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Abstract 

Paleoenvironmental and paleoclimatic information is still sparse for Southeast Asia, despite 

the fact that this region contains numerous lakes and wetlands that may hold long sedimentary 

archives. Using lake sediment/peat sequences and a variety of biological, geochemical and 

geophysical analytical methods, this study has the aim to reconstruct the environmental 

history and the impact of past changes in monsoon variability and intensity on lake 

ecosystems in Thailand during the Holocene. The study sites are located in northeast Thailand 

and comprise two lakes: the larger Lake Kumphawapi and smaller Lake Pa Kho. 

The comparison of multiple sediment sequences and their proxies from Kumphawapi suggests 

a strengthening of the summer monsoon between c. 10,000 and 7000 cal yr BP. Parts of the 

lake had been transformed into a wetland/peatland by c. 7000 cal yr BP, while areas of 

shallow water still occupied the deeper part of the basin until c. 6600 cal yr BP. The gradual 

lake level lowering between 7000 and 6600 cal yr BP can signify a gradual infilling of the 

basin. However, it can also point to a decrease in run-off and lower effective moisture 

availability as a result of a weakening of the summer monsoon. The occurrence of a several 

thousand-year long hiatus shows that the sequence of Lake Kumphawapi cannot contribute 

any paleoenvironmental information for the time interval between 6200 and 1800 cal yr BP. 

This new investigation demonstrates that arguments using the phytolith and pollen record of 

Lake Kumphawapi cannot support claims of early rice agriculture in the region or an early 

start of the Bronze Age, because these were based upon the assumption of continuous 

deposition. The observed lake level rise after 1800-1500 cal yr BP could point to a 

strengthening of the summer monsoon. Although the chronology of Kumphawapi is not 

detailed enough to allow reconstructing hydrological changes during the last 2000 years, the 

lithostratigraphy and multi-proxy reconstructions for Pa Kho support a strengthened summer 

monsoon between 2120-1580 cal yr BP, 1150-980 cal yr BP, and after 500 cal yr BP; and a 

weakening of the summer monsoon between 1580-1150 cal yr BP and between 650-500 cal yr 

BP. Increased run-off and higher nutrient supply after AD 1700 can be linked to agricultural 

intensification and land use changes in the region. Kumphawapi and Pa Kho are sensitive 

archives for recording past shifts in effective moisture, and in the intensity of the Asian 

summer monsoon. The Holocene records from northeast Thailand add important 

paleoclimatic information for Southeast Asia and allow discussion of past monsoon variability 

and movements of Intertropical Convergence Zone (ITCZ) in greater detail. 
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Abstract in Thai 

ภาวะโลกร้อนซ่ึงน าไปสู่การเปล่ียนแปลงสภาพภูมิอากาศในปัจจุบนั ไดส่้งผลให้นักวิชาการและประชาชนทัว่ไปเล็งเห็น
ความส าคญัของการท าความเขา้ใจเก่ียวกับสภาพภูมิอากาศในปัจจุบันและในอดีต ทั้ งน้ีเพื่อเป็นขอ้มูลเบ้ืองตน้ในการ
คาดการณ์การเปล่ียนแปลงท่ีอาจจะเกิดข้ึนในอนาคต งานวจิยัน้ีมีวตัถุประสงคเ์พื่อศึกษาการตอบสนองของระบบนิเวศวทิยา
ของทะเลสาบน ้ าจืด ต่อความแปรปรวนของลมมรสุมฤดูร้อนในอดีต โดยมีพ้ืนท่ีศึกษาตั้ งอยู่ในจังหวดัอุดรธานี ภาค
ตะวนัออกเฉียงเหนือของประเทศไทย ประกอบดว้ยหนองหานกมุภวาปี และหนองปะโค  

ขอ้มูลท่ีจะไดจ้ากการศึกษาดินตะกอนท่ีสะสมตวัในหนองหานกุมภวาปี และหนองปะโค สามารถใชบ่้งช้ีสภาพภูมิอากาศ
และส่ิงแวดลอ้มบรรพกาล ของการสะสมตะกอนทะเลสาบในช่วงอายุยุคโฮโลซีน (~10,000 ปี) การเปรียบเทียบล าดับ
ตะกอน ขอ้มูลทางกายภาพ  เคมีและชีวภาพ ของดินตะกอน วิเคราะห์ได้ว่า ลมมรสุมเอเชียตะวนัตกเฉียงใต ้ท่ีพดัพา
ความช้ืนและฝนตกชุก จากมหาสมุทรอินเดียเขา้สู่ประเทศไทยในอดีต มีก าลงัแรงระหวา่งช่วง 10000 ถึง 7000 ปี ( ก่อน ค.ศ.
1950) ขณะนั้นหนองหานกมุภวาปีมีขนาดใหญ่กวา่ในปัจจุบนั หลงัจาก 7000 ปี ระดบัน ้ าในทะเลสาบลดลง พ้ืนท่ีทางตอน
ใตข้องกมุภวาปีน ้ าเหือดแหง้ ทะเลสาบเปล่ียนแปลงเป็นพรุ ในขณะท่ีพ้ืนท่ีส่วนท่ีลึกกวา่ทางตอนเหนือของทะเลสาบยงัคงมี
น ้ าขงัจนถึง 6600 ปี หลงัจากนั้นพรุขยายครอบคลุมพ้ืนท่ีส่วนใหญ่ของกุมภวาปี แสดงให้เห็นว่าลมมรสุมเอเชียตะวนัตก
เฉียงใตใ้นขณะนั้นอ่อนก าลงัลง ปริมาณฝนตกนอ้ยลงอยา่งต่อเน่ือง และส่งผลใหเ้กิดภาวะความแหง้แลง้ทั้งพ้ืนท่ีหนองหาน 
ขอ้มูลดินตะกอนแสดงใหเ้ห็นการขาดช่วงการสะสมตวั และมีความไม่ต่อเน่ืองในช่วง 6600 ถึง 1800 ปี บ่งช้ีไดว้า่ขอ้มูลดิน
ตะกอนจากหนองหานกมุภวาปี ไม่สามารถใชส้นบัสนุนร่องรอยการปลูกขา้วของคนโบราณในพ้ืนท่ี ก่อนเวลายคุส าริด ของ
แหล่งโบราณคดีบา้นเชียง โดยระดบัน ้ าในหนองหานกมุภวาปีมีปริมาณเพ่ิมข้ึนอีกคร้ังในช่วง 1800-1500 ปี สัมพนัธ์กบัการ
เปล่ียนแปลงของลมมรสุมในทิศทางเพ่ิมก าลงัแรงข้ึน มีปริมาณฝนมากข้ึน ขอ้มูลดินตะกอนจากหนองปะโค สนบัสนุนการ
แปลผลการศึกษาจากหนองหานกุมภวาปี โดยให้รายละเอียดของขอ้มูลในช่วง 2000 ปีก่อนปัจจุบนั บ่งช้ีวา่ลมมรสุมเอเชีย
ตะวนัตกเฉียงใตมี้ความแปรปรวน โดยลมมรสุมมีก าลงัแรงช่วง 2120-1580 ปี, 1150- 980 ปี และหลงัจาก 500 ปี สลบักบัลม
มรสุมอ่อนก าลงัช่วง 1580-1150 ปี และช่วง 650-500 ปี กิจกรรมของมนุษยส่์งผลกระทบต่อสภาพแวดลอ้มในพ้ืนท่ีอยา่ง
ชดัเจนในช่วง 200-300 ปี ก่อนปัจจุบนั 

การศึกษาน้ีแสดงใหเ้ห็นวา่ระบบนิเวศวทิยาของหนองหานกมุภวาปี และหนองปะโค ตอบสนองต่อการเปล่ียนแปลงสภาพ
ภูมิอากาศในอดีต และให้ขอ้มูลเก่ียวกับการเปล่ียนแปลงของลมมรสุมเอเชียช่วงยุคโฮโลซีน  การศึกษาดินตะกอนจาก
ทะเลสาบทางภาคตะวนัออกเฉียงเหนือของประเทศไทยน้ี ช่วยเพ่ิมขอ้มูลเก่ียวกบัสภาพส่ิงแวดลอ้ม และภูมิอากาศบรรพกาล
ท่ีส าคญัส าหรับภูมิภาคเอเชียตะวนัออกเฉียงใต ้ซ่ึงสามารถใชใ้นการวิเคราะห์ อภิปรายความแปรปรวนของลมมรสุมเอเชีย 
รวมถึงการเคล่ือนไหวของร่องมรสุมในอดีต นอกจากน้ีงานวิจยัน้ียงัช่วยเพ่ิมความเขา้ใจเก่ียวกบัการตอบสนองของระบบ
นิเวศวิทยาทะเลสาบ ต่อการเปล่ียนแปลงปริมาณน ้ าฝน เป็นผลจากการเปล่ียนแปลงของลมมรสุม ขอ้มูลน้ีสามารถน าไป
ประยุกต์ใช้ในการวางแผนขุดลอกหนองน ้ าในพ้ืนท่ี การพฒันาพ้ืนท่ีทางเกษตรกรรม รวมถึงการวิเคราะห์บทบาทของ
ประชากรและกิจกรรมของมนุษยท่ี์ส่งผลต่อสภาพแวดลอ้มบริเวณรอบหนองหานในอดีต ซ่ึงอาจช่วยสนับสนุนการ
วเิคราะห์ขอ้มูลโบราณคดีในพ้ืนท่ี 

 

 

 



 
 

 
 

 

Sammanfattning 

Sydostasiens paleoklimatiska utveckling är fortfarande nästintill outforskad, trots att regionen 

hyser ett stort antal sjöar och våtmarker som kan innehålla långa sedimentarkiv. Vi har därför 

mycket lite kunskaper om hur variabiliteten i monsunen påverkade sjöar och våtmarker. 

Genom att undersöka sjösediment-/torvlagerföljder från sjöarna Kumphawapi och Pa Kho, 

med hjälp av fysikaliska, kemiska och biologiska analyser, har denna studie kunnat 

rekonstruera den holocena miljö- och klimatutvecklingen för nordöstra Thailand. 

Analyserna visar att sommarmonsunens styrka ökade mellan ca. 10 000 och 7000 cal. yr BP 

(kalenderår före 1950). Vid ca. 7000 cal. yr BP hade delar av sjön Kumphawapi förvandlats 

till våt-/torvmark, medan områden med grunt vatten fortfarande upptog de djupare delarna av 

bassängen fram till 6600 cal. yr BP. Den gradvisa sänkningen av sjönivån mellan 7000 och 

6600 cal. yr BP tolkas som en respons på minskad avrinning och högre avdunstning som ett 

resultat av en svagare sommarmonsun. Förekomsten av en mångtusenårig lucka i 

sedimentationen (hiatus) visar att sekvensen från sjön Kumphawapi inte kan ge någon 

information om paleo-miljön under tidsintervallet 6200 och 1800 cal. yr BP. Denna 

undersökning visar att tidigare argument som byggde på paleoekologiska undersökningar från 

sjön Kumphwapi för att stödja hypotesen om en tidig början av Bronsåldern inte är giltiga, 

eftersom dessa antog att sedimentationen var kontinuerlig.  

Den observerade höjningen av sjönivån efter 1800-1500 cal. yr BP kan tyda på att 

sommarmonsunens styrka ökade igen. Kronologin för Kumphwapi är inte tillräckligt 

detaljerad för att tillåta en rekonstruktion av de hydrologiska förändringarna under de senaste 

2000 åren. Sekvensen från sjön Pa Kho däremot visar på en förstärkning av sommarmonsunen 

mellan 2120-1580 cal. yr BP, 1150-980 cal. yr BP, samt efter 500 cal. yr BP; och på en 

försvagning av sommarmonsunen mellan 1580-1150 cal. yr BP och mellan 650-500 cal. yr 

BP. Ökad avrinning och högre näringstillgång efter AD 1700 kan kopplas till ökat jordbruk 

och förändrad markanvändning i regionen. Sjöarna Kumphawapi och Pa Kho utgör känsliga 

arkiv som innehåller information om förändringar i avrinning och avdunstning, och i 

sommarmonsunens styrka. 

De analyserade sjösediment-/torvlagerföljdera från nordöstra Thailand bidrar med viktig 

kunskap om den holocena paleoklimatutvecklingen i Sydostasien och gör det möjligt att 

diskutera variationer i sommarmonsunens styrka, samt rörelsemönstret av den intertropiska 

konvergenszonen i större detalj. 

 

 

 

 

 

 

 

 



 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

 

Paleoenvironmental and paleoclimatic changes in 

northeast Thailand during the Holocene 

Sakonvan Chawchai 

List of papers  

This doctoral dissertation consists of a summary and five appended papers. Paper I and II are 

reprinted with the permission of Elsevier. Paper III is a manuscript, Paper IV is accepted 

pending revisions and Paper V has been resubmitted. 

Paper I 

Wohlfarth, B., Klubseang, W., Inthongkaew, S., Fritz, S.C., Blaauw, M., Reimer, P.J., 

Chabangborn, A., Löwemark, L., Chawchai, S., 2012. Holocene environmental changes in 

northeast Thailand as reconstructed from a tropical wetland. Global and Planetary Change 

92-93, 148-161. 

Paper II 

Chawchai, S., Chabangborn, A., Kylander, M., Löwemark, L., Mörth, C-M., Blaauw, M., 

Klubseang, W., Reimer, P.J., Fritz, S.C., Wohlfarth, B., 2013. Lake Kumphawapi – an archive 

of Holocene paleoenvironmental and paleoclimatic changes in northeast Thailand. 

Quaternary Science Reviews 68, 59–75.  

Paper III 

Wohlfarth,B., Chawchai, S., Burke, L., Hunt, C. O., Kurkela, J.,  Väliranta, M., 

Chabangborn, A., Blaauw, M., Reimer, P.  Multi-proxy based reconstruction of Holocene 

environmental history around Lake Kumphawapi, NE Thailand (manuscript). 

Paper IV 

Chawchai, S., Chabangborn, A., Fritz, S.C., Väliranta, M., Mörth, C-M., Blaauw, M., 

Reimer, P. J., Krusic, P. J., Löwemark, L., Wohlfarth, B. Hydroclimatic shifts in northeast 

Thailand during the last two millennia – the record of Lake Pa Kho (Quaternary Science 

Reviews accepted pending revisions).  

Paper V 

Chawchai, S., Kylander, M., Chabangborn, A., Wohlfarth, B. An example of commonly used 

XRF core scanning based proxies for organic rich lake sediments. (Resubmitted to The 

Holocene).  



 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

 

Contents 

Pages 

1. Introduction                      1 

2. Monsoon and the components of the Asian monsoon system                                      1 

3. Asian monsoon variability during the Holocene                     3 

4. Thesis objectives                      5 

5. Northeast Thailand                      5 

5.1 Geology of the study area                       5 

5.2 Climatology                      7 

5.3 Archaeology in northeast Thailand                      8       

6. Study Site                              9 

6.1 Lake Kumphawapi and Lake Pa Kho                     9 

6.2 Earlier investigations                    11 

7. Materials and Methods                    13 

7.1 Fieldwork, sediment coring  and lithostratigraphic descriptions                 13 

7.2 Geochemical indicators                    13 

7.3 Biotic proxies (biogenic silica (BSi), diatom, phytolith,  pollen  and plant           

macrofossil remains)                      15 

7.4 14
C chronology and age modelling                                            16                 

8. Results (summary of five papers)                    17 

8.1 Paper I                      19  

8.2 Paper II                      19     

8.3 Paper III                      20 

8.4 Paper IV                      21  

8.5 Paper V                     21 

9. Discussion                                                                                       22                                                 

9.1 Lake Kumphawapi (c. 10,000- 2000 cal yr BP)                  22           

9.1.1 Chronology                    22     

9.1.2 Paleoenvironmental synthesis for Kumphawapi                  24  

9.2 Lake Pa Kho during the last 2000 years                   28 

9.2.1 Chronology                    28  

9.2.2 Paleoenvironmental synthesis for Pa Kho                  29 

9.3 Correlation to Asian monsoon records                   30 

9.4 Monsoon variability and human activity                   36   

10. Conclusions                     37 

11. Future prospects                                        38                                                                                                

12. Acknowledgments                                                                     38                                                     

13. References                                                                                                                      40 

Appendix 

Paper I  

Paper II 

Paper III 

Paper IV 

 

 



 
 

 
 

 

Abbreviations 

AMS  accelerator mass spectrometry 

asl   above sea level  

BSi                      biogenic silica 

c.                         circa   

cal yr BP             calibrated years before present (BP=1950) 

C/N                     carbon/nitrogen ratio 

DSi                      dissolved silica  

EASM                 East Asian summer monsoon 

ENSO       El Niño Southern Oscillation  

ICP-OES             Inductively Coupled Plasma Optical Emission Spectrometry 

IOD       Indian Ocean Dipole  

IPCC                   Intergovernmental Panel on Climate Change 

ISM        Indian summer monsoon  

ITCZ                   Intertropical Convergence Zone 

LOI                     loss-on-ignition 

MADA               network of Asian tree ring sites  

PCA                    Principal Component Analysis 

RBG                   optical red, blue and green color 

TN        total nitrogen  

TOC                    total organic carbon 

XRF                    X-ray fluorescence 

WNPSM             Western North Pacific summer monsoon  

Definitions 

A wetland is generally defined as a transitional ecosystem between terrestrial and aquatic 

environments, where the water table is usually at or near the surface. Wetlands contain 

soils/sediment (mixture of minerals, organic matter, gases, liquids) that are characterized by 

low oxygen content and biota adapted to growing in wetland environments (Charman, 2002).  

 

Jauhiainen et al. (2005) defines peatlands as “wetlands with a thick surficial layer of partly 

decomposed organic matter deposits (i.e. peat)” (p. 1788).  

 

Peat has been defined for temperate regions, based on the organic matter content, its texture 

and the degree of humification (Charman, 2002;Wuest, 2001). For tropical peat different 

classification systems exist (Page et al. 2007), but most of these relate to peat deposits in 

temperate regions. Here, I use the definition of Wuest (2001), who investigated tropical peats 

in Malaysia, and defined peat as an “organic-rich deposit” with an organic matter content of 

>45%.
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1. Introduction 

Observations of rising global mean air and ocean temperatures, extensive melting of snow and 

ice and an increase in the mean eustatic sea level provide unequivocal evidence of global 

warming during the last several decades (IPCC Climate Change, 2013). Climate change and 

anthropogenic global warming are some of the most intensively researched and discussed 

issues in politics and academia. In particular, there is concern about how this warming may 

change global rainfall distributions (IPCC Climate Change, 2013), especially monsoonal 

precipitation which affects more than half of the world´s population (Cook et al., 2010).  

The Asian monsoon system plays a vital role in large-scale climate variability in terms of 

transportation of heat and moisture from the tropical oceans across the equator to higher 

latitudes (Caley et al., 2011; Clift and Plumb, 2008; Wang et al., 2001). There is a degree of 

uncertainty over the link between recent global warming and anomalous monsoon rainfalls in 

Southeast Asia (Loo et al., 2014). Some areas have experienced drought while other areas 

have been flooded with heavy rainfall in short time spans. People in this region have largely 

adapted their lives to the seasonal changes of the monsoon. However, unpredictable and 

strong rainfall events have caused extensive financial loss, great damage to agriculture, 

environment, property as well as social and public health (Cook and Jones, 2012).  

Thailand (5°–20°N and 97°–105°E) is home to 65 million people and one of the world’s 

largest exporters of rice (Dawe, 2002). Agriculture, tourism and fisheries contribute the main 

income for the country (Marks, 2011). Recent severe droughts and floods in Thailand 

demonstrate that climate change is an important issue for this country. In this context, changes 

in monsoon rainfall are of great concern and require a good understanding of how the 

monsoon will change in the face of global warming. 

Knowledge of how the climate system has responded to past changes is useful in assessing 

how the climate system might respond to changes in the future (Jansen et al., 2007). 

Instrumental records of precipitation and temperature are relatively short (< 200 years) and 

sparse for Asia. Therefore our understanding of the nature of climate change and of 

anthropogenic effects on climate is highly dependent on paleoenvironmental studies (Bradley, 

2014). However, there are few detailed paleoenvironmental/paleoclimatic studies within 

Thailand and its neighboring countries, and as a result little is known conclusively about long-

term climate change in the region. This thesis therefore aims at studying multi-lake 

sediment/peat sequences using a multi-proxy approach to reconstruct the environmental 

history of lake ecosystems in Thailand. Paleoenvironmental studies can improve our 

understanding of past shifts in summer monsoon intensity and can provide guidelines for 

sustainable management, as well as for the development of predictive climate models. 

Moreover, these studies may help understanding how human societies have been affected by 

and have adapted to climate change in the past. 

 

2. Monsoon and the components of the Asian monsoon system 

The classical definition of the monsoon is a seasonal reversing wind caused by a temperature 

gradient between the continent and the ocean, which often leads to large seasonal changes in 

precipitation (Clift and Plumb, 2008; Kutzbach, 1981; Wang et al., 2005). One criteria that is 

used to identify monsoon regions is that the local summer westerly-minus-winter easterly 
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wind at 850 hPa exceeds 50% of the annual mean zonal wind speed (Wang and Ding, 2008). 

This criteria applies to all major monsoon regions: Asia, Australia, and Africa (Fig. 1). 

However, the monsoon domains defined by precipitation are different from those defined by 

winds. The monsoon precipitation regime is where the local summer-minus-winter 

precipitation rate exceeds 2 mm/day, and that the summer precipitation contributes at least 

55% of the annual total (Wang and Ding, 2008). This definition applies to much of the 

tropics, which are characterized by wet and dry seasons. 

The Asian monsoon is mainly composed of two meteorologically distinct, but overlapping, 

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

summer monsoon (EASM), which are separated approximately at 105°E. These two monsoon 

systems interact with each other; however, the different land-sea configurations in the ISM 

and EASM regions generate dissimilarities in the strengths and feedback mechanisms of the 

summer and winter monsoon regimes (Wang et al., 2003, 2005) (Fig. 1). Recent studies also 

include the Western North Pacific summer monsoon (WNPSM) as a tropical Asian monsoon 

subsystem, which is largely oceanic (Buckley et al., 2014; Li et al., 2014). Some studies using 

satellite and in situ observations consider the monsoon to be a seasonal migration of the 

Intertropical Convergence Zone (ITCZ) (Chao and Chen, 2001; Clift and Plumb, 2008; 

Philander et al., 1996; Trenberth et al., 2000; Wang, 2009). In the Asian monsoon regions the 

ITCZ refers to both the monsoon trough and the trade wind convergence zone in the tropics, 

and corresponds to the location of maximum persistent rainfall (Wang, 2009). Today the 

largest annual displacement (summer/winter) of the ITCZ is seen in the Indian Ocean and in 

the western Pacific warm pool (Asian-Australian) and over African and South American land 

regions, while the ITCZ displacement is small in the central and eastern Pacific and Atlantic 

Oceans. Some studies have suggested that the position and expansion of the ITCZ over land 

in the Asian monsoon region are inter-related with the monsoon rains (Fleitmann et al., 2007; 

Sachs et al., 2009; Yancheva et al., 2007) and its mean northward extent has been linked with 

summer monsoon strength (Ma et al., 2011; Sinha et al., 2011b). Changes in the mean 

location of the ITCZ therefore affect the regional hydroclimate, and have significant 

consequences for the reliability and predictability of the monsoon rains.  

 

Fig. 1: The modern monsoon system: distribution of monsoon regions in Asia, Africa and 

Australia (modified from P. Wang, 2005; Cook et al., 2010 and Buckley et al., 2014). 
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3. Asian monsoon variability during the Holocene 

In general the strength of the Asian summer monsoon during the Holocene followed 

insolation patterns, with an increased summer monsoon intensity during the early Holocene, 

and a gradual decline from the mid-Holocene onwards (Kutzbach, 1981; Wang et al., 2005; 

Wang, 2005), as seen in the high resolution δ
18

O time series of speleothems from southern 

China (Fig. 2). However, not all reconstructions show a synchronous trend within and among 

the different monsoon regions. The timing of the strengthening and weakening of the Asian 

monsoon varies significantly among sites as shown by paleorecords across Asia (An et al., 

2000; Cook and Jones, 2012; Cook et al., 2010; Herzschuh, 2006; Li et al., 2014; Morrill et 

al., 2003; Wang et al., 2010; Yang et al., 2011). It is still unclear for example if the Holocene 

optimum and mid-Holocene changes in monsoon intensity were synchronous or asynchronous 

between the two major monsoon subsystems, the ISM and EASM (e.g. Cai et al., 2010; Chen 

et al., 2008; Dykoski et al., 2005; Wang et al., 2010; Zhang et al., 2011; Zhao et al., 2009).  

 

 

Fig. 2: δ
18

O time series of the Dongge Cave stalagmite (blue line; (Wang, 2005) and 

insolation pattern at latitude  30°N with starting season at 60 degrees and ending season at 

210 degrees from vernal point (red line; Laskar et al., 2004). 

In response to the long-term decline in summer insolation, the Asian summer monsoon during 

the late Holocene (the past 2000 years) was generally weaker than in the early Holocene 

(Wang, 2005). Yet high-resolution tree ring (Cook et al., 2010), marine (Anderson et al., 

2002; Newton et al., 2006; Oppo et al., 2009), coral (Cobb et al., 2003), speleothem (Sinha et 

al., 2011a, 2011b; Zhang et al., 2008), and lake sediment (Yancheva et al., 2007) records 

show that substantial decadal to centennial variations in summer monsoon intensity were 

superimposed on this long-term weakening trend. Various hypotheses have been brought 

forward to explain this decadal to centennial scale variability, such as solar forcing (Zhang et 

al., 2008), the El Niño Southern Oscillation (ENSO) (Cobb et al., 2003; Mann et al., 2009) 

and Indo-Pacific climate variability (Prasad et al., 2014; Ummenhofer et al., 2013), movement 

of the mean position of the ITCZ (Newton et al., 2006; Sachs et al., 2009; Tierney et al., 

2010), and changes in the Indian Ocean Dipole (Ding et al., 2010; Ummenhofer et al., 2013) 

and in the Pacific Walker Circulation (Yan et al., 2011). 

The most detailed reconstruction of decadal and sub-decadal shifts in summer monsoon 

strength is derived from the Monsoon Asia Drought Atlas (MADA) extending back through 
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the last millennium (Cook et al., 2010; Pages 2K, Consortium, 2013). Other strong evidence 

for Asian monsoon variability over the last 1000 years comes from speleothems. MADA and 

key speleothem records from China and India suggest a general weakening of the summer 

monsoon between AD 1300-1800. Intense droughts as a result of the weakening of the 

summer monsoon during the 14
th

 and 15
th

 centuries have been linked to the demise of ancient 

societies in various parts of Asia (Fig. 3) (Buckley et al., 2014, 2010; Sinha et al., 2011b; 

Zhang et al., 2008).  

  

 

Fig. 3: δ
18

O time series for speleothems from Wanxiang cave (blue line; (Zhang et al., 2008)), 

Dandak cave (green line; (Sinha et al., 2011a, 2011b)) and the Palmer Drought Severity Index 

(PDSI) derived from the Monsoon Asia Drought Atlas (MADA) for the region between 10- 

20°N and 95-115°E (brown line; (Buckley et al., 2010; Cook et al., 2010)). 

Issues concerning the intensity and variability of the Asian monsoon during the Holocene are 

still widely debated: 1) different environmental proxies respond differently to climatic 

changes in the past (Wang et al., 2003); 2) the observed contrasting and/or asynchronous 

palaeoclimatic trends may be due to differing sub-regional climatic and environmental 

influences (Cook and Jones, 2012); and 3) short-term events are probably not registered in all 

archives. However, the spatial distributions of the paleoclimatic records used for most studies 

are focused mainly on China, with fewer records in the ISM domain (Wang et al., 2010). The 

generally low number of data sets from India and Southeast Asia might thus lead to a biased 

interpretation of past variability in the Asian Monsoon region. A dense network of well-dated, 

multi-proxy data sets especially from the ISM domain and from Southeast Asia are needed to 

reduce the current uncertainties in interpretation, and provide a valid base for discussing the 

response of different paleoenvironmental proxies used to infer past hydroclimatic conditions. 
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4. Thesis objectives 

This thesis forms part of the Thailand Monsoon Project, which has the overall aim of 

reconstructing the response of tropical/subtropical aquatic ecosystems to shifts in monsoon 

intensity and variability during the past 25,000 years. We hypothesize that a strengthening of 

the summer monsoon and associated higher precipitation would result in higher catchment 

run-off and an increased input of aquatic and terrestrial material to the lakes/wetland. In 

contrast, less precipitation, run-off and input of aquatic organic material are signs of a 

weakening summer monsoon. 

 

The main objective of this PhD thesis has been to decipher how the Lakes Kumphawapi and 

Pa Kho from northeast Thailand responded to changes in monsoon intensity and variability 

during the Holocene. To address these questions, multi-sediment sequences and multi-proxy 

methods with dense 
14

C dates have been applied. 

 

The primary aims for this study were as follows:  

 To perform high-resolution analyses of physical, chemical and biological proxies on 

multiple sediment sequences from Lake Kumphawapi. 

 

 To perform high-resolution analyses of physical, chemical and biological proxies on 

the peat sequence of Lake Pa Kho. 

 

 To reconstruct the infilling of the Kumphawapi basin based on a correlation of 

multiple sediment sequences.  

 

 To reconstruct possible hydrological changes based on the correlation of the 

paleoenvironmental records from Lakes Kumphawapi and Pa Kho.  

 

 To compare these records to other high-resolution proxy archives from the Asian 

Monsoon regions. 

 

 To contribute to a better understanding of the response of the lake ecosystems to 

phases of increased and/or decreased monsoon intensity and variability and to 

highlight the role that human populations may have played within the environment. 

 

 

5. Northeast Thailand 

 
5.1 Geology of the study area  

Northeast Thailand or the Khorat Plateau is an area of approximately 170,000 km
2
. Regional 

topography is primarily less than 250 m above sea level (asl), but is greatly undulating with 

structurally controlled mountains and massifs occasionally reaching 1000 m.asl. The Khorat 

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

filled with Quaternary sediments (Fig. 4A). 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 (El Tabakh et al., 2003; Wannakomol, 2005). 

Lakes Kumphawapi and Pa Kho are situated in the Sakon Nakhon basin (Fig. 4A).  
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The Quaternary sediments in the Sakon Nakhon basin 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). 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. 4B). The Maha Sarakham Formation 

overlies the Khok Kruat Formation (sandstone and siltstone), which crops out to the far west 

and east of the Kumphawapi basin (Department of Mineral Resources (DMR), 2009; El 

Tabakh et al., 2003; Wannakomol, 2005). The salt and anhydrite facies of the Maha Sarakham 

Formation impact the surface morphology of the basin due to dissolution of underlying salt 

sequences and diapiric salt domes. The island of Ban Don Kaeo, which rises c. 10-15 m above 

the surrounding wetland in the southern part of Kumphawapi, constitutes such a salt mound. 

Earlier studies as well as more recent seismic investigations indicate the presence of a salt 

dome below Kumphawapi, and rock salt in variable thickness adjacent to the Lakes 

Kumphawapi and Pa Kho (Satarugsa et al., 2004; Rau and Supajanya, 1985). The formation 

of these lake basins is therefore likely due to a collapse of sub-surface rock salt cavities. The 

undulating topography of the region could have been caused by the alteration of gypsum due 

to absorption of circulating groundwater. 

 

Fig. 4: (A) Location of the Khorat and Sakon Nakhon basins in northeast Thailand and 

position of Lakes Kumphawapi and Pa Kho in the southern Sakon Nakhon basin. (B) 

Simplified lithostratigraphy of the Khorat group (modified from El Tabakh et al., 1999). 
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5.2 Climatology  

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

causing abundant rain over the country between May and October (Fig. 5A). Precipitation 

during this period is caused by a combination of the ISM, the ITCZ and tropical cyclones. 

Coincident with the beginning of the southwest phase of the Asian monsoon the ITCZ first 

arrives to southern Thailand in May and moves northwards reaching southern China around 

June to early July. After that the ITCZ moves in a southerly direction to northern and 

northeast Thailand in August and later to the central and southern regions in September and 

October, respectively. During November and February, the northeast (NE) winter monsoon 

brings cold and dry air masses from the Siberian anticyclone over Thailand. This is felt most 

strongly over the north and northeast of the country. In contrast, moderate high pressure 

prevails over southern Thailand and the Gulf of Thailand, and abundant rainfall is likely over 

the east coast of southern Thailand during this period. There is also a high probability of 

tropical cyclones from the Western North Pacific Ocean or South China Sea passing through 

the eastern and southern parts of Thailand during October and November (Thai 

Meteorological Department; Fig.  5A). 

 

Fig. 5: (A) Simplified climatology for Thailand showing the movement of the Indian summer 

monsoon (ISM), northeast (NE) winter monsoon and tropical cyclones (modified from the 

Thai Meteorological Department). (B) Mean monthly rainfall and temperature (1962-2011) 

for Udon Thani, which is located c. 36 km to the northwest of the study area. 

Precipitation derived from the ISM and the ITCZ influences the study area between mid-May 

and mid-October. During August and September tropical cyclones from the east contribute 

additional precipitation (Fig. 5A). Mean annual precipitation for Udon Thani is about 1455 

mm, 88% of which falls during the period from May to October. The highest amount of 

rainfall occurs during August and September (c. 262 mm/month). Mean air temperatures 

range between 22°C and 25°C from November to February, and between 27°C and 30°C from 

March to October (Fig. 5B) (Klubseang, 2011).         
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Various hypotheses have been brought forward to explain changes in summer monsoon 

intensity over the Southeast Asian mainland during the instrumental period. Thailand’s 

tropical/subtropical monsoon shows a strong correlation with indices of the Indian summer 

monsoon and the Western North Pacific summer monsoon (Limsakul et al., 2011). Sub-

decadal and decadal weakening summer monsoon in Thailand has also been associated with 

ENSO variability (Bridhikitti, 2013; Hsu et al., 2014; Singhrattna et al., 2005). During an El 

Niño event, the descending limb of the Walker Circulation is located over Thailand and 

Indonesia. This brings warm and dry air from high in the atmosphere down to the surface, 

leading to drought conditions (Collins et al., 2010; Singhrattna et al., 2005). Changes in the 

Indian Ocean Dipole (IOD) can also lead to significant differences in monsoon precipitation 

patterns (Ding et al., 2010; Ummenhofer et al., 2013). During a negative IOD event the Asian 

subtropical high is stronger and the East Asian monsoon (EASM) weakens, while the Indian 

summer monsoon becomes stronger (Ding et al., 2010). During a positive IOD event, these 

relationships are reversed.  

5.3 Archaeology in northeast Thailand  

Northeast Thailand has some of the richest prehistoric records in Southeast Asia, comprising 

Neolithic, Bronze Age and Iron Age settlements (Higham and Higham, 2009; Higham, 2011; 

White and Hamilton, 2014) and also formed part of the large Khmer Empire (Evans et al., 

2013; Welch, 1998). Several archaeological sites are located in close proximity to Lakes 

Kumphawapi and Pa Kho. The famous settlements of Ban Na Di and Ban Chiang, for 

example, are situated ca. 8 km and 30 km, respectively to the northeast of Lake Kumphawapi. 

Several important sites have been discovered in the Upper Mun River valley (e.g. Ban Non 

Wat, Noen U-Loke) c. 250 km to the south (Higham and Higham, 2009) (Fig. 6).  

The chronology for Ban Chiang (Neolithic- Bronze Age) has been intensively debated during 

the past 40 years ( Higham, 2013a, 2013b; Higham et al, 2011; White, 2008; White and 

Hamilton, 2014), while the chronologies for Ba Na Di (Bronze Age-Iron Age) and for the 

Mun River valley sites (Neolithic-Iron Age) (Higham and Higham, 2009; Higham, 2011) are 

well established.  

According to White (2008), Ban Chiang was initially occupied by Neolithic settlers around 

5000 cal yr BP; the transition into the Bronze Age took place around 4000 cal yr BP and the 

site became abandoned around 1800 cal yr BP (Pietrusewsky and Douglas, 2002; White, 

2008). However, new 
14

C dates on human and pig bones has led to a different chronology for 

Ban Chiang (Higham, 2013a; Higham et al., 2011); this new chronology places the initial 

settlement of the site by Neolithic populations at c. 4000 cal yr BP and the transition into the 

Bronze Age at c. 3000 cal yr BP, which is 1000 years later than suggested by White (2008). 

Ban Na Di comprises a cultural sequence that began in the Bronze Age and extended into the 

Iron Age (Higham, 2011). The chronology for Ban Na Di is not well established, but since the 

cultural sequence compares well with the Bronze and Iron Age chronologies established for 

sites in the Upper Mun River Valley (Higham and Higham, 2009), it can be assumed that 

Bronze Age Phases 4 and 5 at Ban Na Di correspond to the time interval between 2600 and 

2400 cal yr BP, Iron Age Phase 1 to approximately 2400-1800 cal yr BP following Higham 

and Higham (2009) or to around 2400-1700 cal yr BP according to Higham (2011). Iron Age 

Phase 2 would date to c. 1800/1700-1400 cal yr BP (Higham, 2011).  

Neolithic communities that settled on the Khorat Plateau seem to have mainly been hunter-

gatherers (King et al., 2013; Higham et al., 2011), and possibly also cultivator communities 

(Pietrusewsky and Douglas, 2002). During the Bronze Age people cultivated rice and millet, 



 
 

9 
 

domesticated animals, and mined copper (Higham, 2011; Higham et al., 2011). The 

archaeological finds in the Upper Mun River Valley imply that local communities formed 

complex societies during the Iron Age, as seen by the considerable increase in the number of 

agricultural tools (Higham and Higham, 2009; Higham, 2011). This suggests an 

intensification of agricultural practices during this period. Moated settlements surrounded by 

multiple banks and channels are an important feature of the later Iron Age in the Mun River 

Valley (Boyd and McGrath, 2001; McGrath and Boyd, 2001; Boyd, 2008; O'Reilly, 2008). 

Large-scale forest clearance has been reported for the later part of the Iron Age (Boyd and 

McGrath, 2001; McGrath and Boyd, 2001; Boyd, 2008). The time period between the Iron 

Age and the start of the Khmer or Angkor period on the Khorat Plateau, termed Muang Sema 

Phase (1400-1000 cal yr BP), is often described as "the Dark Ages of northeast Thailand" due 

to the scarcity of information (Talbot and Janthed, 2001). Boundary stones with Mon 

inscriptions have been found on the Ban Don Kaew salt dome in Lake Kumphawapi (Fig. 7) 

and date to approximately AD 800 or 1150 cal yr BP (Penny, 1998, 1999). The Khmer 

kingdom started in present day Cambodia c. 1150 cal yr BP and expanded into northeast 

Thailand around 1000 cal yr BP (Evans et al., 2013; Lieberman and Buckley 2012). The 

demise of the Khmer Empire is dated to 1300-1500 AD or 650-450 cal yr BP (Lieberman and 

Buckley 2012). 

 

Fig. 6: Location of major archaeological sites in northeast Thailand (Higham and Higham, 

2009). 

6. Study Site         

6.1 Lake Kumphawapi and Lake Pa Kho 

Lake Kumphawapi (17⁰11´N, 103⁰02´E; 170 m. asl; 28 km
2
; pH 6.80) is a shallow lake with a 

maximum water depth of 4 m. Numerous perennial and seasonal streams feed the lake from 

the surrounding hills, which are less than 220 m asl (Fig. 7). The main inflow is through Huai 
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Phai Chan Yai River to the northeast of the lake and the outflow is at the southern end of the 

lake through the Lam Pao River (Kealhofer and Penny, 1998); other smaller streams enter the 

lake during the summer monsoon season (Fig. 7). The distribution between open water and 

wetland areas varies seasonally.  

The dam at Kumphawapi was finished in 1994. It includes 5 floodgates and 124 km of dykes 

(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 to secure 

water availability for agriculture (Klubseang, 2011). Aerial photos and satellite data show that 

the open water area and extent of the wetland changed rapidly during the last decade. The 

land-use maps from 2001 and 2009 show plantations rice paddies, sugarcane, cassava,  

Eucalyptus and Para rubber grow in the region (Klubseang, 2011). 

The vegetation in and around Kumphawapi has been described by Penny (1999, 1998), who 

noted the dominance 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., Salvinia cucullata and Typha angustifolia. The flowering of the pink water lilies and red 

lotus (Nymphaea) between October and March has in recent years become a major tourist 

attraction. Channels and small harbours have been excavated to facilitate boat transport for 

the increasing number of tourists.  

Lake Pa Kho (17° 06′ N, 102° 56′ E; 175 m asl; <3 km
2
; pH 6.98) is located c. 15 km 

southwest of Lake Kumphawapi. The site is relatively small with no major fluvial input. 

Penny (2001, 1998) described Pa Kho in his 1995 field survey as an extensive floating 

swamp. He also noted burning of the emerged plants, which favored the development of local 

plant communities. The basin became flooded sometime after Penny’s fieldwork in 1995. 

Several dams (built between 1999 and 2004) now divide the lake into three sub-basins of 

different sizes (Fig. 7).  

According to Penny (2001, 1998) the vegetation at Pa Kho was dominated by grasses, sedges 

and ferns with floating communities, including Alocasia macrorhiza, Ipomoea aquatica, 

Ludwigia adscendens, Nelumbo nucifera, Persicaria attenuate, Sagittaria sagittifolia, Typha 

angustifolia, Alternanthera sessilis, Eupatorium odoratum, Hewittia sublobata, Jussiaea 

linifolia, Nepenthes thorii, Nymphoides indicum, and Physalis angulata. The flat area 

surrounding Pa Kho is today primarily used as paddy fields, and for sugar cane and 

Eucalyptus plantations (Klubseang, 2011). 
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Fig. 7: Topography of the study area, location of Lakes Kumphawapi and Pa Kho, and the 

location of the coring points. The coordinate system is based on the UTM Grid system (Indian 

1975 zone 47). 

 

6.2 Earlier investigations  

Several sediment sequences were taken from different parts of Lakes Kumphawapi and Pa 

Kho by Penny (1998). For Lake Kumphawapi, the correlation between sediment cores 

KUM.1, KUM.2, KUM.3, KUM.4 and KUM.9 (Fig. 7) was made based on stratigraphic 

changes (Fig. 8). Two major changes in the sediment stratigraphy were identified. The first 

change is from light yellowish-gray fine sand to clay loam at the bottom of each sequence. 

The second change is from clay loam to brownish black/black peat and humic organic clay 

loam. The thickness of the clay loam was greater in cores taken from the southern part of the 

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

length, was more abundant in cores taken from the northern (KUM.1, KUM.9) and eastern 
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part of the lake (KUM.6). Based on these observations, Penny (1998) suggested that the 

southern part of the lake was the deepest.  

     

 

Fig. 8: Lithostratigraphy and correlation between sediment cores KUM.1, KUM.2, KUM.3, 

KUM.4 and KUM.9, redrawn after Penny (1998). 

Sediment sequences KUM.3 and KUM.1 had been analyzed for pollen and phytoliths to 

reconstruct past vegetation changes (Kealhofer and Penny, 1998; Penny, 1999, 1998; White et 

al., 2004). 
14

C dates, based on pollen concentrates and bulk sediment, gave an age of 14,350 

years BP for the lowermost sediments. In a later paper White (2004) reported the detailed 

study of KUM.3, which combined data from pollen analysis, charcoal particle concentration   

(Kealhofer and Penny, 1998; Penny, 1999, 1998) and phytolith analysis (Kealhofer, 1996) 

with archaeological data from the study area and adjacent regions. The pollen stratigraphy 

suggested sparse dryland in the catchment, and a grassy floodplain and back swamp 

vegetation in the Kumphawapi basin 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 (dominated by Pinus, Celtis, Uncaria/Wedlandia type lowland forest) 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 7000 cal yr BP indicated subsequently higher moisture availability. The increase in 

Pinus and Cephalanthus type pollen between c. 7000 and 3000 cal yr BP, together with 

charcoal particles and a reduction of lowland taxa, has been interpreted as a response to 

climatic changes or anthropogenic influences. The re-appearance of secondary forests and the 

increase in charcoal particles after c. 3000 cal yr BP are thought to be the result of intensified 
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anthropogenic activities or a change in agricultural practice (Kealhofer and Penny, 1998; 

Penny, 1999, 1998).  

The stratigraphy of Lake Pa Kho is very different from that of Kumphawpi (Penny, 1998).  

The 230 cm long sequence was subdivided into two units (Penny, 1998): Unit 1 (230-20 cm) a 

homogenous, black, sub-fibrous peat with well preserved herbaceous plant fragments; Unit 2 

(20-0 cm) is separated by a distinct boundary from the underlying peat. 
14

C dating based on 

pollen concentrates and bulk sediment suggested an age of c. 40,000 cal yr BP for the 

lowermost peat of Pa Kho. Pollen and spore analyses provided a record of vegetation changes 

at the Pleistocene/Holocene transition (ca. 12,000-10,000 BP). The expansion of tropical and 

sub-tropical broad-leaf taxa indicate the development of relatively humid climatic conditions 

during this period (Penny, 2001, 1998).  Penny used the increase in Cephanlanthus-type 

pollen and charcoal particles around 6000 cal yr BP to correlate the Pa Kho record to 

Kumphawapi.  

Given the previous studies by Kealhofer and Penny (1998) and Penny (2001, 1999, 1998), 

Kumphawapi and Pa Kho seemed very interesting archives to explore in greater detail, since 

their stratigraphies date back to 14,500 and 40,000 cal yr BP, respectively. The key aims of 

this thesis work are to employ a multi-sediment sequence and multi-proxy strategy to 

investigate: 1) how basin topography changed due to past hydroclimate conditions; 2) how the 

different proxies responded to past environmental changes; and 3) whether the environmental 

signals stored in the sediment/peat sequences are recorders of local catchment processes 

and/or anthropogenic impact, and to which extent they registered regional climate shifts. 

 

7. Materials and Methods                   

7.1 Fieldwork, sediment coring  and lithostratigraphic descriptions  

The Kumphawapi and Pa Kho sequences were obtained in January 2009, 2010 and 2012 using 

a modified Russian corer (7.5 cm diameter, 1 m length) and maintaining a 50 cm overlap 

between the 1 m core segments. Assessment of Kumphawapi and Pa Kho´s bottom 

topography and sediment infilling using an Echo sounding was not possible because of the 

dense vegetation and the high methane content of the uppermost sediments. Multiple 

sequences were cored along transects at the larger Lake Kumphawapi, while a single peat 

sequence was retrieved from the smaller Lake Pa Kho. The location of the coring points is 

shown in Figure 7. The cores were preliminarily 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 in the cold room at 4°C before analysis. The stratigraphy of 

each core segment was again described in the laboratory and compared to the previous study 

by Penny (1998). 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 micro-radiographic image and major XRF elemental curves. A composite 

stratigraphy based on the lithostratigraphic and physical correlation was used as the basis for 

further sampling of the sequence.   

7.2 Geochemical indicators 

The core surfaces were cleaned and covered with Ultralene foil, and scanned using an Itrax 

XRF Core Scanner from Cox Analytical Systems (Gothenburg, Sweden). Each 1 m long core 
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segment was scanned at 5 mm resolution using a molybdenum (Mo) tube set at 30 kV and 30 

mA for 60 sec/point. Scanning of a core using the Itrax produces an optical RBG, a micro-

radiographic image and micro-XRF elemental profiles at high resolution (Croudace et al., 

2006). The XRF measurements allow all major elements between Al and U to be analyzed. 

After core scanning was completed, the XRF spectral data were processed using the Q-Spec 

spectral analysis software which applies a standard fitting procedure to the original spectra 

(Croudace et al., 2006). Final elemental data are presented as counts per unit time per unit 

area (cps). Based on information about bedrock in the region surrounding the study area, 

some elements (e.g. Si, K, Ti, Rb, Ca, Sr and Zr) were selected to provide information on the 

mineral input from catchment run-off.  

Selected samples based on the distinct lithostratigraphic changes observed in the 

Kumphawapi sequences were chosen for grain size measurements. Samples were pre-treated 

to remove organic matter and carbonates using H2O2 and HCl prior to analysis. The samples 

were then dispersed in 10 ml of 10% (NaPO3)6 solution by ultrasonification-Hydro LV in 

order to control the wet dispersion of materials for particle size analysis. Grain size 

distributions were determined using a Mastersizer 3000 laser particle size analyzer. Each 

measurement was replicated five times. The mean grain size has an analytical error of <2%. 

The grain size variations can give information about changes in run-off and mineral input. 

Contiguous 1 cm intervals from Kumphawapi and Pa Kho were sub-sampled for loss-on- 

ignition (LOI) analysis. 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. 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 (Bengtsson and Enell, 1986; Dean, 1974; Heiri et al., 2001). 

This gives information about the nature of the sediment and sediment sources (e.g. lake 

organic matter sources, past lake productivity). However, the presence of volatile organic 

compounds might result in too high LOI values (Meyer and Teranes, 2001). For peat studies, 

LOI can be used to estimate past carbon accumulation rates and calculation of cumulative 

carbon over different time periods (Chambers et al., 2011). 

Sub-samples for CNS element and stable isotopes were freeze-dried and homogenized before 

being measured on a Carlo Erba NC2500 elemental analyzer, which is coupled to a Finnigan 

MAT Delta+ mass spectrometer.  Total organic carbon (TOC) concentration is a bulk value 

for the fraction of organic matter that was not remineralized during sedimentation (Meyers 

and Teranes, 2001). A lake’s productivity depends on the amount of available biomass, which 

becomes degraded after burial. High TOC values may thus indicate increased lake organic 

productivity, increased preservation of the organic material or decreased dilution. The weight 

percentages of TOC and total nitrogen (TN) were used to calculate the C/N mass ratio, which 

was 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 have C/N 

ratios of 20 or higher. The C/N ratio is here used to distinguish changes in aquatic and 

terrestrial organic matter sources in the lake (Meyers, 2003). In peatlands, however, the C/N 

ratio is an indicator of the degree of peat decomposition (Chimner and Ewel, 2005) or may 

indicate changes in the type of peat-forming plants (Kuhry and Vitt, 1996). 
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δ
13

C, δ
15

N and δ
34

S are reported in ‰ relative to the Vienna PeeDee Belemnite (VPDB, for 

C), to AIR (for N) and to Canon Diablo Troilite (CDT, for S) standards. The analytical error 

was ±0.15‰ for δ
13

C and δ
15

N, and ±0.2‰ for δ
34

S. Analysis of stable carbon isotopes (δ
13

C) 

of organic matter in lake sediments can provide information about organic matter sources. 

The δ
13

C value can be employed for reconstructing past lake organic productivity and for 

identifying changes in the availability of nutrients in surface water (Meyers and Teranes, 

2001). For northeast Thailand, Yoneyama et al. (2010) have reported δ
13

C values of C3 plants 

as -26‰ to -31‰, whereas values of C4 plants were measured as -12‰ to -14‰ (Yoneyama 

et al., 2010). In lake sediments, it has to be considered that aquatic macrophytes can 

contribute similar δ
13

C signatures as C4 plants (Meyers 2003). Similarly, the nitrogen isotopic 

composition (δ
15

N) may be used to distinguish the source of the organic material and to 

reconstruct past aquatic productivity. Terrestrial vegetation tends to have δ
15

N values close to 

0‰ (δ
15

N value of AIR), whereas grass and plankton using dissolved inorganic N typically 

have δ
15

N values ranging from +6 to +10% (Meyers, 1997). However, nitrogen fixing 

organisms can also produce negative values of δ
15

N. The dynamics of the nitrogen 

biogeochemical cycle are more complicated than those of carbon, and therefore 

interpretations of sedimentary δ
15

N are rather difficult (Meyers and Teranes, 2001). 

Variations in sulfur isotope (δ
34

S) ratios can be caused by changes in the isotopic composition 

of the respective sulfur sources, variations in sulfate availability in the lake over time (Russell 

and Werne, 2009) and reduction processes in anaerobic environments (Finlay and Kendall, 

2007). The δ
34

S values of organic sulfur in lake sediments often mirror the isotopic values of 

the aqueous sulfate because of only minor fractionation effects during immobilization and 

sedimentation (Mayer and Schwark, 1999; Watanabe et al., 2004). Terrestrial plants and soils 

usually have δ
34

S values that average +2‰ (Finlay and Kendall, 2007). In this study, we 

employ δ
34

S to assess influences of groundwater to the lake. We hypothesize that a lowering 

of lake level and the groundwater level would result in a change in the δ
34

S signature, since 

anhydrite samples from the different sedimentary units of the Maha Sarakham formation 

display changes in δ
34

S values (El Tabakh et al., 1999).  

 

7.3 Biotic proxies (biogenic silica (BSi), diatom, phytolith,  pollen  and plant 

macrofossil remains)   

For biogenic silica (BSi) measurements, the freeze-dried samples were analyzed 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 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 neutralized with 0.21N HCl as 

described by Conney and Schelske (2001). The extracts were analyzed for dissolved silica 

(DSi) by ICP-OES (Varian Vista Ax), and the concentration data were plotted against 

depth/time. The easily soluble phases (e.g. diatom frustules, phytolith) are dissolved after two 

hours. Crystalline phases (silicate mineral) take longer to dissolve. Through calculating a 

linear regression between the 3, 4 and 5 hour of DSi values we can differentiate the biogenic 

silica dissolved. The value where the linear regression crosses the vertical axis (the y-

intercept) of the sub-samples was considered to be the BSi (wt %) content corrected for a 

simultaneous dissolution of silica from minerals.  

Selected sub-samples for diatom/phytolith studies sediments were treated with 10% HCl to 

remove any carbonates, heated in H2O2 to oxidize organic matter, and then rinsed multiple 
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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).  

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 (e.g. sponges, phytoliths) (Conley, 

1998). 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 climate, temperature and 

nutrient supply (Battarbee et al., 2001). Besides diatoms, phytoliths are minute silica particles 

precipitated within or between plant cells and can be found among many plant families 

(Santos et al., 2012).  Phytoliths are remarkably durable in dry, acidic and aerobic conditions. 

Therefore phytoliths are commonly preserved in peat, while diatoms are less prominent 

(Piperno, 2006; Wüst and Bustin, 2004).  

Plant macrofossil samples (25 cm
3
) were soaked in sodium pyrophosphate (Na4P2O7*10H2O) 

to break the sediment matrix and sieved under running water with a mesh size of 140 µm. The 

samples were analyzed using a binocular microscope. Seeds were counted as numbers, but 

vegetative remains (such as pieces of leaves, unidentified plant remains) were classified on a 

relative scale from 1 to 3, where 1 means that individual remains were present and 3 that the 

sample contained large amounts.  

Sub-samples for pollen analysis were prepared following the method of Hunt (1985). Each 

sample and approximately 250 ml water with 10% KOH were heated for at least 20 minutes at 

200°C, sieved through a 120 μm size mesh and a 6 μm sized mesh consecutively. Separation 

of the remaining silt and plant debris was done using a swirling dish, which caused the 

mineral material to sink to the bottom and the organic debris to float, allowing it to be poured 

off. This step was repeated several times to remove the majority of the inorganic debris. The 

remaining organic material was cleaned. One to two drops of the organic material were placed 

onto a glass slide and heated gently to remove excess moisture. The samples were then 

covered with two drops of Aquamount and a cover slip and allowed to dry for at least 24 

hours. Pollen identification was carried out using an Olympus microscope at x400 

magnification, and the pollen flora of Huang (1972) and the Australasian pollen and spore 

atlas (www.apsa.anu.edu.au/) (Burke, 2014). Samples were identified on multiple slides per 

depth, to achieve pollen counts of over 300 per sample.  

7.4 
14

C chronology and age model                                                                              

Sub-samples for 
14

C dating were chosen from each lithostratigraphic unit. The samples were 

sieved (mesh size 0.5 mm) under running tap water. Sieve remains were cleaned in distilled 

water and identified under a stereomicroscope. Charcoal, seeds, leaves, insects, twigs and 

small wood fragments were chosen for dating for Kumphawapi and Pa Kho. Bulk sediment 

was only chosen for dating of CP3A from Kumphawapi (Burke, 2014). The selected 

macrofossil samples were dried overnight at 105°C in pre-cleaned glass vials and sent to the 
14

CHRONO Centre, Queen’s University Belfast. Pre-treatment of the charcoal and wood 

samples followed the acid-base-acid method (de Vries and Barendsen, 1952). The samples 

were rinsed in deionized water and dried at 50°C overnight, then weighed into pre-combusted 

quartz tubes with silver and CuO and combusted at 850°C overnight to produce CO2. Samples 

with less than 0.8 mg of carbon were graphitized in the presence of hydrogen on an iron 

catalyst at 560ºC for a maximum of 4 hours according to the Bosch-Manning Hydrogen 

Reduction Method (Vogel et al., 1984). The CO2 from the larger samples was converted to 
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graphite on an iron catalyst using the zinc reduction method (Slota et al., 1987). The 
14

C/
12

C 

and 
13

C/
12

C ratio were measured on a 0.5MV National Electrostatics Corporation accelerator 

mass spectrometer (AMS). The radiocarbon age and one standard deviation were calculated 

following the conventions of Stuiver and Henry (1977) using the Libby half-life of 5568 years 

and a fractionation correction based on δ
13

C measured on the AMS which accounts for both 

natural and machine fractionation. The radioactive decay of 
14

C within fossil organic material 

is generally measured and used for dating lake sediment sequences c. 50,000 years back in 

time. Living organisms take up atmospheric CO2 which incorporates a quantity of 
14

C that is 

approximately equal to the level of the isotope in the atmosphere. After the organism dies the 
14

C fraction of the organic material declines at a fixed exponential rate due to the radioactive 

decay of 
14

C. The age of the sample is estimated by comparing the remaining 
14

C fraction of 

the sample to that expected from atmospheric 
14

C (Taylor, 1997).  

In this study, age models were 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) 
14

C dates together with prior 

information (Blaauw and Christen, 2011). The Bayesian model is based on prior knowledge 

of stratigraphically ordered dates. The prior information included assumptions about 

accumulation rate, the memory or variability of accumulation rate between neighboring 

sections (Blaauw and Christen, 2011). Prior to selecting the age models for this study, 

multiple model runs were performed using different sets assumptions and parameters.  

                                       

 8. Results (summary of five papers) 

This chapter provides summaries of the five papers presented in this thesis. The author 

contributions to the analyses and the data interpretation are detailed in Table 1. 
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Table: Author contributions to Papers I-IV 

Author 

contributions 
Paper I Paper II Paper III Paper IV Paper V 

Coring, fieldwork 

and subsample 

A.Chabangborn 

B. Wohlfarth    

L. Löwemark     

S. Fritz               

S. Inthongkeaw 

W. Klubseang 

A. Chabangborn 

B. Wohlfarth         

L. Löwemark          

S. Fritz                  

S. Inthongkeaw 

W. Klubseang 

A. Chabangborn 

B. Wohlfarth           

L. Löwemark       

S. Fritz                

S. Chawchai      
S. Inthongkeaw 

W. Klubseang 

A. Chabangborn 

B. Wohlfarth             

L. Löwemark           

S. Fritz            

S. Inthongkeaw 

W. Klubseang 

A. Chabangborn 

B. Wohlfarth 

Lithostratigraphy B. Wohlfarth B. Wohlfarth, 

A. Chabangborn 

B. Wohlfarth B. Wohlfarth  

A. Chabangborn 

S. Chawchai 

B. Wohlfarth  

A. Chabangborn 

S. Chawchai 

ITRAX core 

scanning 

 A. Chabangborn 

L. Löwemark 

 A. Chabangborn 

L. Löwemark 

A. Chabangborn 

L. Löwemark 

Loss-on-ignition W. Klubseang A. Chabangborn  A. Chabangborn A. Chabangborn 

Carbon, nitrogen 

and sulfur 

elemental and 

isotope analysis  

W. Klubseang A. Chabangborn  S. Chawchai   

A. Chabangborn 

 

Grain size analysis     S. Chawchai 

Biogenic silica  S. Chawchai  S. Chawchai S. Chawchai 

Diatom/ 

phytholith 

analysis 

S. Inthongkaew 

S. Fritz 

  S. Chawchai  

Pollen and 

macrofossil 

remain 

  L. Burke 

M.Väliranta     

J. Kurkela 

M.Väliranta  

Radiocarbon 

dating 

P.J. Reimer       

B. Wohlfarth 

P.J. Reimer        

B. Wohlfarth 

P.J. Reimer     

B. Wohlfarth 

P.J. Reimer     

B. Wohlfarth  

 

Age-depth model 

construction 

M. Blaauw M. Blaauw M. Blaauw S. Chawchai   

M. Blaauw 

 

Principal 

component 

analysis 

    S. Chawchai 

Figures and tables B. Wohlfarth S. Chawchai B. Wohlfarth   

S. Chawchai 

S. Chawchai  

A. Chabangborn 

(Figure 5) 

S. Chawchai 

Data 

interpretation 

B. Wohlfarth  

W. Klubseang 

S. Fritz               

S. Chawchai 

S. Chawchai   
B. Wohlfarth  

A. Chabangborn 

B. Wohlfarth   

S. Chawchai 

S. Chawchai   

B. Wohlfarth 

S. Chawchai   
M. Kylander   

B. Wohlfarth 

Writing of the 

paper 

B. Wohlfarth S. Chawchai B. Wohlfarth   

S. Chawchai 

S. Chawchai S. Chawchai  
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8.1. Wohlfarth, B., Klubseang, W., Inthongkaew, S., Fritz, S. C., Blaauw, M., Reimer, P. J., 

Chabangborn, A., Löwemark, L., Chawchai, S., 2012. Holocene environmental changes in 

northeast Thailand as reconstructed from a tropical wetland. Global and Planetary Change 

92-93, 148-161. 

Geochemical variables (LOI, TOC, C/N, TS, δ
13

C) and diatom assemblages were analyzed in 

sediment sequence CP3A from Lake Kumphawapi to reconstruct the environmental history 

during the Holocene. By around c. 10,000–9400 cal yr BP, a large shallow freshwater lake 

had formed in the Kumphawapi basin. The diatom stratigraphy suggests that oxygenated 

bottom waters and a well-mixed water column were characteristic of this early lake stage. 

This was probably initiated by higher effective moisture and a stronger summer monsoon. 

Decreased run-off after c. 6700 cal yr BP favored increased aquatic productivity in the 

shallow lake. Multiple proxies indicate a marked lowering of the lake level around 5900 cal yr 

BP, the development of an extensive wetland around 5400 cal yr BP, and the subsequent 

transition to a peatland. The shift from shallow lake to wetland and later to a peatland is 

interpreted as a response to lower effective moisture. A hiatus at the transition from wetland 

to peatland suggests very low accumulation rates, which may result from very dry climatic 

conditions. A rise in groundwater and lake level around 3200 cal yr BP allowed the re-

establishment of a wetland in the Kumphawapi basin. 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. Around 1600 cal yr BP a new shallow lake 

became re-established in the basin. Although the underlying causes for this new lake phase 

remain unclear, we hypothesize that higher effective moisture was the main driving force. 

This shallow lake phase continued up to the present but was interrupted by higher nutrient 

fluxes to the lake around 1000–600 cal yr BP. Whether this was caused by intensified human 

impact in the catchment or, whether this signals a lowering of the lake level due to reduced 

effective moisture, needs to be corroborated by further studies in the region. The multi-proxy 

study of Kumphawapi's sediment core CP3A clearly shows that Kumphawapi is a sensitive 

archive for recording past shifts in effective moisture, and thus the intensity of the Asian 

summer monsoon.  

 

8.2. Chawchai, S., Chabangborn, A., Kylander, M., Löwemark, L., Mörth, C-M., Blaauw, 

M., Klubseang, W., Reimer, P. J., Fritz, S. C., Wohlfarth, B., 2013. Lake Kumphawapi – an 

archive of Holocene paleoenvironmental and paleoclimatic changes in northeast Thailand. 

Quaternary Science Reviews 68, 59–75.  

The geochemical proxies and the diatom stratigraphy that had been analyzed in the CP3A 

sequence from Kumphwapi (Paper I) provide a different interpretation of past hydroclimatic 

changes as compared to the previous studies of Penny (1998). This suggests that the location 

of the analyzed sediment sequence and the choice of proxies may generate differing temporal 

and spatial reconstructions of the lake’s response to past climatic shifts. This hypothesis 

needed to be corroborated by the analysis of other sediment sequences from the lake in order 

to understand the complexity of this large lake. In paper II we present a new 
14

C-dated, multi-

proxy sediment record (LOI, TOC, C/N, CNS isotopes, Itrax XRF elemental data, biogenic 

silica) for the CP4 sequence from the southern part of the Kumphawapi basin. The dataset 

provides a reconstruction of changes in lake status, groundwater fluctuations, and catchment 

run-off. A comparison of CP4 with other sediment sequences from Kumphawapi suggests an 
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open water and low productive lake with high run-off between c. 9800 and 7000 cal yr BP. 

Lake status and water level changes at about 7000 cal yr BP signify a shift to lower effective 

moisture. By c. 6500 cal yr BP parts of the lake (at the location of CP4) had been transformed 

into a peatland, while areas of shallow water still occupied the deeper part of the basin (at the 

location of CP3A) 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, which 

existed until c. 1600 cal yr BP. 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 highlighted the use of multiple sediment sequences 

and proxies to investigate large lakes in order to correctly assess the time transgressive 

response to past changes in hydroclimate conditions. The availability of multiple sediment 

sequences and proxies allows for a better understanding of how basin topography influences 

sediment deposition in Lake Kumphawapi, and provides a more detailed picture of the lake´s 

response to past climatic changes. 

 

8.3. Wohlfarth, B., Chawchai, S., Burke, L., Hunt, C. O., Kurkela, J., Väliranta, M., 

Chabangborn, A., Blaauw, M., Reimer, P. J.  Multi-proxy based reconstruction of Holocene 

environmental history around Lake Kumphawapi, NE Thailand (manuscript). 

Kumphawapi’s sequences CP3A (Paper I) and CP4 (Paper II) show different chronologies. In 

paper II we had argued that the age differences between the two sequences could be explained 

by a time transgressive sediment deposition across the basin. To test this hypothesis further 

AMS 
14

C dates have been added to better constrain the chronologies. In paper III we present 

an updated chronology for CP3A and CP4, and add a new sequence CP3B, a new 

pollenstratigraphic record for CP3A and a plant macrofossil data set for CP3B. Together these 

datasets provide a revised picture of the evolution of the lake/wetland during the Holocene. 

Kumphawapi became a shallow, low productive lake around 10,000 cal yr BP, which was 

fringed by an extensive wetland/savannah-grassland and received considerable run-off from 

the surrounding catchment. We interpret this as a response to high effective moisture 

availability and a strengthened summer monsoon. The change from a low productive lake to 

higher productivity around 7600 cal yr BP and the gradual lake level lowering between 7000 

and 6600 cal yr BP can signify the gradual infilling of the basin. However, it can also point to 

a decrease in run-off and lower effective moisture availability.  

The long hiatus, which is observed in all sequences between 6600/6200 cal yr BP and 

1800/1500 cal yr BP, is likely a combination of decomposition of the organic material due to 

aerial exposure and very dry conditions and of erosion caused by the subsequent lake level 

rise. The increase in pollen of disturbance/secondary re-growth indicators at 6600 cal yr BP is 

linked to the expansion of a wetland/peat. Frequent forest fires on the dry wetland/peatland 

can explain the observed large amounts of charcoal. Contrary to earlier investigations, we 

show here the occurrence of a several thousand-year long hiatus, which means that the 

sequence of Lake Kumphawapi cannot contribute any paleoenvironmental information for the 

time interval between 6200 and 1800 cal yr BP. Consequently, arguments using the phytolith 

and pollen record of Lake Kumphawapi cannot support claims of early rice agriculture in the 

region or an early start of the Bronze Age, since they build upon the assumption of continuous 

deposition. 
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The re-establishment of a shallow lake around 1800-1600 cal yr BP shows a change in 

hydroclimatic conditions and an increase in effective moisture availability, which in turn 

points to a strengthening of the summer monsoon. Various interpretations have been put 

forward to explain the construction of moated sites with encircling wide channels during the 

later part of the Iron Age (1800-1500 cal yr BP), such as less reliable water supply, water 

storage constructions, defenses features, changed agricultural practices, flood mitigation and 

competition over resources. Based on the hydroclimate conditions reconstructed here, we 

hypothesize that late Iron Age moats and channels were constructed as a response to 

intensified summer monsoon precipitation and not as a response to drought. The lake level 

lowering in Kumphawapi around 1000-800 cal yr BP may correspond to the intervals of 

severe drought that have been recognized in Asian tree ring records. 

 

8.4. Chawchai, S., Chabangborn, A., Fritz, S. C., Väliranta, M., Mörth, C-M., Blaauw, M., 

Reimer, P. J., Krusic, P. J., Löwemark, L., Wohlfarth, B. Hydroclimatic shifts in northeast 

Thailand during the last two millennia – the record of Lake Pa Kho (Quaternary Science 

Reviews accepted pending revision).  

Following the results from Papers I, II and III the chronology of Kumphawapi is not detailed 

enough to allow reconstructing hydrological changes during the last 2000 years. In this paper 

we develop a high-resolution paleoenvironmental data set (TOC, C/N, δ
13

C, biogenic silica, 

plant macro remains and XRF elemental data) from a 1.5-m long sediment/peat core retrieved 

from Lake Pa Kho for the last two millennia. The chronology of the sequence is based on 20 

AMS 
14

C dates and was constructed using Bayesian modeling. The multi proxies show that Pa 

Kho was a shallow productive lake or wetland between BC 170 and AD 370. Such an 

environment implies higher effective moisture, likely caused by a strengthened summer 

monsoon. Around AD 370 the wetland transformed to a peatland with a lower water table, 

which suggests a decrease in effective moisture and a weakening of the summer monsoon.  

This stepwise transition shows generally low effective moisture until AD 800. The re-

establishment of a wetland between AD 800 and 970 is a sign of higher moisture availability 

and likely reflects increased monsoon precipitation. The subsequent hiatus (AD 970-1300) 

might have been caused by degradation of the peat surface during an interval with lower 

effective moisture and a weakened summer monsoon (AD 1300-1450). The increase in 

aquatic plant remains, the appearance of diatoms and the isotope proxies show again a 

wetland environment starting around AD 1450. This marks a return to higher effective 

moisture and a moderately strengthened summer monsoon. Increased run-off and higher 

nutrient supply after AD 1700 can be linked to agricultural intensification and land-use 

changes in the region. The new hydroclimatic reconstruction based on the data set established 

for Lake Pa Kho fills an important gap in data coverage for the late Holocene in northeast 

Thailand.   

 

8.5. Chawchai, S., Kylander, M., Chabangborn, A., Wohlfarth, B. An example of commonly 

used XRF core scanning based proxies for organic rich lake sediments. (Resubmitted to The 

Holocene)  

The results presented in Paper I, II, and III show that the Kumphawapi sequences contain 

sediment types with greatly varying organic carbon content. Since XRF core scanning is now 

widely used for different types of lake deposits, and as a tool for building proxies for 

reconstructing past climates and environments, a careful assessment of the pitfalls of this 

method is necessary. The aim of this contribution is to explore and discuss the limitations of 
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some commonly used XRF core scanning as proxies in organic rich sediments. We use a 

sediment sequence CP4 from Lake Kumphawapi where TOC ranges from 5% to 40% and 

TOC variations are mirrored by changes in the amount of minerogenic material. By 

comparing XRF core scanning data with LOI, TOC, BSi and grain size values we examine 

how sedimentary factors can influence in situ XRF analyses and test the use of several 

commonly used paleoproxies. We specifically look at the use of (i) Compton (incoherent) and 

Rayleigh (coherent) scattering (inc/coh) ratios as a proxy for LOI and TOC; (ii) Si/Ti as a 

proxy for biogenic silica and clastic input; and (iii) Ti normalized ratios of Si, Zr, Sr, Ca, K 

and Rb as grain size proxies. Our comparison suggests that the inc/coh scattering ratio cannot 

be used as an indicator for LOI and TOC in organic rich sediments, such as peaty gyttja or 

peat. We test the use of elemental ratios with the conservative elements (Ti), which is often 

used in paleoenvironmental studies. Si/Ti, which is a bulk ratio of total silica concentration in 

Kumphawapi’s sediments, reflects clastic input associated grain size variation rather than 

biogenic silica contents (BSi). The ratios of Si, Zr, Sr, K and Rb with Ti are linked to mineral 

input and associated grain size variations. Ca/Ti is mainly related to bedrock chemistry in 

Kumphawapi. This study highlights some of the pitfalls and limitations associated with XRF 

core scanning of organic rich sediments and the need for defining and validating XRF-based 

proxies at each new site.  

 

9. Discussion 

9.1 Lake Kumphawapi (c. 10,000- 2000 cal yr BP) 

9.1.1 Chronology 

Based on a correlation of the lithostratigraphies, the geochemical proxies, and the 

chronologies of CP3A (Paper I) and CP4 (Paper II), we argued that the age differences 

between the two sequences could be explained by a time transgressive sediment deposition 

across the basin, i.e. that the lake level lowering would have first affected the shallower basin 

(CP4) and about a thousand years later the deeper location (CP3A). To test this hypothesis 

further AMS 
14

C dates have been added to better constrain the chronologies of CP3A and CP4 

and a new sequence, CP3B has been added (Paper III) (Fig. 9).   
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Fig. 9: Lithostratigraphy of the CP4, CP3A and CP3B sequences of Lake Kumphawapi and 

material selected for 
14

C dating.   

The large number of 
14

C dates in the lower part of the CP4 and CP3A sequences (units 1a, b 

and 2a) suggests an approximately linear age-depth relationship (Figs. 10 a, b, c). But 
14

C 

dates in units 2b and 3a indicate complicated age-depth relationships and hiatuses both in CP4 

and CP3B (Figs. 10 a-f). The dense 
14

C dates for CP3A between 180 and 120 cm depth (unit 

2b) resulted in varying ages (Fig. 10 a, d). Several attempts have been made to construct an 

age model for CP3A: 1) excluding those 
14

C ages from materials that are assumed to be too 

old; 2) including all ages and letting the model decide which dates may be outliers; and 3) 

including a hiatus or letting the model decide where to place a likely hiatus. However, none of 

the model runs were successful. Based on the new chronology for CP3B (Paper III) and the 

comparison to the updated chronology for CP4, we now assume that major lithological 

transitions occurred more or less synchronously across the basin. In this context, the modelled 

ages for the transition (unit 2b and 3a) of CP3B and CP4 can be transferred to CP3A.  

The age model for CP4 suggests that the transition between units 1b and 2a dates to c. 7600 

cal yr BP, and the transition between unit 2a and 2b to c. 6900 cal yr BP (Fig. 10h). This latter 

date corresponds well to the modelled age in CP3B of 7000 cal yr BP for the unit 2a/2b 

transition (Fig. 10 e, g). Although we were not able to construct a reliable age model for the 

CP3A sequence, the calibrated 
14

C ages give c. 7600 cal yr BP for the transition between units 

1 and 2a and an age of 7000 cal yr BP for the transition between units 2a and 2b (Fig. 10 d).  

The lithostratigraphic transition between unit 2b and 3a is in all three sequences marked by 

sharp layer boundaries, compact sediments (CP4) and reworked material (CP3B) and the 
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chronologies for CP4, CP3A and CP3B support a hiatus of about 4000 years around this 

transition (Figs. 10 a-h). In CP4 the hiatus (76-79 cm) is indicated by grain size and 

lithological changes. This hiatus starts at about 6600 cal yr BP and ends around 1500 cal yr 

BP. In CP3A the hiatus (118 cm) is defined by lithological changes and corresponds to around 

6200 cal yr BP and 1800 cal yr BP. In CP3B the hiatus is between 83 and 102 cm depth based 

on lithological changes, but at 119 cm depth in the age model (corresponding to 6200 cal yr 

BP), since the 
14

C dates between 104 and 43 cm depth provided conflicting results (Fig. 10 e). 

 

9.1.2 Paleoenvironmental synthesis for Kumphawapi 

The geochemical proxies and the diatom stratigraphy of CP3A and CP4 sequences suggest 

that Kumphawapi became a shallow and low productive lake with high run-off and 

oxygenated bottom water around 10,000 cal yr BP (Fig. 11). The occurrence of 

swamp/swamp forest/aquatic indicator pollen in CP3A, together with aquatic plant 

macrofossil remains in the CP3B sequence, support the hypothesis of open water conditions 

between 10,000 and 7,000 cal yr BP. The slight increase in tree pollen diversity and temperate 

pollen around 8000 cal yr BP can be interpreted as higher effective moisture availability, 

which compares well to the study of Kealhofer and Penny (1998). However, our new pollen 

stratigraphic record (Paper III) does not support the presence of trees close to the lake but 

instead suggests an extensive wetland fringing the lake and/or savannah-grassland vegetation 

in the catchment.  

 

The gradual change in the lithostratigraphy and in the geochemical proxies in CP3A around 

7600 cal yr BP occurred at the same time as temperate tree pollen values decline and tropical 

tree pollen displays an increase in diversity (Fig. 11) The decline in Barringtonia pollen in 

this study and in the previous study of Penny (1999, 1998) is observed during this phase, and 

shortly before the distinct lithostratigraphic change to peaty gyttja and peat. This may be an 

early indication for a lake level lowering. The distinct change in sediment lithology and 

geochemistry of the CP4 sequences c. 7000 cal yr BP gives evidence for a shift in lake status 

from an open, shallow lake to a wetland. However, this shift occurred c. 400 years later at the 

location of CP3A. This would support the hypothesis that a smaller lake continued to exist at 

the deeper location of CP3A until 6600 cal yr BP. The gradual development and expansion of 

swamp/wetland communities in the Kumphawapi basin may be interpreted in a number of 

ways, e.g. a lowering of the lake level as a direct result of low moisture availability and drier 

climatic condition, or due to the gradual infilling of the lake. The expansion of a 

wetland/peatland is also clearly seen in the plant macroscopic remains in CP3B, which 

demonstrate a transition from an aquatic-dominated to a riparian-dominated environment 

(Fig.11). Disturbance/secondary regrowth indicator pollen percentages increase coinciding 

with the start of the wetland/peatland phase. A reduction in lowland forest taxa in the lake’s 

catchment c. 7000 cal yr BP has also been noted by Kealhofer and Penny (1998) and Penny 

(1999). We interpret the combination of a gradual lowering of the lake level from 7600 to 

7000/6600 cal yr BP and the expansion of wetland and peat vegetation as a marked change in 

hydrology, which could have been caused by decreased moisture availability. 

The long hiatus, which can be observed in the CP4, CP3A and CP3B sequences (Fig.11), 

starts around 6600-6200 cal yr BP and ends around 1800-1500 cal yr BP. However, the hiatus 

had not been recognized in the previous study of Penny (1998), who assumed continuous 

deposition between 7000 and 3000 cal yr BP, and noted the destruction of lowland forests and 

a reduction of dry-land taxa during the wetland/peat phase, accompanied by large amounts of 

charcoal. These observations led to the assumption of widespread forest clearance and 
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agriculture in the area. White (2004) discussed whether the high amounts of charcoal in this 

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

indicate human activities. Our new pollen stratigraphic study however shows that the increase 

in disturbance/secondary regrowth indicators at 6600 cal yr BP is linked to the expansion of a 

wetland/peatland. Wetland/peatland deposits between 6200 and 1800 cal yr BP are missing in 

CP4 and CP3B and are highly fragmentary in CP3A sequences. The 
14

C dates of CP3A would 

indicate peat growth and strong decomposition of the organic material, which led to the 

accumulation of younger and older organic material in the same level. Together, this would 

suggest that the hiatus was caused by strong decomposition of the organic material due to 

aerial exposure and dry conditions, and possibly also subsequent erosion. The development of 

a wetland/peat and the subsequent hiatus is thus likely a response to markedly drier 

hydroclimatic conditions. These could have led to frequent forest fires on the 

wetland/peatland, as shown by high amounts of charcoal and soil erosion, which in turn 

would have provided the necessary space for secondary regrowth/disturbance indicators.  

The sediment lithology and the multi-proxies point to the start of a second lake phase and a 

higher water level in the Kumphawapi basin at c. 1800-1500 cal yr BP coincident with the end 

of the hiatus. Diatom assemblages in CP3A also testify for an increase in water depth. Higher 

effective moisture availability and a stronger summer monsoon might account for the renewed 

lake phase. The lake that had become established c. 1800-1500 cal yr BP may have had a 

smaller size than the lake that existed before, since peat growth continued in the northern part 

of the lake (KUM.1, KUM.6 and KUM.9 location) (Fig. 7). On the other hand, the persistence 

of peat in the upper part may reflect the location of the sites within or close to herbaceous 

swamp/vegetation shorelines. Thus, the development of vegetation communities at or near 

these sites may have prevented sediment from washing into the lake, while the open water 

sites (KUM.3, KUM.2, CP3A CP3B and CP4: Fig. 7) obtained a greater proportion of mineral 

material.  The CP3A and CP4 sediments suggest a short interval of lower lake levels between 

1000-800 cal yr BP, after which a shallow lake re-expanded. Around 1000 cal yr BP, 

disturbance/secondary re-growth indicators decline markedly. This is comparable in time to 

the observations of Kealhofer and Penny (1998) and Penny (1998, 1999) who noted the re-

establishment of lowland forest and regrowth of secondary forests.  
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Fig. 10: Chronology of sequences CP3A, CP3B and CP4. (a-c) 
14

C ages for the three 

sequences; (d-f) calibrated 
14

C ages using the Calib7.0 program 

(http://calib.qub.ac.uk/calib/calib.html) and IntCal13 (Reimer, 2013); (g-h) age models for 

CP3B and CP4.  

 

http://calib.qub.ac.uk/calib/calib.html
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Fig. 11: Paleoenvironmental changes in and around Lake Kumphawapi during the Holocene 

based on multi-proxy analyses of the three sediment sequences CP4, CP3A and CP3B and 

inferred effective moisture availability.
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9.2 Lake Pa Kho during the last 2000 years 

9.2.1 Chronology 

The 
14

C dates for Pa Kho plot sequentially according to depth, but two 
14

C dates (at 3.40-3.44 

m and at 2.78-2.83 m have older ages than expected (Fig.12 A, B, C) and are treated as 

outliers by Bacon (Fig. 12 B, C). Sequential samples at 2.66-2.63 m and at 2.63-2.60 m differ 

in age by c. 460 calibrated 
14

C years. Explanations for this age difference between adjoining 

levels include low accumulation rates or the presence of a hiatus. The lithostratigraphy gives 

no indication for an abrupt change for a hiatus at 2.63 m depth. We therefore constructed two 

age models: one assuming low accumulation rates (CP3_82) around 2.63 m, and one 

assuming the presence of a hiatus (CP3_82_hiatus) (Fig. 12 B, C). Both age models provide 

similar ages for the sequence below 2.68 m depth and above 2.63 m depth, but result in a 

different duration (510 and 170 years, respectively) for the depth interval between 2.68 and 

2.63 m. Assuming lower accumulation rates between 2.68 and 2.63 m (AD 840-1320) as 

shown in age model CP3-82 (Fig. 12B) seems in conflict with the deposition of fibrous and 

less decomposed peat which suggests the availability of water and conditions favorable for 

peat accumulation (Fig. 12A). Age model CP3_82_hiatus on the other hand implies 

continuous accumulation between 2.68 and 2.63 m depth (AD 800-970), followed by a 330 

year long hiatus (Fig. 12C). Peat accumulation below and above 2.63 m depth occurred at a 

similar rate in both age models. Therefore a sudden slowdown in accumulation rate seen 

between 2.68 and 2.63 m, at the same time as δ
13

C values and plant macro remains (Fig.13) 

suggest wetland conditions, seems difficult to reconcile. Our preferred hypothesis is therefore 

to include a hiatus at 2.63 m depth, where δ
13

C and BSi values show a distinct shift.  

 
Fig. 12: (A) Stratigraphy of Pa Kho and material selected for 

14
C dating. (B) Age model 

CP3_83. (C) Age model CP3_82_ hiatus.  The blue shapes show the calibrated 
14

C dates with 

two standard deviations, the gray shading indicates the likely age model and the dotted lines 

show the 95% confidence ranges of the age model.  
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9.2.2 Paleonvironmental synthesis for Pa Kho 

The stratigraphy of the Pa Kho sequence shows from bottom to top a fine detritus gyttja, peaty 

gyttja, peat and loose organic sediments (Fig. 13). δ
13

C values (-24 to -21‰) in the lowermost 

fine detritus and peaty gyttja (3.50-3.04 m depth; BC 170-AD 370; 2120-1580 cal yr BP) 

indicate that the sediments contain a mix of aquatic, telmatic and terrestrial organic material. 

Macroscopic plant remains and the presence of diatoms and phytoliths support this. Taken 

together the lithostratigraphy and multi-proxies show that Pa Kho was a shallow productive 

lake or wetland between BC 170 and AD 370 (2120-1580 cal yr BP). The geochemical 

proxies established for Pa Kho are comparable to the record of Lake Kumphawapi, which 

shows the re-establishment of a shallow lake around AD 150-450 (1800-1500 cal yr BP). Both 

records thus suggest higher effective moisture. 

  

The transition from peaty gyttja to compact peat at AD 370 (1580 cal yr BP) coincides with a 

distinct decrease in δ
13

C values from -23 to -28‰, an increase in BSi (phytoliths) and the 

occurrence of terrestrial plant remains (Fig. 13). Charcoal is observed in high amounts 

between 2.98 and 2.73 m (AD 410-650; 1540-1300 cal yr BP) and the sample analyzed for 

plant remains between 2.78-2.73 m (AD 580-650; 1370-1300 cal yr BP) is composed of 

terrestrial-telmatic species (Fig. 13). The multi-proxies thus suggest the development of a 

peatland with lower effective moisture between AD 370 and 800 (1580-1150 cal yr BP).  

The marked increase in δ
13

C values to -21‰ at 2.68 m and the shift from terrestrial-telmatic 

to telmatic-aquatic plant assemblages at 2.66 m (Fig. 13) point to the re-establishment of a 

wetland at Pa Kho, and thus to higher effective moisture between AD 800 and AD 970 (1150-

980 cal yr BP). The subsequent hiatus suggested by the age model (CP_82_hiatus) at 2.63 m 

depth implies that 330 years are missing in our record. Such a gap in a peat sequence can be 

caused by decomposition and oxidation of the organic material under aerobic conditions. 

Although the different processes affecting tropical peatlands are still poorly understood, a 

recent laboratory experiment shows that drought can lead to considerable carbon loss in 

tropical peat samples (Fenner and Freeman, 2011). A lower and/or fluctuating water table 

would have led to exposure of the peat surface, and consequently to oxidation and/or 

biodegradation of the underlying organic material that had been accumulating between AD 

970 and 1300. Indeed, lowest δ
13

C values (-28‰) and the peak in BSi (phytoliths) just above 

the hiatus, i.e. between 2.63-2.62 m (AD 1300-1340; 650-610 cal yr BP) (Fig. 13), suggest an 

expansion of terrestrial plants onto the former wetland and generally lower effective moisture 

until 2.58 m (AD 1450; 550 cal yr BP). In contrast, the telmatic-aquatic plant assemblage 

between 2.63 and 2.60 m points to a water-saturated peat surface. This discrepancy however 

can be explained by the fact that each geochemical sample covers a 1 cm interval, while the 

macrofossil samples correspond to a 3 cm interval and thus incorporate a mixed signal (Fig. 

13).  

The increase in aquatic plant remains, the appearance of diatoms and the gradual increase in 

δ
13

C values to -22‰ show a wetland environment starting around AD 1450 (550 cal yr BP). 

This marks a return to higher effective moisture. δ
13

C values remain constant (-24 and -25‰) 

between 2.51-2.02 m (AD 1510-2001), and the presence of the diatom species Eunotia sp., 

Gomphonema sp., and Pinnularia sp., as well as the plant macrofossil composition indicate a 

wetland environment.  The stepwise increase in BSi content at 2.31 m (AD 1700) and 2.07 m 

depth (AD 1960) may signify higher nutrient availability. This is most likely related to land-

use changes around Pa Kho (Klubseang, 2011) and a significant human impact.
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Fig. 13: Lithostratigraphy and selected geochemical and biological data for Pa Kho.  

 

9.3 Correlation to other Asian monsoon records  

Given the lack of paleo-precipitation records from tropical lakes in Southeast Asia, it is 

important to examine whether Lakes Kumphawapi and Pa Kho can be added as an archive of 

tropical climate change or whether the environmental signals stored in the sediments/peat are 

recorders of local catchment processes and/or anthropogenic impact. To infer spatial patterns 

of hydroclimatic variability, the Kumphawapi and Pa Kho data sets therefore are compared to 
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selected high-resolution paleoclimatic records established for the Asian monsoon region 

(detail discussion in Paper II and Paper IV and references therein).  

The time slices in Figs 14A-E present a fairly coherent picture of Asian monsoon variability 

during the Holocene based on the interpretation of the respective authors. The time interval 

between 9000 and 7000 cal yr BP displays wet conditions for most records. Between 7000 

and 3000 cal yr BP, less moisture and dry conditions prevailed at most of the sites north of 

5°N. The exceptions are the three marine sites, which show wetter conditions until 6000 cal yr 

BP, and the two lakes in Northwest India, which seem to register wetter conditions by 6000 

cal yr BP. Between 4000 and 2000 cal yr BP, records from Sri Lanka, from the eastern 

Arabian Sea, and from Indochina suggest higher effective moisture, whereas other records in 

higher latitudes still display dry conditions.   

In general Kumpawapi´s record can be compared to other precipitation reconstructions for the 

Asian monsoon region i.e. a strengthening of the summer monsoon between 10,000 and 7000 

cal yr BP and a weakening after 7000 ka BP. However, the presence of a hiatus shows that the 

sequence of Lake Kumphawapi does not provide paleoenvironmental information for the time 

interval between 6200 and 1800 cal yr BP. The early Holocene strengthening of the summer 

monsoon corresponds to a time period when the Northern Hemisphere experienced warmer 

and the Southern Hemisphere cooler temperatures. The decrease in summer monsoon 

intensity after 7000 ka BP seems to be linked to a decline in insolation. The weakening of the 

summer monsoon c. 6000 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 and the precipitation peak observed in the Malayan-Borneo records (5000-4000 cal yr 

BP) (Figs 14A-E). 

The early Holocene strong summer monsoon reconstructed for India is comparable in time to 

paleoclimate reconstructions from Indochina and southern China. However, the timing of the 

initiation of a weaker summer monsoon and dry periods varies significantly among sites in 

India and is accordingly difficult to compare to records from Indochina and China. Regional 

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

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

time lags or gradual responses. A better chronological framework for the Indian sites is 

needed to assess whether this seemingly time-transgressive pattern of summer monsoon 

weakening is real or due to differences, for example, in geography and in the proxies used for 

paleoclimatic reconstruction. The distinct mid-Holocene (5000-4000 cal yr BP) precipitation 

peak observed in the Malayan-Borneo records is dissimilar to the reconstructions from 

Indochina, Southern China and India. Monsoon precipitation seems to have increased in areas 

close to the equator (Malaysia, Borneo), but decreased in areas located at the middle of the 

pathway of the Asian summer monsoon domain (Southern China and Indochina). This would 

imply a southward shift in the mean position of the ITCZ (e.g. Fleitmann et al., 2007; 

Griffiths et al., 2009; Yancheva et al., 2007), which would have resulted in high precipitation 

over Malaysia and Indonesia during the middle Holocene, but in dry conditions over 

Indochina and China. However, more paleoclimatic records between 5°N and 15°N, for 

example from southern Thailand, and from southern and central India, need to be investigated 

to discuss the shift in the mean position of  the ITCZ between 4000 and 2000 cal yr BP in 

greater detail.  

For the last 2000 years, the most detailed reconstruction of decadal and sub-decadal shifts in 

summer monsoon strength is derived from the network of Asian tree ring sites (MADA) 
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(Cook et al., 2010; Pages 2K, Consortium, 2013). Tree ring records generally span less than 

1000 years and have gaps in spatial coverage. Other strong evidence for Asian monsoon 

variability over the last 1000 years comes from speleothems, while other paleoenvironmental 

data for the Southeast Asian mainland are still sparse. To infer spatial patterns of 

hydroclimatic variability, we compare the Pa Kho data set to selected high-resolution 

paleoclimatic records established for the Asian monsoon region (Fig. 15A, B). The terrestrial 

plant leaf wax (δDwax) record established from marine sediments from the Makassar Strait, 

Southwest Sulawesi is the only high-resolution record extending as far back as Pa Kho, while 

the Wanxiang Cave δ
18

O data set commences around AD 200. All other high-resolution 

records only cover the last 1400 years (central India composite record); the last 1000 years 

(Dongdao Island) or the past 700-800 years (MADA data set) (Fig. 15B and references 

therein). The timing of the shifts in moisture history of the individual records follows that 

cited by the respective author/s. 

Higher effective moisture and a stronger summer monsoon (BC 170 – AD 370), followed by a 

stepwise decline and lower moisture availability (AD 450-800) as reconstructed for Pa Kho is 

in good agreement with the δ
18

O record from Wanxiang Cave in central China and the 

composite speleothem δ
18

O records from Indian caves. These time intervals of a 

stronger/weaker Asian summer monsoon however are opposite to the δDwax record from the 

Makassar Strait, which suggests a weaker Asian monsoon until around AD 450, and 

subsequently a stronger monsoon until about AD 1000 (Fig. 15B). The multi-proxies of Pa 

Kho suggest higher effective moisture starting around AD 800. This is comparable to a 

strengthening of the summer monsoon between AD 950 and 1300 inferred from speleothem 

δ
18

O records (Fig. 15B), but contrasts with lower precipitation over Dongdao Island in the 

South China Sea between AD 1000-1400 (Fig. 15d). δDwax values from the Makassar Strait 

also imply a weaker summer monsoon throughout the period AD 1000-1350
 
(Fig. 15B).  

The Pa Kho data set gives evidence for distinctly lower effective moisture between AD 1300 

and 1450. This coincides, within error margins, with the start of a weaker summer monsoon 

phase recorded in Wanxiang Cave. Distinct decadal-long droughts are recognized in the δ
18

O 

records of Indian cave speleothems between AD 1300-1450, in the MADA tree ring data set 

(AD 1340-1370; 1400-1425) (Fig. 15B). The Dongdao Island and Makassar Strait records on 

the other hand imply a shift towards a strengthened summer monsoon around AD 1350-1400 

(Fig. 4d, f). The inferred moisture history for Pa Kho since AD 1450 (Fig. 15B) compares 

well with the moderately intense summer monsoon reconstructed from Indian cave 

speleothems, but seems to diverge from the hydroclimatic scenario established for Wanxiang 

Cave. A good correspondence can also be found between the Pa Kho record and climate 

inferences for Dongdao Island and southwest Sulawesi, where higher precipitation has been 

reconstructed since AD 1400 (Fig. 15B).  

The opposing hydroclimatic patterns seen between Wanxiang Cave and Pa Kho in the north 

and southwest Sulawesi in the south can be explained by their location relative to the 

migration of the ITCZ (Sinha et al., 2011b; Tierney et al., 2010), and by interactions between 

the Asian-Australian monsoon systems. A strengthened Asian summer monsoon combined 

with a weak Australian monsoon would have led to a shift of the tropical rain belt northward 

of Indonesia, leading to drought in equatorial regions. The opposite would have been the case 

when the Asian summer monsoon weakened and the mean position of the tropical rain belt 

shifted over Indonesia. A recent study of paleoclimate networks in Asia (Rehfeld et al., 2013) 

indicates that strong Indian summer monsoon (ISM) influences the East Asian summer 

monsoon (EASM) during northern hemisphere medieval warm period (MWP; AD 850-1250). 
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During the little ice age (LIA; AD 1550-1850), the ISM was weaker and did not extend as far 

east (Rehfeld et al., 2013). We assume that the effect of a moderately strengthened summer 

monsoon was only registered as far north as 20°N, while rainfall was strong over the 

equatorial region. We thus hypothesize that the mean summer position of the ITCZ over land 

did not reach as far north as during the strengthened summer monsoon intervals before AD 

1450 and that it was located approximately where it is today (Fig. 15A). Similar conclusions 

have been drawn based on a record from the central equatorial Pacific for AD 1450 (Sachs et 

al., 2009). 

Various hypotheses have been brought forward to explain changes in summer monsoon 

during the last 1000 years. Decadal drought intervals during the past 700-800 years seen in 

the MADA tree ring data series have been linked to ENSO variability (Cook et al., 2010; Tan 

et al., 2009). However, the moisture history derived from Wanxiang Cave has been associated 

with solar influence and climate variability in the North Atlantic region (Zhang et al., 2008). 

Decadal drought observed in the Indian speleothems, on the other hand, has been linked to 

Indian Ocean variability (Sinha et al., 2011a). The centennial-scale shifts in hydroclimatic 

conditions reconstructed for Pa Kho support shifts in the mean position of the ITCZ as these 

produced associated changes in summer monsoon precipitation. IOD and ENSO events may 

have had important influences on monsoon rainfall on decadal time scales, but these are not 

registered in our Pa Kho centennial- scale record. 

A valid reconstruction of the temporal and spatial variability of past monsoon precipitation 

patterns and a better understanding of the underlying causes need many more high-resolution 

hydroclimatic records from the Asian monsoon region. Only such a dense network of well-

dated, multi-proxy data sets will allow reducing the current uncertainties and will provide a 

valid base for discussing the response of different proxies used to infer hydroclimatic 

conditions, the resilience of terrestrial ecosystems to drought and regional patterns, and leads 

and lags in response to past rainfall intensities.  
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Fig. 14: A-F Spatial and temporal variability of the Asian summer monsoon during the 

Holocene reconstructed from marine and terrestrial records. Lake sediment and peat records: 

Lake Kara (Maxwell, 2001); Tonle Sap (Penny, 2006); Huguang Maar (Wang et al., 2007; 

Wu et al., 2012); Lake Dingnan (Zhou et al., 2005); Lakes Xingyun and Qilu (Hodell et al., 

1999), Lunkaransar (Enzel et al., 1999); Sambhar (Sinha et al., 2006); Sanai, Ganga Plain 

(Sharma et al., 2004); Nal Sarovar (Prasad et al., 1997); Lake Lonar (Prasad et al., 2014); 

Horton Plains (Premathilake and Risberg, 2003); Tasek Bera Basin (Wüst and Bustin, 2004). 

Cave sediment record: Tham Lod (Marwick and Gagan, 2011). Speleothem records: Gunung 

Buda (Partin et al., 2007), Dongge cave (Dykoski et al., 2005; Wang, 2005), Liang Luar, 

Flores cave (Griffiths et al., 2013, 2009). Marine records: RC 12-344 Andaman Sea (Rashid 

et al., 2007); VM29-19 Bay of Bengal (Rashid et al., 2011); 3268G5 Arabian Sea (Sarkar et 

al., 2000).  
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Fig.15: (A) locations of the sites shown in (B). (B) from top to bottom δ
18

O data of Wanxiang 

cave speleothems (Zhang et al., 2008); Composite δ
18

O time series for central India based on 

speleothems from Dandak,  Jhumar , and Wah Shikar caves (Berkelhammer et al., 2010; 

Sinha et al., 2011a, 2011b, 2007);  δ
13

Corg data from Lake Pa Kho (this study); grain size 

variations in sediment core DY6-MGS of Cattle Pond, Dongdao Island (Yan et al., 2011); 

Palmer Drought Severity Index (PDSI) derived from the Monsoon Asia Drought Atlas 

(MADA) for the region between 10-20°N and  95-115°E (Buckley et al., 2007, 2010; Cook et 

al., 2010; D’Arrigo et al., 2011; Sano et al., 2009); δDwax from marine cores 31MC and 

34GGC from southwest Sulawesi (Tierney et al., 2010). The vertical light gray bars represent 

higher effective moisture/a strengthened summer monsoon, and the dark gray bars represent 

lower effective moisture/a weakened summer monsoon. 
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9.4 Monsoon variability and human activity 

In northeast Thailand, Ban Chiang was an early center of human cultural, social, and 

technological evolution as revealed through intensive research of many burials, rich in 

ceramic and metal grave goods (Higham, 2013a, 2013b; White, 2008; White and Hamilton, 

2014) (Fig. 16). In support of arguments for an early start of the Bronze Age at c. 4000 cal yr 

BP, White (2008) cites pollen, phytolith and charcoal records from sediment sequence 

KUM.3 from Lake Kumphawapi, as evidence for human activities predating the Bronze Age 

(Kealhofer, 1996; Kealhofer and Penny, 1998; Penny, 1999).  

However, the assumed link between burning (charcoal) and human activity (phytoliths) 

(Kealhofer, 1996) remains unclear because phytoliths are actually not present in the upper 120 

cm of the KUM.3 sequence, which covers the last c. 3000 cal yr BP. Other evidence brought 

forward for an early intensification of human land use is the decline in lowland forest pollen 

types and the increase in charcoal particles c. 6600-6400 cal yr BP (Penny,1999). The 

decrease in arboreal pollen taxa and the increase in charcoal in KUM.3 coincide with the 

deposition of peat (Kealhofer and Penny,1998; Penny 1998, 1999) and with the start of the 

wetland/peatland phase around 6600-6200 cal yr BP as inferred from CP4 and CP3A. Since 

this phase is marked by an increase in disturbance/secondary regrowth pollen indicators in 

CP3A, we argue that these reflect drought and frequent forest fires. The phytolith data 

(Kealhofer, 1996) in the lower part of KUM.3 would thus reflect natural rather than 

anthropogenic influences upon burning regimes. The multi-proxy records for Kumphawapi 

display a long hiatus between 6200 and 1800 cal yr BP, which was not recognized by Penny 

(1998; 1999). Since the hiatus covers the time interval of the assumed early land-use changes 

and rice cultivation (White, 2008; Kealhofer, 1996), the Kumphawapi record cannot be used 

to support these arguments.  

The later part of the Iron Age on the Khorat Plateau (2200-1400 cal yr BP) (Higham, 2011; 

Higham and Higham, 2009) partly overlaps with the re-establishment of a lake in 

Kumphawapi (c. 1800-1500 cal yr BP) and with wetland conditions in Pa Kho (c. 2120-1580 

cal yr BP), which are a response to a strengthening of the summer monsoon. This stands in 

contrast to geoarchaeological investigations in the Upper Mun River Valley, where the 

construction and infilling of Late Iron Age moats and channels has been interpreted as 

reflecting severe drought (Boyd and McGrath, 2001; Boyd, 2008; McGrath and Boyd, 2001). 

The underlying reasons for the construction of moats and channels are still unclear, as 

discussed by O’Reilly (2008), who cited several possible environmental and societal factors, 

among these higher rainfall.  

Iron Age settlements in the Upper Mun River Valley were replaced by settlements relating to 

the Chenla State (Muang Sema Phase; 1400-1000 cal yr BP) and later the Khmer Empire 

(Welch, 1998) (Fig. 16). The Khmer empire is best known for the large Angkor Wat temple 

complex in Cambodia, although its influence spread across parts of modern day Thailand, 

Laos, and Vietnam. The Khmer civilization flourished between 1150 and 650 cal yr BP, but 

seems to have become severely diminished between 650 and 450 cal yr BP (Lieberman and 

Buckley, 2012).  Tree ring studies in Southeast Asia have recently linked the demise of the 

Khmer empire between 650 and 450 cal yr BP to an interval of severe droughts and strongly 

fluctuating rainfall (Cook et al, 2010; Buckley et al, 2010, 2014). The tree ring inferred 

hydroclimate is comparable to reconstructions for Lake Pa Kho (c. 650-500 cal yr BP).  
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Fig. 16: Lake level changes reconstructed for Lake Kumphawapi and the chronology of 

archaeological time periods in northeast Thailand. Sites mentioned in the text are shown in the 

inset Figure 6.  

 

10. Conclusions  

The re-investigation of Lakes Kumphawapi and Pa Kho using high-resolution multi-

sequences and multi-proxy approach gives new insights into the response of the lake and 

wetland ecosystems to phases of summer monsoon intensity and variability. The main 

conclusions from this thesis are: 

 

• This work demonstrates that multiple sediment sequences and a variety of proxies 

need to be studied in large lakes, such as Lake Kumphawapi, to assess the time 

transgressive response to past changes in hydroclimate conditions. The correlation of 

multi-sequences allows for a better understanding of the basin topography of the 

region and provides a more detailed picture of its response to past monsoon 

variability. The new records for Kumphawapi and Pa Kho provide the first 

comprehensive paleoenvironmental study for northeast Thailand covering the 

Holocene period. 

 

 

• Comparisons of the Kumphawapi and Pa Kho archives to other Asian monsoon 

records suggest a strengthening of the summer monsoon between 10,000 and 7000 cal 

yr BP and a weakening after 7000 cal yr BP. The presence of a hiatus shows that the 

sequence of Lake Kumphawapi does not provide paleoenvironmental information for 

the time interval between 6200 and 1800 cal yr BP. However, the weakening of the 

summer monsoon c. 6000 and 4000 cal yr BP seems to be synchronous in most of the 
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records from Indochina, Southern China and Sri Lanka, while the opposite is the case 

for northwest India and the precipitation peak observed in the Malayan-Borneo 

records (5000-4000 cal yr BP). During the last 2000 years summer monsoon 

variability (2120-500 cal yr BP) reconstructed for Pa Kho is comparable to key 

speleothem proxies from China and India. The drought intervals expressed in these 

records are paralleled by intervals of stronger monsoonal rainfall in the equatorial 

region. The hydroclimatic pattern seems to have changed after 500 cal yr BP, when 

the inferred moisture history for Pa Kho was more similar to that reconstructed for the 

South China Sea and the Indonesian region.  

 

• Some discrepancies exist between the inferred effective moisture reconstructions for 

Pa Kho and precipitation changes inferred from the Asian tree ring network and key 

speleothem records from India and China. This highlights the problem of interpreting 

environmental proxies in lake sediments in terms of hydroclimate, and the difficulties 

in correlating moisture histories over large geographical distances. Since different 

paleo-proxies provide a range of possible environmental responses, a spatially dense 

network of well dated sites is needed for Southeast Asia to track changes in monsoon 

intensity in greater detail.  

 

• The hiatus in Kumphawapi between 6200 and 1800 cal yr BP implies that arguments 

using the phytolith and pollen record to support claims of early rice agriculture in the 

region or an early start of the Bronze Age are not valid, because these were based 

upon the assumption of continuous deposition. In contrast to other work, it is 

hypothesized that the construction of late Iron Age moats was not a response to 

drought, since this time interval coincides with reconstructed wetter conditions. 

 

  

11. Future prospects   

In the near future, I will start interpreting the sediment sequences from southern Thailand, 

together with Camilla Bredberg and compare these to the records from northern Thailand. 

This will allow a better understanding of the similarities/differences in past climatic 

conditions between northern and southern Thailand. Finally, the results gained from the 

project need to be placed in a wider context; this work will be done in collaboration with the 

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

Thailand during the past 25,000 years”. Further ahead, the investigation of additional regional 

records from Thailand will be critical to fully resolve the spatial and temporal patterns of 

Asian monsoon variations in the past. This information could then be applied to modeling of 

current monsoon pattern responses to changing global conditions. The results of the 

correlation of Kumphawapi and Pa Kho to other Asian monsoon paleoclimatic records show 

that the paleoenvironmental and paleoclimatic records from southern Thailand (between 5°N 

and 15°N) need to be assessed in more detail in order to understand the larger picture of 

spatial and temporal variability of the Asian monsoon and the Holocene movement of ITCZ. 

         

                                                                                     

12. Acknowledgments  

First of all, I would like to express my sincere thanks to my main supervisor Barbara 

Wohlfarth for her valuable advice and endless help and support.  Barbara has shared her time 

and worked hard with me (even on Sunday night). I had the opportunity to develop my 

knowledge. She also pushes me to further thinking and independent work. I am grateful for 



 
 

39 
 

her guidance, review of manuscripts and both life and scientific discussions we have had 

during my PhD studies.  

I am also grateful to my co-supervisors Malin Kylander, Ludvig Löwemark, Carl-Magnus 

Mörth and Sherilyn Fritz for their advice and time spent reviewing the manuscripts. Without 

their help it would have been difficult.  Special thanks to Malin and Sheri as a source of 

confidence, for their enthusiasm and patience in correcting my manuscripts.  

I am also indebted to Akkaneewut (Nut) Chabangborn for his support as brother, mentor and 

colleague, for our productive discussions on work and life and his sweet cookies. I thank 

Yamoah Afrifa Kweku Kyei for our wonderful fights/discussions at work and playing football, 

Camilla Bredberg, Linda Löwhagen and Francesco Muschitiello for effective questions, 

comments and suggestions for my work and presentations in our group seminars.  

I am also very thankful to Rienk Smittenberg for his advice during data interpretation. He has 

always tried to help in any possible way and has shown great interest in my work.  Paula 

Reimer has introduced me to the world of radiocarbon dating and gave me a nice 
14

C 

radiocarbon cup. Working with Bayesian statistics and age-modelling never made much sense 

until I started to work with Maarten Blaauw. Paul J. Krusic´s inspired me and always had the 

door open for me to learn about tree ring studies. Jan Risberg and Shyhrete Shala helped me 

in the lab and made me curious about diatoms. Chuan-Chou (River) Shen opened my eyes to 

see the beauty of speleothems and gave me a warm welcome at the Department of 

Geosciences, National Taiwan University (NTU). 

I thank Hildred Crill for English advice and her hard work with me for a better pronunciation, 

Robert Graham for English help, Richard Gyllencreutz for writing abstract in Swedish, 

Wichuratree Klubseang, Suda Inthongkaew and Lukped for their support during fieldwork in 

Thailand, the staff at the Department of Geology, Chulalongkorn University, Thailand for all 

support with documents and equipment.   

Further I would like to express my appreciation to the technicians and staff of the Geological 

Sciences Department, Stockholm University who have always done a great job and been 

supportive in every way possible. I am also grateful to Eve Arnold and Jan Backman for their 

advice and support. During my studies I had the pleasure of working with Heike Sigmund for 

isotope analysis, Carina Johansson and Klara Hajnal with analyses in the laboratory; I also 

thank Xiaole Sun for her useful advice and time spent with me in the lab during BSi analysis.   

I would like to thank Cathy Whitlock for our collaboration and for inviting me to spend time 

at the Paleoecology Lab, Montana State University. I am also grateful to Teresa Krause, 

James Benes and Tim Turnsquist, who helped me in the lab and made me feel welcome at 

MSU. 

I would like to acknowledge the Royal Thai Government Scholarship of the DPST program 

(Development and Promotion of Science and Technology talented project) for funding my 

study aboard. The Bolin Centre for Climate Research, Stockholm University made it possible 

for me to participate in all conferences and science meetings during my PhD studies. Research 

in Thailand was financed through Swedish Research Council (VR) research grants 621-2008-

2855 and 348-2008-6071.  

I really enjoyed sharing an office with Robert Graham, Francis Freire, Liselott Kutscher, and 

Francesco Muschitiello. We had a wonderful time. I will never forget you. I also thank my 

former office mates Daniela Hanslik, Benjamin Hell and Margret Steinthorsdottir.  



 
 

40 
 

 Last but not least, I would like to thank all my friends for their friendship. Xiaojing Zhang, 

Wen Zhang, Daniele Reghellin, Clifford Patten, Alexandre Peillod, Reuben Hansman, Preto 

Pedro, Shyhrete Shala, Annika Berntsson, Ewa Lind,  Ping Fu, Yuwa Chompoobutrgool and 

Pranpreya Sriwannawit who have made life much easier for me. 

I don't want thousands of friends. I just want a real friend like Barbara Kleine (Lek Lek). I 

thank her for being present in my life, all the time, all the way. She is always nearby me when 

I need her.  

I am beyond grateful to my better half Raphael Bissen for his great support in every way and 

for science discussion at home. To my parents in Germany (Merkle), in Luxemburg (Vitu 

Weiler & Weiler Mack) and in Thailand (Chawchai) who have always been a source of 

confidence during my studies.  

My mom always wanted me to educate myself as much as possible and be a strong and 

independent woman. Mom I am working hard. 

  

13. References 

An, Z., Porter, S.C., Kutzbach, J.E., Xihao, W., Suming, W., Xiaodong, L., Xiaoqiang, L., Weijian, Z., 2000. 

Asynchronous Holocene optimum of the East Asian monsoon. Quaternary Science Reviews 19, 743–

762. doi:10.1016/S0277-3791(99)00031-1 

Anderson, D.M., Overpeck, J.T., Gupta, A.K., 2002. Increase in the Asian Southwest Monsoon During the Past 

Four Centuries. Science 297, 596–599. doi:10.1126/science.1072881 

Battarbee, R.W., Jones, V.J., Flower, R.J., Cameron, N.G., Bennion, H., Carvalho, L., Juggins, S., 2001. 

Diatoms, in: Smol, J.P., Birks, H.J.B., Last, W.M., Bradley, R.S., Alverson, K. (Eds.), Tracking 

Environmental Change Using Lake Sediments volume 3, Developments in Paleoenvironmental 

Research. Springer Netherlands, pp. 155–202. 

Bengtsson, L., Enell, M., 1986. Chemical analysis. In Berglund, B. E. (ed.), Handbook of Holocene 

Palaeoecology and Palaeohydrology. John Wiley & Sons Ldt., Chichester, pp. 423–451. 

Berkelhammer, M., Sinha, A., Mudelsee, M., Cheng, H., Edwards, R.L., Cannariato, K., 2010. Persistent 

multidecadal power of the Indian Summer Monsoon. Earth and Planetary Science Letters 290, 166–172. 

doi:10.1016/j.epsl.2009.12.017 

Blaauw, M., Christen, J., 2011. Flexible paleoclimate age-depth models using an autoregressive gamma process. 

Bayesian Analysis 6, 457–474. 

Boyd, W.E., 2008. Social change in late Holocene mainland SE Asia: A response to gradual climate change or a 

critical climatic event? Quaternary International 184, 11–23. doi:10.1016/j.quaint.2007.09.017 

Boyd, W.E., McGrath, R.J., 2001. The geoarchaeology of the prehistoric ditched sites of the upper Mae Nam 

Mun Valley, NE Thailand, III: Late Holocene vegetation history. Palaeogeography, Palaeoclimatology, 

Palaeoecology, Quaternary Environmental Change in the Indonesian Region 171, 307–328. 

doi:10.1016/S0031-0182(01)00251-6 

Bradley, R.S., 2014. Paleoclimatology: Reconstructing Climates of the Quaternary (3rd edition). 

Elsevier/Academic Press, San Diego. 675 pp. (ISBN: 9780123869135) 

Bridhikitti, A., 2013. Connections of ENSO/IOD and aerosols with Thai rainfall anomalies and associated 

implications for local rainfall forecasts. International Journal of Climatology 33, 2836–2845. 

doi:10.1002/joc.3630 

Buckley, B., Palakit, K., Duangsathaporn, K., Sanguantham, P., Prasomsin, P., 2007. Decadal scale droughts 

over northwestern Thailand over the past 448 years: links to the tropical Pacific and Indian Ocean 

sectors. Climate Dynamics 29, 63–71. doi:10.1007/s00382-007-0225-1 

Buckley, B.M., Anchukaitis, K.J., Penny, D., Fletcher, R., Cook, E.R., Sano, M., Nam, L.C., Wichienkeeo, A., 

Minh, T.T., Hong, T.M., 2010. Climate as a contributing factor in the demise of Angkor, Cambodia. 

Proceedings of the National Academy of Sciences 107, 6748–6752. doi:10.1073/pnas.0910827107 

Buckley, B.M., Fletcher, R., Wang, S.-Y.S., Zottoli, B., Pottier, C., 2014. Monsoon extremes and society over 

the past millennium on mainland Southeast Asia. Quaternary Science Reviews 95, 1–19. 

doi:10.1016/j.quascirev.2014.04.022 



 
 

41 
 

Burke, L., 2014. The vegetational history of Northeast Thailand, PhD Thesis, Queen’s University, United 

Kingdom. 126 pp. 

Cai, B., Pumijumnong, N., Tan, M., Muangsong, C., Kong, X., Jiang, X., Nan, S., 2010. Effects of intraseasonal 

variation of summer monsoon rainfall on stable isotope and growth rate of a stalagmite from 

northwestern Thailand. Journal of Geophysical Research 115, 10. doi:201010.1029/2009JD013378 

Caley, T., Malaizé, B., Revel, M., Ducassou, E., Wainer, K., Ibrahim, M., Shoeaib, D., Migeon, S., Marieu, V., 

2011. Orbital timing of the Indian, East Asian and African boreal monsoons and the concept of a 

“global monsoon”. Quaternary Science Reviews 30, 3705–3715. doi:10.1016/j.quascirev.2011.09.015 

Chambers, F.M., Beilman, D.W., Yu, Z., 2011. Methods for determining peat humification and for quantifying 

peat bulk density, organic matter and carbon content for palaeostudies of climate and peatland carbon 

dynamics. Mires and Peat 7.7.  

Chao, W.C., Chen, B., 2001. The Origin of Monsoons. Journal of the Atmospheric Sciences 58, 3497–3507. 

doi:10.1175/1520-0469(2001)058<3497:TOOM>2.0.CO;2 

Charman, D., 2002. Peatlands and environmental change. John Wiley & Sons Ltd. 301 pp. 

Chen, F., Yu, Z., Yang, M., Ito, E., Wang, S., Madsen, D.B., Huang, X., Zhao, Y., Sato, T., John B. Birks, H., 

Boomer, I., Chen, J., An, C., Wünnemann, B., 2008. Holocene moisture evolution in arid central Asia 

and its out-of-phase relationship with Asian monsoon history. Quaternary Science Reviews 27, 351–

364. doi:10.1016/j.quascirev.2007.10.017 

Chimner, R.A., Ewel, K.C., 2005. A tropical freshwater wetland: II. Production, decomposition, and peat 

formation. Wetlands Ecology and Management 13, 671–684. doi:10.1007/s11273-005-0965-9 

Clift, P.D., Plumb, R.A., 2008. The Asian Monsoon: Causes, History and Effects. Cambridge University Press, 

Cambridge.288 pp. 

Cobb, K.M., Charles, C.D., Cheng, H., Edwards, R.L., 2003. El Niño/Southern Oscillation and tropical Pacific 

climate during the last millennium. Nature 424, 271–276. doi:10.1038/nature01779 

Collins, M., An, S.-I., Cai, W., Ganachaud, A., Guilyardi, E., Jin, F.-F., Jochum, M., Lengaigne, M., Power, S., 

Timmermann, A., Vecchi, G., Wittenberg, A., 2010. The impact of global warming on the tropical 

Pacific Ocean and El Niño. Nature Geoscience 3, 391–397. doi:10.1038/ngeo868 

Conley, D.J., 1998. An interlaboratory comparison for the measurement of biogenic silica in sediments. Marine 

Chemistry 63, 39–48. doi:10.1016/S0304-4203(98)00049-8 

Conney, D.J., Schelske, C.L., 2001. Biogenic silica. In : Smol, J.P., Birks,H. John B. and Last, W.M., 

(Eds)Tracking Environmental Change Using Lake Sediments volume 3: Terrestrial, algal, and siliceous 

indicators, Kuwer Academic. Dordrecht. pp. 281-293 

Cook, C.G., Jones, R.T., 2012. Palaeoclimate dynamics in continental Southeast Asia over the last ~ 30,000 Cal 

yrs BP. Palaeogeography, Palaeoclimatology, Palaeoecology 339–341, 1–11. 

doi:10.1016/j.palaeo.2012.03.025 

Cook, E.R., Anchukaitis, K.J., Buckley, B.M., D’Arrigo, R.D., Jacoby, G.C., Wright, W.E., 2010. Asian 

Monsoon Failure and Megadrought During the Last Millennium. Science 328, 486–489. 

doi:10.1126/science.1185188 

Croudace, I.W., Rindby, A., Rothwell, R.G., 2006. ITRAX: description and evaluation of a new multi-function 

X-ray core scanner. Geological Society, London, Special Publications 267, 51–63. 

doi:10.1144/GSL.SP.2006.267.01.04 

D’Arrigo, R., Palmer, J., Ummenhofer, C.C., Kyaw, N.N., Krusic, P., 2011. Three centuries of Myanmar 

monsoon climate variability inferred from teak tree rings. Geophysical Research Letters 38, L24705. 

doi:10.1029/2011GL049927 

Dawe, D., 2002. The changing structure of the world rice market, 1950–2000. Food Policy 27, 355–370. 

doi:10.1016/S0306-9192(02)00038-6 

De Vries, H., Barendsen, G.W., 1952. A new technique for the measurement of age by radiocarbon. Physica 18, 

652. doi:10.1016/S0031-8914(52)80066-7 

Dean, W.E., 1974. Determination of carbonate and organic matter in calcareous sediments and sedimentary 

rocks by loss on ignition: comparison with other methods. Journal of Sedimentary Research 44, 242-

248. 

Department of Mineral Resources (DMR), 2009. Geological Map of Changwat Udon Thani. 

Ding, R., Ha, K.-J., Li, J., 2010. Interdecadal shift in the relationship between the East Asian summer monsoon 

and the tropical Indian Ocean. Climate Dynamics 34, 1059–1071. doi:10.1007/s00382-009-0555-2 

Dykoski, C., Edwards, R., Cheng, H., Yuan, D., Cai, Y., Zhang, M., Lin, Y., Qing, J., An, Z., Revenaugh, J., 

2005. A high-resolution, absolute-dated Holocene and deglacial Asian monsoon record from Dongge 

Cave, China. Earth and Planetary Science Letters 233, 71–86. doi:10.1016/j.epsl.2005.01.036 

El Tabakh, M., Utha-Aroon, C., Schreiber, B.C., 1999. Sedimentology of the Cretaceous Maha Sarakham 

evaporites in the Khorat Plateau of northeastern Thailand. Sedimentary Geology 123, 31–62. 

doi:10.1016/S0037-0738(98)00083-9 



 
 

42 
 

El Tabakh, M., Utha-Aroon, C., Warren, J.K., Schreiber, B.C., 2003. Origin of dolomites in the Cretaceous 

Maha Sarakham evaporites of the Khorat Plateau, northeast Thailand. Sedimentary Geology 157, 235–

252. doi:10.1016/S0037-0738(02)00235-X 

Enzel, Y., Ely, L.L., Mishra, S., Ramesh, R., Amit, R., Lazar, B., Rajaguru, S.N., Baker, V.R., Sandler, A., 1999. 

High-Resolution Holocene Environmental Changes in the Thar Desert, Northwestern India. Science 

284, 125 –128. doi:10.1126/science.284.5411.125 

Evans, D.H., Fletcher, R.J., Pottier, C., Chevance, J.-B., Soutif, D., Tan, B.S., Im, S., Ea, D., Tin, T., Kim, S., 

Cromarty, C., Greef, S.D., Hanus, K., Bâty, P., Kuszinger, R., Shimoda, I., Boornazian, G., 2013. 

Uncovering archaeological landscapes at Angkor using lidar. Proceedings of the National Academy of 

Sciences 110, 12595–12600. doi:10.1073/pnas.1306539110 

Fenner, N., Freeman, C., 2011. Drought-induced carbon loss in peatlands. Nature Geoscience 4, 895–900. 

doi:10.1038/ngeo1323 

Finlay, J.C., Kendall, C., 2007. Stable isotope tracing of temporal and spatial variability in organic matter 

sources to freshwater ecosystems, in: Michener, R., Lajtha, K. (Eds.), Stable Isotopes in Ecology and 

Environmental Science. Blackwell Publishing Ltd, pp. 283–333. 

Fleitmann, D., Burns, S.J., Mangini, A., Mudelsee, M., Kramers, J., Villa, I., Neff, U., Al-Subbary, A.A., 

Buettner, A., Hippler, D., Matter, A., 2007. Holocene ITCZ and Indian monsoon dynamics recorded in 

stalagmites from Oman and Yemen (Socotra). Quaternary Science Reviews 26, 170–188. 

doi:10.1016/j.quascirev.2006.04.012 

Griffiths, M.L., Drysdale, R.N., Gagan, M.K., Zhao, J., Hellstrom, J.C., Ayliffe, L.K., Hantoro, W.S., 2013. 

Abrupt increase in east Indonesian rainfall from flooding of the Sunda Shelf ∼9500 years ago. 

Quaternary Science Reviews 74, Linking Southern Hemisphere records and past circulation patterns: 

the AUS-INTIMATE project, 273–279. doi:10.1016/j.quascirev.2012.07.006 

Griffiths, M.L., Drysdale, R.N., Gagan, M.K., Zhao, J.–., Ayliffe, L.K., Hellstrom, J.C., Hantoro, W.S., Frisia, 

S., Feng, Y.–., Cartwright, I., Pierre, E.S., Fischer, M.J., Suwargadi, B.W., 2009. Increasing Australian–

Indonesian monsoon rainfall linked to early Holocene sea-level rise. Nature Geoscience 2, 636–639. 

doi:10.1038/ngeo605 

Heiri, O., Lotter, A.F., Lemcke, G., 2001. Loss on ignition as a method for estimating organic and carbonate 

content in sediments: reproducibility and comparability of results. Journal of Paleolimnology 25, 101–

110. doi:10.1023/A:1008119611481 

Herzschuh, U., 2006. Palaeo-moisture evolution in monsoonal Central Asia during the last 50,000 years. 

Quaternary Science Reviews 25, 163–178. 

Higham, C., 2013a. Hunter-gatherers in Southeast Asia: from prehistory to the present. Human Biology 85, 21–

43. 

Higham, C., 2013b. 34 Southeast Asian mainland: archaeology. The Encyclopedia of Global Human Migration. 

Blackwell Publishing Ltd. 

Higham, C., Higham, T., 2009. A new chronological framework for prehistoric Southeast Asia, based on a 

Bayesian model from Ban Non Wat. Antiquity 83, 125–144. 

Higham, C., Higham, T., Ciarla, R., Douka, K., Kijngam, A., Rispoli, F., 2011. The Origins of the Bronze Age 

of Southeast Asia. Journal of World Prehistory 24, 227–274. doi:10.1007/s10963-011-9054-6 

Higham, C.F.W., 2011. The Iron Age of the Mun Valley, Thailand. Antiquity 91, 101–144. 

doi:10.1017/S0003581511000114 

Hodell, D.A., Brenner, M., Kanfoush, S.L., Curtis, J.H., Stoner, J.S., Xueliang, S., Yuan, W., Whitmore, T.J., 

1999. Paleoclimate of southwestern China for the past 50,000 yr inferred from Lake sediment records. 

Quaternary Research 52, 369–380. doi:10.1006/qres.1999.2072 

Hsu, H.-H., Zhou, T., Matsumoto, J., 2014. East Asian, Indochina and Western North Pacific summer monsoon - 

An update. Asia-Pacific Journal of Atmospheric Sciences 50, 45–68. doi:10.1007/s13143-014-0027-4 

Huang, T.C., 1972. Flora of Taiwan, Taipei, National Taiwan University Botany Department Press.648 pp. 

IPCC Climate Change, 2013. The Physical Science Basis. Contribution of Working Group I  to the  Fifth 

Assessment Report (WGI AR5) of the Intergovernment Panel on Climate Change. Cambridge 

University Press, Cambridge. 

Jansen, E., Overpeck, J., Briffa, K.R., Duplessy, J.C., Joos, F., Masson-Delmotte, V., Olago, D., Otto-Bliesner, 

B., Peltier, W.R., Rahmstorf, S., 2007. Chapter 6. Palaeoclimate, in: Solomon, S., Qin, D., Manning, 

M., Chen, Z., Marquis, M., Averyt, K.B., Tignor, M., Miller, H.L. (Eds.), Climate Change 2007: The 

Physical Science Basis. Contribution of Working Group I to the Fourth Assessment Report of the 

Intergovernmental Panel on Climate Change. Cambridge University Press. 

Jauhiainen, J., Takahashi, H., Heikkinen, J.E.P., Martikainen, P.J., Vasander, H., 2005. Carbon fluxes from a 

tropical peat swamp forest floor. Global Change Biology 11, 1788–1797. doi:10.1111/j.1365-

2486.2005.001031.x 



 
 

43 
 

Kealhofer, L., 1996. The Human Environment During the Terminal Pleistocene and Holocene in Northeastern 

Thailand: Phytolith Evidence from Lake Kumphawapi. Asian Perspectives 2, 229–54. 

Kealhofer, L., Penny, D., 1998. A combined pollen and phytolith record for fourteen thousand years of 

vegetation change in northeastern Thailand. Review of Palaeobotany and Palynology 103, 83–93. 

doi:16/S0034-6667(98)00029-3 

King, C.L., Bentley, R.A., Tayles, N., Viðarsdóttir, U.S., Nowell, G., Macpherson, C.G., 2013. Moving peoples, 

changing diets: isotopic differences highlight migration and subsistence changes in the Upper Mun 

River Valley, Thailand. Journal of Archaeological Science 40, 1681–1688. 

doi:10.1016/j.jas.2012.11.013 

Klubseang, W., 2011. Paleogeography and paleoenvironment of Nong Han Kumphawapi, Changwat Udon 

Thani. MSc thesis Chulalongkorn University, Bangkok.110 pp. 

Kuhry, P., Vitt, D.H., 1996. Fossil carbon/nitrogen ratios as a measure of peat decomposition. Ecology 77, 271–

275. doi:10.2307/2265676 

Kutzbach, J.E., 1981. Monsoon Climate of the Early Holocene: Climate Experiment with the Earth’s Orbital 

Parameters for 9000 Years Ago. Science 214, 59–61. doi:10.1126/science.214.4516.59 

Laskar, J., Robutel, P., Joutel, F., Gastineau, M., Correia, A.C.M., Levrard, B., 2004. A long-term numerical 

solution for the insolation quantities of the Earth. Astronomy and Astrophysics. 428, 261–285. 

doi:10.1051/0004-6361:20041335 

Li, Y., Wang, N., Zhou, X., Zhang, C., Wang, Y., 2014. Synchronous or asynchronous Holocene Indian and East 

Asian summer monsoon evolution: A synthesis on Holocene Asian summer monsoon simulations, 

records and modern monsoon indices. Global and Planetary Change 116, 30–40. 

doi:10.1016/j.gloplacha.2014.02.005 

Lieberman, V., Buckley, B., 2012. The Impact of Climate on Southeast Asia, circa 950–1820: New Findings. 

Modern Asian Studies 1–48. doi:10.1017/S0026749X12000091 

Limsakul, A., Paengkaew, W., Kummueang, A., Limjirakan, S., Suttamanuswong, B., 2011. PDSI-based 

variations of droughts and wet spells in Thailand: 1951-2005. Environment Asia 4, 12–20. 

Loo, Y.Y., Billa, L., Singh, A., 2014. Effect of climate change on seasonal monsoon in Asia and its impact on 

the variability of monsoon rainfall in Southeast Asia. Geoscience Frontiers. in press. 

doi:10.1016/j.gsf.2014.02.009 

Ma, J., Xie, S.-P., Kosaka, Y., 2011. Mechanisms for tropical tropospheric circulation change in response to 

global warming. Journal of Climate 25, 2979–2994. doi:10.1175/JCLI-D-11-00048.1 

Mann, M.E., Zhang, Z., Rutherford, S., Bradley, R.S., Hughes, M.K., Shindell, D., Ammann, C., Faluvegi, G., 

Ni, F., 2009. Global Signatures and Dynamical Origins of the Little Ice Age and Medieval Climate 

Anomaly. Science 326, 1256–1260. doi:10.1126/science.1177303 

Marks, D., 2011. Climate change and Thailand: Impact and Response. Contemporary Southeast Asia: A Journal 

of International and Strategic Affairs 33, 229–258. 

Marwick, B., Gagan, M.K., 2011. Late Pleistocene monsoon variability in northwest Thailand: an oxygen 

isotope sequence from the bivalve Margaritanopsis laosensis excavated in Mae Hong Son province. 

Quaternary Science Reviews 30, 3088–3098. doi:10.1016/j.quascirev.2011.07.007 

Maxwell, A.L., 2001. Holocene monsoon changes inferred from Lake sediment pollen and carbonate records, 

Northeastern Cambodia. Quaternary Research 56, 390–400. doi:06/qres.2001.2271 

Mayer, B., Schwark, L., 1999. A 15,000-year stable isotope record from sediments of Lake Steisslingen, 

Southwest Germany. Chemical Geology 161, 315–337. doi:10.1016/S0009-2541(99)00093-5 

McGrath, R.J., Boyd, W.E., 2001. The chronology of the Iron Age `moats’ of northeast Thailand. Antiquity 75, 

349-360. 

Meyer, P.A., Teranes, J.., 2001. Sediment organic matter. In: Last, W.M., Smol, J.P. (EDs), Tracking 

Environmental Change Using Lake Sediments: Physical and Geochemical Methods, Kluwer Academic 

Publishers, Dordrecht. pp. 239–269 

Meyers, P.A., 1997. Organic geochemical proxies of paleoceanographic, paleolimnologic, and paleoclimatic 

processes. Organic Geochemistry 27, 213–250. doi:10.1016/S0146-6380(97)00049-1 

Meyers, P.A., 2003. Applications of organic geochemistry to paleolimnological reconstructions: a summary of 

examples from the Laurentian Great Lakes. Organic Geochemistry 34, 261–289. doi:10.1016/S0146-

6380(02)00168-7 

Morrill, C., Overpeck, J.T., Cole, J.E., 2003. A synthesis of abrupt changes in the Asian summer monsoon since 

the last deglaciation. The Holocene 13, 465–476. doi:10.1191/0959683603hl639ft 

Mortlock, R.A., Froelich, P.N., 1989. A simple method for the rapid determination of biogenic opal in pelagic 

marine sediments. Deep Sea Research Part A. Oceanographic Research Papers 36, 1415–1426. 

doi:10.1016/0198-0149(89)90092-7 

Newton, A., Thunell, R., Stott, L., 2006. Climate and hydrographic variability in the Indo-Pacific Warm Pool 

during the last millennium. Geophysical Research Letters 33, L19710. doi:10.1029/2006GL027234 



 
 

44 
 

O’Reilly, D., 2008. Multivallate sites and socio-economic change: Thailand and Britain in their Iron Ages. 

Antiquity 82, 377–389. 

Oppo, D.W., Rosenthal, Y., Linsley, B.K., 2009. 2,000-year-long temperature and hydrology reconstructions 

from the Indo-Pacific warm pool. Nature 460, 1113–1116. doi:10.1038/nature08233 

Pages 2K, Consortium, 2013. Continental-scale temperature variability during the past two millennia. Nature 

Geoscience 6, 339–346. doi:10.1038/ngeo1797  

Page, S. E., Banks, C. J., & Rieley, J. O., 2007. Tropical peatlands: distribution, extent and carbon storage-

uncertainties and knowledge gaps. Peatlands International 2(2), 26-27. 

Partin, J.W., Cobb, K.M., Adkins, J.F., Clark, B., Fernandez, D.P., 2007. Millennial-scale trends in west Pacific 

warm pool hydrology since the Last Glacial Maximum. Nature 449, 452–455. doi:10.1038/nature06164 

Penny, D., 1998. Late Quaternary Palaeoenvironments in the Sakon Nakhon Basin,North-east Thailand.PhD 

Thesis,  Monash University, Victoria/Australia, 260pp. 

Penny, D., 1999. Palaeoenvironmental analysis of the Sakon Nakhon Basin, Northeast Thailand: Palynological 

perspectives on climate change and human occupation. Bulletin of the Indo-Pacific Prehistory 

Association 18, 139–149. 

Penny, D., 2001. A 40,000 year palynological record from north-east Thailand; implications for biogeography 

and palaeo-environmental reconstruction. Palaeogeography, Palaeoclimatology, Palaeoecology, 

Quaternary Environmental Change in the Indonesian Region 171, 97–128. doi:10.1016/S0031-

0182(01)00242-5 

Penny, D., 2006. The Holocene history and development of the Tonle Sap, Cambodia. Quaternary Science 

Reviews 25, 310–322. doi:16/j.quascirev.2005.03.012 

Philander, S.G.H., Gu, D., Lambert, G., Li, T., Halpern, D., Lau, N.-C., Pacanowski, R.C., 1996. Why the ITCZ 

is mostly north of the equator. Journal of Climate 9, 2958–2972. doi:10.1175/1520-

0442(1996)009<2958:WTIIMN>2.0.CO;2 

Pietrusewsky, M., Douglas, M.T., 2002. Intensification of agriculture at Ban Chiang: is there evidence from the 

skeletons?: Asian Perspectives, 40, 157-178.  

Piperno, D.R., 2006. Phytoliths: A Comprehensive Guide for Archaeologists and Paleoecologists. Lanham, New 

York, Toronto, Oxford: AltaMira Press (Rowman & Littlefield), 238 pp.  

 Prasad, S., Anoop, A., Riedel, N., Sarkar, S., Menzel, P., Basavaiah, N., Krishnan, R., Fuller, D., Plessen, B., 

Gaye, B., Röhl, U., Wilkes, H., Sachse, D., Sawant, R., Wiesner, M.G., Stebich, M., 2014. Prolonged 

monsoon droughts and links to Indo-Pacific warm pool: A Holocene record from Lonar Lake, central 

India. Earth and Planetary Science Letters 391, 171–182. doi:10.1016/j.epsl.2014.01.043 

Prasad, S., Kusumgar, S., Gupta, S.K., 1997. A mid to late Holocene record of palaeoclimatic changes from Nal 

Sarovar: a palaeodesert margin lake in western India. Journal of Quaternary Science 12, 153–159. 

doi:10.1002/(SICI)1099-1417(199703/04)12:2<153::AID-JQS300>3.0.CO;2-X 

Premathilake, R., Risberg, J., 2003. Late Quaternary climate history of the Horton Plains, central Sri Lanka. 

Quaternary Science Reviews 22, 1525–1541. doi:10.1016/S0277-3791(03)00128-8 

Rashid, H., England, E., Thompson, L., Polyak, L., 2011. Late Glacial to Holocene Indian summer monsoon 

variability based upon sediment records taken from the Bay of Bengal. Terrestrial Atmosperic and 

Oceanic Science 22, 215–225. doi:10.3319/TAO.2010.09.17.02(TibXS) 

Rashid, H., Flower, B.P., Poore, R.Z., Quinn, T.M., 2007. A ∼25ka Indian Ocean monsoon variability record 

from the Andaman Sea. Quaternary Science Reviews 26, 2586–2597. 

doi:10.1016/j.quascirev.2007.07.002 

Rau, J.., Supajanya, T., 1985. Sinking cities of Thailand. Presented at the Conference on Geology and Mineral 

Resources Development of the Northeast, Thailand, Khon Kaen University, Thailand, pp. 215–227. 

Rehfeld, K., Marwan, N., Breitenbach, S.F.M., Kurths, J., 2013. Late Holocene Asian summer monsoon 

dynamics from small but complex networks of paleoclimate data. Climate Dynamics 41, 3–19. 

doi:10.1007/s00382-012-1448-3 

Reimer, P., 2013. IntCal13 and Marine13 radiocarbon age calibration curves 0–50,000 years cal BP. 

Radiocarbon 55, 1869–1887. doi:10.2458/azu_js_rc.55.16947 

Russell, J.M., Werne, J.P., 2009. Climate change and productivity variations recorded by sedimentary sulfur in 

Lake Edward, Uganda/D. R. Congo. Chemical Geology 264, 337–346. doi:16/j.chemgeo.2009.03.020 

Saccone, L., Conley, D.J., Sauer, D., 2006. Methodologies for amorphous silica analysis. Journal of 

Geochemical Exploration 88, 235–238. doi:10.1016/j.gexplo.2005.08.045 

Sachs, J.P., Sachse, D., Smittenberg, R.H., Zhang, Z., Battisti, D.S., Golubic, S., 2009. Southward movement of 

the Pacific Intertropical Convergence Zone AD 1400–1850. Nature Geoscience 2, 519–525. 

doi:10.1038/ngeo554 



 
 

45 
 

Sano, M., Buckley, B.M., Sweda, T., 2009. Tree-ring based hydroclimate reconstruction over northern Vietnam 

from Fokienia hodginsii: eighteenth century mega-drought and tropical Pacific influence. Climate 

Dynamics 33, 331–340. doi:10.1007/s00382-008-0454-y 

Santos, G.M., Alexandre, A., Southon, J.R., Treseder, K.K., Corbineau, R., Reyerson, P.E., 2012. Possible 

source of ancient carbon in phytolith concentrates from harvested grasses. Biogeosciences 9, 1873–

1884. doi:10.5194/bg-9-1873-2012 

Sarkar, A., Ramesh, R., Somayajulu, B.L.., Agnihotri, R., Jull, A.J.., Burr, G.., 2000. High resolution Holocene 

monsoon record from the eastern Arabian Sea. Earth and Planetary Science Letters 177, 209–218. 

doi:10.1016/S0012-821X(00)00053-4 

Sharma, S., Joachimski, M., Sharma, M., Tobschall, H.J., Singh, I.B., Sharma, C., Chauhan, M.S., Morgenroth, 

G., 2004. Lateglacial and Holocene environmental changes in Ganga plain, Northern India. Quaternary 

Science Reviews 23, 145–159. doi:10.1016/j.quascirev.2003.10.005 

Singhrattna, N., Rajagopalan, B., Kumar, K.K., Clark, M., 2005. Interannual and interdecadal variability of 

Thailand summer monsoon season. Journal of Climate 18, 1697–1708. doi:10.1175/JCLI3364.1 

Sinha, A., Berkelhammer, M., Stott, L., Mudelsee, M., Cheng, H., Biswas, J., 2011a. The leading mode of Indian 

Summer Monsoon precipitation variability during the last millennium. Geophysical Research Letters 

38. doi:10.1029/2011GL047713 

Sinha, A., Cannariato, K.G., Stott, L.D., Cheng, H., Edwards, R.L., Yadava, M.G., Ramesh, R., Singh, I.B., 

2007. A 900-year (600 to 1500 A.D.) record of the Indian summer monsoon precipitation from the core 

monsoon zone of India. Geophysical Research Letters 34, L16707. doi:10.1029/2007GL030431 

Sinha, A., Stott, L., Berkelhammer, M., Cheng, H., Edwards, R.L., Buckley, B., Aldenderfer, M., Mudelsee, M., 

2011b. A global context for megadroughts in monsoon Asia during the past millennium. Quaternary 

Science Reviews 30, 47–62. doi:10.1016/j.quascirev.2010.10.005 

Sinha, R., Smykatz-Kloss, W., Stüben, D., Harrison, S.P., Berner, Z., Kramar, U., 2006. Late Quaternary 

palaeoclimatic reconstruction from the lacustrine sediments of the Sambhar playa core, Thar Desert 

margin, India. Palaeogeography, Palaeoclimatology, Palaeoecology 233, 252–270. 

doi:10.1016/j.palaeo.2005.09.012 

Talbot, S., Janthed, C., 2001. Northeast Thailand before Angkor: evidence from an archaeological excavation at 

the Prasat Hin Phimai. Asian Perspectives 40, 179. 

Tan, L., Cai, Y., Cheng, H., An, Z., Edwards, R.L., 2009. Summer monsoon precipitation variations in central 

China over the past 750 years derived from a high-resolution absolute-dated stalagmite. 

Palaeogeography, Palaeoclimatology, Palaeoecology 280, 432–439. doi:10.1016/j.palaeo.2009.06.030 

Taylor, R.E., 1997. Radiocarbon Dating, in: Taylor, R.E., Aitken, M.J. (Eds.), Chronometric Dating in 

Archaeology, Advances in Archaeological and Museum Science. Springer, 65–96. 

Tierney, J.E., Oppo, D.W., Rosenthal, Y., Russell, J.M., Linsley, B.K., 2010. Coordinated hydrological regimes 

in the Indo-Pacific region during the past two millennia. Paleoceanography 25, PA1102. 

doi:10.1029/2009PA001871 

Trenberth, K.E., Stepaniak, D.P., Caron, J.M., 2000. The Global Monsoon as seen through the divergent 

atmospheric circulation. Journal of Climate 13, 3969–3993. doi:10.1175/1520-

0442(2000)013<3969:TGMAST>2.0.CO;2 

Ummenhofer, C.C., D’Arrigo, R.D., Anchukaitis, K.J., Buckley, B.M., Cook, E.R., 2013. Links between Indo-

Pacific climate variability and drought in the Monsoon Asia Drought Atlas. Climate Dynamics 40, 

1319–1334. doi:10.1007/s00382-012-1458-1 

Vogel, J.S., Southon, J.R., Nelson, D.E., Brown, T.A., 1984. Performance of catalytically condensed carbon for 

use in accelerator mass spectrometry. Nuclear Instruments and Methods in Physics Research Section B: 

Beam Interactions with Materials and Atoms 5, 289–293. doi:10.1016/0168-583X(84)90529-9 

Wang, B., Clemens, S.C., Liu, P., 2003. Contrasting the Indian and East Asian monsoons: implications on 

geologic timescales. Marine Geology 201, 5–21. doi:10.1016/S0025-3227(03)00196-8 

Wang, B., Ding, Q., 2008. Global monsoon: Dominant mode of annual variation in the tropics. Dynamics of 

Atmospheres and Oceans, Current Contributions to Understanding the General Circulation of the 

Atmosphere 44, 165–183. doi:10.1016/j.dynatmoce.2007.05.002 

Wang, B., Wu, R., Lau, K.-M., 2001. Interannual variability of the Asian summer monsoon: contrasts between 

the Indian and the Western North Pacific–East Asian Monsoons. Journal of Climate 14, 4073–4090. 

doi:10.1175/1520-0442(2001)014<4073:IVOTAS>2.0.CO;2 

Wang, P., 2009. Global monsoon in a geological perspective. Chinese Science Bulletin 54, 1113–1136. 

doi:10.1007/s11434-009-0169-4 

Wang, P., Clemens, S., Beaufort, L., Braconnot, P., Ganssen, G., Jian, Z., Kershaw, P., Sarnthein, M., 2005. 

Evolution and variability of the Asian monsoon system: state of the art and outstanding issues. 

Quaternary Science Reviews 24, 595–629. doi:doi: DOI: 10.1016/j.quascirev.2004.10.002 



 
 

46 
 

Wang, S., Lü, H., Liu, J., Negendank, J.F.W., 2007. The early Holocene optimum inferred from a high-

resolution pollen record of Huguangyan Maar Lake in southern China. Chinese Science Bulletin 52, 

2829–2836. doi:10.1007/s11434-007-0419-2 

Wang, Y., 2005. The Holocene Asian Monsoon: Links to Solar Changes and North Atlantic Climate. Science 

308, 854–857. doi:10.1126/science.1106296 

Wang, Y., Liu, X., Herzschuh, U., 2010. Asynchronous evolution of the Indian and East Asian Summer 

Monsoon indicated by Holocene moisture patterns in monsoonal central Asia. Earth-Science Reviews 

103, 135–153. doi:16/j.earscirev.2010.09.004 

Wannakomol, A., 2005. Soil and groundwater salinization problems in the Khorat Plateau, NE Thailand — 

integrated study of remote sensing, geophysical and field data.PhD thesis, Freie Universität Berlin, 

Berlin, 198 pp. 

Watanabe, T., Naraoka, H., Nishimura, M., Kawai, T., 2004. Biological and environmental changes in Lake 

Baikal during the late Quaternary inferred from carbon, nitrogen and sulfur isotopes. Earth and 

Planetary Science Letters 222, 285–299. doi:16/j.epsl.2004.02.009 

Welch, D.J., 1998. Archaeology of Northeast Thailand in relation to the Pre-Khmer and Khmer historical 

records. International Journal of Historical Archaeology 2, 205–233. 

White, J., 2008. Dating Early Bronze at Ban Chiang, Thailand, in Proceedings 11th International Conference of 

the European Association of Southeast Asian Archaeologists, Chiang Mai, 25
th

 to 26
th

 September 2006.  

White, J.C., Hamilton, E.G., 2014. The transmission of early Bronze technology to Thailand: New Perspectives, 

in: Roberts, B.W., Thornton, C.P. (Eds.), Archaeometallurgy in Global Perspective. Springer New 

York, 805–852. 

White, J.C., Penny, D., Kealhofer, L., Maloney, B., 2004. Vegetation changes from the late Pleistocene through 

the Holocene from three areas of archaeological significance in Thailand. Quaternary International 113, 

111–132. doi:16/j.quaint.2003.09.001 

Wu, X., Zhang, Z., Xu, X., Shen, J., 2012. Asian summer monsoonal variations during the Holocene revealed by 

Huguangyan maar lake sediment record. Palaeogeography, Palaeoclimatology, Palaeoecology 323–325, 

13–21. doi:10.1016/j.palaeo.2012.01.020 

Wuest, R.A.J., 2001. Holocene evolution of the intermontane Tasek Bera peat deposit, Peninsular Malaysia : 

controls on composition and accumulation of a tropical freshwater peat deposit, PhD Thesis, The 

University of British Columbia, Canada, 478 pp. 

Wüst, R.A.J., Bustin, R.M., 2004. Late Pleistocene and Holocene development of the interior peat-accumulating 

basin of tropical Tasek Bera, Peninsular Malaysia. Palaeogeography, Palaeoclimatology, Palaeoecology 

211, 241–270. doi:10.1016/j.palaeo.2004.05.009 

Yan, H., Sun, L., Oppo, D.W., Wang, Y., Liu, Z., Xie, Z., Liu, X., Cheng, W., 2011. South China Sea 

hydrological changes and Pacific Walker Circulation variations over the last millennium. Nature 

Communications 2, 293. doi:10.1038/ncomms1297 

Yancheva, G., Nowaczyk, N.R., Mingram, J., Dulski, P., Schettler, G., Negendank, J.F.W., Liu, J., Sigman, 

D.M., Peterson, L.C., Haug, G.H., 2007. Influence of the intertropical convergence zone on the East 

Asian monsoon. Nature 445, 74–77. doi:10.1038/nature05431 

Yang, X., Scuderi, L., Paillou, P., Liu, Z., Li, H., Ren, X., 2011. Quaternary environmental changes in the 

drylands of China – A critical review. Quaternary Science Reviews 30, 3219–3233. 

doi:10.1016/j.quascirev.2011.08.009 

Yoneyama, T., Okada, H., Ando, S., 2010. Seasonal variations in natural 
13

C abundances in C3 and C4 plants 

collected in Thailand and the Philippines. Soil Science and Plant Nutrition 56, 422–426. 

doi:10.1111/j.1747-0765.2010.00477.x 

Zhang, J., Chen, F., Holmes, J.A., Li, H., Guo, X., Wang, J., Li, S., Lü, Y., Zhao, Y., Qiang, M., 2011. Holocene 

monsoon climate documented by oxygen and carbon isotopes from lake sediments and peat bogs in 

China: a review and synthesis. Quaternary Science Reviews 30, 1973–1987. 

doi:10.1016/j.quascirev.2011.04.023 

Zhang, P., Cheng, H., Edwards, R.L., Chen, F., Wang, Y., Yang, X., Liu, J., Tan, M., Wang, X., Liu, J., An, C., 

Dai, Z., Zhou, J., Zhang, D., Jia, J., Jin, L., Johnson, K.R., 2008. A Test of Climate, Sun, and Culture 

Relationships from an 1810-Year Chinese Cave Record. Science 322, 940–942. 

doi:10.1126/science.1163965 

Zhao, Y., Yu, Z., Chen, F., Zhang, J., Yang, B., 2009. Vegetation response to Holocene climate change in 

monsoon-influenced region of China. Earth-Science Reviews 97, 242–256. 

doi:10.1016/j.earscirev.2009.10.007 

Zhou, W., Xie, S., Meyers, P.A., Zheng, Y., 2005. Reconstruction of late glacial and Holocene climate evolution 

in southern China from geolipids and pollen in the Dingnan peat sequence. Organic Geochemistry 36, 

1272–1284. doi:10.1016/j.orggeochem.2005.04.005 

 


