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ABSTRACT  

A 435 cm long sediment core, covering the last 10.9 thousand years before 

present (ky BP) and collected from an alpine lake sediment archive on the 

southeastern Tibetan Plateau (Paru Co) was analysed for monosaccharide 

anhydrides (MAs) and polycyclic aromatic hydrocarbons (PAHs). This multi-proxy 

approach and the comparison with other proxies showed that fire has been 

present since the early Holocene, as a consequence of a shift from cold-dry to 

warm-wet conditions causing, e.g. decreasing ice-sheet size and vegetation 

changes, due to a strong solar radiation in the northern hemisphere and an 

intense presence of the Indian Summer Monsoon (ISM) until ~7 ky BP. The mid-

late Holocene was marked by a decrease in solar insolation reintroducing the 

cooler and drier climate at the Tibetan Plateau. Paru Co’s hydrogen isotopic 

measurements of leaf wax long-chain n-alkanes (δDwax) increased from 5.6 to 0.9 

ky BP suggesting a weakening in the ISM and a possible influence by the 

westerlies as well. 

In addition, vegetation changes from pollen records, and charcoal were 

compared to levoglucosan/mannosan (L/M) and levoglucosan/(mannosan + 

galactosan) (L/(M+G)) ratios indicating that they might be a satisfactory tool to 

track burned fuel. The obtained results suggest that organic molecular markers 

are a suitable regional fire proxy and isomer ratios may help to understand 

changes in burned vegetation. 
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1 INTRODUCTION 

1.1 FIRE HISTORY 

In the Earth system, fire plays a critical role in ecosystem processes, such 

as composition and distribution of fauna and flora. Owing to strong ecological and 

evolutionary consequences for biota, it is impossible to understand the world 

without considering fire, but for a long time, the scientific community had ignored 

it. Evidences from the beginning of the Paleozoic Era (540 million years ago 

[Mya]) show that the arrival of photosynthetic organisms created an efficient 

environment to support combustion, albeit wildfires began soon after the arrival 

of terrestrial plants in the Silurian (420 Mya). Therefore, it is possible to infer that 

fire origin is extremely related to the first records of terrestrial plants, which 

contribute to two of the three essential elements to ignite it: oxygen and fuel. Heat 

source, through volcanic activities, meteorites and mainly through lightning, is the 

third missing element that has probably been available. Fig. 1 represents the 

necessary conditions that need to be present so that fire can happen. In spite of 

plenty primary productivity is required to disseminate fire, there must be a dry 

season that converts potential fuels into available ones. Such seasonal climates 

could be manifested as annual to decadal cycles of drying conditions and may 

arise from different weather conditions. Hence, wildfires will be powerfully 

managed by fuel structure and ignition frequency (Bowman et al., 2009; Pausas 

& Keeley, 2009; Schüpbach et al., 2015; Zhou et al., 2007).  

Since the Silurian (420 Mya), fluctuations of high and low fire activity marked 

the evolutionary importance of fire on Earth (Fig. 2) with few evidences of 

charcoal in the Devonian period (400 Mya) and extensive ones in the late 

Paleozoic Era (345 Mya), suggesting a boost in atmospheric oxygen from the late 

Devonian to the late Carboniferous (Falcon-Lang, 2000; Glasspool, Edwards, & 

Axe, 2006; Scott, 2000). Thanks to a fall in atmospheric oxygen levels, such 

oscillations are proved by few evidences of charcoal deposits during the Permian 

(299 Mya) and the Triassic (251 Mya) periods, followed by an increase in fire 

wildfires in the Mesozoic Era (Jurassic and Cretaceous periods) (Pausas & 

Keeley, 2009; Scott, 2000).
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Fig. 1:Schematic of factors for (a) the physical process of fire and (b) fire as an 

ecosystem process (Pausas & Keeley, 2009). 

 

During the Cenozoic Era, records indicate a global high fire activity in the 

Paleocene (65 Mya), followed by an abrupt decline in the Eocene (55Mya) and 

low activity toward the present (Bond, 2015; Diessel, 2010; Ian J. Glasspool & 

Scott, 2010)(Fig. 3). Shearer, Moore, & Demchuk, 1995 suggest that due to a 

shift from gymnosperm to angiosperm, which has much higher lignin content, coal 

properties completely changed in the Cenozoic, passing from a poor to a rich 

fossil content record of fire. During the Holocene, fire activity showed a long-term 

increase at global scale. Focusing on Asian continental records, the early 

Holocene fire activity was relatively high, followed by a lower rate in mid-

Holocene, and then it has increased consistently close to late-Holocene (Bond, 

2015; Miao et al., 2016; Marlon et al., 2013). 
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Fig. 2:Geological timescale (Pausas & Keeley, 2009). 
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Fig. 3: Qualitative schematic of global fire activity through time, based on pre-

Quaternary distribution of charcoal, Quaternary and Holocene charcoal records, 

and modern satellite observations, in relation to the percentage of atmospheric 

O2 content, parts per million (ppm) of CO2, appearance of certain vegetation 

types, and the presence of the genus Homo. Dotted lines indicate periods of 

uncertainty. Adapted from Bowman et al., 2009. 
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1.2 BIOMASS BURNING PROCESSES 

Cole, 2001, states that “biomass burning is the burning of living and dead 

vegetation. It includes the human-initiated burning of vegetation for land clearing 

and land-use change as well as natural, lightning-induced fires”. Burning of 

biomass fuels has always been a natural process on Earth, proved by charcoal 

evidences in sedimentary records (Simoneit, 2002). Biomass is divided in four 

main categories (Table 1) and its different structures and compositions may vary 

in property, size, initial moisture content, etc (Hiltunen, Barišić, & Zabetta, 2008; 

Northupet al., 2005; Patel & Gami, 2012).  

Cellulose, hemicellulose, and lignin are the three main polymeric 

components of biomass, and they approximately represent 40–60, 20–40 and 

10–25 wt.% for lignocellulosic biomass (Mckendry, 2002; Yang et al., 2006) (Fig. 

4). Cellulose degradation starts between 240-350 °C owing to its high resistance 

to thermal depolymerisation, while hemicellulose is a complex carbohydrate 

polymer whose thermal degradation occurs between 30–260 °C. Lignin is an 

unstructured and highly branched polymer that fills in the gaps left between 

cellulose, hemicellulose, and pectin components. It is considerably hydrophobic, 

decomposes between 280-500 °C and is difficult to dehydrate, thus it converts to 

more char than cellulose or hemicellulose (Verma et al., 2017; Yang et al., 2007). 

The molecular alteration and transformation of the organic compounds 

emitted from biomass fuels can be influenced by the moisture, aeration, varying 

temperature, and duration of smouldering and flaming conditions during 

combustion, providing a chemical fingerprint which is source specific and useful 

for identifying single or multiple vegetation species (Schüpbach et al., 2015; 

Simoneit, 2002). 

Paleofire history is a valuable source that can provide enlightenment about 

fire, which is sensitive to climate changes and has great impact on global 

biogeochemical cycles and ecosystems (Zhou et al., 2007). During dry periods, 

tropical grasses produce enormous amounts of highly flammable fuels, and their 

C4 photosynthetic pathway produces organic matter characteristically depleted 

in 13C (Bowman et al., 2009). The amount of this stable isotope found in 

sediments represents that tropical savanna biomes spread in Asia, Africa, and 
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the Americas, matching with a spike of charcoal in marine sediments, 

approximately 6-8 Mya (Bowman et al., 2009; Cerling et al., 1997; Marlon et al., 

2013). Thus, this finding tell us that fire led to the expansion of savannas due to 

hotter and drier conditions that favoured savannas (Bowman et al., 2009). 

 

Table 1: Classification of biomass. Adapted from Patel & Gami, 2012. 

 

Woody Biomass 
Non-Woody 

Biomass 
Process Waste Processed Fuel 

Bushes like 

coffee and tea 

Energy crop like 

sugarcane 

Cereal husks 

and cobs 

Charcoal (wood & 

residues) 

Shrubs & scrub 
Soft stem (pulses 

and potatoes) 

Bagasse 

(pineapple and 

other fruits) 

Briquette/dense 

biomass 

Tree Grass Plant oil cake Biogas 

Sweepings from 

forest floor 

Bananas, 

plantains etc 
Saw mill waste 

Plant oil from palm, 

rape, sunflower, etc 

Bamboo Cereal straw Municipal waste Producer gas 

Palms 
Swamps and 

water plants 

Industrial wood/ 

logging wastes 

Methanol/ethanol 

(wood alcohol) 

 

 

Paleofire research is pivotal because besides the large influence on 

environment, biomass burning can also significantly impact the global climate by 

releasing tropospheric particulate matter. In order to reconstruct past fire events 

from archaic sediments and soils, there are several suitable tracers, such as 

charcoal, monosaccharide anhydrides (MAs), polycyclic aromatic hydrocarbons 

(PAHs), and so on (Simoneit, 2002). 
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Fig. 4: Configuration of wood tissues. a) Adjacent cells; b) cell wall layers S1, S2, 

S3, P (primary wall), ML middle lamella; c) distribution of lignin, hemicellulose 

and cellulose in the secondary wall(Perez et al., 2002). 

 

1.3 FIRE PROXIES 

1.3.1 Charcoal 

Charcoal is a carbon-rich solid residue formed by the pyrolysis of wood or 

coal, between 250° and 550°C, in the absence or limited presence of oxygen 

(Whitlock & Larsen, 2001). Charcoal records derived from samples of lake 

sediments can provide information about the range of variability in prehistoric fire 

regimes owing to its resistance against degradation and persistence in sediment 

records over millennia, making it suitable as a proxy for biomass burning (Lynch, 

Hotchkiss, & Calcote, 2011; Torben Kirchgeorg, 2015). However, the distance 

between the fire and the lake, wind direction and precipitation following the fire, 

other processes related to charcoal transportation, size and deposition 

complicate a direct fire-charcoal relationship (Fig. 5) (Whitlock & Larsen, 2001). 
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Fig. 5: Sources of primary and secondary charcoal in a watershed(Whitlock & 

Larsen, 2001). 

 

Depending on its size, microscopic charcoal can be originated from distant 

sources, while the macroscopic one is assumed to represent local fire. Particles 

<100 µm in size travel well beyond 100 m, and very small ones are carried away 

to great heights and long distances. In principle, few charcoal particles smaller 

than 200µm in diameter should be deposited within 6 km of the convection 

column (Fig. 6). In addition, primary charcoal refers to the material introduced 

during or shortly after a fire event, while secondary charcoal, during non-fire 

years, as a result of surface run-off and lake-sediment mixing (Kirchgeorg, 2015; 

Whitlock & Larsen, 2001). 

Enache & Cumming, 2006, suggest that many researchers agree that the 

temperature reached during the pyrolysis of different types of vegetation 

produces different types of charcoal with different densities, particle sizes, 
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structures, and morphologies. The moisture content of the vegetation also 

influences the chemical restructuring and shrinkage of the char(Bryden & Hagge, 

2003). Such observations suggest that information about fire types might be 

deduced through careful observation of charcoal morphology and structure 

preserved in lake sediments (Enache & Cumming, 2006). 

 

Fig.  6: Relationship between distance from the base of a fire’s convective column 

and the amount of charcoal deposited as determined by theoretical models for 

charcoal particles with diameters of 200, 20 and 5 µm and convective columns 

with a height of (a) 10 m, (b) 100 m, and (c) 1000 m (Whitlock & Larsen, 2001). 
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1.3.2 Monosaccharide anhydrides 

Monosaccharide anhydrides (MAs) are the greatest organic components of 

smoke particles released by biomass burning. Levoglucosan (1,6-anhydro-β-

glucopyranose) is released when carbohydrates, such as starch and cellulose, 

are maximally combusted in a temperature ranging from 200 to 250 °C (Kuo et 

al., 2011). Owing to its relatively high stability, and its specificity to cellulose-

containing substances, levoglucosan is considered a very good tracer for 

biomass burning. The isomers mannosan (1,6-anhydro-β-D-mannopyranose) 

and galactosan (1,6-anhydro-β-D-galactopyranose) are produced from 

hemicellulose pyrolysis (Fig. 7) (Cordell, White, & Monks, 2014; Hopmanset al., 

2013; Lakshmanan & Hoelscher, 1970).  

 

 

Fig. 7: The major decomposition products from burning of cellulose (Simoneit, 

2002). 

 

The ratios of these three isomers can also provide valuable information 

about the fire intensity, type of biomass that has been burnt, and some other 
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environmental conditions (You et al., 2014). Notwithstanding, Kuo, Louchouarn, 

& Herbert, 2011 affirmed that levoglucosan, mannosan and galactosan 

concentrations may vary as a consequence of the combustion temperature and 

duration, and the type of fuel (grass, softwood hardwood, etc).  

 

1.3.3 Polycyclic aromatic hydrocarbons 

Polycyclic aromatic hydrocarbons (PAHs) are a class of compounds made 

up of two or more benzene rings combined together in a linear, angular, or 

clustered arrangement (Fig. 8) (Zakir Hossain, Sampei, & Roser, 2013).They can 

be from either natural (forest and brush fires) or anthropogenic combustion 

sources (automobile emissions and cigarette smoke) formed both during 

biological processes and as products of incomplete combustion (Abdel-Shafy & 

Mansour, 2015). Man-made combustion sources include emissions from use of 

fossil fuels, while natural sources include coals, forest fires and post-depositional 

transformation of biogenic precursors (Zakir Hossain et al., 2013). Thus, PAHs 

are commonly detected in soil, air, and water (Abdel-Shafy & Mansour, 2015). 

PAHs are divided in three major sources: pyrogenic, petrogenic, and 

biological. The first one is formed whenever organic substances are exposed to 

high temperatures, from 350 °C to 1200 °C, under low oxygen or no oxygen 

conditions, e.g. the incomplete combustion of wood in forest fires. In addition, 

PAHs can also be formed at lower temperatures. It is worth mentioning that crude 

oils contain PAHs that formed over millions of years at temperatures as low as 

100–150 °C. Considering the last information, PAHs formed during crude oil 

maturation and similar processes are called petrogenic, e.g. oceanic and 

freshwater oil spills, underground and above ground storage tank leaks, and the 

accumulation of vast numbers of small releases of gasoline, and related 

substances associated with transportation. It is well-known that PAHs can be 

formed during the incomplete combustion of organic substances as well as in 

petroleum products. On the other hand, they can be synthesized by certain plants 

and bacteria or formed during the degradation of vegetative matter (Abdel-Shafy 

& Mansour, 2015; Pampanin & Sydnes, 2013; Stogiannidis & Laane, 2013). 

Retene, for example, can be produced in soils and sediments from the anaerobic 
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microbial degradation of dehydroabietic acids, defence metabolites abundant in 

resin, used as biomarkers for conifer plants and also produced by members of 

several genera of cyanobacteria (Costa et al., 2016; Stogiannidis & Laane, 2013). 

The isolation of PAHs directly from plant material have helped to keep alive the 

uncertainty of PAH biosynthesis in plants, which was assumed for a long time 

being formed only by pyrolysis of organic material (National Research Council 

(US) Committee on Pyrene and Selected Analogues, 1983). Other examples of 

natural sources of PAHs formation include: volcanoes, forest and brush fires, 

bacterial and algal synthesis, erosion of sedimentary rocks containing petroleum 

hydrocarbons, petroleum seeps, and decomposition of vegetative litre fall (Abdel-

Shafy & Mansour, 2015). 

Sediments are highly sensitive indicators of anthropogenic and natural 

origins, and changes in particle size, organic matter, and depositional 

environment are important for discovering the transport and bioavailability of 

PAHs in sediment and characterising their sources. The physical-chemical 

association of PAHs with the sediment matrix and the absence of oxygen (that 

fosters biodegradation) in deeper sediment layers may result in long-term PAH 

stability. Precipitation plays a critical role by removing the absorbed rather than 

the vapour phase PAHs, and in general, during cold conditions compared to warm 

ones, vapour phase PAHs are more efficiently removed from the atmosphere. 

Therefore, it should be an enrichment of low molecular weight PAHs during cold 

climates and higher latitudes because snow is about two orders of magnitude 

more effective at removing atmospheric particles than rain (Abdel-Shafy & 

Mansour, 2015; Stogiannidis & Laane, 2013; Vardar, Esen, & Tasdemir, 2008). 

Levoglucosan and PAHs can be found in gas and particle phases, with 

different particle/gas partitioning. Their atmospheric lifetimes range from 1 to 26 

days (Levoglucosan; Battistel et al., 2016), from 1 to 3 h (PAHs gas phase) and 

from 4 to 5 days (PAHs particulate phase; Lammel et al., 2009; Stier et al., 2005). 

According to Denis et al., 2012, although PAHs can successfully detect recent 

fire events within 0.5 km, they failed in detecting known fire events occurring in a 

range of 1 to 2 km away from the lake site. Although similar studies have not been 

performed for levoglucosan in sediments yet, the monosaccharide anhydride has 
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been detected in polar ice dating back 10 ky BP (Zennaro et al., 2014), 

suggesting that levoglucosan survives long-range transports.  

 

Fig.  8: The analysed polycyclic aromatic hydrocarbons (PAHs). 
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2 STUDY AREA 

2.1 LAKE PARU CO AND THE TIBETAN PLATEAU 

The Tibetan Plateau (TP) is located in Asia, which is known to be the Earth's 

largest and most populated continent. Its extension is approximately 1,000 km 

North to South and 2,500 km East to West (similar area in size to Greenland), 

with an average elevation exceeding 4,500 m owing to the India-Eurasia collision, 

altering large-scale climate systems including the Indian/Asian monsoon and 

westerlies, and has been suggested to have induced global cooling by erosion, 

chemical weathering, and declined atmospheric CO2 (Bird et al., 2014; Heyman, 

2014). In this place, the glaciers have always been the most important reservoirs 

of fresh water because they nourish some of the largest rivers in the world 

supplying water to more than 1.3 billion people, and they also contain a lot of 

information on the dynamics and responses of past glaciers to climate change 

(Dyurgerov & Meier, 2005; Xu et al., 2007). In the early 1980s, Matthias Kuhle 

defended his idea of an extensive glaciation with a wide ice sheet during the 

global last glacial maximum (LGM), ca 20 kya, rising the interest in the glacial 

history of the Tibetan Plateau (Heyman, 2014; Zheng & Rutter, 1998). After many 

repeated past glaciations, sedimentological, and geomorphological studies about 

the area and an intense debate subjected to harsh criticisms by other scientists, 

the Tibetan Plateau was marked by the glacial landforms and sediments 

restricted only to higher mountain areas indicating formation by alpine-style valley 

glaciers and icefields (Fig. 9) (Heyman, 2014; Lehmkuhl, Owen, & Derbyshire, 

1998; Zheng & Rutter, 1998). 

Paru Co (N29.796°, E92.352°; Fig. 10) is a small (0.1 km2) moraine 

dammed lake located at 4,845 m above sea level (a.s.l.) with a maximum water 

depth of 1.2 m and no permanent inflows or outflows. It is hosted on the 

southeastern Tibetan Plateau, in the Nyainqentanglha Mountains, whose 

vegetation is dominated by grasses with sparse amounts of shrubs (Bird et al., 

2014; Tang et al., 2000). Williams, 1983 showed that the plateau sites below 

5,200 m a.s.l. have been unglaciated during the Holocene. Environmental and 

vegetation changes in the Tibetan Plateau have been investigated with multiple 

techniques, such as pollen, charcoal, MAs, PAHs records, etc (Bird et al., 2014; 
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Heyman, 2014; Marlon et al., 2013; Tanget al., 2000; R. Yang et al., 2016; YI et 

al., 2008). 

 

 

Fig. 9: The Tibetan Plateau with present-day glaciers and two paleoglaciological 

reconstructions. The black box marks the Bayan Har Shan study region (Fig. 2). 

(a) Present-day glaciers from the GLIMS project (note that not all glaciers have 

been mapped in the western region). (b) A plateau-wide ice sheet proposed by 

Kuhle (2004). (c) The glacial reconstruction from Li et al. (1991) with restricted 

glaciation (white) and a regional ice sheet (blue) over the Bayan Har Shan area. 

Adapted from Heyman, 2014. 
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Fig.  10: Map of southern Asia showing the location of Paru Co. 

 

The Tibetan Plateau is affected by four climatic systems: the Westerlies, the 

East Indian and Asian Monsoon, and the Siberian High or Winter Monsoon (Fig. 

11) (Dong et al., 2010). 

Paleoclimate records show that the late Pleistocene (last glacial period) was 

brought to an end by an abrupt warming event at 15 kya (Severinghaus & Brook, 

1999), followed by fluctuations between warm and cold conditions toward the 

Holocene. Records in lakes and loess deposits worldwide have proved that the 

early-mid Holocene were wet and warm, and high temperatures speeded up 

evaporation causing a shift in many lakes from open freshwater systems to saline 

lakes (Liu et al., 2015; Liu, Zhang, & Wan, 2009; Zhu et al., 2009). The mid-late 

Holocene faced a decrease in solar insolation reintroducing the cooler and drier 

climate at the Tibetan Plateau. (Dong et al., 2010). 

Tang et al., 2000 suggest from the results of pollen records from 6 small 

lakes, that the evolution of South Asian Monsoon has considerably fluctuated 

throughout the Holocene. In 16 ky before present (BP), desert-steppe dominated 

the area owing to cold and dry climates, followed by an increase in temperature 

and precipitation which facilitated trees to live in the region after 12 ky BP. 

However, only between 9.2 to 6.3 ky BP, forest and forest-meadow increased in 
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number. After this period, the climate started to shift from warm-wet to cold-dry 

climate. After 5 ky BP, temperature and precipitation decreased linearly and 

steppe vegetation began to degenerate.  

 

 

 

Fig. 11: Paru Co’s location and major climatic systems on the Tibetan Plateau: 

the Westerlies, the East Asia Monsoon, the cold polar airflow from the Siberian 

high pressure, and the Indian Monsoon (Dong et al., 2010). 
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3 OBJECTIVES 

Fire plays a key role in the Earth system by affecting ecosystems and 

climate, such as atmospheric chemistry, plants and the global carbon cycle. 

Understanding the role of biomass burning in the Earth system and its 

interactions with human activity requires examining its drivers and outcomes over 

temporal and spatial scales. This goal can be achieved by combining the existing 

paleoclimatic records with new fire reconstructions obtained in this work.  

 In particular, this study aims to reconstruct the paleofires history from a 

sedimentary record collected at Lake Paru Co, in the southeastern part of the 

Tibetan Plateau. Fire history will be reconstructed by determining 

monosaccharide anhydrides and polycyclic aromatic hydrocarbons concentration 

and fluxes along ~4.3 meters core section that spanned the last 11,000 years. 

The analysis of this record was compared with other paleoproxy sequences in 

order to understand fire’s role in the climate of this area.    
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4 MATERIALS AND METHODS 

4.1 SEDIMENT CORE AND AGE DEPTH MODEL 

A 435 cm sediment core from Paru Co was collected in May 2011 using a 

modified piston corer proposed by Wright et al., 1984.The analysed core is 

between 55 and 435 cm deep, and was dated with the accelerator mass 

spectrometry (AMS) 14C using six samples of carbonized grass fragments and 

one sample of oogonia. This core was chosen because it reasonably covers the 

entire Holocene, ranging from 10.9 to 1.3 ky BP. The sedimentation rate (Fig. 12) 

is approximately 0.35 mm y-1 all core length, except or the last part, between 10.9 

to 10.7 ky BP, where it is ten times higher (3.3 mm y-1) (Bird et al., 2014). 

 

 

 

Fig.  12: Paru Co age model with AMS 14C ages. 
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4.2 ANALYTICAL METHOD 

4.2.1 Sample Preparation 

72 samples were selected from the core, at 5 cm intervals, with a time 

resolution of approximately one hundred years. Samples were lyophilised, milled, 

and weighted, ranging from 0.5 to 2 grams. Then, a single extraction method, 

using an Accelerated Solvent Extraction (ASE Dionex-ASE 350, Thermo Fisher 

Scientific) with dichloromethane:methanol (DCM:MeOH) mixture (9:1, v:v), was 

used to extract the polycyclic aromatic hydrocarbons and monosaccharide 

anhydrides. In each steel ASE cell (22 mL total volume) were added a cellulose 

filter, diatomaceous earth, the sample, 100 µL of levoglucosan 13C labelled 

internal standard at 1 ppm of concentration, 100 µL of a mixture of PAHs 13C 

labelled internal standard (Acenaphthylene, Phenanthrene and Benzo[a]pyrene) 

at 1 ppm concentration, Na2SO4 in order to remove residual water and active 

copper in order to remove sulphur, interferent with PAHs analysis because of his 

similar molecular mass. The extractions were performed with three cycles of 

static, at 100°C of temperature, 1000 psi of pressure, and a rinse volume of 60% 

for every cycle. The obtained eluates were evaporated in a 200 mL glassware up 

to 500 µL, under a stream of N2, using the Turbovap (Biotage, Uppsala, Sweden), 

in order to concentrate the samples before the clean-up. Solid-Phase Extraction 

(SPE) tubes containing silica gel (Supelco discovery SPE DSC-Si silica tube 12 

mL, 2 g) were used to purify the two fraction samples for the analyses in gas 

chromatography – mass spectrometry (GC-MS) and in ion chromatography – 

mass spectrometry (IC-MS). A spoon of aluminium sulphate was added in order 

to remove particulates that can obtrude the columns of the instruments. The 

conditioning of the cartridges was done by using dichloromethane:hexane 

(DCM:Hex) mixture (1:9, v:v), then 500 µL of sample was added inside the 

conditioned cartridge, followed by the washing up with 40 mL of the DCM:Hex 

1:9. After this process, the second fraction was collected by adding 22 mL of 

MeOH, in order to collect the MAs. Fraction 1 (PAHs) was evaporated under a 

stream of N2, up to 150 µL in the Turbovap, at 25 °C, then analysed in GC-MS, 

while fraction 2 (MAs) was dried up under a stream of N2 in the Turbovap, at 33 

°C, then dissolved in 500 µL of ultrapure water under 10’ in sonic bath and 
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centrifuged for 5 minutes at 14,000 rpm. The supernatant was transferred to the 

measurement vial and then analysed in IC-MS. A blank was extracted for every 

batch of 10 samples. 

Paru Co samples were randomly analysed in order to avoid any trend in the 

data that could be influenced by the extraction or measurement procedures. 

 

4.2.2 Gas chromatography-mass spectrometry 

The 17 priority PAHs have been separated by using an HP5-MS (5%-

phenyl)-methylpolysiloxane column (Agilent; 325 °C: 60 m x 250 µm x 0.25 µm) 

for gas chromatography (GC) instrument (Agilent Technologies 7890A), 

combined with a mass selective detector (Agilent Technologies 5975C inert 

MSD). The total time for every analysis is 84.5 minutes. After GC separation, 

PAHs were detected with a selective single quadrupole mass detector (Agilent 

Technologies 5975C inert MSD) used in selective ion monitoring (SIM), looking 

at specific m/z ratios as can be seen in Fig. 13. The conditions were a splitless 

injection volume of 2 µL (split valve open after 1.5 min), He as a carrier gas (1 

mL/min), 70 °C for 1.5 min, then 10 °C/min to 150 °C for 10 min, followed by 3 

°C/min to 300 °C for 15 min, and 305 °C for 30 min (post run). Inlet and interface 

temperature were at 300 °C. 

The MS instrument was equipped with an electronic impact (EI) source used 

in positive ionisation mode (70eV). The source temperature was 230 °C and the 

quadrupole temperature was 150 °C. Samples were quantified using response 

factors containing 17 studied PAHs plus labelled 13C Acenaphthylene, 13C 

Phenanthrene and 13C Benzo[a]pyrene (isotope dilution method). The advantage 

is the ability to correct potential analyte losses during extraction and handling. 

The obtained values for the limit of detection (LOD) and limit of quantification 

(LOQ) were calculated by the mean of the blanks plus three times the standard 

deviation, and mean of the blanks plus ten times the standard deviation (Table 

2), respectively, while the precision was around 15 % of the amount obtained for 

each PAH. 

PAHs were separated in GC, then analysed in MS by their m/z ratios, as 

can be seen in Fig. 13. The stable isotope labelled internal standards 13C 
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Acenaphthylene, 13C Phenanthrene and 13C Benzo[a]pyrene, with m/z 158, 184 

and 256, respectively, are present to quantify the other ions in each sample.  

 

Table 2: PAH ions, their m/z ratios, and their average retention time from a 

response factor. 

 

PAHs Abbrev m/z 
Retention 

time 
LOD LOQ 

Naphthalene Naph 128.1 11.55 15.96 27.18 

Acenaphthylene Acy 152.1 19.33 8.42 12.56 

Acenaphthene Ace 154.1 20.91 17.82 37.40 

13C Acenaphthylene 13C Acy 158.1 19.32 - - 

Fluorene Flu 166.1 25.38 8.66 17.41 

Phenanthrene Phe 178.1 33.73 21.42 27.91 

Anthracene Ant 178.1 34.13 19.25 19.25 

13C Phenanthrene 13C Phe 184.1 33.73 - - 

Fluoranthene Fl 202.1 43.80 11.09 14.45 

Pyrene Pyr 202.1 45.50 19.39 20.67 

Benzo[a]anthracene BaAnt 228.1 55.26 - - 

Chrysene Chr 228.1 55.56 - - 

Retene Ret 234.1 48.62 - - 

Benzo[b]fluoranthene BbFl 252.1 63.23 - - 

Benzo[k]fluoranthene BkFl 252.1 63.40 - - 

Benzo[a]pyrene BaPyr 252.1 65.327 15.83 28.13 

Benzo[e]pyrene BePyr 252.1 66.20 - - 

13C Benzo[a]pyrene 13C BaPyr 256.1 65.317 5.90 5.90 

Benzo[g,h,i]perylene BghiPer 276.1 72.47 - - 

Indeno[1,2,3-c,d]pyrene IPyr 276.1 74.13 - - 

Dibenz[a,h]anthracene DBahAnt 278.1 72.72 - - 
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Fig. 13: PAH chromatograms with their retention times and m/z from a DCM:Hex 

1:9 solution containing 100 ng µl-1 of; (A) Naphthalene; (B) Acenaphthylene; (C) 

Acenaphthene; (D) 13C Acenaphthylene; (E) Fluorene; (F) Phenanthrene and 

Anthracene; (G) 13C Phenanthrene; (H) Fluoranthene and Pyrene; (I) 

Benzo[a]anthracene and Chrysene; (J) Retene; (K) Benzo[b]fluoranthene, 

Benzo[k]fluoranthene and Benzo[a]pyrene; (L) 13C Benzo[a]pyrene; (M) 

Benzo[g,h,i]perylene and Indeno[1,2,3-c,d]pyrene; (N) Dibenzo[a,h]anthracene. 
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4.2.3 Ion chromatography-mass spectrometry 

Levoglucosan, mannosan and galactosan were separated by using an ion 

chromatography (IC) instrument (Dionex ICS 5000, Thermo Scientific, Waltham, 

US) combined with a CarboPac™ MA 1 and AminoTrap columns (Thermo 

Scientific; 2 mm x 250 mm). The retention time of these three isomers (m/z 161) 

is ~6.5 min, ~10 min and~16 min for levoglucosan, mannosan and galactosan, 

respectively, and ~6.5 min for the stable isotope labelled internal standard (m/z 

167), i.e. the 13C levoglucosan (Fig. 14 a-b). The three MAs were detected with a 

single quadrupole mass spectrometer (MSQ Plus™, Thermo Scientific) after IC 

separation. The injection volume was 50 µL and NaOH (flow of 250 µL /min) was 

produced as a carrier solvent by an eluent generator (Dionex ICS 5000 EG, 

Thermo Scientific). The gradient was: 20 mM (0–23 min), 100 mM (23–43 min; 

column cleaning), 20 mM (43–53 min; equilibration). NaOH was removed by a 

suppressor (ASRS 300, 2 mm, Thermo Scientific) before entering the MS source, 

in order to protect the instrument during the analysis. The flow was switched to 

waste after a total run time of 23 min. A 7 ‰ solution of MeOH/NH4OH was added 

in the post column (25 µL/min) to improve the ionization of the aqueous eluent. 

Atmospheric N2 was used to avoid external contamination and pressure 

oscillation. 

The MS instrument was equipped with an electrospray ionization (ESI) 

source used in negative ionization mode. The source temperature was set at 350 

°C, the needle voltage was -2.5 kV and the cone voltage -50 V. Samples were 

quantified using a calibration of response factors of natives L, M and G vs. the 

13C labelled internal standard levoglucosan, which is present to quantify the other 

ions in each sample. The obtained values for LOD is 4.5 ppb and for LOQ is 14.5 

ppb, while the standard error was around 20% of the amount obtained for each 

MAs. 

The running time for a single analysis is around 60 minutes due to the use 

of two columns. This is necessary to remove all residual sugars in order to avoid 

carryover effects, as MAs can be generated in the electrospray ionisation (ESI) 

source with a temperature higher than 300 ºC. Therefore, a long cleaning and 

reconditioning step is required after each sample injection. Fig. 14c shows a 
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typical chromatogram obtained in a real sample, where MAs were successfully 

separated. 

 

Fig.  14: Chromatogram (a) of the 13C levoglucosan (250 ppb - m/z 167); (b) of a 

standard mixture (250 ppb - m/z 161) of levoglucosan (L), mannosan (M) and 

galactosan (G); (c) of the sample PC 3 – 65 and their retention times. 
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5 RESULT AND DISCUSSION 

Fluxes of the monosaccharide anhydrides were calculated for each sample 

by multiplying sedimentation rate, wet density and concentration of the respective 

MAs, as illustrated in Fig. 15. 

 

 

Fig.  15: Flux equations for levoglucosan (L), mannosan (M) and galactosan (G) 

 

The fluxes of levoglucosan, mannosan and galactosan in Paru Co samples 

ranged from 1-2,500, 0.5-163 and 0.6-532 ng cm-2 y-1, respectively. An overview 

of the fluxes is shown in Fig. 15 and all data were blank corrected. 

Fig. 16 shows the obtained levoglucosan, mannosan and galactosan fluxes. 

In the inset, in Fig.16, the complete record ranging from 1.3 to 11 ky BP was also 

reported. These two graphs for each MA were used to facilitate the 

comprehension of their amounts throughout the Holocene. As it can be seen from 

Fig. 16, the early Holocene has the highest concentrations of levoglucosan, 

mannosan and galactosan between 11 and 10.7 ky BP. This high MAs signal is 

then followed by a sharp decrease up to 7.5 ky BP. As it is shown, a long-term 

decreasing trend for all MAs was observed.  
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Fig.  16: Results from Paru Co are in fluxes: (a) galactosan; (b) mannosan; (c) 

levoglucosan. 
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Fig. 17: Results from Paru Co in fluxes: (A) Naph, Acy and Ace; (B) Flu, Phe and 

Fl; (C) Pyr, Ret and BaFl; (D) BePyr and DBahAnt. 
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PAH fluxes were calculated in the same way as MAs fluxes (sedimentation 

rate x wet density x PAH concentration). and the results are shown in Fig. 17. 

Naphthalene, Fluorene, Fluoranthene, Phenanthrene and Benzo[e]pyrene have 

the highest concentrations throughout the Holocene, mainly between 10.9 and 

10.7 ky BP, similarly to MAs record. 

Paru Co represents a Holocene fire record ranging from 11 to 1.3 thousand 

years before present. According to Bird et al., 2014, Paru Co’s records, based on 

sedimentation rate and dry bulk density (ρdry), could be divided into two periods, 

one from 10.9 to 10.7 ky BP and one from 10.7 ky BP to the present (Fig. 18). 

Elevated sedimentation rate and ρdry likely reflect glacial sedimentation during the 

early Holocene from 10.9 to 10.7 ky BP. After 10.7 ky BP, significant reductions 

in the stabilisation of sedimentation rates and ρdry suggest that glacial activity 

ended in the small moraine dammed lake at this time and the catchment 

remained unglacierised until now. Sediment deposition only occurs during the 

Boreal Summer when the lake is unfrozen. Therefore, after 10.7 ky BP, 

sedimentological variability is linked to Summer climatic conditions and variations 

in Indian Summer Monsoon (ISM) rainfall. Due to that, variability in Paru Co’s 

sediment constituents are considered to reflect climatic, not glacial processes.   

%Lithic and % Biogenic Silica (%BSi) have a correlation coefficient (r) of -

0.97 and a coefficient of determination (r2) of 0.95. This likely reflect a dilution and 

productivity effect, depending on the abundance of clastic material entering the 

lake and its influence on diatom productivity and water column turbidity. The anti-

phased relationship between both of them shows that an increase in lithic flux 

was counterbalanced by a decrease in %BSi and vice versa (Fig. 18a,b). The % 

of total organic matter (%TOM) (Fig. 18c) showed a small variability with an 

increasing trend throughout the Holocene, indicating that Paru Co’s depositional 

environment is influenced by the contribution of clastic material into the lake. The 

contribution of summer (90%) over winter (10%) precipitation indicates that Indian 

Summer Monsoon (ISM) rainfall was boosted from 10.1 to 7.1 then decreased to 

a minimum between 7.1 and 3.4 ky BP. It increased during the late Holocene in 

3.4 and 1.9 ky BP, and decreased again after 0.3 ky BP(Bird et al., 2014). 
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According to Hong et al., 2003, there is a weakening of the ISM around 4.2 

ky BP that possibly caused severe drought conditions which has also been 

observed in the widespread area besides the Hongyuan site, including the 

western Tibetan Plateau, the Mesopotamian plain in western Asia and the 

western Africa and Mexico regions, which have been considered to harshly hinder 

the development of ancient civilization in these areas. Consistent with the δDwax 

record, Lake Qinghai, Seling Co and Bangong Co show increases in isotopic 

values after between 5 and 4 ky BP which is a coherent weakening of ISM rainfall 

information (Bird et al., 2014) that was also inferred by Hong et al., 2003. During 

boreal summer (austral winter), the sensible heating supply in land and ocean 

are different and leads to the seasonal formation of low atmospheric pressure 

over the Tibetan Plateau. Simultaneously, sea surface temperature (SST) of the 

southern subtropical Indian Ocean is relatively colder during the boreal summer, 

creating high atmospheric pressure over the southern subtropical Indian Ocean. 

When facing high temperatures and humidity, cross-equatorial transports of 

latent heat and the strong summer monsoon winds cross through the Arabian 

Sea and the Bay of Bengal, respectively, reaching the Tibetan Plateau. Records 

from Hongyuan Bog, Lake Naleng and Ximencuo support the idea of mainly 

having warmer and wetter ISM between ~11 and 5 ky BP, followed by a cooler 

and drier conditions. Paru Co results are also similar to many regional lake 

reconstructions, like DongiiConna, Zhari Nam Co and Ahung Co. The last one 

suggests maximum lake levels between 9 and 7.5 ky BP (high ISM precipitation), 

followed by a decreasing lake levels until ~4 ky BP when deposition in the lake 

basin ceased, indicating maximum clastic deposition during the early Holocene 

until 7.1 ky BP (Bird et al., 2014). %BSi is lower when ISM rainfall is high because 

it grows more biomass, which will be available to be burnt, as pointed out in Fig. 

18d, when high levoglucosan was detected in 8.6 ky BP. Mischke & Zhang, 2010, 

based on the Lake Ximencuo records, inferred that six relatively short-lived cold 

periods happened about 10.3–10.0, 7.9–7.4, 5.9–5.5, 4.2–2.8, 1.7–1.3 and 0.6–

0 ky BP. Most of these events are similarly recorded in the peat sections from the 

close lakes (Ximencuo and Hongyuan).  
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Fig.  18: Results from Paru Co showing (a) ∑MAs; (b) %TOM; (c) %BSi; (d) 

%lithics. Green box indicates that ISM rainfall increased from 10.1 to 7.1 ky BP. 

Pink box shows the decrease of ISM rainfall to a minimum between 7.1 and 3.4 

ky BP. Grey line represent the weakening of the ISM around 4.2 ky BP. Blue line 

illustrates the division between warmer and wetter ISM between ~11 to 5 ky BP, 

followed by a cooler and drier conditions. 



 

39 
 

The concentrations and distributions of PAHs in sedimentary basins depend 

on the rate of sedimentation, as well as their source and diagenesis, with variable 

sediment dilution effects among river/lacustrine and marine environments. The 

relative proportions of PAHs derived from land areas are generally independent 

of sedimentation rate (Zakir Hossain et al., 2013). Therefore, the relative 

composition of the PAHs could record information of terrigenous/land 

environment in the Paru Co succession.  

Fig. 19 illustrates the trends comparison between MAs, whose signal is 

mainly due to levoglucosan, and PAHs, which can come from a natural or 

anthropogenic sources.  

 

Fig.  19:Results from Paru Co showing the trends of (a) ∑PAHs and (b) ∑MAs at 

Paru Co. 
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Looking at Fig. 19, it is clear that throughout the Holocene, the sum of the 

obtained data for PAHs and MAs are not correlated at all (r = 0.16), and the same 

happened for their trends, obtained with a moving average (r = 0.30). However, 

paying attention only on their trends and dividing the Holocene into two parts, one 

from 11.0 to 8.7 ky BP (r = -0.82) and the other, after 8.7 ky BP (r = 0.69), their 

trends seem more correlated. Therefore, it is likely to presume that in the period 

11.7-8.7 ky BP, the contributions of PAHs were a result of wildfires while after 8.7 

PAHs input may have a difference source (i.e. biogenic or both biogenic and 

pyrogenic) In fact, according to Stogiannidis & Laane, 2013, biogenic PAHs are 

produced by plants, algae/phytoplankton and microorganisms, whereas 

diagenetic PAHs are produced during the slow transformation of organic 

materials in lake sediments. Diagenetic PAHs refer to biogenic precursors, like 

plant terpenes, leading to the formation of compounds such as derivatives of 

phenanthrene (Wiley & Sons, 2003). Other PAHs such as BbFl, Phe and Naph 

can be originated from vascular land plants or termite activity. BePyr (the second 

highest concentration at Paru Co) and BbFl are highly resistant to oxidation 

processes. BaPyr disappears in severe weathering conditions and low amounts 

of BaAnt and BaPyr could be also due to solubilisation or biodegradation in an 

oxic water column, or to prolonged exposure in an oxic bottom environmental 

condition. This can explain why they were not found in any sample. BghiPer (5-

ring) generally has its origins in combustion (Killops and Massoud, 1992; Leeming 

and Maher,1992; Jiang et al., 1998), and have been reported from high intensity 

paleovegetation fires (Finkelstein et al., 2005; Denis et al.,2012). When fuel 

sources are uniform, hotter fires commonly produce elevated concentrations of 

5- and 6-ring PAHs. In addition, highly pericondensed compounds, such as 

BePyr, are minimally susceptible to alteration and biodegradation (Zakir Hossain 

et al., 2013). 
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Table 3: sum of each PAH found in Paru Co. 

 

PAH ∑(ngcm-2y-1) 

Naph 218.82 

Acy 1.67 

Ace 6.53 

Flu 35.90 

Phe 223.87 

Fl 24.99 

Pyr 8.09 

Ret 17.80 

BbFl 4.59 

BePyr 331.80 

DBahAnt 10.27 

 

 

As can be seen in Table 3, the highest concentrations throughout the 

Holocene at Paru Co are BePyr, Phe and Naph.   

Levoglucosan, mannosan and galactosan are emitted in varying ratios 

because they depend on the burning conditions, vegetation type and temperature 

(Kirchgeorg, 2015). The ratios between levoglucosan/mannosan (L/M) and 

levoglucosan/(mannosan + galactosan) (L/(M+G)) may track changes in past 

burnt fuels, but the major problem to asses them is that the broad ranges of MA 

ratio values from different papers overlap, limiting the conclusions about the burnt 

biomass (Engling et al., 2006; Fabbri et al., 2009; Kirchgeorg et al., 2014; 

Kirchgeorg, 2015; Kourtchev et al., 2011; Kuo, Louchouarn, & Herbert, 2011; 

Schüpbach et al., 2015) (Table 4).  

According to Kuo et al., 2011, after 5 h of prolonged combustion at constant 

temperature (250 °C), mannosan and galactosan levels continuously decreased, 

compared to the results obtained after 0.5 h combustion, while levoglucosan 

presented no significant change. Higher combustion temperature (300 °C) and 
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longer combustion duration result in higher ratios, regardless of plant species. 

This happens because mannosan and galactosan derive from the combustion of 

hemicellulose, which have a higher thermal lability, i.e. they can be changed or 

destroyed at high temperatures, compared to that of levoglucosan, a cellulose 

combustion by-product, which may explain such overlapping data (Simoneit, 

2002; H. Yang et al., 2007). Therefore, under such circumstances, the power of 

the anhydrosugar ratios for source discrimination is seriously weakened and 

more complex parameters should be taken into consideration in order to better 

interpret these results. 

 

Table 4: Ratios of anhydrosaccharides in source test emissions from lignite and 

biomass burning. Adapted from Fabbri et al.(2009). 

 

Biomass type L/M L/(M+G) Data source 

Lignite Jsp11 31-92 31-92 Fabbri et al. (2009) 
    

Hardwoods 22 17.6 Nolte et al. (2001); Fine et al. (2002) 

13-24 - Fine et al. (2004) 

14.5-14.6 8.5-9.9 Schmidl et al. (2008) 

13.8-32.3 4.4-15 Engling et al. (2006), Kuo et al. (2001a) 
    

Softwoods 

(conifers) 

4 3.6 Nolte et al. (2001); Fine et al. (2002) 

3.9-6.7 - Fine et al. (2004) 

2.6-5.0 2.4-5.0 Engling et al. (2006) 

3.6-3.9 1.8-2.8 Schimidl et al. (2008) 
    

Grasses 2.0-108.4 1.7-54.2 Oros et al. (2006); Engling et al. (2006); 

Kuo et al. (2001a) 

 

As can be seen in Table 4, Oros et al., 2006 obtained levoglucosan to 

mannosan (L/M) and levoglucosan to sum of mannosan and galactosan 

(L/(M+G)) ratios between 2.0-33.3 and 1.7-9.5, respectively, while Engling et al., 
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2006 detected a L/M and L/(M+G) ratios of 108.4 and 54.2 for different types of 

grasses. For softwood, Engling et al., 2006 obtained L/M and L/(M+G) ratios 

between 2.6-5.0 and 2.4-5.0, while Schmidl et al., 2008 reported 3.6-3.9 and 1.8-

2.8, respectively. Kuo et al., 2011 detected, for 1 h, for cordgrass, L/M and 

L/(M+G) ratios of 24 and 3.7 (150 °C), 14.1 and 3.5 (200 °C), 36 and 12.7 (250 

°C) and 29 and 14.5 (300 °C), respectively. Softwood generally gives the lowest 

L/M and L/(M+G) ratios than the others, e.g. the coniferous wood combustion L/M 

ratios is between 3-6, whereas hardwoods have higher ratios, e.g. the deciduous 

wood species whose L/M ratios values are between 15 and 23 (Engling et al., 

2009). For the grasses, in all these studies, have the highest range and the 

highest ratios, except for the lignites because no galactosan was detected in the 

lignite smoke, compared to the other fuels (Kuo et al., 2011). 

Fig. 20 shows the Paru Co’s L/M and L/(M+G) ratios ranging from 0.6 to 100 

and 0.5 to 11.1, respectively, and their oscillation throughout the Holocene, with 

the highest L/M value of ~100 and a very low L/(M+G) value of 1.7 in 6.6 ky BP, 

which may indicate the degradation of M and G due to their lower thermal stability. 

According to these values, predictions about the burnt vegetation can be made. 

The data show that grasses (GS) dominated the area from the beginning to the 

end of Paru Co’s area and highlighted that softwoods (SW) began to live in the 

region after 10.74 ky BP. After it, GS, SW and hardwoods (HW) oscillated until 

8.6 ky BP, when the vegetation was dominated by HW until 7.69 ky BP. Then, 

vegetation fluctuated again having the predominance of GS. 

Since no standard literature data on the L/M and/or L/(M+G) ratios for any 

kind of fuels is available and nothing is known about the burning conditions and 

temperatures reached during the fires, it is quite difficult to precisely predict the 

vegetation type throughout the Holocene. In order to do that, the assumptions for 

the data obtained here were based on comparisons of the Holocene climate 

changes at Paru Co with other records from the Tibetan Plateau (Table 5 and 

Fig. 21). 
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Fig.  20: Moving average and data points of levoglucosan to mannosan (L/M) 

and levoglucosan to the sum of mannosan and galactosan (L/(M+G)) ratios in 

Paru Co. 
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Table 5: Analysed lakes in the Tibetan Plateau, their geographic positions, and 

altitudes. 

Lakes Geographic Coordinates 
Altitude 

(m a.s.l.) 

Balikun Lake 43°36′-43°45′N, 92°42′-92°54′E 1,575 

Bangong Co 33°40°N, 79°E 4,241 

Bosten Lake 41°56’-42°14’N, 86°40’-87°26’E 1,048 

Chen Co 28°53’-59’N, 90°33’-39’E 4,420 

Cuoe Lake 31°24’-31°32’N, 91°28’-91°33’E 4,532 

Erhai Lake 25.78°N, 100.19°E 1,972 

Hidden Lake 29°48.77'N, 92°32.37'E 4,980 

Hongyuan peat bog 32°46’N, 102°30’E 3,466 

Hurleg Lake 37.17°N, 96.54°E, 2,817 

Naleng Co 31.10°N, 99.75°E 4,200 

Nam Co 30°30’-56’N, 90°16’-91°03’E 4,718 

Paru Co 29.796°N, E 92.352° 4,845 

Qinghai Lake 36°32’-37°15’N, 99°36’-100°47’E 3,200 

Sayram Lake 44°30′-44°42′N, 81°05′-81°15′E 2,072 

Seling Co 31.80°N, 89.01°E 4,530 

Taro Co 31°03’-31°13’N, 83°55’-84°20’E 4,566 

Tuolekule Lake 43°18′-43°23′N, 94°09′-94°16′ E 1,890 

Wulungu Lake 46°59′-47°25′N, 87°00′-87°35′E 478.6 

Zabuye Lake 31.35°N, 84.07°E 4,421 

Zigetang Co 32.0°N, 90.9°E 4,560 
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Fig.  21: Map of the Tibetan Plateau showing the regional vegetation and the 

location of sites mentioned in section 7.1.3. Paru Co (PC), Balikun Lake (BKL), 

Bangong Co (BC), Bosten Lake (BL), Chen Co (CC), Cuoe Lake (CL), Erhai Lake 

(EL), Hidden Lake (HL), Hongyuan peat bog (HB), Hurleg Lake (HLL), Naleng Co 

(NC), Nam Co (NMC), Qinghai Lake (QL), Sayram Lake (SL), Seling Co (SC), 

Taro Co (TC), Tuolekule Lake (TL), Wulungu Lake (WL), Zabuye Lake (ZL) and 

Zigetang Co (ZC). Adapted from Lu et al., 2011. 

 

Pollen records obtained from Hidden Lake (HL, in Fig.20) have been divided 

into five pollen zones. Zone V (661-595 cm; 14-12.5 ky BP) was marked by high 

concentration of Gramineae (grass) and Artemisia (shrub) indicating the steppe 

vegetation. Between 12.5 and 9.2 ky BP (595-400 cm), meadow vegetation was 

present, mainly by Cyperaceae (grasslike herbaceous plants). From 9.2 to 3 ky 

BP (400-115 cm), trees such as Betula (trees and shrubs) and Pinus (conifer) 

began to live in the region, having their maximum between 7.2 and 5.3 ky BP, 
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followed by their decline from 5.3 to 3 ky BP (210-115 cm). Therefore, the fourth 

zone, from 12.5 to 7.3 ky BP was dominated by meadow and the third one, from 

7.3 to 5.3, by forest. Zone II (5.3-3ky BP) shows that Cyperaceae and Artemisia 

increased, while Betula and Pinus declined, thus the vegetation converted to 

meadow. In the last zone, after 3 ky BP, Artemisia and Gramineae increased, 

and because of that, the vegetation changed into steppe. The climate shifted from 

cold-dry to warm-humid during the early Holocene and remained it until ~5 ky BP, 

followed by cold and dry conditions (Tang et al., 2000). Fig. 22 shows the pollen 

data found in Hidden Lake and the MA ratios obtained from Paru Co. 

Pollen records from Chen Co Lake (CC in Fig. 21) have been divided into 

three zones. Zone III (1,250-1,040 cm; 10.7-9 ky BP) was marked by consistently 

and abundantly Artemisia pollens present throughout this zone with its 

percentage varying between 30% and 80%, while Gramineae pollen fluctuates 

between 5% and 20% with one peak (52.9%) at ca. 9.36 ky BP. Cyperaceae 

(grasslike herbaceous plants found especially in wet regions throughout the 

world) pollen declines sharply from 60% at the bottom to zero. This zone has high 

Pinus (max.31.6%) and Chenopodiaceae (mostly herbs and shrubs) (max.20%). 

The second zone (1,040-661 cm; 9.04-6.05 ky BP) has an abruptly increase in 

Cyperaceae pollen from 20% to 80%, whereas Pinus, Chenopodiaceae, 

Gramineae, and Artemisia pollen decreases significantly. Umbelliferae (herb) and 

Betula are more prevalent in this zone than in the others. Zone I (661-300 cm; 

6.05-3.2 ky BP) is marked by an unsteadily decrease to low percentages (10-

30%) in Cyperaceae pollen, while Artemisia pollen increases first, then by 

Myriophyllum (freshwater aquatic plants) which dramatically reached its highest 

levels (max. 53.3%) at ca. 5 ky BP. Rosaceae (herbs, shrubs, and trees) and 

Composite (herbs, shrubs, vines, and trees) pollen show a generally increasing 

trend. The climate between 10.7 and 9.04 ky BP was warm and dry, followed by 

a wet condition toward the mid-Holocene (9.04-6.05 ky BP) with a relatively humid 

phase around 8.6 ky BP, which explain why Cyperaceae pollen records 

dramatically fell from 60% to 0% in the third zone and then rose again, showing 

an upward trend in the second zone. After 7.2 ky, the climate became colder, 
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followed by a gradual decrease in pressure after 6.05, when the environment 

cooled rapidly (Lu et al., 2011; Zhu et al., 2009). 

 

Fig.  22: A comparison between the vegetation type found in Hidden Lake 

from pollen records and the MAs trends found in Paru Co. a) type vegetation; b) 

L/M ratio trends; c) L/(M+G) ratios trends;  
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Pollen records from Taro Co, Naleng Co, Zigetang Co, Qinghai Lake and 

Seling Co showed that these regional climates changed from cold-dry to warm-

humid, from 10.2 to 8.9 ky BP (Herzschuh et al., 2006; Kramer et al., 2010a,b; 

Ma et al., 2014). A decrease in the δ13C values of cellulose in Hongyuan peat 

indicates the same climatic conditions, during the same period, which is probably 

due to a strong Indian Monsoon effect, like it happened to the regions mentioned 

before (Hong et al., 2003). At the same time, an increasing total tree pollen 

percentages from Qinghai Lake records accentuates that the climate tended to 

be warmer and wetter. Paru Co’s results are in accordance with all this 

information, highlighting that the early Holocene climatic characteristics were 

mainly affected by the Indian Monsoon, which contributed with the inferred 

vegetation provided by the MA ratios (steppe to meadow and trees). 

From 8.9 to 7.4 ky BP, a warm and humid climate was also hypothesised 

for explaining the pollen record at Hidden Lake and Naleng Co and from the 

records of multiple proxies at Erhai Lake (Ji et al., 2005; Kramer et al., 2010a, 

2010b; Ma et al., 2014). However, in the westerlies domain, multiple proxies of 

the Wulungu Lake recorded a warm and dry climate between 10 and 7 ky BP as 

well as the Bosten Lake pollen record (Qingfeng et al., 2007; Wünnemann, 

Mischke, & Chen, 2006). A warm and dry environment registered a typical desert 

steppe/steppe vegetation at Saymram Lake from 9.6 to 5.5 ky BP (Qingfeng et 

al., 2013). Before 7.9 ky BP, Balikun Lake and Tuolekule Lake were characterized 

by the desert vegetation dominated by Chenopodiaceae and dry conditions (An 

et al., 2011a,b). 

The transition zones of monsoon and westerlies were climatic inconsistent 

in the early Holocene. The Bangong Lake pollen record revealed warm and humid 

conditions, while Zabuye Lake records indicated warm and dry climate from 10.6 

to 7.2 ky BP (Van Campo, Cour, & Sixuan, 1996; Wang et al., 2002). During 8.7–

7.3 ky BP, the Zigetang Co data indicate that vegetation was sparse and the 

climate was dry (Herzschuh et al., 2006) as well as Hurleg Lake, in the 

northeastern Tibetan Plateau, whose results indicate dry conditions during 9.5–

5.5 ky BP (Mischke & Zhang, 2010). From the beginning of the early Holocene, 

the temperature of the whole Tibetan Plateau revealed an increasing trend due 
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to a strong solar radiation in the northern hemisphere, which was similar to the 

climate records on the north Atlantic region (Berger & Loutre, 1991; Kaplan & 

Wolfe, 2006). On the contrary, this effect caused thermal differences between the 

land and sea and may have strengthened the monsoon with more precipitation in 

the transition zone of the monsoon and westerlies domain. Such information is 

strongly linked with the lithic data from Paru Co, because they suggest that ISM 

rainfall was enhanced between 10.1 and 7.1 ky BP. Inevitably, this caused the 

melting of ice and snow in the Tibetan Plateau, increasing the humidity in the 

monsoon domain during 8.9–7.4 ky BP (Chen et al., 2008). This may explain the 

highest levels of L, M and G from 11 to ~8 ky BP and also strongly support the 

values of L/M and L/(M+G) ratios found in the area, which show a fluctuation 

between grasses, softwoods and hardwoods until 8.6 ky BP, then a domination 

by HW until 7.7 ky BP (Fig.21a-b). 
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Fig.  23: Comparisons among Holocene changes at Paru Co and other lake 

sediment records. Result from fossil pollen data at Taro Co, sum of percentages 

of Chenopodiaceae, Cruciferae, Ephedra, Nitraria and Tamaricaceae from Nam 

Co record, and δDwax results for the C-27 and C-29 n-alkanes at Paru Co. %DI 

stands for dryness index. Adapted from Ma et al., 2014. 

 

Records from Taro Co, Nam Co, Zigetang Co, Cuoe Lake and Chen Co 

between 6.5-5.6, 7-6, 7.3-4.4, 8.6-5.7 and 9-6 ky BP, respectively, showed a 

warm and the wettest conditions throughout the Holocene. Records from Hidden 
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Lake also demonstrated that between 8-6 ky BP, Indian monsoon controlled the 

region and created wet conditions that withdrew the westerlies resulting in the 

disappearance of the ice sheet at high northern latitudes. These optimum climatic 

conditions are likely to be the best ones to plants grow, which may explain the 

peak in the ∑MAs in 6.6 ky BP by the presence of fires (Ji et al., 2005; Li et al., 

2011; Ma et al., 2014; Yanhong et al., 2006; Zhu et al., 2009). 

After the wettest period, the climate faced a gradual trend of increasing 

dryness. Records from many lakes in China showed a presence of an arid event 

at 4.3 ky BP. This occurrence did not take place only there, but also in other sites, 

such as the central North America, the Red Sea, the Mediterranean Sea, the 

Arabian Sea, India, and Africa (Arz, Lamy, & Pätzold, 2006; Booth et al., 2005; 

Enzel et al., 1999; Fleitmann, 2003; Gasse, 2000; Prasad & Enzel, 2006; Roberts 

et al., 2011). Solar variations, volcanic activity, the positioning of the equatorial 

convergence zone (ITCZ), and the changes in the surface sea temperature in the 

Pacific Ocean and the Atlantic Ocean are many of the hypothesis which may 

explain such event (Booth et al., 2005; Fleitmann et al., 2007; Gasse, 2000; 

Gupta, Das, & Anderson, 2005; Marchant & Hooghiemstra, 2004). Paru Co 

results are in agreement with records from the Mawmulh Cave, Ahung Co and 

Tianmen Cave records which suggest a coherent regional weakening in the ISM 

during the transition to the late Holocene (Morrill et al., 2003, Bird et al., 2014). 

Climatic changes in the North Atlantic region were also felt in the Tibetan Plateau 

by the westerlies, synchronised by the weakening of summer solar radiation in 

the northern hemisphere and the Indian Monsoon (Berger & Loutre, 1991; 

Fleitmann et al., 2007; Gupta et al., 2005; Overpeck et al., 1996). Nam Co and 

Taro Co, which are located in the same vegetation zone, recorded the influence 

by the westerlies during the late Holocene. From 5.6 to 0.9 ky BP, Paru Co’s 

δDwax increased suggesting a weakening in the ISM and a possible influence by 

the westerlies as well (Fig. 23) (Bird et al., 2014; Li et al., 2011; Ma et al., 2014). 

After 5 ky BP, temperature and precipitation decreased linearly and steppe 

vegetation began to degenerate(Tang et al., 2000). 

The global charcoal database (GCD) contains information about paleofire 

activities by analysing charcoal records from sites across the globe since the last 
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glaciation maximum. Many of these studies can be found in the platform of GCD, 

which provides the scientific community a global paleofire dataset for research 

and archiving sedimentary records of fire. There is also a tool in R created by 

them called “paleofire: Analysis of Charcoal Records from the Global Charcoal 

Database”, which facilitates even more the access to analyse charcoal 

sedimentary data stored in the GCD (Blarquez et al., 2014). Main functionalities 

included data extraction and sites selection, transformation, and interpolation of 

the charcoal records as well as compositing. Choosing the latitude between 20-

64° and longitude between 60-150°, data from 42 sites were collected as can be 

seen in Fig. 24. 

 

 

 

Fig.  24:World map with charcoal data from the paleofire R tool. Red dots 

represent the selected data between latitude 20-64° and longitude 60-150°. 
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Fig. 25: Charcoal data transformation, background estimation and 

homogenisation for unique to multiple series from 42 sites compared to the fluxes 

of levoglucosan found in Paru Co. 
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As can be seen in Fig. 25, the sum of these 42 sites can prove that fire 

between 12-9 ky BP was in almost all these places when climate shifted from 

cold-dry to warm-wet. According to Marlon et al., 2013, many regions during the 

early Holocene were characterised by high fire, owing to local conditions, e.g. 

decreasing ice-sheet size, vegetation changes, and rising sea-surface 

temperature and sea level (Power et al., 2008). Records near glaciated regions, 

for example Canada, Alaska, and northeastern Europe show this pattern, as 

records from monsoon Asia. Such patterns likely reflect the influence of physical 

features (e.g., mountain ranges), storm tracks, shifts in monsoon conditions 

affecting vegetation communities and fir and/or the atmospheric circulation 

patterns during the early Holocene (Marlon et al., 2013) 

Asia was marked by very low biomass burning ca 9-8 ky BP, while the 

opposite happened in Australasia at the same time. According to Bird et al., 2014, 

Paru Co was affected by the ISM, whose contributions were a warmer and wetter 

climate between ∼11 and 5 ka, followed by a cooler and drier conditions after this 

time. The marked increase in fire between 6 and 5 ky BP, identified in individual 

records of charcoal, has been attributed to an increase in ENSO activity (Marlon 

et al., 2013). This information might be consistent with the increase in 

monosaccharide anhydride concentration in Paru Co ~5.5 ky BP. 
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6 CONCLUSION 

Paru Co records provide an 11 ky BP wide perspective of the local and 

regional climate on the southeastern Tibetan Plateau. The seasonal variations of 

anhydrous sugars may be controlled by the East Asian and Indian Monsoon and 

the westerlies, which transport organic aerosols throughout the Tibetan Plateau. 

Overall, Indian Summer Monsoon rainfall was weaker between 11-10.7 ky BP, 

but rapidly strengthened until the mid-late Holocene. At the same time, warm-wet 

conditions at the early-mid Holocene were related to the Indian monsoon, and the 

cold-dry climate at mid-late Holocene was mainly caused by the westerlies. 

Thereby, the lake sedimentary record of Paru Co is important in order to further 

elaborate the impact by the Indian Monsoon or the Westerlies. 

The results also revealed the suitability of MAs as a specific molecular 

marker for biomass burning in lake sediments. When integrated with multiple 

proxy records, MAs analyses have the potential to reconstruct not only the fire 

history on different spatial scales but also the whole environment itself. MA ratio 

is a very good tool to estimate changes in burnt fuels. When coupled with other 

proxies, e.g. pollen records, the outcomes demonstrate an optimistic relationship 

between them. The analyses of specific molecular markers and the analyses of 

additional proxies, such as PAHs, may help to discriminate if fire is local or not, 

and which kind of fuel has been burnt. However, this specific combination of 

proxies should be further investigated in future studies, because PAHs have 

uncertain sources and their degradation depends on several factors including: 

environmental conditions, number and type of the microorganisms, nature and 

chemical structure of the chemical compounds being degraded, etc. 

Globally fire was low before the Holocene and increased in the beginning of 

the Holocene. This path coincides with the global increasing temperature through 

the glacial - interglacial transition. High fire activity matches with A) the 

widespread reorganisation of ecosystems that occurred in response to climate 

changes associated with deglaciation, and B) the dry conditions in Asia before 10 

ky BP. The observed high levels of fire are consistent with early Holocene dry 

climate as well as biomass burning reduction in the following period. This 
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happens due to insolation-induced intensification of the Indian and Asian 

monsoons, showing wettest conditions ca 10-6 ky BP. 

Even though several uncertainties still exist, the results of Paru Co 

demonstrate that the organic molecular markers (levoglucosan, mannosan and 

galactosan) have a high potential to provide fire information on different scales 

and changing fuel types. The inclusion of the MAs in a multi-proxy extraction 

method may improve the interpretation of drivers and sources of biomass 

burning. 
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