM.2 and 487 
KUM.1) with respect to the water surface. The published 14C dates for these three sequences 488 
have recently been recalibrated (Wohlfarth et al., submitted). CP3A is located further to the 489 
north of CP4 and provides a c. 9400 year long record of past changes in lake status based on 490 
diatoms and geochemistry (Wohlfarth et al., submitted).  491 

Seismic investigations in Kumphawapi in 2009 to assess sediment depth and lake bottom 492 
topography were unsuccessful due to the dense vegetation and the high organic content, but 493 
the difference in age for the sedimentary changes from lake to wetland in the different 494 
sequences suggests that Kumphawapi contains several sub-basins of varying depths (Fig. 9). 495 
Sediments in shallower basins must have registered a change in water level and in moisture 496 
availability earlier than those from deeper sub-basins. The analysis of only one sediment 497 
sequence in a large lake such as Kumphawapi therefore may lead to erroneous estimates of 498 
past changes in water level and hydroclimate. The availability of multiple sediment 499 
sequences for Kumphawapi now allows for a better understanding of the basin topography of 500 
this large lake and provides a more detailed picture of the response to past climatic changes 501 
recorded in its sediments. 502 

The clay loams and gyttja clays in the lower part of the sediment stratigraphy of KUM.3, CP4 503 
and KUM2, correlate well with each other in time. The chronology of all three sequences 504 
dates the deposition of these layers to older than c. 7200 cal yr BP (Fig. 9). The lithological 505 
change from gyttja clay to clayey gyttja and peaty gyttja in CP4, from low organic to higher 506 
organic loam and peat in KUM.3, or from clay to peat in KUM.2 shows that parts of the lake 507 
had transformed into a wetland and that some areas had become a peatland shortly after c. 508 
7200-7000 cal yr BP. Following the chronology of CP4, the wetland persisted until c. 6500 509 
cal yr BP and then transformed into a peatland that underwent periodic desiccation, as seen 510 
by the long hiatus between 6500-1600 cal yr BP, and by intervals with higher contributions of 511 
mineral particles. No hiatus is reported for KUM.3 and KUM.2 (Penny, 1998, 1999; 512 
Kealhofer and Penny, 1998), but the 14C dates for these two sequences do not contradict the 513 
presence of a hiatus in the peat either. In all three sediment sequences the re-establishment of 514 
a lake phase is dated to c. 1800-1500 cal yr BP (Fig. 9). 515 

Sediment sequences CP3A and KUM.1 further to the north show mineral-rich sediments in 516 
the bottom. In CP3A the gyttja clays grade into a sequence of gradually more organic 517 
sediments at 6600 cal yr BP, while a transition to peaty gyttja and peat is only seen at c. 5400 518 
cal yr BP. Wohlfarth et al. (submitted) argued that the transition from gyttja clay to clay 519 
gyttja at c. 6600 cal yr BP could signify reduced effective moisture. The clayey sediments in 520 
KUM.1 on the other hand are replaced by peat around 6000 cal yr BP, although the pollen 521 
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stratigraphy shows that herbaceous swamp communities already started to develop around 522 
7000 cal yr BP (Penny 1996, 1998) (Fig. 9). Proxies and hiatuses in the peat and in the peaty 523 
gyttja of CP3A (c. 5200-1600 cal yr BP) indicate the presence of more than one break in 524 
sedimentation (Fig. 9). The basin where CP3A is located became flooded by the rise in lake 525 
level at c. 1600 cal yr BP, but the area around KUM.1 was not affected.  526 

Wohlfarth et al. (submitted) noted the age difference between CP3A and KUM.3 and KUM.2 527 
for the transition from lake sediments to wetland/peat deposits and explained it as caused by 528 
errors in the KUM.3 chronology. However, the stratigraphy, geochemistry and chronology of 529 
CP4 now adds further knowledge and allows a discussion of the lithostratigraphic changes in 530 
a new perspective. 531 

It is obvious that the lithostratigraphic change from clay and clayey gyttja sediments to peaty 532 
gyttja and peat occurred around 7200-7000 cal yr BP in the southern part of the lake. 533 
However, in the northern part of the lake, where KUM.1 and CP3A are situated, this 534 
transition occurred around 6000 and 5400 cal yr BP, respectively (Fig. 9). This would imply 535 
that the bottom topography of the lake is highly variable and that different sub-basins can be 536 
differentiated, a southern shallow sub-basin (KUM.3, CP4 and KUM.2), a deeper northern 537 
sub-basin (CP3A) and a shallower basin further to the north (KUM.1). Climatic changes, 538 
such as a shift from wetter to drier conditions, would thus affect the sedimentation in the 539 
different sub-basins differently. The earliest signs of a shift to drier climatic conditions are 540 
seen in the sediments of KUM.3, CP4 and KUM.2 at around 7200-7000 cal yr BP, when the 541 
shallow lake in the southern part transformed into a wetland/peatland (Fig. 9). No 542 
sedimentary change is seen at around 7000 cal yr BP in KUM.1, but pollen assemblages 543 
show an expansion of swamp communities (Penny 1996, 1998), which would imply a 544 
lowering of the lake level. CP3A, on the other hand, displays a lithological change to more 545 
organic sediments around 6600 cal yr BP, which could have been initiated by a change in 546 
water level. The peat deposits in CP4 are characterised by a long-lasting hiatus (c. 6400-1600 547 
cal yr BP), which shows that conditions had become too dry for continuous peat growth in 548 
the southern sub-basin. In contrast, the water level in the shallow part of the northern sub-549 
basin (CP3A) gradually decreased after c. 6600 cal yr BP, and the basin transformed into a 550 
wetland/peatland at c. 5400 cal yr BP (Fig. 9). The hiatus between c. 5200 and 4000 cal yr BP 551 
seen in the peat in CP3A moreover suggests severe dryness during this time interval. Around 552 
3200 cal yr BP the water level increased slightly in the northern sub-basin (CP3A) and led to 553 
the re-establishment of a wetland. Multiple hiatuses in these wetland sediments, however, 554 
show that wetter and drier conditions alternated, which explains the long-lasting hiatus seen 555 
in CP4. 556 

The transition from peatland/wetland to a new lake phase seems to have been more or less 557 
synchronous, since it is dated to approximately 1800-1500 cal yr BP in KUM.3, CP4, KUM.2 558 
and CP3A. At the location of KUM.1, however, peat growth continued, which shows that the 559 
new lake had a smaller size than the lake that existed earlier. 560 

7. Climatic and environmental interpretation of Lake Kumphawapi 561 

Sediments dating to >10,000 cal yr BP were not attained in CP4. However, based on Penny 562 
(1998, 1999) and Kealhofer and Penny (1998), the catchment of Kumphawapi may have been 563 
composed of sparse dryland, grassy floodplain and backswamp vegetation communities (Fig. 564 
9). The subsequent diversification of arboreal taxa is interpreted as an expansion of dryland 565 
forests under more humid climatic conditions (Kealhofer and Penny, 1998). The geochemical 566 
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proxies in CP4 suggest that Kumphawapi became an open water lake with high-energy 567 
sediment transport, high run-off and sparse and open vegetation around the shore >9800 cal 568 
yr BP. Weathering seems to have been considerable, likely as a consequence of higher 569 
precipitation, higher effective moisture and a stronger summer monsoon.  570 

Less run-off and more stable lake conditions between c. 9600 and 7000 cal yr BP are 571 
indicated by the proxies analysed in CP4. This interpretation compares well to that obtained 572 
for CP3A, where the different proxies reconstructed a shallow freshwater lake, and higher 573 
moisture availability for between c. 9400 and 6800 cal yr BP (Wohlfarth et al., submitted). 574 
Pollen stratigaphic data from KUM.3 for c. 9100 to 6800 cal yr BP suggest significant 575 
changes in the local flora (Penny, 1996), with marked increases in sedge pollen and fern 576 
spores (Fig. 9). Phytolith assemblages show an increase in Cyperaceae and Oryza phytoliths, 577 
while Chloridoid and Panicoid grasses and bamboos decline significantly (Kealhofer, 1996). 578 
This development was interpreted as an increase in water level, i.e., as a hydrological change 579 
in the basin and consequently as a period of higher moisture availability (Penny and 580 
Kealhofer, 1998), which is in line with the interpretation of CP4 and CP3A.   581 

The change in sediment lithology and geochemistry in CP4 around 7100-7000 cal yr BP give 582 
evidence for a distinct shift in lake status from an open, shallow lake to a wetland. The 583 
increasing organic content of the sediments, lower sediment accumulation rates, and higher 584 
terrestrial organic matter content characterise this transition and show that run-off decreased 585 
considerably. A lowering of the lake level, a further development of herbaceous swamp 586 
communities and a reduction in dryland taxa in the lake’s catchment around 7000 cal yr BP 587 
have been noted by Kealhofer and Penny (1998) and Penny (1999) for KUM.3. These 588 
observations compare well to the lake status changes observed for CP4. Together, this can be 589 
interpreted as a reduction in moisture availability and possibly as a weakening of the summer 590 
monsoon. The sediments and the geochemical proxies in CP3A show an increase in organic 591 
content around 6800 cal yr BP and a change to a shallow, high productivity lake, which could 592 
also be interpreted as signifying less effective moisture (Wohlfarth et al., submitted). The 593 
lowering of the lake level and the start of drier conditions obviously affected the shallower 594 
basin by around 7000 cal yr BP, while the deeper parts still contained a shallow water body, 595 
which, as moisture availability decreased, only dried out later. 596 

Around 6500 cal yr BP the southern sub-basin with KUM.3, CP4 and KUM.2 transformed 597 
from a wetland into a peatland (Fig. 9). In CP4 this transition coincides with a hiatus. 598 
Geochemical proxies indicate organic matter from higher plants, which probably colonised 599 
the peat surface, and δ34S values show a lowering of the groundwater table. Changes in 600 
elemental proxies and %TOC between 2.93 and 2.88 m depth in CP4, which suggest periodic 601 
dryness of the peat surface, might correlate with the high concentration of charcoal, which 602 
has been observed in KUM.3 (Penny and Kealhofer, 1998; Penny 1999). White (2004) 603 
discussed whether the high amounts of charcoal could be the result of natural forest fires due 604 
to a drier climate, or whether these indicate human activities, which also led to a reduction in 605 
forests within the catchment. While the southern sub-basin had dried out by 6500 cal yr BP, 606 
the northern sub-basin with CP3A still contained a shallow lake. The water level only started 607 
to drop at c. 5800 cal yr BP, and the shift to a wetland with predominantly terrestrial 608 
vegetation occurred c. 5400 cal yr BP (Wohlfarth et al., submitted). The fact that the southern 609 
sub-basin transformed from a shallow lake to a wetland and subsequently to a peatland 610 
suggests a decrease in effective moisture by around 7000 cal yr BP. However the sediments 611 
in the deeper northern sub-basin did not register the shift from lake to wetland and peatland 612 
until c. 5800 cal yr BP and 5400 cal yr BP, respectively. One could speculate that climatic 613 
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conditions had become very dry after 5400 cal yr BP, and that the low groundwater level 614 
made it impossible to maintain a shallow lake also in the northern part. Indeed, the 615 
stratigraphy of CP3A indicates an interval of severe dryness between 5200 and 4000 cal yr 616 
BP (Wohlfarth et al., submitted). 617 

Following the chronology and the pollen stratigraphy for KUM.3, the peatland existed until c. 618 
3000 cal yr BP, when it transformed again into a wetland (Kealhofer and Penny, 1998; Fig. 619 
9). This transition compares well to CP3A, where the change from peat to wetland is dated to 620 
c. 3200 cal yr BP (Wohlfarth et al., submitted). Although a long hiatus is present in CP4 and 621 
prevents an age assignment for the peat, one could assume that the transition from peat to 622 
wetland occurred at about the same time. This shift would signify a rise in water level and 623 
flooding of the peat surface as a consequence of higher effective moisture. However, as 624 
shown by CP3A, two intervals with reduced effective moisture characterise this wetland 625 
phase, one at c. 2700-2500 cal yr BP and another between c. 1900 and 1600 cal yr BP. 626 

The start of the second lake phase and a higher water level in the Kumphawapi basin at c. 627 
1600 cal yr BP coincides with the end of the hiatus in CP4 and also with a hiatus in CP3A. 628 
δ34S values in CP4 show a rise in the groundwater table, and diatom assemblages in CP3A 629 
testify for an increase in water depth. The lake that had become established around 1600 cal 630 
yr BP was of a smaller size than the lake that existed before, since peat growth continued up 631 
to present in KUM.1. Higher effective moisture and a stronger summer monsoon might 632 
account for the renewed filling of the basin. On the other hand, geochemical proxies in CP4 633 
could provide evidence for anthropogenic activities in the catchment after 600 cal yr BP. 634 
Although archaeological remains around Kumphawapi are poorly dated, boundary stones 635 
from the island of Ban Don Kaeo (Fig. 1C) date settlements there to c. 800 AD (Penny, 1999) 636 
or 1150 cal yr BP.  637 

8. Correlation to other Asian monsoon records 638 

The sedimentary records and their proxies in Kumphawapi imply higher precipitation 639 
>10,000 to c. 7000 cal yr BP, likely caused by a stronger summer monsoon. Lake status and 640 
water level changes around 7000 cal yr BP show a shift to less effective moisture.  By 6500 641 
cal yr BP parts of the large lake had transformed into a peatland, while shallow water bodies 642 
still occupied the deeper basin until c. 5200 cal yr BP. This development indicates that 643 
effective moisture had decreased, possibly as a result of a gradually weaker summer 644 
monsoon. As shown by the comparison of multiple sediment sequences in Lake Kumphawapi 645 
(Fig. 9), the interval between c. 5200 and 3200 cal yr BP seems to have been the driest 646 
interval in Kumphawapi’s history. Thereafter, the water level increased, which led to the 647 
formation of a wetland in the deeper parts. This wetland existed until c. 1600 cal yr BP and 648 
experienced episodes of severe dryness around c. 2700-2500 and 2000-1600 cal yr BP 649 
(Wohlfarth et al., submitted). The alternation between wet and dry episodes would indicate a 650 
strengthened summer monsoon and intervals with a distinctly weaker summer monsoon.  651 

Kumpawapi´s record can be compared to other paleoclimate data sets from the Asian 652 
monsoon region (Fig. 10). The regionally nearest records are from northwest Thailand 653 
(Marwick & Gagan, 2011) and Cambodia (Maxwell, 2001; Penny, 2006).  δ18O values on 654 
freshwater bivalves from the Tham Lod and Ban Rai rock shelters (Fig. 10) suggest high 655 
precipitation until 9800 cal yr BP and a subtle trend towards drier conditions until c. 5900 cal 656 
yr BP (Marwick & Gagan, 2011). A stronger summer monsoon between 9500 and 6200 cal 657 
yr BP and drier conditions between 6200 and 2700 cal yr BP are reconstructed for Lake Kara 658 
in Cambodia (Fig. 10) (Maxwell, 2001). The sedimentary record of Tonle Sap (Fig. 10), also 659 
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in Cambodia, shows strong variations in seasonal rainfall between 7800 and 5800 cal yr BP, 660 
and a decrease in rainfall and increased seasonality since the mid-Holocene (Penny, 2006). 661 
The early Holocene interval of stronger effective moisture availability inferred from the 662 
Kumphawapi sequence is comparable in time to these records, although a decrease in 663 
effective moisture availability is registered in Kumphawapi by c. 7000 cal yr BP, and severe 664 
dry condition seem to have prevailed between c. 5200 and 3200 cal yr BP  665 

δ18O speleothem records from Dongge Cave in southwestern China (Fig. 10) suggest that the 666 
Southwest Asian summer monsoon was stronger between 9000 and 7000 cal yr BP and then 667 
declined in a stepwise manner. Dykoski et al. (2005) noted a marked shift in summer 668 
monsoon intensity around 5600 and 3500 cal yr BP, and Y. Wang et al. (2005) proposed a 669 
series of short-term weak summer monsoon events, which were superimposed on the general 670 
trend of decreasing summer monsoon intensity (8300, 7200, 6300, 5500, 4400, 2700, 1600, 671 
and 500 cal yr BP). Yancheva et al. (2007) studied geochemistry, sediment magnetic 672 
properties and Ti in the sequence of Lake Huguang Maar in southern China (Fig. 10) and 673 
used these as proxies for the strength of the winter monsoon. The reconstruction of a stronger 674 
winter monsoon during the middle and late Holocene compares well with the weaker summer 675 
monsoon inferred from δ18O records from Dongge Cave. Moreover, high-resolution pollen 676 
records from the same lake suggest high moisture availability between 11,600 and 7800 cal 677 
yr BP, lower temperatures and humidity between 7800 and 4200 cal yr BP, and a marked 678 
decrease in temperature and humidity between 4200 and 350 cal yr BP (S. Wang et al., 2007). 679 
δ18O records from Lakes Xingyun and Qili in southwest China (Fig. 10) also indicate an 680 
intensified summer monsoon during the early Holocene, but its gradual weakening seems to 681 
have started already by around 8000 cal yr BP (Hodell et al, 1999). The short-term events of 682 
weak summer monsoon intensity at Dongge Cave are not visible in the Kumphawapi 683 
sequences, but the gradual decline in summer monsoon intensity in the Dongge record at 684 
7000 cal yr BP is consistent with the lake level lowering and inferred lower effective 685 
moisture availability for Kumphawapi. Also, the marked shift in summer monsoon intensity 686 
around 5600 cal yr BP in the Dongge record (Dykoski et al., 2005) is close to the start of 687 
severe dry conditions seen in Kumphawapi at c. 5200 cal yr BP. However the second distinct 688 
shift in the Dongge record at 3500 cal yr BP is less clear in Kumphawapi, where wet and dry 689 
intervals seem to have alternated between 3200 and 1600 cal yr BP. The observed lake-level 690 
rise in Kuphawapi after 1600 cal yr BP explained by higher moisture availability is also not 691 
consistent with short-term weak summer monsoon events in the Dongge record. The shift to a 692 
weaker summer monsoon inferred for around 7000 cal yr BP in Dongge cave and 693 
Kumphawapi occurred slightly later than that assumed for Lakes Huguang Maar (7800 cal yr 694 
BP), Xingyun and Qili (8000 cal yr BP). Older ages for this shift in Lakes Xingyun and Qili 695 
could have been caused by a hard-water effect (Zhang et al., 2011).   696 

Marine Mg/Ca and δ18O records from the Andaman Sea and the western Bay of Bengal (Fig. 697 
10) provide sea-surface temperature and salinity estimates (Rashid et al., 2007; 2011). 698 
Increased river run-off and a stronger Indian summer monsoon are reconstructed for the early 699 
Holocene, whereas a weakening of the summer monsoon is recognised after c. 5600-5500 cal 700 
yr BP. δ18O data series from the eastern Arabian Sea (Fig. 10) suggest significant spatial 701 
variability in Holocene monsoon rainfall, alternatively higher precipitation during the early 702 
Holocene, arid conditions between 6000 and 3500 cal yr BP and higher precipitation again 703 
between 3500 and 2000 cal yr BP (Sarkar et al., 2000). The intensified early Holocene 704 
summer monsoon inferred from these records is comparable to the interval of high effective 705 
moisture availability seen in Kumphawapi. The mid-Holocene weakening of the summer 706 
monsoon between c. 6000 and 5600 cal yr BP also compares well to the beginning of dry 707 



17 
 

conditions in Kumphawapi. However, the marine records do not seem to register the start of a 708 
gradually weaker summer monsoon around 7000 cal yr BP. 709 

Lake-level studies in the Thar Desert of Northwest India (Fig. 10) provide slightly different 710 
pictures for the two lakes, Lunkaransar (Enzel al., 1999) and Sambhar (Sinha et al., 2006). 711 
Lunkaransar’s lake level was low and fluctuating during the early Holocene. It attained a 712 
maximum around 7200 cal yr BP and dropped around 6000 cal yr BP. The lake had dried out 713 
completely by 5500 cal yr BP. The Lake Sambhar sediment sequence, on the other hand, 714 
indicates lake-level fluctuations and moderate precipitation during the early Holocene, which 715 
were followed by an arid phase between 7500 and 6500 cal yr BP. Lake expansion between 716 
6500 and 3000 cal yr BP is interpreted as reflecting higher effective moisture, and the 717 
disappearance of the lake after 3000 cal yr BP as indicating a semi-arid climate (Sinha et al., 718 
2006). Geochemistry and vegetation reconstructions from Sanai Lake in northern India (Fig. 719 
10) indicate high moisture availability until ca. 6500 cal yr BP, arid conditions c. 6500-2300 720 
cal yr BP and an increase in effective moisture availability after c. 1600 cal yr BP (Sharma et 721 
al., 2004). δ13C and C/N records from Lake Nal Sarovar in western India (Fig.10) suggest a 722 
drier period between 7600 and 5000 cal yr BP, a wetter interval between 5000 and 3300 cal 723 
yr BP and an increase in aridity after 3000 cal yr BP (Prasad et al., 1997).  The early 724 
Holocene strong summer monsoon reconstructed for India is comparable in time to 725 
paleoclimate reconstructions from Indochina and Southern China. However, the timing of the 726 
initiation of a weaker summer monsoon and dry periods varies significantly among sites in 727 
India and is accordingly difficult to compare to records from Indochina and China. A better 728 
chronological framework for the Indian sites is needed to assess whether this seemingly time-729 
transgressive pattern of summer monsoon weakening is real or due to, e.g., differences in 730 
geography and in the proxies used for paleoclimatic reconstruction.   731 

High-resolution pollen records from the Horton Plains on central Sri Lanka (Fig. 10) suggest 732 
marked humidity during the early Holocene, increasing aridity around 8500 cal yr BP, semi-733 
arid climatic conditions between 5500 and 3500, humid conditions between 3500 and 2000, 734 
and fluctuating climates after 2000 cal yr BP (Premathilake & Risberg, 2003). Interestingly, 735 
the effective moisture reconstructed for Sri Lanka compares well with Kumphawapi´s 736 
history, although aridity seems to have increased c. 1000 earlier on Sri Lanka. 737 

The complex stratigraphic peat records of the Tasek Bera Basin in Malaysia (Fig. 10) show 738 
the start of a series of rapid hydrologic changes around 6000 cal yr BP (Wüst & Bustin, 739 
2004), which is in agreement with increasingly wet conditions peaking at c. 5000 cal yr BP 740 
on northwestern Borneo (Fig. 10) (Partin et al., 2007). The distinct mid-Holocene 741 
precipitation peak observed in the Malayan-Borneo records is dissimilar to Indochina, 742 
Southern China and India. Monsoon precipitation seems to have increased in areas close to 743 
the equator (Malaysia, Borneo), but decreased in areas located close to the northern border of 744 
the Asian summer monsoon domain (Southern China and Indochina). This would imply a 745 
southward movement of the ITCZ (e.g. Yancheva et al., 2007, Fleitmann et al., 2007, 746 
Griffiths et al., 2009), which would have resulted in high precipitation over Malaysia and 747 
Indonesia during the middle Holocene, but in dry conditions over Indochina and China. 748 

The time-slices in Figures 10A-E present a fairly coherent picture of Asian monsoon 749 
variability during the Holocene. The time interval between 9000 and 7000 cal yr BP displays 750 
wet conditions for most records, but also that humidity started to decrease (e.g., Tham Rod, 751 
Huguang Maar, Xinyun, Qilu and Horton plains) (Fig. 10A). Between 7000 and 3000 cal yr 752 
BP, less moisture and dry conditions prevailed at most of the sites north of 5°N, which 753 
suggests a southward movement of the ITCZ and as such a weaker summer monsoon (Fig. 754 
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10B-E). The exceptions are the three marine sites, which show wetter conditions until 6000 755 
cal yr BP, and the two lakes Sambhar and Nal Sarovar in Northwest India, which seem to 756 
register wetter conditions by 6000 cal yr BP.  Regional climate and hydrology may be a 757 
major factor in determining the ecological response to climate change and/or different proxies 758 
used for climate reconstruction could cause apparent time lags or gradual responses.  759 
Between 4000 and 3000 cal yr BP, records from the Horton Plains on Sri Lanka and from the 760 
eastern Arabian Sea again suggest higher effective moisture, whereas other records still 761 
display dry conditions. However, between 3000 and 2000 cal yr BP records from Indochina 762 
also point to higher moisture availability, comparable to those from Sri Lanka and the eastern 763 
Arabian Sea (Fig. 10E-F). This could indicate that the northern boundary of the ITCZ had 764 
moved farther north. The gradually decrease of the summer monsoon together with a 765 
southward movement of the ITCZ between c. 7000 and 4000 cal yr BP seems to be 766 
synchronous in most of the records from Indochina, Southern China and Sri Lanka, while the 767 
opposite is the case for northwest India. However, more paleoclimatic records between 5 and 768 
15°N, for example from southern Thailand, and from southern and central India, need to be 769 
investigated to discuss the movement of ITCZ between 4000 and 2000 cal yr BP in greater 770 
detail.  771 

Although a wealth of high-resolution paleo-precipitation records exist for the past 1000 years 772 
(Cook et al., 2010), these are difficult to compare to the low-resolution data sets discussed 773 
here. The late Holocene lake-level rise in Kumphawapi, along with inferred higher moisture 774 
availability needs to be constrained by a better chronology to enable for example 775 
comparisons to regional tree-ring records, and to decipher whether the changes seen in 776 
Kumphawapi were caused by human influence or whether these were due to climatic factors. 777 
More high-resolution and multi-proxy paleoenvironmental, paleoclimatic and archaeological 778 
data for Thailand and for the Asian monsoon region are needed to assess in more detail the 779 
spatial and temporal variability of the Asian monsoon during the Holocene.  780 

9. Conclusions 781 

The availability of multiple sediment sequences and proxies from Lake Kumphawapi in 782 
Northeast Thailand allows for a better understanding of the basin topography of this large 783 
lake and provides a more detailed picture of its response to past climatic changes. The 784 
sediment sequences and their proxies suggest a strong summer monsoon between c. 9800 and 785 
7000 cal yr BP. Effective moisture seems to have decreased after 7000 cal yr BP, as seen by 786 
the gradual transformation from lake to wetland. The reconstruction of driest conditions 787 
between 5200 and 3200 cal yr BP compares well with other paleoarchives from the Asian 788 
monsoon region. After 3200 cal yr BP, the deepest part of the lake turned into a wetland, 789 
while shallower areas remained dry. By 1600 cal yr BP a lake had become re-established in 790 
the basin, but this lake had a smaller size than the lake that existed before. Kumphawapi´s 791 
record provides the first comprehensive paleoclimatic and paleoenvironmental synthesis for 792 
northern Thailand during the Holocene. It suggests a gradual decrease of the summer 793 
monsoon and a southward movement of the ITCZ between c. 7000 and 3000 cal yr BP. The 794 
ITCZ possibly moved northward again after 3000 cal yr BP. The detailed paleoclimatic 795 
information derived from Kumphawapi provides important baseline information for 796 
reconstructing Holocene monsoon variability and ITCZ movement, and for model-data 797 
comparisons. 798 

 799 
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 1031 

Figure text 1032 

Fig. 1: (A) Location of the study area on the Khorat Plateau in Northeast Thailand. (B) 1033 
Topography of the study area and (C) Lake Kumphawapi and the location of coring points. 1034 
The coordinate system is based on the UTM Grid system (Indian 1975 zone 47).  1035 

Fig. 2:  (A) Location of the Khorat and Sakon Nakhon Basins in northeast Thailand and 1036 
position of Lake Kumphawapi in the southern Sakon Nakhon basin. (B) Simplified 1037 
lithostratigraphy of the Khorat group (modified from El Tabakh et al., 1999). Note the 1038 
presence of evaporites in the Maha Sakharam Formation. 1039 

Fig. 3: Lithostratigraphy and geochemistry of sediment sequence CP4. See Figure 1C for the 1040 
location of the sediment core. 1041 

Fig. 4: Geochemistry bi-plot of CNS isotopes vs C/N, divided into the different stratigraphic 1042 
units.  1043 

Fig. 5: (A) Lithostratigraphy and selected geochemical variables for units 1 a, 1b and 2a. The 1044 
thicker left curve for each element represents the normalized peaks (see text for explanation) 1045 
and the thinner right curves for each element the peak area in counts/second/measuring point 1046 
(kpcs). The Zr/Rb curve is a proxy for grain size variations. See Table 1 and Figure 3 for the 1047 
stratigraphic legend. (B) Correlation matrices (r values) for selected elements in units 1a, 1b 1048 
and 2b. 1049 

Fig. 6: (A) Lithostratigraphy and selected geochemical variables for unit 2b. The thicker left 1050 
curve for each element represents the normalized peaks (see text for explanation) and the 1051 
thinner right curves for each element the peak area in counts/second/measuring point (kpcs). 1052 
The Zr/Rb curve is a proxy for grain size variations. See Table 1 and Figure 3 for the 1053 
stratigraphic legend. (B) Correlation matrices (r values) for selected elements of unit 2b 1054 

Fig. 7: Lithostratigraphy and selected geochemical variables for units 3a and 3b. The thicker 1055 
left curve for each element represents the normalized peaks (see text for explanation) and the 1056 
thinner right curves for each element the peak area in counts/second/measuring point (kpcs). 1057 
The Zr/Rb curve is a proxy for grain size variations. See Table 1 and Figure 3 for the 1058 
stratigraphic legend. (B) Correlation matrices (r values) for selected elements of unit 3a and 1059 
3b 1060 

Fig. 8:  Lithostratigraphy of CP4 and modelled age-depth curve. The blue shapes show 1061 
calibrated 14C dates, the grey shading indicates the likely age-model and the dotted lines 1062 
show the 95% confidence ranges. See Table 2 for details on the 14C dates and Figure 3 for the 1063 
stratigraphic legend.  1064 

Fig. 9: Correlation of CP4 to other studied sediment sequences in Kumphawapi: KUM.3, 1065 
KUM.2, KUM.1 (Kealhofer and Penny, 1998 and Penny, 1998, 1999) and CP3A (Wohlfarth 1066 
et al., submitted). See Figure 1C for the location of the coring points. The calibrated ages for 1067 
KUM.3, KUM.2 and KUM.1 are according to Wohlfarth et al. (submitted). 1068 
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Fig. 10: Spatial and temporal variability of the Asian summer monsoon during the Holocene 1069 
reconstructed from marine and terrestrial records. Lake sediment and peat records: Lake Kara 1070 
(Maxwell, 2001); Tonle Sap (Penny, 2006); Huguang Maar (Yancheva et al., 2007); Lakes 1071 
Xingyun and Qilu (Hodell, 1999), Lunkaransar (Enzel et al., 1999); Sambhar (Sinha et al., 1072 
2006); Sanai, Ganga Plain (Shamra et al., 2006); Nal Sarovar (Prasad et al., 1997); Horton 1073 
Plains (Premathilake & Risberg, 2003); Tasek Bera Basin (Wüst & Bustin, 2004). Cave 1074 
sediment record: Tham Rod (Marwick & Gagen, 2011). Speleothem records: Gunung Buda 1075 
(Partin et al., 2007), Dongge cave (Y. Wang et al., 2005; Dykoski et al., 2005). Marine 1076 
records: RC 12-344 Andaman Sea (Rashid et al., 2007); VM29-19 Bay of Bengal (Rashid et 1077 
al., 2011); 3268G5 Arabian Sea (Sarkar et al., 2000). The dark blue filled circles show sites 1078 
where low effective evaporation has been reconstructed; the light blue filled circles indicate 1079 
decreasing humidity; the dark brown filled circles demonstrate high effective evaporation and 1080 
the light brown filled circles indicate increasing humidity. The red dashed line is possible 1081 
position of the ITCZ and the arrows show the movement direction of the ITCZ. 1082 

Table text 1083 

Table 1: Lithostratigraphic description of sediment sequence CP4. See Figure 1C for the 1084 
location of core CP4. 1085 

Table 2: 14C dates for Lake Kumphawapi. Core depth (in m) is given below the sediment-1086 
water interface. Calibration of the 14C dates was made with the Calib 6.0 online program 1087 
(http://calib.qub.ac.uk/calib/calib.html) and is according to Reimer et al. (2009). The 1088 
sedimentary units relate to those shown in Figure 3 and Table 1. 1089 

http://calib.qub.ac.uk/calib/calib.html�
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Table 1: Lithostratigraphic description of sediment sequence CP4. sLB = sharp lower 

boundary   gLB = gradual lower boundary   vgLB = very gradual lower boundary 

Depth (m) 

below water surface 

Lithostratigraphic description Layer Units 

    

2.00-2.15 Dark brown fine detritus algae gyttja, gLB 

 

1 3b 

 

2.15-2.37 

 

2.37-2.43 

2.43-2.49 

 

2.49-2.63 

2.63-2.68 

2.68-2.78 

 

Dark grey to brown clayey algae gyttja with coarse organic material,  

gLB 

Dark grey to brown clayey gyttja , gLB 

Dark brown to dark grey clayey gyttja with lenses of coarse organic 

material; transition zone between layers 3 and 5, gLB 

Black to dark brown coarse detritus clayey gyttja, gLB 

Dark brown to black, clayey gyttja with visible organic material, gLB 

Dark brown to black gyttja with less clay and more organic material 

than layer 6, very compact, gLB 

 

 

2 

 

3 

4 

 

5 

6 

7 

 

3a 

 

2.78-2.94 

 

 

2.94-3.03 

3.03-3.26 

 

 

Brown (when fresh), dark brown to black (when oxidized)  peat with 

reddish-brown wood/organic fragments, softer than layer 7, many 

seeds, not humified, gLB 

Dark brown coarse detritus gyttja/peat, slightly compact, gLB 

Dark brown coarse detritus gyttja/peat, less compact than layer 9, gLB 

 

 

8 

 

 

9 

10 

 

 

2b 

 

3.26-3.28 

3.28-3.39 

3.39-3.55 

3.55-3.77 

3.77-3.80 

 

 

Brown clayey algae gyttja, sLB 

Dark grey clayey gyttja; oxidizes rapidly, visible plant remains, sLB 

Brownish-grey gyttja clay, gLB 

Dark grey gyttja clay, some visible plant remains, gLB 

Transition zone between layers 14 and 16  boundary 

 

 

11 

12 

13 

14 

15 

 

2a 

 

3.80-4.55 

4.55-5.40 

 

Greenish-grey gyttja clay 

Greenish-grey gyttja clay, gLB 

 

 

16 

17 

 

1b 

 

5.40-5.93 

 

5.93-6.05 

6.05-6.41 

 

6.41-6.58 

6.58-6.76 

6.76-7.03 

 

Greenish-grey silty gyttja clay, compact; fine sand layer between 

5.69-5.72 m 

Transition zone between layers 20 and 18 

Light brown silty gyttja clay/clayey silt, fine sand layer between 6.22-

6.26, gLB 

Light brown silty gyttja clay/clayey silt;  FeS layer at 6.46-6.47 

Light brown clayey gyttja silt 

Dark grey silty gyttja clay 

 

 

18 

 

19 

20 

 

21 

22 

23 

 

1a 

 



Table 2:  
14

C dates for coring point CP4 of Lake Kumphawapi. Core depth (in m) is given 

below the sediment-water interface. Calibration of the 
14

C 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). See Fig. 1C for the location of the coring point. The 

sedimentary units relate to those shown in Fig. 3. 

Lab ID Core depth 

(m) 

14
C date BP 

±1 sigma 

Dated material Calibrated age 

 (2 sigma) range 

(cal yr BP) 

Sedimentary 

Unit 

UB-16743 2.50-2.54 547±23 Seeds, leaf fragment, 

charcoal 

520-631 3a 

UB-16744 2.59-2.61 1306±24 Seeds, leaf fragment, 

insects 

1179-1291 3a 

UB-18070 2.63-2.65 1493±23 Charcoal, seeds 

 

1319-1411 3a 

UB-16745 2.94-2.96 5731±28 Seeds, leaf fragments, 

insects, charcoal 

 

6446-6632 2b 

UB-18071 3.09-3.11 6015±31 Leaf fragments, seeds 

 

6781-6954 2b 

UB-18073 3.83-3.86 6726±56 Leaf fragments, seeds 

 

7496-7675 2a 

UB-16746 4.69-4.71 7902±34 Large seed 

 

8598-8792 1b 

UB-16747 5.25-5.27 8328±38 Mix of plant material 

 

9254-9466 1b 

UB-16748 5.45-5.47 8711±33 Leaf fragments, seeds 

 

9549-9776 1a 

UB-16749 5.45-5.47 8702±34 Wood fragment 

 

9549-9746 1a 

UB-16750 5.53-5.55 8631±40 Leaf fragments 

 

9534-9680 1a 

UB-16751 5.67-5.69 8698±44 Leaf fragments, seeds, 

wood 

9544-9784 1a 

UB-16752 

 

5.83-5.85 8723±36 Leaf fragments, seeds 

 

9552-9798 1a 

UB-16753 5.95-5.97 8734±33 Leaf fragments, seeds 

 

9559-9823 1a 

UB-16754 5.95-5.97 8797±33 Wood fragments 

 

9678-9934 1a 

UB-16755 6.05-6.07 8729±40 Small twigs 

 

9556-9832 1a 

 

 

 

http://calib.qub.ac.uk/calib/calib.html
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