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Abstract. Only few well-dated records document the evo- 1 Introduction

lution of Southeast Asian paleoenvironments during the

Cenozoic. Here we analyse continental pollen assemblageBaleontological surveys in Miocene sites of Thailand have
from Late Oligocene and Miocene fossil sites of Thailand. yielded several fossil primates. Two species of the hominoid
In agreement with previous studies, palynoflora from thegenusKhoratpithecusconsidered as a sister-group of the ex-
Oligocene suggests warm temperate forested habitats at 24ant orang-utan, have been describéthoratpithecus chi-

26 Ma, whereas Middle Miocene assemblages are made aingmuanensifrom the Middle Miocene (13.5-10 million-
thermophilous taxa. This change can be linked to the mayears, hereafter Ma) arthoratpithecus piriygChaimanee

jor climate reorganization that brought warmer and wetteret al., 2006), from the Late Miocene (9—-7 Ma). These primate
conditions over Southeast Asia around 22Ma. This studybearing sites are critical because they provide new insights
also provides the first submillional records from the Middle on the Asian hominoid radiation and paleobiogeographical
Miocene of Thailand. Thirteen samples of lignite layers from history, as well as the environmental conditions they lived
the sivaladapid-bearing Mae Moh site, dated between 13.3n. Preliminary analyses of associated pollen assemblages
and 13.1Ma, and six samples from the hominoid-bearingsuggested a mosaic of tropical freshwater swamps and a for-
Chiang Muan deposit, dated between 12.4 and 12.2 Ma, docest flora dominated by the gen@yzygiumreminiscent of
ument oscillations between tropical woodlands and grassthe extant African habitat that characterizes the White Nile
lands in northern Thailand. These pollen records likely re-headwaters (Chaimanee et al., 2003).

flect climate variations linked to insolation variations. Late During the Miocene, global cooling leads to an “icehouse
Miocene palynological assemblages from Khorat, northeastyorid” (a world with glacial/interglacial cycles, as opposed
ern Thailand, document fluviolacustrine paleoenvironmentsg 5 greenhouse world). This period is marked by a “climatic
alternatively covered by thermophilous trees and grasslands)ptimum" occurring at 16.5-15 Ma (Zachos et al., 2008), fol-
These records show that both sivaladapids and early homigwed by a decrease in temperatures between 15 and 9 Ma,
noids from Thailand have evolved in tropical environments contemporaneous with the establishment of the East Antarc-
with high variability in the vegetation cover. tic Ice sheet (Zachos et al., 2001a). Flora has recorded this
climate change as shown by pollen data from the Middle
and Late Miocene of the Siwaliks (Central Nepal). The up-

Correspondence tdP. Sepulchre lift of the Himalayas and its possible link with monsoon in-
BY (pierre.sepulchre@lsce.ipsl.fr) tensification may have played a role in the replacement of
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subtropical and temperate forests by grassland (Hoorn et al.,  stretching southward with an altitude up to 1800 ma.s.l.
2000). Numerous palynological studies have been carried  Rainfall distribution depends on topography that faces
out by petroleum companies in this part of the world, but the dominant monsoon winds. Following the seasons,
were not published until Morley (2000) made some of them these winds are from the north-east (dry monsoon) or
available. In Thailand, previous studies have focused on  the south-west (wet monsoon). Northeastern winds
Cenozoic basins, describing the general traits of palynoflora  bring less than 50 mm of rainfall to Thailand during
from Oligocene and Miocene sediments (Watanasak, 1988, January, while southwestern winds bring up to 400 mm
1990). of rainfall during July, depending on the location. The
This paper has two aims. First we describe new paly- rainy season is longer here than in the northern parts of
nological data from Cenozoic basins of Thailand that have the country, and rainfall rates are higher throughout the
yielded accurately dated mammal fossils. The analysis of  year.
Neogene palynofloras provides new constraints on paleoen-
vironments in which early hominoids evolved. Records ) i
from Mae Moh and Chiang Muan basins, northern Thailand,z'2 Regional vegetation

well dated by magnetostratigraphy, gives the opportunity tOThe guestion of vegetation classification in Thailand has

discuss sub-millional paleoenvironmental variations duringbeen subject to many debates between botanists and ecolo-

?deal\/il(lj(;czrr:z, ﬁg;ﬁi:}ggragi%%‘;é/v'ta;h(;sectc;!:t't?‘g Oflasllj\g?tlj_lgists for at least 40 years. In 1957, the Royal Forest Depart-
P ) ’ P ment of Thailand (Ogawa et al., 1961) recognized 6 main

climate mechanisms that have induced vegetation Changetf'/pes of forest vegetation and only one type of grassland (sa-

in SE Asia during the Late Cenozoic through the use of anvanna), whereas modern authors (Maxwell and Elliott, 2001)

Oligocene record and by comparing previous studies Wlthdefined only three vegetation types, each of them subdivided

our data. into sub-types (Fig. 1). The North Western Highlands are
covered essentially by “Mixed Deciduous Forest”, with Teak
2 Regional environmental setting (Tectona grandisvery important for the local economy), as
well as many other tropical deciduous trees such as the gen-
2.1 Physiographic areas and climate eraXylia, Dalbergia, Acacia, Naucleay contrast, the Kho-

o _ _ . _ rat Plateau is dominated by deciduous dipterocarp forests, al-
Ogawa et al. (1961) divided Thailand into four physiographic though they have been strongly reduced due to human activi-
areas: ties, as shown by the cropland cover (Fig. 1). Among the nat-
: : . ural indigenous taxa, species suchSimrea obtusa, Dipte-
1) the North Western Highlands (Fig. 1) are a mountain rocarpus tuberculatysand Dipterocarpus obtusifoliusend

ous region and the southern extension of the_Myanmarto form monospecific stands. The Peninsular and the Central
(Burma) Shan Highlands. Several parallel ridges ex-

. . Plain regions are covered by the so-called “Tropical Ever-
tend southward and four important rivers run between . .
the valleys within narrow alluvial plains. Rainfall has green Forest”, including both needle-leaved and broadleaved.

a strong seasonal cycle over the North Western High-2
lands. Maximum precipitation occurs between May and

September, during the monsoon season, with rates rangrihe Cenozoic fossiliferous localities of Thailand discussed
ing from 4.5 to 7 mm/day (New et al., 2002); here (Table 1) are situated in three main areas:

2) the Khorat Plateau forms the northeastern part of the
country. Its northern and eastern sides drain to the
Mae Kong River. The southern and western borders
are marked by the presence of flattopped peaks (up to
1600 ma.s.l.). The seasonal rainfall cycle is very simi-
lar to that of the North Western Highlands, with a higher
peak in September (9 mm/day) and a totally dry season
between November and February (Fig. 1);

.3 Geological settings and stratigraphic control

(1) Nong Ya Plong coal mine (2% N, 9940 E) is lo-
cated in Phetchaburi Province, 100 km south-west of
Bangkok at the northern end of the peninsular region.
Fossil mammals have been discovered in a black clay-
stone bed situated under a 30-m lignite bed. This fauna
suggests a Late Oligocene age, between 26 and 24 Ma
(Marivaux et al., 2004, 2006). The pollen sample dis-
cussed here comes from the mammals layer.

3) southward is the Central Plain which includes vast
deltas and alluvial plains formed by the rivers coming

from north and south. This region is regularly flooded
during the rainy season;

) Northern deposits: the basins of Mae Moh {18 N,
99°41 E) and Chiang Muan (86 N, 100014 E) are
located in the northwestern part of the country, in a
rift zone that crosses Myanmar and Laos and ends in

4) the peninsular region, which extends from the Gulf of the Gulf of Thailand (Malaysian and Indonesian Rifts).

Thailand as a long belt, is characterized by mountains This NW-SE system extends over more than 2000 km

Clim. Past, 6, 461473 2010 www.clim-past.net/6/461/2010/
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Table 1. Age, lithology, and present-day environmental characteristics of the four sites studied.

Nong Ya Plong Mae Moh Chiang Muan Khorat
Age 26-24 Ma 13.3-13.1Ma 12.4-12.2 Ma 9-6 Ma
Sediment type Claystone/lignite Lignite Lignite Clay lenses in sand

Mixed Deciduous Forest Deciduous dipterocarps Forest
+ Seasonal dry evergreen [cropland
Dry during boreal winter, Wet during boreal summer
(monsoonal). Max rainfall ranges from 7 to 9 mm/day.

Present-day vegetation  Tropical Evergreen Forest

Present-day climate

mm/day
L

— Khorat
—— Nong Ya Plong

% — Chiang Muan / Mae Moh
A

[ EVERGREEN NEEDLELEAF FOREST
[ EVERGREEN BROADLEAF FOREST
[ DECIDUOUS NEEDLELEAF FOREST

[ WATER BODIES

20

[ PECIDUOUS BROADLEAF FOREST
I MIXED FORESTS
CLOSED SHRUBLANDS
(] OPEN SHRUBLANDS
] WOODY SAVANNAS
[ SAVANNAS
GRASSLANDS
PERMANENT WETLANDS
[ CROPLANDS
I URBAN AND BUILT-UP
] CROPLANDINATURAL VEGETATION MOSAIC
] SNOW ANDICE

[ BARREN OR SPARSELY VEGETATED

Fig. 1. Map of Thailand indicating the present-day land cover and vegetation types. Modified after Parnell et al. (2003). Plots indicate
mate Research Unit, averaged between 1961 and 1990 (New et al.

rainfall seasonal cycle for the three areas of interest. Data from the Cli
2002). Units are mm/day.

and is delimited by two faults zones: the Sagaing Fault
Zone to the west and the Red River Fault Zone to the
east (Morley, 2002). These faults result from the India-
Asia collision. During the early Miocene, this tectonic
extrusion mechanism was responsible for the creation
of the basins depicted here. The Mae Moh and Chi-
ang Muan Basins have a similar three-step sedimenta-
tion scheme. When they began to fill, the subsidence
of the basins was weak and fluvial and fluviolacustrine
sediments were deposited. Then subsidence started to

www.clim-past.net/6/461/2010/

increase. Lignite and claystone sediments, originating
from swamps or little lakes, were progressively laid in
the basins. Finally, subsidence slowly decreased and
the basins filled with fluvial sediments with a deltaic
regime. The Mae Moh Basin (Lampang Province) con-
tains the largest coal deposit in Thailand (16.5 km long
and 9km wide). The stratigraphy was divided into
three formations (Corsiri and Crouch, 1985) (see also
Morley et al., 2001): the Huai King Formation (flu-
vial and alluvial sandstones, up to 320 m thick), the

Clim. Past, 6, 4813 2010
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Na Khaem Formation (lignite interbedded with lacus- from the overlying dark organic clays. The large mam-
trine claystones and mudstones, ca. 420 m thick), and  mal fauna of Somsak sandpil{cornops complanatum,

the Huai Luang Formation (red-brown and grey clay- Brachypotherium perimense, Deinotherium indigusn
stones and mudstones, up to 400 m thick). Biostrati- reminiscent of those from the Dhok Pathan Formation
graphic studies suggested that the Mae Moh sequence in the Siwaliks (Pakistan, ca. 8 Ma) and from the Shansi
extends from the Middle Miocene to the beginning of Red Claystones (China, ca. 7Ma), and suggests the
the Late Miocene (Ginsburg et al., 1988; Tassy et al., pollen assemblage is Late Miocene in age (9-6.5 Ma).

1992; Ducrocq et al., 1994; Peigrt al., 2006). Mag-

netostratigraphy has provided more precise dating: the

Na Khaem sequence has been correlated to the 9895 \1ethods

magnetic polarity time scale (GPTS), and situated be-

tween the C5ABn and C5An chrons, between 13.5 and3 1 Field and laboratory
12.2Ma (Bennami et al., 2002; Coster et al., 2010).

Pollen samples from Mae Moh come from the Q lignite The samples were collected by the ISEM paleoenvironment
layers in which remains of a sivaladapid primate haveteam at the four sites following the same technique, i.e. care-
been discovered (Chaimanee et al., 2008). These layerglly scraping the beds in order to prevent present-day pollen
are correlated with the chron C5Aar dated from 13.3 to contamination and immediately isolating the samples in ster-
13.1Ma (Fig. 2). ile plastic bags. Our study includes 25 samples (see sup-
Chiang Muan Basin (Ban Sa locality) is located north- plemental information). Mae Moh and Chiang Muan sam-
east of Mae Moh Basin and is much smaller (1 km long ples come from lignite deposits, whereas Nong Ya Plong
and 300 m wide). Sediments from the Miocene con-and Khorat samples come from organic-rich claystones. The
sist of sandstones, mudstones and thin lignite beds. Th€hiang Muan site includes 4 samples partly published in
lower, middle and upper lignite seams of Chiang Muan (Chaimanee et al., 2003) and 2 unpublished samples. The
Basin yielded remains of the hominokihoratpithe- samples were submitted to a four-step chemical treatment.
cus chiangmuanensi&haimanee et al., 2003; Kuni- First, caustic potash (KOH 10%) was used to remove humic
matsu et al., 2005). Associated large fossil mammalsacids and plant matter. The samples were filtered through a
in the Ban Sa locality gave an age between 10.8 andl80 um mesh and centrifugated several times (Faegri et al.,
14 Ma. Paleomagnetic data of the Chiang Muan section1989). Then, the residues were treated with Hydrofluoric
revealed a reversed polarity zone between two normalAcid (HF) to remove mineral elements. Finally, acetolysis
events, indicating four possible estimated ages betweemwas performed to get rid of possible remaining plant frag-
13.5 and 10 Ma (Benammi et al., 2004). A recent studyments, and a final centrifugation with glycerine water was
have unravelled possible ages by using correlation ofcarried out before mounting samples on microscope slides.
ash layers that are present simultaneously at Mae Moh ) o .

and Chiang Muan sites (Coster et al., 2010). This corre-3-2  Pollen identification and countings

lation provided an age between 12.4 and 12.2 Ma for the . . .
Upper Lignite Member (including middle and upper lig- Pollen grains were observed under a light microscope at

: : 600 magnification. Pollen recovery was poor, ranging from
nite seams) that delivered pollen samples analysed her . .
(Fig. 2) ) P P y §7 (Mae Moh) to 1195 (Chiang Muan) grains counted per

sample, the average being ca. 416. Modern (Linnaean) fam-
Northeastern deposits: Khorat (08’ N, 10216 E) ily and genus names were used for the identified taxa (Ger-
Samples were collected in a paleo-river deposit whichmeraad et al., 1968). The fossil palynomorphs were di-
was exploited as a sand quarry (Somsak sandpit). Théectly compared to palynological references (Bonnefille and
stratigraphy of the sandpit is difficult to constrain, be- Riollet, 1980; Huang, 1972). A published SE Asia Flora
cause of numerous crossovers between sediment laylJensen, 2001) and the ISEM palynological reference col-
ers. Chaimanee et al. (2006) have described two santection (48000 slides of angiosperms, 2400 gymnosperms,
units for the Somsak sandpit. The upper sand unit2000 pteridophytes) were used as well to identify paly-
consists of {ellowish sand, silt and gravel with cross- nomorphs. The state of preservation of palynomorphs was
bedding structurésthat indicate fluviatile deposition. Very poor: 15% were so strongly corroded that it was impos-
The lower sand unit¢onsists of grey organic-rich sand Sible to describe them. The poor state of preservation of the
and gravel, with some clay lenses intercalated. IntensePollen grains might be explained by oxidation during fos-
cross-bedding indicates fluviatile regime with intermit- Silization (Hoorn et al., 2000)Indeterminablegrains (cor-
tent swamp deposits Five pollen samples analysed roded, indescribable grains) were distinguished fronden-
here come from the lower sand unit: three of them tified (|e unknown) grains, which have been described but
were collected from a sandy clay layer that yielded fos- not referred to any taxon.

sil mammal remains and two samples were obtained

Clim. Past, 6, 461473 2010 www.clim-past.net/6/461/2010/
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Fig. 2. Lithological information, magnetostratigraphy and stratigraphic control of Mae Moh and Chiang Muan pollen samples (after Bennami
etal., 2002, 2004).

3.3 Construction of pollen diagrams in the vicinity of the deposition site. A diagram excluding
this local signal and corroded pollen grains was constructed

Taxa have been grouped according to their ecological affini{Fig. 3). In the following section, the term “regional signal”
ties (Fig. 2). Groups were chosen using online databasetefers to the sum of pollen grains excluding the local sig-
(Watson and Dallwitz, 2006) and specialized literature on In-nal and corroded grains. Unknown pollen grains were not
dia (Blasco, 1971), East-Asia (Hooker, 1875), and Thailandexcluded from the pollen sum to avoid artificially high per-
(Ogawa et al., 1961; Kuchler and Sawyer, 1967; Maxwell centages of identified taxa.
and Elliott, 2001).

Cyperaceae are riparian wetland plants that very likely
represent vegetation from the vicinity of the deposition site.4 Palynological results
Pteridophytes are usually considered local as well, extend-
ing from several meters to a few hundreds of meters around.1 Nong Ya Plong (1 sample)
the deposition sites. This hypothesis is supported by the
low position of gametophytes on most extant fern speciesA total of 313 pollen grains have been counted, but 31% were
which prevents spores from being transported by wind. How-indeterminable. 13 taxa are present in the sample which is
ever, several authors consider that spores can be transporté@minated by pteridophytes (monolete spores, 41% of total
by water flooding (Maley and Brenac, 1998; Anshari et al., count). The regional signal is dominated Binus (37%)
2004). High percentages of spores could indicate a high volassociated witlPinus (13%) andCastanea(3%). The as-
ume of water invading the basin, and varying pteridophytessociation ofAlnus PinusandCastanealenotes a mesother-
percentages can be interpreted as indicating a varying hydrolnic signal and makes the Nong Ya Plong record very distinct
ogy of the deposition zone (Maloney, 1999). Cyperaceaefrom the other sites analysed in this paper. The only extant
pteridophytes and aquatic taxa are considered local vegetapecies ofAlnusin Thailand isAlnus nepalensjsa decid-
tion, corresponding to the ferns and the aquatic plants livinguous tree that grows in moist and cool areas (mean annual

www.clim-past.net/6/461/2010/ Clim. Past, 6, 4813 2010
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Fig. 3. Synthesis of the pollen record for the 4 sites discussed in the text. Taxa with percentages lower than 1% have been omitted for clarity. The local vegetation signal, i
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temperature range: 13-26, annual rainfall from 500 to in 10 out of the 13 levels analysed. Their percentage is rather
2500 mm, with a dry season up to 6 months long) (Neil, low, except for one particular level (MM3) in whicGas-
1990). The extant specidRinus kesiyais widespread in  tanopsis Betula, Pinusand Tiliaceae are the only arboreal
Thailand and can be mixed with temperate taxa su€puas-  taxa observed. Thermophilous trees are very rare or absent.
cusor with Dipterocarpaceae, and is confined to a montaneSyzygiunis absent except in one level (8%). These diagrams
habitat (700-1650ma.s.l.) (Werner, 1997). This species isnight represent a midaltitude forest including tropical taxa.
also found in pure stands in monsoonal regions with a strong
seasonal precipitation cycle and annual precipitation rang4.3 Chiang Muan (6 samples)
ing from 1400 to 1600 mm. Furthermore our record contains
pollen grains from Loranthaceae (3%) and Poaceae (5%)A total of 4877 pollen grains (360 grains in the smallest sam-
Extant Loranthaceae contains 700-950 species of usuallple and 1195 in the largest one) have been counted. The
hemi-parasitic plants, mostly found in tropical and subtropi- pollen spectra are characterized by relatively high taxonomic
cal regions (eFloras, 2008). Poaceae could come from localliversity (between 12 and 24 taxa) suggesting a better pollen
monocotyledon aquatic vegetation but more likely indicate preservation (confirmed by less than 6% of indeterminable
regional open woodlands, savanna or grasslands (Bonnefillpollen grains). The low percentage of unidentified pollen
etal., 2004). Their percentage in the Nong Ya Plong record if<30%) leads us to consider that these spectra are a signif-
weak, suggesting arboreal-dominated environments. This inicant representation of the vegetation of the Ban Sa Basin.
terpretation is consistent with the associated fossil fauna tha€hiang Muan pollen count is very heterogeneous. The local
includes dermopterans (flying lemurs), whose extant specieswamp flora (pteridophytes, Cyperaceae) ranges between 10
are dependent on forested habitats. and 85%. Once this local signal is excluded, Chiang Muan
Only one sample from this site barely captures the pa-records can be classified into three types. CM1 and CM3 are
leoenvironmental signal of the basin, but previous palyno-dominated bySyzygiumand Rubiaceae, with small percent-
logical assemblages from the Oligocene of Thailand pro-ages of Poaceae (1 and 3%, respectively). CM2 and CM4
vide information to assess the relevance of our sample. Asare dominated by Poaceae (81 and 65%, respectively) and
semblages from the Upper Oligocene to Mid Miocene of clearly suggest regional environments dominated by grass-

Nong Ya Plong have yielded pollen grains suchAfsipol- lands including some thermophilous treédchornea)and
lenites verugAlnuslike), Caryapollenites simplefCarya  dryland taxa (Combretacea@eltis).
like), Faguspollenitesp. Faguslike), which “have affini- CM5 and CM6 spectra are also characterized by the pres-

ties with modern pollen of temperate regions” (Watanasak.ence of Poaceae (4 and 19%, respectively), here associated
1990). Other pollen records from the Oligocene of northernwith Fabaceae (19 and 61%, respectively) Mefremia(3
Thailand (Li Basin) also suggest a warm temperate vegetaand 4%, respectively). CM5 is distinct with the presence
tion (Songtham et al., 2003, 2005). These data compare welbf Cephalanthus ExtantCephalanthusorrespond to small

with our sample and gives credits to the presence of a temtrees or shrubs, while extakterremiaare mostly herbs and

perate vegetation between 26 and 24 Ma in Thailand. shrubs. The Chiang Muan water pond might have been colo-
nized several times b$yzygiumThe main extant species of
4.2 Mae Moh (13 samples) this genus in Africa are known to colonize borders of rivers

in quasi-monospecific populations (Letouzey, 1968). How-
A total of 3342 grains were counted. The state of preser-ever,Syzygiumwith eighty-four known species, is today the
vation was very poor since 31% were undeterminable. Themost diversified genus of Myrtaceae in Thailand (Parnell et
percentage of unknown pollen grains is also very high, rang-al., 2003), and it occurs in a wide range of types of vege-
ing from 9% to 86% of the total regional signal. High per- tation, from dry evergreen to deciduous Dipterocarps forest
centage of unidentified is problematic and will need to be(Sookchaloem, 2004).
assessed in future studies. However it is typical of Cenozoic
palynoflora from SE Asia (e.g. see Songtham et al. (20054.4 Khorat (5 samples)
where identified pollen grains represent no more than 30%
of the total tropical assemblages). Pteridophytes are omA total of 1881 pollen grains were counted, among which
nipresent (between ca. 20% and 80%). Once local sig11% were indeterminable. Four levels contained well-
nals are excluded, the Rubiaceae spectrum mostly domipreserved material (93.2%) but the level K1 had 33% cor-
nates (up to 66%), although this group is not representedoded pollen grains. The pteridophytes signal is variable (be-
in all levels. Even if they are distributed over several bio- tween 4 and 43%). Extra-local counts are clearly dominated
climatic conditions, extant Rubiaceae are mainly found inby Poaceae (ranging from 20 to 74%), clearly suggesting
the lower montane forests of north-western ThailaRdy¢  widespread grasslands at the regional scale. Thermophilous
chotria, Lasianthus, Nauclea, Mycetia, Tarejnassociated (SyzygiumAlchorned and dryland elementCeltis Com-
with mesothermic taxa like&Castanopsisand Cryptocarya  bretaceae) complete the record. Differences in the pollen
(Kanzaki et al., 2004). Mesothermic elements are presentounts allow two groups to be distinguished: KA and KB
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Fig. 4. Northern Hemisphere summer insolation computed aNe®etween 13.5 and 6.5 Ma, from La2004 numerical solutions (Laskar et
al., 2004). Bottom panel indicates values over the Mae Moh and Chiang Muan record timespans. Color-bars indicate estimated time range
of the Miocene records.

samples are very similar in composition, being dominated byCaesalpiniaceae, Combretaceae and Malpighiaceae. These
Poaceae with a weak signal corresponding to thermophiloughanges in hydrology and vegetation cover were likely linked
trees. These levels are also characterized by the presence wf rainfall variability and suggest climatic variability during
aguatic taxa, especially Cyperaceae. Levels K1, K2, and K3he Middle to the Late Miocene.

contain very few spores but high percentages of Rubiaceae

associated with Poacea8yzygiunis also present, ranging , )

from 1 to 22%. Although former studies (Watanasak, 1989)5 Discussion

have described the presence of Dipterocarpaceae in Thailargi
since the early Miocene, no palynomorphs corresponding to
this family have been found in our samples. This may be

linked to the entomophilous pollination strategy of this fam- the polien record discussed in this paper shows a clear differ-
ily, as well as the poor preservation of this kind of pollen gnce petween Oligocene mesothermic elemeitais, Cas-
gran. taneg and Miocene thermophilous elements. The Oligocene
Vegetation variability, as well as the distinction of two record presented here is well constrained in time (between
groups of clays, depicts a differential sedimentation linked26 and 24 Ma) but lacks supplemental samples to definitely
to changes in river bed position through time. When thestate that regional vegetation is represented. However it com-
river ran over the deposition area, sandy clays were depares well with previous studies depicting warm temperate
posited. During drier periods, sedimentation was slower,paleoenvironments in Thailand between the Late Oligocene
and organic matter accumulated in several ponds to proand early Miocene (Songtham et al., 2003, 2005). Further
duce black clays. The surroundings were colonized by heinformation come from leaf fossils of the genk&ngifera
liophilous and aquatic plants such as pteridophytes, Poaceg@nacardiaceae) recorded in Late Oligocene-early Miocene
and Cyperaceae. The presencesgfygiummay be related sandstones and claystones of the Li basin (Sawangchote et
to the existence of a gallery forest dominated by this genusal., 2009). Together with palynological data, these remains
and including other tropical taxa suchAlshornea, Nauclea  suggest various mixed forested environments. A review of

1 Climatic and environmental changes between the
Oligocene and the Miocene
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Cenozoic pollen records from the Sunda region also show$/oh signal represents a forested environment with a mixed
that the Oligocene is considered to be cooler and drier thawvegetation including deciduous, evergreen and needle-leaved
the mid-Miocene in SE Asia (Morley, 1998). A major trees. The persistence of pteridophytes indicates wet condi-
climatic change occurring through the early Miocene wastions, whereas mesothermic elements very likely correspond
invoked to explain the great northward extension of rainto a regional mid-altitude forest signal. Although the high
forests. This Oligocene-Miocene climatic transition is also percentage of unknown and corroded pollen grains causes
documented in loess sequences, fossil leaves and polleproblems in fully describing these paleoenvironments, the
records from China that show that the transition from aSE Asian paleoclimatic context gives some clues. As stated
mainly zonal to a monsoon climate system occurred in theearlier, the Middle Miocene is a period of warm and moist
latest Oligocene in East Asia (Sun and Wang, 2005; Wanglimate conditions over a large part of SE Asia, during which
et al.,, 2005; Guo et al.,, 2008). The difference betweenextension of rain forests is well documented (Morley, 1998).
Oligocene and Miocene pollen assemblages very likely docMae Moh record very likely depicts a warm tropical for-
uments these large-scale changes in temperature and rainfadist, similar to paleoenvironments described in the adjacent
but mechanisms to explain such a transition are still debatedSunda region, but surrounded by a mid-altitude deciduous
A shiftin the position of SE Asia to lower latitudes during the forest. The variability of the Mae Moh record, with a level
Oligo-Miocene interval was evoked (Songtham et al., 2003),dominated by monocotyledons (likely Palmae) and two lev-
but the latitudinal extent of Thailand displacement is not veryels dominated by Poaceae associated with mesothermic el-
well constrained (Briais et al., 1993; Hall, 2002) and its con- ements Castanopsis, Betu)ashows that vegetation cover
sequences on large-scale rainfall and temperatures remain tind climate were far from stable between 13.3 and 13.1 Ma.
be quantified. Climatic changes in SE Asia between 25 andVithin these 200000 years, insolation variations driven by
10 Ma were related to the Tibetan Plateau uplift, as well asorbital cycles are the main climate forcing factors. By chang-
the Paratethys sea shrinkage (Ramstein et al., 1997). Laing temperature seasonal cycles, as well as land-ocean ther-
est modelling studies showed that the uplift of the Tibetanmal contrasts, insolation variations have a huge impact on at-
Plateau progressively increased the amount of precipitatiommospheric dynamics (latitudinal position of trade winds and
in East Asia and that the Paratethys retreat intensified théntertropical Convergence Zone -ITCZ), and monsoon geo-
summer monsoon (Zhongshi et al., 2007). These two tecgraphic extent. Insolation quantities can be computed for the
tonics factors could explain the environmental transition ob-Neogene by using numerical solutions (Laskar et al., 2004).
served in the palynological record between the Oligocene~ollowing the orbital cycles, summer insolation af 2Dhas
and the Miocene, although the timing of the Tibetan Plateaua strong variability, ranging from ca. 425 to ca. 535\W/m
uplift is still debated (Rowley and Currie, 2006). Further over the 13.5-6.5 Ma interval (Fig. 3). Within each 200 000-
modelling experiments are still needed to focus on SE Asiayear interval of Mae Moh and Chiang Muan records, inso-
and to bring quantifications of climate change in this regionlation amplitudes are either comparable or larger than the
at the Oligo-Miocene transition. Zachos et al. (2001b) alsoones computed for the Pleistocene-Holocene interval, a pe-
documented a major glaciation event at 23 Ma, likely linked riod during which large changes in SE Asian monsoon activ-
to a rare orbital configuration allowing lower seasonality in ity have been recorded (White et al., 2004). Such variations
temperatures and subsequent ice-sheet expansion in Antaritiduce strong changes in rainfall patterns over Thailand and
tica. This global signal might have an impact on climate in very likely explain the variability depicted in Mae Moh and
the tropics, and should be considered in future studies. Chiang Muan pollen assemblages.
The dominance of Poaceae in some levels of Chiang Muan
5.2 Paleoenvironmental and climatic variability during record could be interpreted as a trend towards expansion
the Miocene of grasslands, but this analysis is still hypothetical, as this
signal does not concern every level of Chiang Muan, and
Magnetostratigraphy provides accurate chronology for Maeno climatic mechanism for aridification at 12.4-12.2 Ma has
Moh and Chiang Muan deposits (documenting 200 000-yeabeen evidenced so far. Chaimanee et al. (2003) have sug-
interval, between 13.3 and 13.1 Ma for Mae Moh, betweengested that the presence $§zygiumduring the Miocene
12.4 and 12.2 Ma for Chiang Muan). These rather short intermight indicate a connection with floras from eastern Africa.
vals allow considering these two pollen records as a submil-Songtham et al. (2004) challenged this hypothesis, arguing
lional picture of variability of SE Asian environments during that Syzygiunoriginated from SE Asia or Oceania. Sytsma
the Middle Miocene. et al. (2004) and Wilson et al. (2005) suggested twaty-
Mae Moh diagram depicts a background of mesother-giumbelonged to a clade clearly separated from other Myr-
mic elements that are absent from Chiang Muan and Khotaceae, but the question of the timing of African colonization
rat records. This record is also characterized by the abunand possible Miocene connections with Asia remains unre-
dance of Rubiaceae and arboreal taxa, as well as weak pesolved.Syzygiurike pollen grains have been found recently
centages oSyzygiunand Poaceae, while Chiang Muan and in the Turkana basin (Kenya, eastern Africa) and dated from
Khorat show the opposite for these three taxa (Fig. 3). Maeabout 25 Ma (Vincens et al., 2006), suggesting that this genus
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was present earlier in East Africa, giving more credit to the roles of Tibetan uplift, Paratethys shrinkage, and orbital forc-
hypothesis proposed by Chaimanee et al. (2003). Recordmg (as well as the interactions between these three forcing
described here provide evidence of expansion and decline dactors) on climate and paleoenvironments. The challenge
Syzygiumin the Miocene flora of Thailand, and these new is similar concerning the Middle and Late Miocene climate
data should be considered in future discussions. The exisvariability, as mechanisms driving the transitions from wood-
tence of a paleoenvironmental corridor between SE Asia andands to grasslands in Asia are still unexplained. Modelling
eastern Africa during the Middle Miocene is still a matter of studies have demonstrated that aridification episodes, pre-
debate and will have to be tested with climate and vegetatiorviously thought to be due to global climate changes, could
models in the future. In this respect, gathering new data conbe related to rapid mountain building that influence atmo-
cerning paleogeography and long-term evolution of vegetaspheric dynamics, moisture transport and rainfall patterns
tion is pivotal, as modelling studies have shown that tecton{Hay et al., 2002; Liu and Yin, 2002; Sepulchre et al., 2006).
ics trigger atmospheric dynamics and aridification episodesMore research is needed to reconstruct the evolution of Ti-
in the tropics (Sepulchre et al., 2006). betan Plateau paleoaltitude through time and to quantify its
The repeated occurrences of Poaceae-dominated levels #npact during the Miocene. Obtaining more data concern-
Khorat mark a clear difference between environments ofing paleogeography and environmental evolution during the
Middle and Late Miocene, with a transition from woodlands Late Cenozoic is crucial. It will help constraining future
to grassland-dominated landscapes. These results can be m@odelling studies, documenting the environmental context
lated to a long-term climatic change that occurred betweerin which mammals have evolved, and understanding the in-
8.5 and 6 Ma that led to a major environmental change withteractions between tectonics, climate and biosphere during
C4 savannas replacing C3 forests and woodlands (Cerlinghe last 25 Ma.
et al.,, 1994). Stable isotopes measurements made on mam-
malian faunas from the Miocene confirmed that this changeSupplementary material related to this
occurred at South Asian continental scales (Badgley et al.article is available online at:
2008). Our record cannot decipheg &d C, vegetations,  http://www.clim-past.net/6/461/2010/
but clearly stands for an opening of landscapes during thep-6-461-2010-supplement.zip
late Miocene.
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