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Abstract 
Millions of people in Asia depend on the meltwater of the Himalayan glaciers and snow. They serve as 

water storage, are used to generate hydropower and act as water source for major rivers in Asia. Due 

to global warming, the Himalayan glaciers are melting. Besides global warming, light-absorbing 

particles (LAPs) cause an increase in glacier melt by decreasing the ice albedo. Concentrations of LAPs 

have increased since the industrial revolution due to an increase in biomass and fossil fuel burning, 

induced drought and land-use change. The Himalaya is sensitive of LAPs because of the high air 

pollution at the Indo-Gangetic plain. Much research is done on the influence of LAPs on glaciers, 

especially for dust and black carbon (BC). However, it is unknown if this air pollution from the Indo-

Gangetic plain reaches the high mountain areas of the Himalaya. Therefore, the main aim of this study 

is to understand if the source of LAPs in high Asia is local or whether the source is pollution from the 

Indo-Gangetic plain. The second aim of this study is to identify the deposition rate and composition of 

LAPs for the Langtang Valley in Nepal. To reach the aims of the study a ten-day field work was 

performed in the Langtang Valley. During the field work, aerosols were collected with two distinct 

measurement set-ups. The samples collected in the field were analysed with a microscope for the 

coarse LAPs and with a scanning electron microscope for the fine LAPs. Additionally, to detect possible 

LAP sources and estimate LAPs outside of the Langtang Valley, satellite images were analysed. Carbon 

monoxide and the ultra-violet aerosol index data were used to detect dust and black carbon in the 

atmosphere. Aerosol concentrations were determined to be highest during the pre-monsoon season 

and the lowest during the monsoon season. In number approximately 85% of the coarse LAPs consisted 

of transparent silicates. For the fine LAPs aluminosilicates had the highest abundancy. Some BC was 

measured but in very low concentrations. Therefore, it is suspected that most LAPs come from local 

sources and not from the Indo-Gangetic plain.   
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1. Introduction 
The Himalaya holds the largest amount of ice mass after the polar regions (Bolch et al., 2012; Li et al., 
2016; Thompson et al., 2000; Ye & Wu, 1998), which makes the Himalayan glaciers important for the 
local water cycle (Fujita, 2007). They act as a water source for major rivers in Asia (Cong et al., 2015; 
Qian et al., 2011; Qu et al., 2014), serve as water storage and are used to generate hydropower 
(Scherler et al., 2011). This makes the glaciers an important water source for hundreds of millions of 
people (Immerzeel et al., 2010; Lutz et al., 2014; Orr et al., 2017).  

The Himalayan glaciers are melting rapidly due to climate change (Xu et al., 2009). Because of 
the importance of the glaciers in the Himalaya, rapid melting can lead to several problems. First of all, 
the rapid melting causes shrinking of the glaciers, which will lead to increased river discharges on the 
short term and a reduced river discharge on the long term (Scherler et al., 2011; Huss & Hock, 2018). 
The higher discharges can cause natural hazards like soil erosion and floods in nearby areas (Lau et al., 
2010), being a result of the extra released water from the glaciers. The reduced river discharges on the 
long term can have serious consequences for people who depend on water from rivers fed by the 
Himalayan glaciers. Furthermore, shrinking of the glaciers will lead to an increase in the seasonality of 
runoff, irrigation and hydropower supply (Bolch et al., 2012).  

In addition to climate change, there are more causes for the melting of the glaciers in the 
Himalaya. One of these causes is the reduction of the albedo of the ice by light-absorbing particles 
(LAPs). Ice is one of the most (naturally) reflective surfaces on earth (Gul et al., 2017). Therefore, ice 
has a high albedo, which is defined as the ratio of the reflected flux density to the incident flux density 
for radiation. The cleaner the ice, the higher the albedo (Qu et al., 2014). When LAPs are deposited on  
glaciers, they can decrease the albedo of the ice significantly (Gul et al., 2017; Kaspari et al., 2014; Lüthi 
et al., 2015; Qian et al., 2015) because LAPs absorb solar radiation (Yasunari et al., 2010). Several 
glaciers in the Himalayan Langtang catchment in Nepal, are covered with these dark coloured LAPs 
(Kohshima & Yoshimura, 1993). The decrease of the albedo of the ice and the absorbance of solar 
radiation by the LAPs causes (increased) melting of the glaciers (Kaspari et al., 2014; Lu et al., 2012).  

The aerosols that act as LAPs on glaciers can consist of several absorbing materials like black carbon 
(BC), organic material, or mineral dust (Lau et al., 2010; Marcq et al., 2010; Marinoni et al., 2010;  
Ramanathan and Carmichael, 2008). In some studies, BC is considered as one of the most influencing 
LAPs because of the high mass absorption coefficient of BC. The absorption coefficient of BC is 
approximately 10 times higher as for mineral dust (Gabbi et al., 2015). However, the absorbance 
capacity of BC depends on several factors, including: fuel species, moisture content and burn rate 
(Venkataraman et al., 2005). Besides, the extent to which dust and BC absorb radiation highly depends 
on the particle size and the mixture state between BC, dust and other light-absorbing materials 
(Kaspari et al., 2014; Dong et al., 2018).  

Much research about LAPs in the Himalaya focuses on BC and mineral dust (Chen et al., 2018; 
Cong et al., 2015; Kaspari et al., 2014; Li et al., 2016). However, some studies focused on other LAP 
materials in the Langtang Valley (Kohshima & Yoshimura, 1993). The research of Kohshima & 
Yoshimura (1993) points at mud-like materials which consists of algae and bacteria, which act as LAPs 
on glaciers in the Langtang Valley. The difference between this study and studies that focused on BC 
and dust, is that their research was performed during the monsoon season. The reason for choosing 
that period is that the microbial production on glacial surfaces is largest during the monsoon. 
(Kohshima and Yoshimura, 1993). This in contrast to BC concentrations, which are smallest during the 
monsoon period (Chen et al., 2018). 

Despite the many studies done about LAPs in the Langtang Valley, there are still some 
important questions left. To understand the effect of LAPs on the glaciers in the Langtang catchment, 
it is important to know what the source and composition is of the LAPs in the area.  Therefore, the aim 
of this study is to understand if the source of the LAPs is local or whether the source is pollution in the 
Into-Gangetic plain. The second aim is to characterize and quantify the amount of the LAPs on the 
glaciers of the Himalayan Langtang catchment. It is suspected that most of the LAPs at high        
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altitude in the Himalaya consist of dust from a local source. To reach the aim of the study the following 
specific objectives are defined:  

- Characterize the composition of the LAPs 
- Quantify the LAP deposition rates and their seasonality in the Langtang Valley. 
- Determine if the source areas of the LAPs in the Langtang Valley are local or from further 

areas.  
 

2. Study area 
The study area is in the Upper Langtang catchment in the Himalaya in Nepal (Figure 1). The catchment 
has an area of 584 km2, is located 60 km north of Kathmandu and borders with the Tibetan 
Autonomous Region (Collier & Immerzeel, 2015). The climate has a summer monsoon season from 
June until September with heavy precipitation. In this period 75% of the annual snow accumulation 
occurs in locations with an elevation high enough to have temperatures below zero in  summer (Orr et 
al., 2017; Steinegger et al., 1993). During summer there are prevailing easterly winds while during the 
other seasons there are primarily westerly winds (Immerzeel et al., 2014). During the post-monsoon 
season, the period in which the field work took place, the influence of westerlies increases. This causes 
cooling and drying of the atmosphere (Collier & Immerzeel, 2015). The average temperatures in the 
catchment differ per location due to the elevation differences, which ranges from 1406 to 7180 m a.s.l. 
(meter above sea level) (Collier & Immerzeel, 2015). For Kyanjin (3980 m a.s.l.) the average yearly 
temperature is 4.0 °C. For the summer the average temperature lays around 9.4 °C and for the winter 
around 0.2 °C (Immerzeel et al., 2014). For the other measurement locations (Langshisha and Lirung) 
these temperature data are not available. Because of the cold winters and high precipitation during 
the summers, spring and autumn are the best months to perform field work in the study area. For this 
study, data were collected from three locations within the Langtang catchment: Kyanjin (N28.21082, 
E85.57110, elevation: 3890 m a.s.l.), Lirung (N28.23888, E85.56107, elevation: 4250 m a.s.l.) and 
Langshisha (N28.21365, E85.67154, elevation: 4104 m a.s.l.) (Figure 1).   
 

  

Figure 1: Map of the study area with the measurement locations (Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, 
CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community) 
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The measurement location Kyanjin was located near to the village Kyanjin, which is the highest 
village in the valley. The measurement site was located on an open field with small bushes and a sandy 
soil (Figure 2). On the field yaks were grazing frequently and the field was located next to hiking trails. 
A helicopter landing pad was located nearby the measurement site.  

Measurements at Lirung were taken at the top of a moraine of the Lirung Glacier (Figure 2). 
Lirung is a debris-covered glacier covered with dust, silts, sands, gravel, cobbles, and boulders 
(Adhikary et al., 2000). The moraine also consists of these materials and is, at some places, covered 
with small vegetation patches. The location lays in between the high mountains Langtang Lirung, 
7234m and Tsangbu Ri, 6781m.   

Langshisha was located next to Langshisha basecamp on a relatively open area parallel to the 
valley (Figure 2). Langshisha was located on an alluvial plain close to the river. The surface was covered 
with vegetation and there was a silty/sandy soil.  
 

   

Figure 2: Images of the three measurement sites. a: Kyanjin, b: Lirung, c: Langshisha (Figure 1) 

3. Literature review 

3.1 Impact of LAPs on glaciers 
When LAPs are deposited on a snow or ice surface they have a warming effect on the snow or ice which 

induces (increased) melting (Gul et al., 2017; Lau et al., 2010; Qu et al., 2014). This warming effect is 
caused by the high absorbance capacity of solar radiation in the visible wavelengths by LAPs, the part 
of the electromagnetic spectrum where ice is most reflective (Skiles et al., 2018). Ice is one of the 
brightest natural surfaces on earth, while LAPs are typically dark in colour (Skiles et al., 2018). Because 
of this high contrast in absorbance capacity between LAPs and snow, only small amounts of LAPs can 
already directly reduce the albedo in the visible spectrum (Warren and Wiscombe, 1980). For the Near-
Infrared (NIR) wavelengths this process is smaller since ice is already highly absorptive for the NIR 
wavelengths. Besides this process, there is a second feedback whereby LAPs cause ice to melt faster. 
This is the grain-size feedback, whereby the snow grain size increases due to snow aging caused by 
LAPs (Skiles et al., 2018). The snow grain size also influences the albedo of the snow in the  NIR 
wavelength (Figure 3) (Gabbi et al., 2015).  When the snow grain size increases, the scattering within 
the snowpack decreases and the absorbing path length within snow grains increases. This leads to a 
decrease in the albedo (Adolph et al., 2017). Skiles et al. (2018) modelled the decrease in snow albedo 
for different LAP concentrations (Figure 3). The graphs in Figure 3 show a decrease in albedo for an 
increase in LAP content for the visible spectrum. The higher the concentration of dust/BC the more the 
albedo decreases. Furthermore, a larger ice radius leads to a larger decrease in albedo due to the grain-
size feedback process (Figure 3) (Warren and Wiscombe, 1980; Skiles et al., 2018).   
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Figure 3: Influence of LAP content and snow grain size on the spectral snow albedo (Skiles et al., 2018) 

Dust and BC combined can cause potential annual melt of 713 kg/m2 ice per year for certain 
areas in the Himalayan Mountains (Ginot et al., 2014). Qian et al. (2011) simulated the deposition and 
concentration of BC and dust for the Tibetan Plateau to determine the influence of LAPs on the snow 
albedo and snow melt. They found that BC caused an albedo reduction of 0.04 and dust an albedo 
reduction of 0.02 for the south-western part of the Tibetan Plateau. This reduction in albedo led to an 
average increase in surface air temperature of about 1.0 °C for the Tibetan Plateau (Qian et al., 2011). 
This rise in surface temperature caused increased and earlier snowmelt during the melting season 
(Kaspari et al., 2014; Qian et al., 2011).   

Gabbi et al. (2015) assessed the presence of Saharan dust and BC on a glacier in the Alps from 
1914-2014 with the use of ice cores. Additionally, they examined the contribution of these LAPs on 
glacier melt. They measured an average albedo reduction of less than 0.01 by Saharan dust. This albedo 
reduction caused a mean decrease in mass balance of 28-58 mm w.e. (mm water equivalent). 
However, these values are an average over 100 years. The mass balance decreased substantially for 
some individual years with a high supply of Saharan dust.  For BC, Gabbi et al. (2015) measured a mean 
annual albedo reduction of 0.03. This reduction in albedo caused a decrease in mass balance of 183-
301 mm w.e. Together BC and Saharan dust caused an average increased annual ice loss of 15-19% for 
the period 1914-2014 (Gabbi et al., 2015). Painter et al. (2007) measured a decreased albedo in the 
visible spectrum from 0.92 for clean snow to 0.50 for snow covered with dust in the San Juan 
mountains, Colorado, US.  

Warren and Wiscombe (1980) studied the effect of particle size of dust and soot (BC is the 
absorbing component of soot (Kaspari et al., 2011)) on snow albedo.  Warren and Wiscombe (1980) 
detected that, for similar mass concentrations, smaller particles have a greater effect on albedo 
reduction than larger particles. Furthermore, soot has a larger effect on the albedo than dust. Dust 
concentrations of 20 ppmw (parts per million by weight) will decrease the albedo by the same amount 
as soot concentrations of only 0.3 ppmw (Warren and Wiscombe, 1980). This could partly be caused 
by the smaller grain size of soot compared to dust, or by the higher radiation absorbance capacity of 
soot. Although, in large concentrations dust can reduce the albedo to the same extent as soot. The 
study of Gabbi et al. (2015) showed comparable results for measurements in the Alps. Gabbi et al. 
(2015) measured a 5 times higher mineral dust concentration than BC concentration at the surface. 
However, since BC has a higher absorptivity coefficient than mineral dust, the effects of BC and mineral 
dust were established to be in the same order of magnitude for this area (Gabbi et al., 2015). The 
absorption by BC was higher than the absorption by mineral dust in general, but for some years, with 
high Saharan dust input, the mineral dust had a higher absorbance capacity than the BC (Gabbi et al., 
2015). Additionally, the difference in absorption between BC and mineral dust was higher at higher 
altitudes. The lower difference in absorption between BC and mineral dust at lower altitudes is 
probably due to the higher removal rate of BC by snowmelt (Gabbi et al., 2015). Apart from LAP type, 
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LAP particle size and snow grain size, other factors that affect the reduction of the albedo are: solar 
zenith angle, snow depth, impurity ice/mixing state and liquid water (Warren and Wiscombe, 1980; 
Kaspari et al., 2014).  However, this is beyond the scope of this research and focus will be primarily on 
LAPs.  

 

3.2 Distribution and seasonality of LAPs 
Previous research discovered that the lowest BC concentrations are during the monsoon season (June 
till October) and the highest BC concentrations are present during the pre-monsoon season (March till 
June) for the southern slope of the Himalaya (Chen et al., 2018). However, the values for the BC 
concentrations during the post-monsoon season (October till December) and the winter (December 
till March) are still lower than for the pre-monsoon season (Chen et al., 2018; Ginot et al., 2014). 
Measurements show a considerable variation in seasonal distribution for the BC concentrations in the 
Himalaya.  

The average daily atmospheric BC concentration measured by Chen et al. (2018) in the Mt. 
Everest region was 0.30±0.34 µg/m3. The highest daily BC concentration measured was during the pre-
monsoon with a value of 2.8 µg/m3, and the lowest daily BC concentration occurred during the 
monsoon with a value of 0.04 µg/m3 (Table 1). These measurements were taken at an elevation of 
4276 m a.s.l. Marinoni et al. (2010) measured BC concentrations in the Southern Himalaya at an 
elevation of 5079 m a.s.l. They measured an average annual concentration of 0.11 µg/m3. The highest 
concentrations measured were during the pre-monsoon with values of 0.32±0.47 µg/m-3 and the 
lowest concentrations during the monsoon with values of 0.06±0.08 µg/m-3 (Table 1).  Notable are the 
higher concentrations at lower altitude for the annual average and the pre-monsoon values while the 
concentrations during the monsoon are slightly higher at higher altitude (Table 1). Furthermore, these 
values are relatively low when compared to BC concentrations at Kathmandu. Putero et al. (2015) 
measured average annual BC concentrations of 11 µg/m3 at Kathmandu. The highest BC concentrations 
were during the pre-monsoon with concentrations often exceeding 20 µg/m3. The lowest 
concentration measured by Putero et al. (2015) was for the monsoon season with a value of 2.5 µg/m3. 
Besides the large difference in concentrations, all three studies showed an increase in BC concentration 
during the post-monsoon and the winter (Chen etl al., 2018; Marinoni et al., 2010; Putero et al., 2015).  

 
Table 1: BC concentrations for different elevations in the Himalaya and Kathmandu (Chen et al., 2018; Marinoni et al., 2010; 
Putero et al., 2015)   

BC concentrations 
(µg/m3) 

Himalaya, 4276 m a.s.l. 
(Chen et al., 2018) 

Himalaya, 5079 m a.s.l. 
(Marinoni et al., 2010) 

Kathmandu (Putero et 
al., 2015) 

Average annual 0.30±0.34 0.11 11 
Pre-monsoon  2.80 0.32±0.47 >20 
Monsoon  0.04 0.06±0.08 2.5 

 
The variation in BC is caused by several seasonal conditions, and can be explained by the 

following processes (Bonasoni et al., 2010). First of all, the difference in BC concentrations for the pre-
monsoon and the monsoon season could be a consequence of the larger number of agricultural and 
forest fires during the dry pre-monsoon period (Cong et al., 2015). During the dry months (November 
to May) atmospheric brown cloud (ABC) conditions are frequently observed on the southern side of 
the Himalaya (Lüthi et al., 2015), which could cause the higher concentrations of BC for the pre-
monsoon season (Bonasoni et al., 2010). ABCs are often a result of bio-mass and fossil fuel burning 
during the dry season (Bonasoni et al., 2010; Ramanathan et al., 2007). Most BC aerosol emission 
originates from the Indo-Gangetic plain and China (Li et al., 2016). Therefore, studies suggest that the 
main source for BC on the Himalayan glaciers is originating from the Indo-Gangetic plain and East Asia 
(He et al., 2014; Li et al., 2016; Zhang et al., 2015). However, the models used in these studies are 
uncertain for the source-area emissions and air transport for the Himalayan areas (Li et al., 2016). 
Furthermore, it is questionable if BC can reach the high altitudes of the Himalayan glaciers, which is 
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important since most glaciers at lower altitudes are debris-covered and will therefore not be 
influenced by LAPs. Another reason for the seasonality of BC concentrations could be the change in 
prevailing wind direction. The westerly winds in the pre-monsoon period distribute air from the Indo-
Gangetic plain towards the Himalayan area (Chen et al., 2018; Wang et al., 2015), while during the 
monsoon period southerly winds take air from the Arabic sea into the Himalayan area (Chen et al., 
2018). There is less pollution around the Arabic Sea than at the Indo-Gangetic plain, and therefore 
these southerly winds will import lower BC concentrations. Another reason for the lower aerosol rates 
at higher altitudes in the monsoon season could be the high wet removal rates of aerosols from the 
atmosphere by the monsoon rainfall before they reach the higher mountainous regions (Marinoni et 
al., 2010). Due to the monsoon rains, the aerosols can travel smaller distances (Marinoni et al., 2010). 
Because of this large seasonality of the concentrations of BC, it is suspected that most of the BC comes 
from sources further away from the study area (Chen et al., 2018). In contrast to BC, dust is distributed 
more evenly over the year (Ginot et al., 2014). This can be an indication that dust comes from more 
nearby areas. However, little literature is available about the origin of dust LAPs for the Himalayan 
area.  

 

3.3 Types of Light-absorbing particles 
LAPs can consist of several materials, as there are several materials that absorb light. Examples of light-
absorbing materials are: black carbon/soot, (mineral) dust, algae/bacteria, and organic material. Most 
of these materials are transported in the atmosphere as aerosols although algae/bacteria also can 
grow on a glacier. The LAPs can mix with each other. Fan et al. (2016) took aerosol measurements in 
Shangri-La, Tibetan Plateau. They found that 81% of the particles were mixed with two or more 
aerosols from different sources (Fan et al., 2016). Therefore, LAPs can consist of more 
elements/aerosol types. 
 
Table 2: Types of aerosol particles and their properties (Fan et al., 2016; Cong et al., 2008) 

Particle type Major elements Minor elements Morphology 

BC/soot C S Round particles, chain aggregates  
Dust Si Al, Na, Mg, K, Ca, or Fe Irregular 
Organic C Ca, Na, Mg, P, or K Variable morphology 

 
Black carbon (BC)/soot 
There does not exist one clear definition of BC. Buseck et al. (2012) defined BC as: ‘’Light-absorbing 
refractory carbonaceous matter of uncertain character and BC should be used with a definition to 
explain what is meant’’. While Kaspari et al. (2011) defined BC as: ‘’The absorbing component of soot’’. 
BC can consist of several materials like soot, organic carbon or other carbonaceous LAP types (Buseck 
et al., 2012). For this study BC is defined as light-absorbing carbonaceous rich particles, generated by 
combustion. This mainly comes down to soot particles. Soot is produced during incomplete 
combustion of fossil fuels or biomass burning (Brodowski et al., 2005; Skiles et al., 2018).  

BC has a high absorbance capacity. In snow, BC causes higher snowpack reduction than CO2 
increase in the air, even though the magnitude of surface air warming induced by the two are similar 
(Qian et al., 2011). BC has always been present on Earth, but concentrations have strongly increased 
since the mid-nineteenth century due to the industrial revolution, growing populations, and more 
intense forest fires (Skiles et al., 2018). The study of Kaspari et al. (2011) measured a threefold increase 
for BC concentrations between pre-industrial and industrial times for the Mt. Everest area. This 
increase indicates that BC from anthropogenic sources can be transported up to high elevation regions 
(Kaspari et al., 2011). However, the concentration of BC is significantly lower at higher altitudes than 
at lower altitudes. Their attachment to dust and particle size also decreases with higher elevations 
(Clarke et al., 2004).  

The main element of BC is carbon (C) and it often contains a minor amount of sulphur (S) (Table 
2) (Cong et al., 2008; Fan et al., 2016). Individual BC particles can vary in size from 1 to 500 µm 
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(Brodowski et al., 2005), and particles are spherical or near-spherical in shape. Soot particles often 
clump together into chains or compact aggregates (Clarke et al., 2004; Brodowksi et al., 2005). The 
high variety in particle size is due to many existing types of BC. The burning of different materials 
delivers different types of BC. For instance, the burning of coal will deliver another type of BC than the 
burning of oil (Brodowski et al., 2005). Not only the particle size for different types of BC is variable but 
also the carbon/oxygen ratio (C/O ratio) varies per BC type. Therefore, the C/O ratio of BC can give an 
indication for the type and source of BC. The C/O of BC varies from 0.11 to 0.27 (Brodowski et al., 
2005).   
 
Dust 
In this study dust is considered to consist of clay and/or silicate minerals. By mass, dust is the most 
common atmospheric aerosol and it originates from arid and semi-arid landscapes (Skiles et al., 2018). 
Dust concentrations depend on local soil moisture, surface wind speed, soil erodibility and vegetation 
(Qian et al., 2011). Due to climate change, induced drought and land-use change, the amount of 
atmospheric dust has doubled during the twentieth century (Skiles et al., 2018). This increase in dust 
emission is global in nature (Painter et al., 2007). Thompson et al. (2000) measured a fourfold increase 
in dust since 1860 on the Dasuopu Glacier in Tibet, nearby the Langtang Valley. They found a strong 
correlation between increased dust levels and temperature increase. Much mineral dust at the Tibetan 
plateau originates from arid regions in Southwest Asia (Thar desert and Arabian Peninsula), 
transported by prevailing westerly winds (Qian et al., 2015).  

Silica minerals are by itself relatively transparent and therefore have a limited effect on the 
albedo (Warren and Wiscombe, 1980). However, clay minerals often have inclusions of high absorbent 
materials such as irons oxide, carbon, or organic material (Warren and Wiscombe, 1980), which causes 
the minerals to act as LAPs when deposited on an ice surface. Therefore, the content of iron oxides, 
carbon and organic material highly influences the absorption of mineral dust in the visible spectrum 
(Gabbi et al., 2015; Warren and Wiscombe, 1980). The dependency of these absorptive constituents 
for dust to act as a LAP, causes a high variability in colour and absorption of sun-light for dust particles.  
 
Algae/bacteria 
Algae and bacteria can act as LAPs. When they cover the surface of a glacier, they create a dark 
coloured mud-like material (Kohshima & Yoshimura 1993). Algae and bacteria can be transported by 
wind or by animals to glaciers and can grow below the surface of snow packs (Skiles et al., 2018). The 
production of these algae and bacteria typically takes place during the monsoon season. Kohshima & 
Yoshimura (1993) estimated the effect of algae and bacteria during the monsoon of 1991 on the Yala 
Glacier, which is in the Langtang Valley. They found that 5% to 22% of the mud-like material on the 
glacier consisted of organic matter of which most were microbes. The albedo of the ice covered with 
this organic matter was only 20% to 50%. For comparison, the albedo of white snow was determined 
to be 70% to 90% (Kohshima & Yoshimura 1993). Furthermore, they found that many mineral grains 
were covered with microbes. These minerals had a transparent colour from themselves. Therefore, 
the microbes not only darkened the glacier by direct deposition/production, but they also darkened 
the glacier indirectly by darkening mineral grains.  
 
Organic material 
Organic materials are irregular in shape, and the main element is carbon (C). They can contain trace 
elements of oxygen (O), sulphur (S), potassium (K) and phosphor (P). Organic material can have a broad 
variety in shape and colour (Skiles et al., 2018). Therefore, their absorptivity is also highly variable. This 
makes it hard to determine their influence on ice albedo. In general, they are less absorptive than BC 
and dust.  
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3.4 Remote sensing of aerosols 
Atmospheric Brown Clouds (ABC) can be observed using remote sensing data (Figure 4). Several studies 
used remote sensing to observe ABCs and aerosols in the air. Because of the fast improvement of 
satellite observation, the best method to do this also evolves fast. It is possible to classify aerosols in 
the air with the use of remote sensing, so that light-absorbing aerosols can be distinguished from light-
reflective aerosols. To classify aerosols with remote sensing it is crucial to determine two  aerosol 
properties; the aerosol size and the UV absorption of the aerosol (Penning De Vries et al., 2015).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fine aerosols have a size between 0.1 µm and 1.0 µm and coarse aerosols are defined as larger 
than 1.0 µm (Kokhanovsky & De Leeuw, 2009). Fine aerosols are mainly produced during bio-mass 
burning while coarse aerosols are more likely to come from natural sources like sea salt and soil dust 
(Kokhanovsky & De Leeuw, 2009). To determine the size of aerosols the aerosol optical depth (AOD) 
can be used (Penning De Vries et al., 2015). The AOD is the measure of aerosols distributed within a 
column of air from the Earth’s surface to the top of the atmosphere. From the AOD the size distribution 
of aerosols can be estimated. This is done by calculating the Angstrom Exponent (AE) (Penning De Vries 
et al., 2015), which describes the dependency of the AOD on wavelength and gives information on the 
particle size; the larger the AE, the smaller the particle size (Schuster, 2005).  

The AE can be calculated as follows (Penning De Vries et al., 2015): 

 
 

𝐴𝐸 =  −
𝑙𝑜𝑔(𝜏660/𝜏470)

𝑙𝑜𝑔(
660

470
) 

    (1) 

    
 

Where AE is the angstrom exponent, τ is the daily mean AOD for a certain wavelength (660 and 
470 nm), 660 is a wavelength of 660 nm and 470 is a wavelength of 470 nm. Penning De Vries et al. 
(2015) used the 660 nm and 470 nm wavelengths because those were the only channels for which the 
AOD was determined for land, ocean and bright surfaces at that time (Penning De Vries et al., 2015). 
However, the AE can also be calculated over other wavelengths. For instance, AERONET uses the 
440/870 nm wavelength pair to calculate the AE. Which wavelength pair is best to calculate the AE 
depends on the information you want to get out of the data. Schuster (2005) mentions that the 
670/870 nm wavelength pair has a greater sensitivity for the fine mode fraction than smaller 
wavelength pairs, while smaller wavelength pairs, like 380/440, are more sensitive for the fine mode 

Figure 4: Atmospheric Brown Cloud at Northern India and Southern Nepal, 2008-12-11. The red dots are small fires 
(Source: NASA, https://earthobservatory.nasa.gov/images/36158/haze-over-india-and-the-bay-of-bengal) 

 

https://earthobservatory.nasa.gov/images/36158/haze-over-india-and-the-bay-of-bengal
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effective radius. The fine mode fraction is the proportion of fine mode aerosols to the total. The 
effective radius is defined as the average radius weighted with the geometrical cross-sectional area 
(Schuster, 2005). Therefore, it is better to use larger wave lengths when you want to find the 
proportion of fine particles while smaller wavelength pairs are better to use for information about the 
average radius of the aerosols.  
 
UVAI  
The second important property for the classification of aerosols is their UV absorbance, which can be 
determined with the UV aerosol index (UVAI). This index has existed for more than 30 years and has 
been calculated for several satellite instruments (Stein Zweers, 2018). The first satellite instrument for 
which the UVAI was calculated was the Total Ozone Mapping Spectrometer (TOMS). It detected the 
UV-absorbance by aerosols from the spectral contrast between the 340 and 380 nm channels (Herman 
et al., 1997). The calculation of the UVAI is based on wavelength dependent changes in Rayleigh 
scattering in the UV spectral wavelength (100-400 nm) (Stein Zweers, 2018). From the top of the 
atmosphere reflectance, a ratio between a given wavelength pair and the Rayleigh scattering-only 
atmosphere values is calculated. The resulting ratio gives the UVAI. The UVAI is dependent on the AOD, 
the aerosol single scattering albedo, the aerosol layer height and the underlying surface albedo (Stien 
Zweers, 2018).  
 
Carbon monoxide 
Besides classification of aerosols, remote sensing images can also be used to estimate the release and 
sources of BC. Carbon monoxide (CO) is released during combustion of fossil fuels, biomass burning 
and atmospheric oxidation of methane (Apituley et al., 2018). Since BC is also produced during 
combustion of fossil fuels and biomass burning, CO is a good proxy for the release and presence of BC. 
Lalitaporn et al. (2013) studied CO columns for Asia with the use of satellite images. They measured 
CO values ranging from 0.012 mol/m2 to 0.058 mol/m2.  They measured the highest values for East 
China and the Indo-Gangetic plain. The lowest values were measured for the Tibetan plateau.  
 

4 Methods 
Field work was performed to collect data in the Langtang Valley (Figure 1). The field work took place 
from 24-10-2018 till 02-11-2018. During the field work, two data collection methods were used. The 
first setup used dust collectors with filter bags to determine the deposition rate of dust at the 
measurement locations. The dust collectors were installed in the field in April 2018 to take 
measurements over a longer period. The second setup used glass slides with Vaseline to catch wind-
blown material to perform a qualitative estimation of the composition and concentration of LAPs.  
After the field work the collected data were measured and analysed in the lab. Prior to the field work 
several methods were tested in the lab to determine the best method for the analysis of the samples 
collected by the glass slides. By combining the information of the dust deposition, measured with the 
dust collectors, with the analysis of the collected LAPs on the glass slides, estimations of the total mass, 
types, and concentration of LAPs in the Langtang catchment were made. Wind data, from a weather 
station at Kyanjin, were used to obtain the main wind direction and wind speed during the field work 
period, which is an important indication for the direction of the source of the LAPs. Finally, remote 
sensing data were used to detect the source and distribution of LAPs in the Langtang catchment.  
 

4.1 Field work 

Dust collectors 
To measure the deposition rate of aerosols in the study area, dust collectors were used (Goossens & 
Offer, 1994; Riksen et al., 2016). The dust collectors consisted of a plastic funnel (with a diameter of 
0.22 m) with a filter bag attached underneath it (Figure 5). In total three funnels were installed, at 
Kyanjin, Lirung and Langshisha (Figure 1). A layer of marbles was put on top of each funnel (Figure 5). 
The marbles were used to prevent dust splashing out of the collectors during heavy rainfall (Goossens 
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et al., 2001). The filter bags under the plastic funnels were used to catch incoming (wet and dry) 
deposited material and to make a quantitative estimation of dust deposition. Before the filter bags 
were put in the field, they were weighed. After exchange, the filter bags were dried (Figure 6) and 
weighed again, to determine the weight of the deposited materials. The filter bags had a pore size of 
1 µm. The filters were renewed approximately every month, from April 2018 till October 2018. During 
the 10-day field work in October/November 2018 the filter bags were collected once for every dust 
collector. Not every filter bag was in the field for the exact same period. Therefore, the loads of the 
weighed materials per filter bag were divided by the days the filter bag had been in the field, to get 
the average deposition rate per day. To derive the average deposition rate per day per unit area, the 
values were divided by the area of the funnel (0.038 m2) of the dust collector. This method was carried 
out for several months to determine if there was seasonality for the deposition of dust. The highest 
deposition rates in the area were expected for the pre-monsoon period and the lowest values for the 
monsoon period (Chen et al., 2018).   
 

      
      
Figure 5: Dust collector installation. a: Filter bag inside dust collector, b: Dust collector placed in the field, c: Marbles in the 
funnel of the dust collector 

   

 
Figure 6: Drying of the filter bags 

Glass dust detectors 
A second dust collection instrument using glass slides (Cornelis et al., 1997) was installed to determine 
the composition and concentrations of wind-blown LAPs in the Langtang Valley. Glass slides (76 mm x 
26 mm) with a thin layer of Vaseline were used to catch wind-blown and local materials. Vaseline was 
used because of its water resistance and resistance to temperatures below zero. To apply a fixed 
amount of Vaseline to each glass slide a measuring spoon of 0.5 ml was used. The Vaseline was equally 
spread over each glass slide with a knife. The glass slides were attached to a measuring pole in the 
field. One glass slide was attached vertically and two were attached horizontally, one at the bottom 
side of the plate of the measuring station and one at the top side of the plate (Figure 7). Table 3 shows 
the heights and wind directions of the glass slides per measurement location. The slide on the top of 
the plate catches fall-out materials, whereas the slide at the bottom of the plate catches local materials 
coming from the area close to the measuring station. The vertical glass slide catches materials coming 
directly from lateral winds (Cornelis et al., 1997). Three glass slide measuring stations were installed 
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into the field. They were located at Langshisha, Lirung and Kyanjin (Figure 1). During the 
October/November field work, the glass slides at Kyanjin were renewed every day. The glass slides at 
Lirung were renewed at least ones every two days and at Langshisha the glass slides were renewed 
twice during the field work. The glass slides at Lirung and Langshisha were not renewed every day 
because of the more difficult accessibility of these locations. All glass slides were in the field for 
approximately 24-48 hours.  

 
Table 3: Measurement set up specifications of the glass slide measuring stations 

Location Height vertical slide Orientation vertical slide Height horizontal slides 

Kyanjin 36 cm West 74 cm 
Lirung 28 cm North 67 cm 

 

    
    
Figure 7: a: measurement station for the glass slides with Vaseline, b: Vertical slide, c: Horizontal bottom slide 

 

4.2 Lab work 
Qualitative analysis (coarse LAPs) 
Because of the large differences in size between the LAPs in the samples (from < 1 µm up to 1 mm), 
two analytical techniques were used to classify the LAPs. One technique was used to analyse the coarse 
LAPs (100 µm-1000 µm), the other method was used to analyse the fine LAPs (1 µm – 100 µm). For the 
classification of the coarse LAPs a microscope (Leica MDG28 10446350) with a magnification of 10 
times was used. The purpose of this method was to classify the coarse LAPs and to determine their 
concentrations in the samples. From each glass slide, 10 random pictures with an area of 3.8 mm² were 
made through the microscope with a camera. This camera had a 12-megapixel resolution and a focal 
length of f/1.7. The photos were used to classify LAPs based on colour and size. Classes that were 
identified are: transparent silica, silica with brown/black material, small black material, organic 
material, and large black material (Table 4). The LAPs on the pictures were categorized into these 
classes and counted, with the use of Image J software (Schneider et al., 2012), to determine the 
concentrations of the LAPs.  

After categorizing and counting the material, the areas of individual LAP particles were 
measured to establish the average size of the LAPs per class. For 10 random pictures the areas of all 
present material were measured with the Image J software. The average of the measured areas per 
class were used to determine the deposition of the LAPs on the glass slides in percentage.   
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Table 4: Coarse LAPs (100 µm – 1000 µm) at the glass slides and their properties 

Material Colour Shape 

Transparent silica Colourless  Irregular 
 

Silica with  
brown/black material 

Transparent with 
black/brown  
 

Irregular 

Small black material Black Round or irregular 
 

Organic material Brown or green Irregular or plant structure 
 

Large black material Black Round, irregular, or clustered material 

 
Extracting samples from the Vaseline 
To perform a qualitative analysis for the smaller particles (1 µm – 100 µm) a second, more advanced 
technique with a Scanning Electron Microscopy (SEM) was used. First the samples were extracted from 
the Vaseline. There was not yet a protocol available to extract dust samples from Vaseline. Therefore, 
a method for this has been developed. The methods tested to extract the samples from the Vaseline 
can be found in Appendix A. The best method was extracting the Vaseline from the samples with WD-
40. 
 

To extract the Vaseline from the samples with WD-40 the following protocol was followed:  
1. First, the glass slides with the samples were put into a bowl with WD-40 (Figure 8) so that the 

Vaseline was submerged. The samples were soaked in the WD-40 for 24 hours. Then the bowl 
was shaken a little until the entire sample, including the Vaseline, was removed from the glass 
slide.  

 

     
Figure 8: Dissolving of the Vaseline in WD-40 

 
2. The glass slide was removed from the bowl using a tweezer and the glass slide and tweezer 

were flushed above the bowl with demi-water to make sure that the entire sample was 
removed from the glass slide and included in the WD-40. 

3. The mixture of the sample, Vaseline and WD-40 was put into a 50 ml greiner (a plastic test 
tube) with the use of a funnel. The bowls and the funnel were flushed with demi-water.  

4. The 50 ml greiner was centrifuged at a speed of 2100 rpm (Figure 9). This caused the sample 
to sink to the bottom of the greiner. Then the fluid on top of the sample was drained. When 
there was Vaseline/WD-40 sticking to the greiner (above the sample) this was removed with a 
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paper towel. Demi-water was added to centrifuge again. This process was repeated three 
times. 

5. After centrifuging the samples in the 50 ml greiner three times the sample was put into a 
smaller glass test tube. 

6. This smaller test tube was centrifuged at a speed of 2200 rpm and drained. 
7. Then the samples were once again put in a smaller glass tube and centrifuged at a speed of 

2200 rpm. The water on top of the sample was carefully removed with a glass pipette.   
8. Finally, the samples were put into an oven with a temperature of 40 degrees Celsius for 24 

hours to evaporate the remaining water. After this, only the sample remained in the small glass 
tube.     

 

      
Figure 9: Centrifuging the samples with the 50 ml greiners 

This procedure was done for five different samples, which were analysed under the SEM. All 
samples used for the SEM analysis were vertically situated slides. These samples were selected based 
on location (the analysis was done for at least one sample of every location), number of materials on 
the slide (the samples had to contain enough material), and field notes. Samples with any disturbance 
in the field were excluded from the SEM analysis. The SEM analysis was only performed for a few 
samples since the analysis is time consuming and expensive. For the analysis three vertical slides of 
Kyanjin were used of which two from the field work in October 2018 (samples: g-k-v-9 and g-k-v-56) 
and one from the field work in April 2018 (sample: k-ver2). From both Lirung and Langshisha one 
vertical slide of the October 2018 field work (samples: g-lir-v-49 and las-v1) was used for the analysis.  
 
SEM and EDX microanalysis (coarse and fine material) 
High-vacuum scanning electronic microscopy (SEM) (JEOL JCOM-6000 Tabletop SEM) was used to 
determine the size, morphology, and chemical composition of single particles in five samples. A SEM 
produces images of samples by scanning the surface with a beam of electrons. The SEM combined with 
energy dispersive X-ray Spectroscopy (EDX) can collect information about the interaction of the 
electrons from the electron beam with the atoms in a sample. This results in the chemical spectrum of 
the material, which gives the elemental composition of the material (Stokes, 2008). These spectra 
show the number of counts on the y-axis and the energy of the X-rays (kEv) on the x-axis. The energy 
of the X-rays tells which elements are present and the number of counts indicates the concentration 
of those elements. The location of the peak on the x-axis determines the type of element and the 
height of the peak on the y-axis is a measure for the concentration for that element.  

The analysis with a SEM (Figure 10) was used to determine the presence of smaller particles 
(<100 µm), like BC, since those particles were too small to detect with the microscope used for the 
classification of the coarse LAPs. However, some larger particles (>100 µm) were also analysed with 
the SEM to determine their elemental composition and to support the classifications of the coarse 
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LAPs. To prepare the samples for SEM and EDX analysis, after they were extracted from the Vaseline, 
the samples were put on a Carbon sticker and coated with a Platinum coating of 6 nm (Figure 10). 
Pictures at a large scale (+-200 µm) were made for each sample, approximately 2 pictures per sample. 
Single particles on these pictures were selected for the SEM/EDX analysis. Then, pictures on a smaller 
scale (+-50 µm), approximately 2 pictures per sample, were made for each sample. Also, for these 
pictures single particles were selected for the SEM/EDX analysis. For each selected particle (large and 
small scale) the SEM/EDX produced a spectrum of the chemical composition. Individual particles were 
clearly visible on the pictures and as such provided information about the morphology and size of 
individual particles in the samples. The classification of the particles was based on shape, size and 
chemical composition obtained from the SEM (Table 5).  
 

   
     
Figure 10: a: Platinum coasting machine, b: Placement of a sample in the SEM 

Table 5: Types and properties of aerosol particles (Fan et al., 2016; Cong et al., 2008) 

Particle type Major elements Minor elements Morphology 

Soot/BC C S Round particles, chain aggregates  
Aluminosilicates AL and SI (>60%) Na, Mg, K, Ca or Fe Irregular 
Silicates Si AL, Na, Mg, K, Ca or Fe Irregular 
Organic C Ca, Na, Mg, P or K Variable morphology 
Metals Fe or Zn - Spherical or irregular 

 

4.3 Remote sensing 
Large scale remote sensing imagery (Nepal and the Indo-Gangetic plain) was evaluated to detect 
sources of LAPs that can be linked to aerosol presence in the Langtang Valley. The aim of this evaluation 
was to determine if aerosols emitted from areas further away, for instance the Indo-Gangetic plain, 
can reach the Langtang catchment and to see if these higher aerosol values can be identified in the 
field measurements. For this detection the UV aerosol index (UVAI) and carbon monoxide (CO) images, 
products from Sentinel-5 TROPOMI (Copernicus Sentinel-5P Data hub. 2018), were used. The Sentinel-
5 satellite delivers daily products with a resolution of 3.5 x 7 km. The swath width of the satellite is 
2600 km. Data from these products show the daily CO and UV-absorbing aerosol values in the air.  

From the UVAI the absorbing aerosol index (AI) was derived, which is the final interpretation 
of UVAI data (Stein Zweers, 2018). When the AI is positive, it indicates the presence of aerosols that 
absorb UV radiation, like BC and dust. A negative AI indicates aerosols which do not absorb UV 
radiation, like sea salt and sulphates (Torres et al., 1998). Clouds give a near-zero value for the AI. 
These properties make the AI a good measure to detect the presence, origin, and transport of LAPs. 
CO data were used because CO is released during fossil fuel and biomass burning (Copernicus Sentinel-
5P Data hub. 2018), which are the same processes for the emergence of BC. This makes CO a good 
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proxy to detect events whereby BC is released. By interpreting data from these products for the field 
work period the presence of events and the distribution of these events was determined. Additionally, 
it was determined if the aerosols from such events could reach the Langtang Valley.  

Data on the size of aerosols were obtained from the angstrom exponent (AE). The AE describes 
the dependency of the AOD on wavelength and gives information on the particle size; the larger the 
AE, the smaller the particle size (Aerosol Angstrom Exponent, NASA, 2006). Penning De Vries et al. 
(2015) defined large particles as AE<0.75, medium size particles as 0.75<AE<1.25 and small particles 
as AE>1.25. The AE was established from Aerosol Robotic Network (AERONET), which delivers the AE 
as a product calculated from the aerosol optical depth (AOD), which is also a product from AERONET. 
AERONET delivers ground-based remote sensing aerosol data (AERONET system description, 2017). 
The system provides continuous and readily accessible aerosol data. The AOD data from AERONET are 
derived from sun photometer measurements of the direct solar radiation (Aerosol optical depth 
EARONET. 2018). Kyanjin (figure 1) has an AERONET station (Figure 11) which delivers these AOD data 
at Kyanjin (AERONET AOD data Kyanjin_Gompa, 2018). The AE data from AERONET are calculated from 
the 440/870 wavelength pair. Additional, larger scale AOD data for the pre-monsoon and post-
monsoon form MODIS were used to compare the AOD measurements at Kyanjin with AOD values at 
possible source areas.   

 

 
Figure 11: AERONET station at Kyanjin 

5 Results 

5.1 Wind data 
Wind measurements for the field work period were obtained from a weather station at Kyanjin. The 
wind data show a diurnal pattern which is stable during the entire field work. The wind speed peaked 
every day during the early afternoon (12:00-17:00) (Figure 12). Wind speeds reached 7-8 m/s during 
this time of the day. The lowest wind speeds were observed during the night and early morning. For 
this time of the day the wind speed varied between 0 and 2 m/s.  There were up-valley winds during 
the day and down-valley winds during the night. This is a typical wind pattern for high mountain areas 
caused by thermal winds. The main wind direction during this part of the day was approximately 75 
degrees (Figure 12), which is an east-north-eastern wind. The main wind direction during the day time, 
when the wind speed was the highest, varied a little but was on average 250 degrees, which is a south-
western wind. Therefore, most material on the samples is expected to come from a south-western 
direction.  
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Figure 12: Wind direction and speed at Kyanjin during the field work period 

5.2 Field data  
LAP composition and concentrations 
Coarse LAPs (100 µm - 1000 µm) 
Figure 13 shows an example of a picture made of a glass slide sample under the microscope. This 
example is very dense covered and it contains an example of each LAP class. The complete dataset of 
the classification, derived from the pictures made under the microscope, can be found in appendix D. 
This appendix includes the estimated amounts for each class per picture. Every picture covered a 
circular area of 3.8 mm2. Appendix C contains the field data of the glass slides, including the period a 
glass slide was in the field and special notes.  
 

 

Figure 13: Example of one picture made of a glass slide sample (g-k-v-92-2) under the microscope  
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The coarse LAPs were classified into 5 classes: transparent silica (1), silica with brown/black 
material (2), organic material (3), small black material (4), and large black material (5).  Black materials 
smaller than 1.0E-3 mm2 were classified as small black material and black materials larger than 1.0E-3 
mm2 were classified as large black material. Besides these classes, 17 samples contained (yak) hairs 
and 6 samples contained small blue materials. However, because of low concentrations in the samples 
for these materials and their unknown influence on the albedo of snow and ice they will not be further 
discussed. The small and large black materials are potential BC.  

The composition of LAPs at Lirung and Langshisha was almost the same (Figure 14).  88% of 
the classified material here consisted of transparent silicas, 6% of the LAPs consisted of organic 
material, 3 to 5% was small black material and the rest consisted of silica with brown/black material 
and large black material. Kyanjin had lower percentages of transparent silica (77%) and more organic 
material (11%) and silicas with brown/black material (7%).  The contribution of small and large black 
materials was the same for all three locations.  

The largest area on the glass slides was covered by transparent silicate, followed by organic 

material, silica with brown/black material, small black material and, large black material (Figure 15). 

This sequence of coverage by LAP class is the same for all three measurement locations. For all three 

locations the vertical slides caught the highest concentration of LAPs, followed by the horizontal top 

slides and the horizontal bottom slides. Kyanjin and Langshisha show a pattern where the vertical slides 

caught 3 to 8 times higher concentrations of LAPs than the horizontal top slides, this pattern applies 

for every class (Figure 15). Furthermore, the horizontal top slides caught slightly higher concentrations 

of LAPs than the horizontal bottom slides (+- 0.1 to 0.3 %). At Lirung the vertical slide only caught 

slightly more LAPs than the horizontal top slides (+-1.2 %). Although Kyanjin and Langshisha show the 

same pattern for the vertical and horizontal slides (Figure 15), Kyanjin has higher concentrations of 

LAPs than Langshisha. For the horizontal slides, Kyanjin and Lirung show the same values in 

concentrations of LAPs. The horizontal top and bottom slides at Langshisha contain less LAPs than the 

horizontal top and bottom slides at Kyanjin and Lirung.  
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Figure 14: Distribution of materials on the vertical slides per location in percentage, 
based on the number of LAPs. 
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Figure 15: Average percentage of area covered by different (coarse) materials per day on 
the samples for an area of 38 mm2. The x-axis contains the classified LAPs. The y-axis shows 
the percentages of average area covered by each LAP class per 38 mm2. 
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Fine materials (1 µm - 100 µm) SEM 
Table 6 shows the classification of the particles analysed with the SEM. In total 73 particles were 
randomly selected from 5 different glass plates at the three sites and analysed. Because of the low 
number of particles analysed, it is not possible to determine the concentrations of the classified 
material in the samples. However, particles classified as aluminosilicates, organic material, silica, and 
metals were detected several times in the samples while calcium and BC were only detected once or 
twice. Therefore, it can be assumed that calcium and BC had a much lower concentration in the 
samples than the other classes.    

 
Table 6: Classification of selected particles under the SEM 

                                                                              Glass slide Samples 

 
(Fine) materials 

g-k-v-9 
(Kyanjin) 

g-k-v-56 
(Kyanjin) 

k-ver2 
(Kyanjin) 

g-lir-v-49 
(Lirung) 

Las-v1 
(Langshisha) 

Total 

Aluminosilicates 2 6 8 9 2 27 
Organic 4 1 2 5 9 21 
Silica 3 1 4 5 1 14 
Metals 1 0 3 2 2 8 
Calcium 0 0 1 0 0 1 
Black Carbon 0 1 0 0 1 2 
Total 10 9 18 21 15 73 

 
Below, an example for each classified material is given. The complete data set of all particles 

classified with the SEM analysis are added in Appendix E. The analysed particles in the pictures can be 
recognized by the numbers on the pictures, these numbers correlate with the numbers in the upper 
left corner of the chemical spectra. The chemical spectra show the identified elements for the selected 
particle. Some samples contain platinum according to the measurements. Although platinum could be 
present in some particles, these measurements are neglected since the samples were coated with a 
platinum coating.  
 
Aluminosilicates 
Figure 16 shows an aluminosilicate (Al2SiO5) with the corresponding chemical spectrum. 
Aluminosilicates mainly consist of aluminium (Al) and silica (Si) (Al + Si > 60%) (Cong et al., 2008).  
Besides these main elements, aluminosilicates can contain trace elements natrium (Na), magnesium 
(Mg), potassium (K), calcium (Ca) or iron (Fe) (Cong et al. 2008). These trace elements can attach to 
the negative area of the clay particles because of their positive charge. The classified aluminosilicates 
varied in size from 5 to > 200 µm (Appendix E). The morphology of aluminosilicates looks like the 
silicates; therefore, the chemical spectra are essential to distinguish the aluminosilicates from the 
silicates.  
 

       
Figure 16: Alumosilicate at Kyanjin (k-ver2) 
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Silica 
Figure 17 shows an example of a silica particle. The classified silicates were irregular in shape, varied 

in size from 2 µm to 100 µm and mainly consisted of silica elements. The silicates look very similar to 

the aluminosilicates on the pictures, however, the chemical spectra do not contain the positive charged 

ions (natrium (Na), iron (Fe) etc.) which are typical for aluminosilicates. Silica was very common in the 

samples (Appendix E). This corresponds with the high concentrations of transparent silicas measured 

under the microscope for the coarse materials.  

 

 
Figure 17: Silica particle at Kyanjin (k-ver2) 

Organic material 
The organic material was mainly classified based on high contents of carbon (C) (Figure 18). The organic 
material in the samples widely varied in shape and size (2 µm to 250 µm). Some of them had a small 
elongated shape while other organic materials were irregular in shape. This is caused by the variety in 
sources for the organic material. The material can originate from animals (yaks) or plants (grass).   
 

 
         

 
 

 
 

Metals 
Metals were classified based on high contents of iron (Fe), tin (Ti) or zirconium (Zr). Iron was the most 

abundant metals in the study area. Most metals contained Iron (appendix E). Two metal particles 

contained tin and one particle contained zirconium. Tin and zirconium were only present in metal 

particles collected at Lirung. The metals collected at Kyanjin and Langshisha only contained iron.  

Figure 19 shows the image and the chemical spectrum of an (iron) metal particle collected at Lirung. 

Most metal particles were irregular in shape with angular features ( 

Figure 19). The size of metal particles in the samples varied from 5 µm to 50 µm.  

 

Figure 18: Organic material at Langshisha (las-v2) 
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Figure 19: Metal particle at Lirung (g-lir-v-49) 

Ca-rich particles 
One outstanding particle from a sample at Kyanjin, was a Ca-rich particle. This particle is shown in 
Figure 20. Even though, only one Ca-rich particle was discovered, it is still worth mentioning since Ca-
rich particles were also measured during other studies in the high Himalaya (Cong et al., 2008). The 
shape was elongated and small. Besides calcium, the particle consisted of small amounts of carbon, 
aluminium, silica, and iron. Despite the presence of these elements in the particle, the particle is still 
classified as a Ca-rich particle, because of the high calcium concentration. This high concentration of 
calcium was not measured in any of the other SEM analysed particles.   
 

 

Figure 20: Ca-rich particle at Kyanjin (k-ver2) 

Black Carbon (BC) 
Two particles of the SEM analysis were classified as BC. One in a sample at Kyanjin and one at 
Langshisha. These particles were classified as BC because of their round shape, small size (20 µm – 25 
µm) and their chemical composition of mainly carbon and a minor fraction of sulphur (Figure 21).  
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Figure 21: BC particle at Langshisha (las-v13) 

Dust deposition 
Figure 22 and Figure 23 show the dust deposition rates measured with the dust collectors at Kyanjin 
and Lirung. At Langshisha only two measurements were taken. Therefore, these data were not used 
for this study. The collected data at Langshisha are included in appendix B3. Appendix B1-3 contains 
information about the weight of the caught dust per measurement, the period a measurement took 
place, the average amount of dust collected per day per measurement and special notes for each 
measurement. The graphs in Figure 22 and Figure 23 show the average dust deposition and its 
seasonality at Kyanjin and Lirung.   
 

 
Figure 22: Average dust deposition at Kyanjin over time. Each colour represents a dust measurement, the average time it 
was in the field and the average deposited dust per day. The y-axis shows the average dust deposition rate per day for a 
measurement period and the x-axis shows the period of a measurement.  

The measurements at Kyanjin (Figure 22) show high deposition rates for April and November 
and low dust deposition rates from May till October, with the lowest value for June. This is in 
accordance with the expected high dust deposition rates for the pre-monsoon and post-monsoon 
seasons and low dust deposition rates for the monsoon season.  Only measurement G001-LT13 
(monsoon/post-monsoon) was collected over a long period (July till October) during the monsoon and 
post-monsoon period. Therefore, this measurement is harder to interpret. Furthermore, it seems 
measurement G001-LT16 is too low for a pre-monsoon dust deposition rate. However, this 
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measurement was taken over a longer period and at the end of the pre-monsoon/start of the monsoon 
period which could have caused this lower value.  

 
Figure 23: Average dust deposition rate at Lirung over time. Each colour represents a dust measurement, the average time it 
was in the field and the average deposited dust per day. The y-axis shows the average dust deposition rate per day for a 
measurement period and the x-axis shows the period of a measurement.  

The highest dust deposition rates at Lirung (Figure 23) were much lower than the highest dust 
deposition rates at Kyanjin. The highest average dust deposition rate for one day at Kyanjin was almost 
three times higher than for Lirung, while the lowest deposition rates (<0.5 g/m2/day) were 
approximately the same for both areas. Therefore, the variability in deposition rates at Lirung was 
smaller than for Kyanjin. Additionally, the dust deposition at Lirung did not show the typical seasonality 
of high deposition during the pre- and post-monsoon seasons and low deposition during the monsoon 
season, as was expected. The highest daily dust deposition rates were even during the monsoon season 
(measurement G001-LT9).   

5.3 Remote sensing data 
Dust source and distribution       
Figure 24 shows high CO values at most days for North-North-West India, North-East Pakistan and 
Bangladesh. For these areas the CO concentration was often above 0.065 mol/m2. This are locations 
with high population densities where high pollution values  can be expected. Furthermore, when the 
topography of the Himalaya (Figure 25) and the CO (Figure 24) are compared, there is a clear 
correspondence between the Himalaya mountain ridge and the CO concentrations. It is striking that 
the CO concentrations peak at the Indo-Gangetic plains and in front of the Himalaya. Most days the CO 
reaches Nepal but does not penetrate into the mountains. The data show that the study area has low 
CO values of around 0.020 mol/m2. The pattern of CO concentrations is simular for all days during the 
field work period.   
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Figure 25: Topography of the area analysed with satellite images of CO and AI 

 
Figure 26 shows large scale aerosol index data for the field work period. Positive values for the 

UVAI are an indication for aerosols that absorb light, zero values are an indication for clouds and 
negative values are an indication for light-reflecting aerosols (Stein Zweers. 2018). The images show 
the presence of LAPs north from the study area on the Tibeatan plateau for every day. In the Langtang 
Valley the UVAI is predominatly negative. The supply of LAPs from the Indo-Gangetic plain, as expected 
according to literature and from the CO data, is not visisble in the images. The correspondance 
between the CO values and the UVAI is low. The UVAI shows high values at the location of the Thar 
dessert in Norht-West India/Pakistan. Therefore, it is assumed that the UVAI mostly responds to dust. 
Another cause for the low correspondance between the CO and UVAI could be higher values for light-

Figure 24: CO columns for 24 October 2018 till 02 November 2018. Images are every day from 01:30 PM. The purple dots show 
the location of the Langtang Valley (Source: Copernical Sentinel-5P Data hub (2018)) 
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reflecting aerosols than for light-absorbing aerosols at the Indo-Gangetic plain, since the CO data do 
not include light-reflective aerosols.  

A notable feature in the images, is the high value for the UVAI, North-West of the study area. 
At this location high values for the UVAI are present on the 24th , 25th , 29th , 30th , and 31st of  October 
and on the 1st and 2nd of November. At this location a salt lake is present which could have caused this 
unusual high value.  For most days the UVAI has negative values for the study area. Only at the second 
of November there are positive values present at the study area. The area close to the study area also 
has higher values for this day compared to the other days of the field work.  
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The Angstrom exponent varies from 0.2 to 1.5 for the field work period (Figure 27). However, 

for most days, the Angstrom exponent lies between 0.8 and 1.2.  This indicates that the measured 
aerosols at Kyanjin these days were of medium size (Literature review 3.3). Medium LAPs can consist 
of both smoke and dust. From the 28th till the 30th of October lower AE values were measured. This 
indicates that larger aerosol particles (dust) were present for these days.  

The AOD data at Kyanjin show low values for the entire field work period (Figure 27). The 
highest values were around 0.16, which are still relatively low values. This indicates that low aerosol 
concentrations were present during the field work period. To compare the values of the field work 
(post-monsoon season) with the pre-monsoon and monsoon seasons, the AODs from April and June 
2018 are also included. The data show, as expected, higher AOD values for the pre-monsoon season. 
The AOD at Kyanjin for April has a few peaks of 0.3, which are high values for the AOD. The measured 
AOD for June is approximately the same as for the post-monsoon, while lower values were expected 
for the monsoon season. However, for the monsoon period only a few data points are present. Clouds 
and heavy monsoon rains possibly disturbed the data. Nonetheless, another explanation could be that 
the post-monsoon of the field work had relatively low values for a post-monsoon season. This last 
statement is supported by AOD data from MODIS (Figure 30 and Figure 30). These data show high AOD 
values for North-India and North-Pakistan but low values for the study area. Like the CO data, the AOD 
decreases along the Himalaya ridge. However, this only applies for the average AOD from 24 October 
till 28 October (Figure 29). The data from 23 April till 30 April (Figure 30) show that the AOD is also high 
at the Himalaya mountain ridge, which corresponds with the high AOD measured by AERONET for this 
period. However, AOD data from MODIS for the study area are missing.  

Figure 26: Aerosol index for 24 October 2018 till 02 November 2018. Images are every day at 01:30 PM. The purple dots 
show the location of the Langtang Valley. (Source: Copernicus Sentinel-5P Data hub (2018)) 
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Figure 27: Left: Angstrom exponent (440/870 nm wavelength) for the field work period (2018-10-24 till 2018-11-02) at Kyanjin; Right: Aerosol optical depth (wavelength 500 nm) for the field 
work period (2018-10-24 till 02-11-2018) at Kyanjin 

   

Figure 28: Left: Aerosol optical depth, for a wavelength of 500 nm, for April 2018 (left) and June (right) at Kyanjin 

0,00

0,02

0,04

0,06

0,08

0,10

0,12

0,14

0,16

0,18

0,20

2018-10-23 2018-10-26 2018-10-29 2018-11-01

A
O

D
 [

5
0

0
 n

m
]

0,00

0,05

0,10

0,15

0,20

0,25

0,30

0,35

2018-03-31 2018-04-10 2018-04-20 2018-04-30

A
O

D
 [

5
0

0
 n

m
]

0,00

0,02

0,04

0,06

0,08

0,10

0,12

0,14

0,16

0,18

0,20

2018-05-30 2018-06-09 2018-06-19 2018-06-29

A
O

D
 [

5
0

0
 n

m
]

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

2018-10-23 2018-10-26 2018-10-29 2018-11-01

A
E

 [
4

4
0

/8
7

0
 n

m
]



30 
 

 

 

Figure 29:  Average AOD data from 2018-10-24 till 2018-10-28 from MODIS (source: 
https://neo.sci.gsfc.nasa.gov/view.php?datasetId=MODAL2_E_AER_OD&date=2018-11-01) 

 

 

Figure 30: Average AOD data from 2018-04-23 till 2018-04-30 (source: 
https://neo.sci.gsfc.nasa.gov/view.php?datasetId=MODAL2_E_AER_OD&date=2018-11-01) 
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6. Discussion 

6.1 LAP composition and concentrations 
Coarse LAPs  
Approximately 85% of the total classified material on the vertical glass slides consisted of transparent 
silica (Figure 14). Besides the high number of transparent silicate particles, this LAP class also had the 
largest area coverage on the glass slides for all measurement locations, for both the vertical and the 
horizontal glass slides. From this can be concluded that transparent silica is the most abundant (coarse) 
LAP type in the study area. After transparent silica, organic material and silica with brown/black 
material have the highest abundancy, with a slightly higher number for organic material. Small black 
and large black materials had, in area coverage, the lowest abundance. This corresponds with the 
measurements from the study of Takeuchi et al. (2001) who measured that the wind-blown material 
at Yala Glacier, which is located in the Langtang Valley, mainly consisted of brown or transparent 
mineral particles and some plant fragments (Takeuchi et al., 2001).  

 For all measurement locations the vertical slides collected the most LAPs. Cornelis et al. (1997) 
stated that the vertical glass slides catch dust from horizontal winds, the horizontal top glass slides 
catch fall-out material and the horizontal bottom glass slides catch local material. Therefore, the high 
content of LAPs on the vertical slides indicates that wind is an important factor in the number of LAPs. 
Furthermore, show the vertical slides a higher concentration of LAPs for locations were higher wind 
speeds are expected. Figure 15 shows that the glass slides at Kyanjin and Langshisha collected more 
LAPs than Lirung. Kyanjin and Langshisha were located at open areas while the measurements at Lirung 
were taken at a location in between high mountains, which possibly leads to lower wind speeds. There 
are no wind data available for Lirung and Langshisha to confirm that there were lower wind speeds at 
Lirung. However, the lower LAP content on the vertical slides at Lirung shows that there are less 
windblown LAPs at Lirung and therefore supports the expectation that there is less wind at Lirung. The 
concentrations of local LAPs (on the horizontal bottom slides) at Lirung and Kyanjin were similar while 
the values for local materials at Langshisha were lower. From this it can be established that Lirung and 
Kyanjin had higher concentrations of local LAPs compared to Langshisha.  
 
Fine LAPs 
The classified fine materials were similar to materials detected in other studies, who also found 
aluminosilicates/silicates, organic material, BC, Ca-rich particles and metals (Cong et al., 2008; Cong et 
al., 2009; Fan et al., 2016). Besides analysing a few particles to estimate the elemental composition of 
particles, these studies also made a quantitative estimation of the present materials (Table 7). Both 
studies measured high an abundance of aluminosilicates and silicates. This corresponds with the 
results of this study, where aluminosilicates and silicates were also observed frequently. Other 
similarities were the presence of Fe/Ti-rich particles and metal oxides, Ca-rich particles, BC and organic 
material.  The abundance of BC (soot, tar ball and fly ash) was higher for the studies by Cong et al. 
(2009) and Cong et al. (2008), since BC was only observed ones or twice during this study (Table 6). 
This could be caused by the small size of BC compared to the other present materials. Because of this 
smaller size it is possible that some BC particles were covered by larger particles under the SEM and 
therefore not detected.   
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Table 7: Composition of materials for the Himalaya measured by Cong et al. (2009) and Cong et al. (2008) 

 
Cong et al. 
(2009) 

  Cong et 
al. (2008) 

Aluminosilicates 46%  Aluminosilicates/silica 55% 

Soot 25%  Calcium sulphates 16% 

Calcium sulphates 11%  Biological particles 12% 

Fly ash 7%  Soot 8% 

Ca/Mg carbonates 5%  Tar ball 3% 

Biological particles 3%  Fe/Ti-rich particles 3% 

Metal oxides 3%  Ca/Mg carbonates 2% 

   Pb-rich particles 1% 

 
The classification of particles analysed with the SEM was based on chemical composition and 

morphology (Table 5). For most particles the chemical composition clearly identified the particle type. 
The chemical compositions of the aluminosilicates, silicates, organic material, metals, and Ca-rich 
particles corresponded with the classification criteria based on other studies (Table 5). For BC the 
chemical spectrum was a bit vague (Figure 21). Therefore, the images of the black carbon particles 
were also compared to images of BC particles in another study (Figure 31). The morphology between 
the particles in Figure 21 and Figure 31 is very similar. This supports the classification of the BC particles 
in this study.  

 

 
Figure 31: Example of a BC particle from the research of Fan et al. (2016) 

By morphology, silicates and aluminosilicates were difficult to distinguish. The analysed 
particles in Figure 16 and Figure 17 look visually the same. However, the chemical spectra show a clear 
difference in composition, which makes it possible to differentiate aluminosilicates and transparent 
silicates. This shows the importance of elemental composition information for the classification of the 
particles and therefore the contribution of the SEM analysis for this research.  

Because of the high abundance of aluminosilicates, the similarity in shape and size between 
silicates and aluminosilicates and the comparable high abundance of aluminosilicates in other studies 
it is assumed that the LAPs classified as silica with brown/black material, for the coarse materials with 
the microscope, were aluminosilicates. During classification of the coarse LAPs it was considered that 
all transparent materials with an irregular shape were transparent silicates. The aluminosilicates, 
(transparent) silicates and silicates with brown/black material are considered as dust. From the 
outcomes of the microscope and SEM analysis can be concluded that there were high dust 
concentrations and low BC concentrations in the study area during the field work period.   
 

6.2 Dust deposition and seasonality 
The dust deposition measured at Kyanjin was high for the pre- and post-monsoon seasons (+- 7 
g/m2/day) and low during the monsoon season (+- 0.5 g/m2/day) (Figure 22). This corresponds with 
the outcomes of other studies, which measured the same seasonality for LAP concentrations in the 
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Himalaya (Chen et al., 2018; Ginot et al., 2014; Marinoni et al., 2010). At Lirung this seasonality was 
not observed and the highest dust deposition rates at Lirung were approximately three times lower 
compared to Kyanjin. A reason for the lower dust deposition rates at Lirung could be the higher 
elevation of the location, as aerosol concentrations decrease with elevation (Clarke et al., 2004). 
However, the elevation difference between Kyanjin and Lirung is only 360 meters, which makes it 
unlikely that the elevation difference would be the only cause for the difference in amounts of 
materials for the two locations.    

Another reason for the higher dust deposition and seasonality at Kyanjin could be caused by the 
higher human activity at Kyanjin. The measurement location at Kyanjin is located near the village of 
Kyanjin, near hiking trails and next to a helicopter landing pad. Human activity and the helicopters 
could cause local dust to blow up, which increases the dust deposition rate. During the pre- and post-
monsoon seasons there are more tourists at Kyanjin which likely causes higher human activity and 
more helicopter flights during these periods of the year. At the measurement station at Lirung there is 
lower human activity compared to Kyanjin and no nearby helicopter landing pad or hiking trail. This 
could contribute to the overall lower deposition rates and missing seasonality at Lirung.  

Another cause could be lower wind speeds at Lirung. Because of the location of Lirung, in between 
high mountains, and the lower LAP contents on the vertical glass slides at Lirung, it is likely that wind 
speeds are lower here. Lower wind speeds decrease the amount of materials that can be transported 
by the atmosphere, and so lower the total amount of dust in the air. This influence by wind speed on 
the dust concentration in the air is also described in other studies. Marinoni et al. (2010) measured 
diurnal dust concentrations in the Himalaya and measured the lowest dust concentrations during the 
night, when the wind speed is the lowest, and increased concentrations for the afternoon when wind 
speeds are the highest. The measured wind data during the field work at Kyanjin showed the same 
diurnal wind pattern caused by thermal winds (Figure 12). The thermal winds cause up-valley winds 
during the day and subsiding winds at night. At lower elevations this diurnal pattern is present all year. 
In summer this diurnal pattern is also present at higher elevations, but during the winter this pattern 
is absent at high elevations and strong westerly winds take the upper hand. Furthermore, wind speeds 
increase during the winter (Potter et al., 2018). Therefore, besides the lower amount of material, lower 
wind speeds may also be a reason for lower seasonal influence on the dust deposition at Lirung.  
 

6.3 Influence of the LAP types on the albedo 
In general BC has a higher absorbing coefficient than dust. Therefor BC often has a higher influence on 
the ice albedo than dust (Literature review, Page 3).  However, the rate to which BC reduces the albedo 
compared to dust is not a fixed value. This depends on the concentrations and absorbance capacities 
of the dust and BC, which are variable. The absorption of dust is highly sensitive to the content of iron 
oxides (Gabbi et al., 2015; Kaspari et al., 2014). Therefore, the iron concentration in dust samples is an 
indication for the light absorption by the dust. The exact iron concentration for the samples in this 
study is unknown. However, during the SEM analysis, iron was measured multiple times. Especially the 
aluminosilicates and metals regularly contained iron, 10 out of 27 aluminosilicate particles contained 
iron. This is an indication that the dust in the study area has a high absorptivity. Besides, the 
classification of the material showed much higher concentrations for dust than for BC. Therefore, it 
can be assumed that the impact of dust on the ice albedo was much higher than the impact of BC on 
glaciers in the Langtang Valley for the field work period.  
 

6.4 LAP source and distribution 
The CO, UVAI and AOD data show different patterns. It was expected that the images would show 
some similarities. Especially the CO and UVAI data show lack in correspondence. This is probably 
because the CO data do not show the dust in the air, while the UVAI seems to mainly respond to dust 
because of the high values at the Thar dessert. Another explanation for the lack in seasonality could 
be domination of light-reflecting aerosols in the air. The CO data show that there is BC present in the 
atmosphere. However, when the values of light-reflecting aerosols are higher than the BC and dust 
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concentrations the UVAI will give a negative value. The large scale AOD data from MODIS show the 
same pattern as the CO data, with high values at the Indo-Gangetic plain and low values in the study 
area (Figure 29). 

Data for the vertical CO column showed high concentrations (>0.064 mol/m2) for the Indo-
Gangetic plain where pollution is expected to be high, and low concentrations for the Himalayan ridge 
(+-0.020 mol/m2). Compared with values from other studies, the high values clearly indicate biomass 
burning. Menut et al. (2018) modelled CO values with and without biomass burning for Guinea. They 
modelled CO values between 0.025 and 0.033 mol/m2 for a no biomass burning situation. For a 
situation with biomass burning they modelled values between 0.025 and 0.053 mol/m2 (Menut et al., 
2018). From this it can be established that locations with CO values above 0.033 mol/m2 (Figure 24) 
are influenced by biomass burning and therefore have high values for BC concentrations. The values 
for the Langtang Valley lay around 0.020 mol/m2. Therefore, it seems unlikely that BC from air pollution 
at the Indo-Gangetic plain reached the study area during the field work period. None of the images 
(Figure 24) show high CO concentrations for the Langtang Valley. The pollution sticks around the Indo-
Gangetic plain and Central-Nepal. This observation is supported by the low concentrations of small and 
large black materials  (potential BC) for the coarse LAP classification and the low abundance of BC 
established during the SEM analysis, and by other studies, which measured a strong decrease in BC 
concentrations for an increase in elevation in the Himalaya (Table 1). 
 The aerosol index images (Figure 26) show, that for most days, there are low concentrations 
of LAPs present near the study area. However, these LAPs are present at the northern side of the study 
area which makes it unlikely that those LAPs came from the Indo-Gangetic plain. Besides, the LAP 
content at the Indo-Gangetic plain was low during the field work period. On most images LAPs are 
present on the western side of the study area, in East-Pakistan and North-West India. Considering the 
south-western wind direction during the heavy winds in the afternoon, these LAPs could have reached 
the Langtang Valley during the later afternoon, since the images were made every day at 1:30 PM. 
Nonetheless, according to UVAI data it is unlikely that large amounts of pollution from the Indo-
Gangetic plain were transported towards the study area during the field work period. However, these 
data are only for the field work period. Therefore, it is possible that pollution from the Indo-Gangetic 
plain reaches the study area during other times of the year, especially for the pre-monsoon. Since the 
UVAI data from TROPOMI are only available since June 2018 it is impossible to view the UVAI for the 
pre-monsoon.  

To compare post-monsoon aerosol presence with monsoon and pre-monsoon values, the AOD 
at Kyanjin for the pre-monsoon and monsoon seasons were used. The pre-monsoon values are, as 
expected, much higher compared to the post-monsoon values. At the end of April (pre-monsoon) the 
AOD values were approximately three times higher than during October/November. For the June 
(monsoon) the AOD values were comparable to the post-monsoon values, while lower values were 
expected for this time of the year. However, only a few data points are present for June which make 
the data hard to compare. Furthermore, show the large scale AOD data from MODIS high values for 
the Langtang Valley during the pre-monsoon. The gathering of the aerosols before the Himalayan 
mountain ridge, which was clearly visible on the CO data and the AOD MODIS data for October, is 
absent here. It seems that the aerosols get higher up into the mountains during the pre-monsoon. This 
could be caused by western winds and the higher concentrations of aerosols in the air during the pre-
monsoon.  

High values of BC coming from the Indo-Gangetic plain towards the Langtang Valley seems 
very unlikely according to the CO, UVAI and AOD data for the field work period. The small amounts of 
BC measured during this study could be originated from local sources like cooking and heating fires. 
Nonetheless, the study of Kaspari et al. (2011) measured a threefold increase in BC concentrations on 
the northeast ridge of the Mt. Everest (at an elevation of 6518 m a.s.l.) from 1860 to 2000. Because BC 
concentrations also increased in this period by the industrial revolution (Skiles et al., 2018), this is an 
indication that some BC  from polluted areas reaches the high Himalaya. The higher BC values 
measured by Kaspari et al. (2011) could be caused by increased BC during other seasons. Figure 30 
shows that the AOD is much higher during the pre-monsoon towards the mountain ridge compared to 
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the field work period (Figure 29). This corresponds with other studies which mentioned that the dust 
distribution in the Himalaya is evenly over the year but that the BC deposition is concentrated during 
the pre-monsoon (Gabbi et al., 2015).  
 

6.5 Further research 
The combination of field and satellite data during this study made it possible to get a better 
understanding about the composition, concentrations, and sources of LAPs during the post-monsoon 
season in the Langtang valley. However, the outcomes could be different for other seasons. Therefore, 
it would be good to do the same research for the pre-monsoon. For this study some samples from the 
pre-monsoon season were used. However, this were too few samples to measure the difference 
between the pre- and post-monsoon seasons. The CO and UVAI data should also be analysed for the 
pre-monsoon season. For the AOD data this was already done during this study, with much higher AOD 
values for the pre-monsoon. It would be interesting to determine if this pattern also applies for the 
field, CO and UVAI data.  

Because of the high concentrations of silicates and iron in the samples it is suspected that dust 
has a larger influence on the ice albedo than BC. However, the specific influence of the dust/BC 
particles on the ice albedo is unknown. For further research it would be interesting to measure the 
absorptivity of the dust in the samples. This can be done by measuring the iron concentrations in the 
samples, with a more extensive SEM analysis.  

During the field work, samples from LAPs in the air and the LAP deposition were used. 
However, there were no LAP samples taken from glaciers. It is hard to take LAP samples from glaciers 
in this study area since LAP influenced glaciers are located at very high altitudes. For further research 
it would be interesting to take LAP measurements from these high elevated glaciers to determine what 
concentrations of LAPs reach the glaciers. Because of the hard accessibility of these glaciers another 
possibility would be to look further into remote sensing and modelling possibilities. For instance, to 
model if LAPs could reach these glaciers with the use of field data (from lower altitudes) and satellite 
data.  
  

7. Conclusion 
Transparent silica is the largest contributor of coarse LAPs, both in number and area for the Langtang 
Valley. In number, approximately 85% of the coarse materials consisted of transparent silicates. This 
applies for all measurement locations. Besides transparent silica, organic material, silica with 
brown/black material, and small and large black material are also present at all sample locations. 
However, in much smaller concentrations than transparent silica. The LAP composition of the coarse 
material is homogenous throughout the Langtang Valley. Kyanjin, Lirung and Langshisha showed 
similar results in the composition of coarse LAPs. The number of LAPs was not the same for the 
measurement locations. Wind speed is considered as the main driver for these differences. Vertical 
glass slides at windy locations caught much more LAPs than locations with lower wind speeds.  

Fine materials are dominated by aluminosilicates/silicates and organic material in the 
Langtang Valley. Other identified materials with lower abundance are: metals, Ca-rich particles, and 
BC. The abundance of BC was very low. The similarity in morphology and size, but different elemental 
composition between silica and aluminosilicates validates the importance of information about the 
elemental composition, and so of the SEM analysis. The elemental compositions measured with the 
SEM analysis were very similar to the elemental compositions measured by other studies for the 
Himalaya. 

The dust deposition in the Langtang Valley was the highest during the pre- and post-monsoon 
seasons and the lowest during the monsoon season. Although this seasonality was not observed at 
Lirung, it is assumed that this seasonality is also present here but at lower rates due to lower wind 
speeds, lower human activity, and higher elevation. Furthermore, were the dust deposition values for 
Kyanjin higher than for Lirung because of higher wind speeds at Kyanjin.  
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During the field work period CO did not penetrate into the mountains generally, but it might 
in other seasons. It is clear that CO values are high at the polluted areas like the Indo-Gangetic plain. 
The UVAI is overall negative at Langtang which indicates that there are only few LAPs in the area. The 
correspondence between the UVAI and the CO is poor. This is because CO is a measure for pollution 
while the UVAI seems to mainly respond to dust. The AOD values from AERONET measurements in the 
Langtang Valley were low for the field work period. The AOD values from MODIS showed that the AOD 
for the same period was high at the Indo-Gangetic plain and low for the Langtang Valley. This shows 
that the pollution from the plains did (barely) penetrate into the mountains during the field work 
period. Therefore, it is suspected that the little BC measured in the study area is originated from local 
sources. For the pre-monsoon season the AOD from AERONET measurement at Langtang showed 
higher values. The AOD values from MODIS in this season shows high values for the plains. These higher 
AOD values for the pre-monsoon season, indicate that some BC from further areas could reach the 
Langtang Valley during the pre-monsoon season.  

To conclude, for the field work period it seems very unlikely that high concentrations of LAPs 
from further areas (the Indo-Gangetic plain) reach the Langtang Valley. Therefore, it is suspected that 
most LAPs come from local sources. Because of the high concentrations of dust and low concentrations 
of BC it is assumed that dust has a higher influence on the ice/snow albedo than BC in the Langtang 
Valley.  
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- Aerosol optical depth EARONET (2018) 
https://aeronet.gsfc.nasa.gov/new_web/aerosols.html 

- Aerosol Angstrom Exponent, NASA (2006) Kempler, S., Eaton, P., 2006 June 6.   
https://web.archive.org/web/20060716001955/http://daac.gsfc.nasa.gov/PIP/shtml/aerosol
_angstrom_exponent.shtml 

- Copernicus Sentinel-5P Data hub (2018) Produced from ESA remote sensing data 
https://s5phub.copernicus.eu/dhus/#/home 

- Copernicus Atmosphere Monitoring Service (2018) Data catalogue 
https://atmosphere.copernicus.eu/catalogue#/ 
 
 

9. Appendices 

A. Tested methods to distract samples from Vaseline 
The method to extract the samples from the Vaseline had to meet the following conditions. First, the 
samples should not be damaged by, for instance, chemicals or other substances. Second, it was 
important that as much sample material as possible was retained. 

Before the field work, a few methods were tested to determine the best way to prepare the 
samples for further analysis:  

- The first method was to dissolve Vaseline in Sobo and/or WD-40. The two solvents were tested 
to examine which one worked best and to make sure that the solvents did not damage the 
samples. When the Vaseline was dissolved the samples were centrifuged multiple times to 
extract the samples from the solution. Then, the samples were ready for microscopic 
preparation.  

- The second method was to warm the glass slides with the Vaseline in an oven at 40°C to (partly) 
evaporate the Vaseline.   

These tests were performed with test samples taken in the field work area during April 2018.        
The best method to extract the Vaseline, was to dissolve the sample in WD-40. Warming the Vaseline 
only caused the Vaseline to melt but did not result into a better view of the samples under the 
microscope. 
 

B. Dust collectors 
Table B1: Kyanjin 

Filter Date placed Date 
removed 

Total 
time in 
the 
field (d) 

Weight 
before 
field (g) 

Weight 
after 
field (g) 

Total weight 
of dust (g) 

Notes 

G001-
LT7 

2018-4-19 2018-4-23 4 51.49 52.61 1.12  

G001-
LT14 

2018-4-23 2018-4-28 5 48.91 50.11 1.20  

G001 
LT16 

2018-4-28 2018-5-30 32 50.92 
(Utrecht) 

51.35 
(Nepal) 

0.43  

G001 
LT12 

2018-5-30 2018-7-3 34 51.96 
(Utrecht) 

52.17 
(Nepal) 

0.21 Also dust in the 
plastic where 

https://aeronet.gsfc.nasa.gov/cgi-bin/type_one_station_opera_v2_new?site=Kyanjin_Gompa&nachal=0&year=26&month=9&aero_water=0&level=1&if_day=0&if_err=0&place_code=10&year_or_month=0
https://aeronet.gsfc.nasa.gov/cgi-bin/type_one_station_opera_v2_new?site=Kyanjin_Gompa&nachal=0&year=26&month=9&aero_water=0&level=1&if_day=0&if_err=0&place_code=10&year_or_month=0
https://aeronet.gsfc.nasa.gov/cgi-bin/type_one_station_opera_v2_new?site=Kyanjin_Gompa&nachal=0&year=26&month=9&aero_water=0&level=1&if_day=0&if_err=0&place_code=10&year_or_month=0
https://aeronet.gsfc.nasa.gov/new_web/aerosols.html
https://web.archive.org/web/20060716001955/http:/daac.gsfc.nasa.gov/PIP/shtml/aerosol_angstrom_exponent.shtml
https://web.archive.org/web/20060716001955/http:/daac.gsfc.nasa.gov/PIP/shtml/aerosol_angstrom_exponent.shtml
https://s5phub.copernicus.eu/dhus/#/home
https://atmosphere.copernicus.eu/catalogue#/
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the filter was 
kept 

G001 
LT13 

2018-7-3 2018-10-24 113 48.57 
(Utrecht) 

49.85 
(Nepal) 

1.28 Lot of insects in 
the filter, half of 
the marbles 
were gone, lot 
of algae on the 
bag 

001-
08 

2018-10-24 2018-11-01 8 49.10 
(Nepal) 

51.20 
(Nepal) 

2.10  

001-
01 

2018-11-01   47.90 
(Nepal) 

  Still in the field 

 
Table B2: Lirung 

Filter Date placed Date 
removed 

Total 
time in 
the 
field 
(d) 

Weight 
before field 
(g)+location 
of scale  

Weight 
after field 
(g)+ 
location 
of scale 

Total 
weight of 
dust (g) 

Notes 

G001-
LT19 

2018-4-19 2018-4-28 9 48.48 48.83 0.35  

G001-
LT18 

2018-4-28 2018-5-30 32 48.99 
(Utrecht) 

49.10 
(Nepal) 

0.11 - 

G001-
LT9 

2018-5-30 2018-7-2 33 49.00 
(Utrecht) 

52.33 
(Nepal) 

3.33 Some algae at 
the outside of 
the bag 

G001-
LT17 

2018-7-2 2018-10-25 115 50.12 
(Utrecht) 

51.65 
(Nepal) 

1.53 Filter was not 
attached to the 
funnel 
anymore and a 
few marbles 
were missing 

001-
07-
Lirung 

2018-10-25 2018-11-01 7 48.52 
(Nepal) 

48.60 
(Nepal) 

0.08  

001-
05 

2018-11-01   48.24 
(Nepal) 

  Still in the field 

 
Table B3: Langshisha 

Filter Date placed Date 
removed 

Total 
time 
in the 
field 
(d) 

Weight 
before field 
(g) 

Weight 
after field 
(g) 

Total 
weight of 
dust (g) 

Notes 

G001-
LT15 

 2018-09-17  49.61 
(Utrecht) 

51.20 
(Nepal) 

1.59  

G001 
LT11 

2018-09-17 2018-10-25 38 48.00 
(Utrecht) 

47.47 
(Nepal) 

-0.53 Some insects, 
were removed 
before 
weighting 
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001-
03-
Lang 

2018-10-25   47.08 (Nepal)   Still in the field 

 

C. Glass dust detectors 
Table C1: Kyanjin 

Glass slide Date placed Date 
removed 

Time 
placed 

Time 
removed 

Total time in 
the field 
(h:m) 

Notes 

g-k-h-t-10 2018-10-24 2018-10-25 12:25 13:35 25:10  

g-k-h-b-11 2018-10-24 2018-10-25 12:25 13:35 25:10  

g-k-v-9 2018-10-24 2018-10-25 12:25 13:35 25:10  

g-k-v-13 2018-10-25 2018-10-26 13:35 13:00 23:25  

g-k-h-t-17 2018-10-25 2018-10-26 13:35 13:00 23:25 There were some 
water drops on 
top of the Vaseline 

g-k-h-b-15 2018-10-25 2018-10-26 13:35 13:00 23:25  

g-k-v-25 2018-10-26 2018-10-27 13:10 14:30 25:30  

g-k-h-t-29 2018-10-26 2018-10-27 13:10 14:30 25:30  

g-k-h-b-27 2018-10-26 2018-10-27 13:10 14:30 25:30  

g-k-v-37 2018-10-27 2018-10-28 14:30 14:30 24  

g-k-h-t-41 2018-10-27 2018-10-28 14:30 14:30 24  

g-k-h-b-39 2018-10-27 2018-10-28 14:30 14:30 24  

g-k-v-43 2018-10-28 2018-10-29 14:45 14:15 23:30  

g-k-h-t-47 2018-10-28 2018-10-29 14:45 14:15 23:30  

g-k-h-b-45 2018-10-28 2018-10-29 14:45 14:15 23:30  

g-k-v-56 2018-10-29 2018-10-30 14:15 14:00 23:45  

g-k-h-b-58 2018-10-29 2018-10-30 14:15 14:00 23:45  

g-k-h-t-60 2018-10-29 2018-10-30 14:15 14:00 23:45  

g-k-v-68 2018-10-30 2018-10-31 14:00 10:30 20:30  

g-k-h-b-72 2018-10-30 2018-10-31 14:00 10:30 20:30  



44 
 

g-k-h-t-74 2018-10-30 2018-10-31 14:00 10:30 20:30  

g-k-v-92 2018-10-31 2018-11-01 10:30 14:15 27:45  

g-k-h-b-94 2018-10-31 2018-11-01 10:30 14:15 27:45  

g-k-h-t-96 2018-10-31 2018-11-01 10:30 14:15 27:45  

g-kdust-98 2018-11-01 - - - - Dust sample of 
material near 
measuring station 
Kyanjin. Measured 
by doping a glass 
slide into the 
ground 

 
Table C2: Lirung 

Glass slide Date placed Date 
removed 

Time 
placed 

Time 
removed 

Total time in 
the field 
(h:m) 

Notes 

g-lir-h-t-6 ? 2018-10-25 ? 10:15 ? Slide was broken, 
many dust 

g-lir-h-b-7 ? 2018-10-25 ? 10:15 ? Many dust 

g-lir-v-8 ? 2018-10-25 ? 10:15 ? Many dust 

g-lir-h-t-23 2018-10-25 2018-10-27 10:15 10:45 48:30 Vaseline was 
partly melted 

g-lir-h-b-21 2018-10-25 2018-10-27 10:15 10:45 48:30 Vaseline was 
partly melted? 

g-lir-v-19 2018-10-25 2018-10-27 10:15 10:45 48:30 Glass slide was 
broken, finger 
prints on the slide 
(to remove the 
slide) 

g-lir-h-t-35 2018-10-27 2018-10-28 11:25 09:30 22:05 Vaseline melted a 
little 

g-lir-h-b-33 2018-10-27 2018-10-28 11:25 09:30 22:05 Vaseline melted a 
little 

g-lir-v-31 2018-10-27 2018-10-28 11:25 09:30 22:05  

g-lir-v-49 2018-10-28 2018-10-30 09:30 09:30 48  

g-lir-h-b-52 2018-10-28 2018-10-30 09:30 09:30 48 Vaseline melted a 
little 

g-lir-h-t-54 2018-10-28 2018-10-30 09:30 09:30 48 Some hairs 
present. Vaseline 
melted a little 

g-lir-v-82 2018-10-30 2018-11-01 09:30 09:30 10:00  

g-lir-h-b-84 2018-10-30 2018-11-01 09:30 09:30 10:00 Vaseline melted a 
little 

g-lir-h-t-86 2018-10-30 2018-11-01 09:30 09:30 10:00 Vaseline melted a 
little 
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g-lir-mdust-
1-88 

2018-11-01 - - - - Slide doped in 
material just near 
the measurement 
station at Lirung 

g-lir-mdust-
2-90 

2018-11-01 - - - - Slide doped in 
moraine material 
10 meter North 
from 
measurement 
station at Lirung 

 
Table C3: Langshisha 

Glass slide Date placed Date 
removed 

Time 
placed 

Time 
removed 

Total time in 
the field 
(h:m) 

Notes 

LAS-V-
25102018-y2 

2018-04-23 2018-10-25 08:40 16:00  Only vertical slide 
remained, others 
destroyed 

LAS-T-HOR-
y4 

2018-10-25 2018-10-27 16:00 08:15 40:15  

LAS-B-HOR-
y5 

2018-10-25 2018-10-27 16:00 08:15 40:15  

LAS-Ver-y6 2018-10-25 2018-10-27 16:00 08:15 40:15  

LAS-T-HOR2-
y10 

2018-10-27 2018-10-28 08:15 08:15 24  

LAS-B-HOR2-
y12 

2018-10-27 2018-10-28 08:15 08:15 24 Slightly broken 

LAS-ver2-
y14 

2018-10-27 2018-10-28 08:15 08:15 24  

LAN-smoke 
Campfire-y3 

2018-10-27 - 07:45 - - Single sample of 
soot from 
campfire 

 
Table C4: Additional slides 

Location+slide Coordinates Elevation Date 
placed 

Date 
removed 

Time 
placed 

Time 
removed 

Time 
in the 
field 
(h:m) 

Notes 

Sherpagoan 
Sherp-h-1 

N28.16212 
E85.39901 

2615 m 2018-
10-22 

2018-10-
23 

17:55 07:25 13:30  

Thyangshyap 
Thang-g-h-5 

N28.20800 
E85.47567 

3195 m 2018-
10-23 

2018-10-
24 

14:45 06:30 15:45 Near to 
house 
with 
smoke 

Thyangshyap 
Thang-g-v-3 

N28.20800 
E85.47567 

3195 m 2018-
10-23 

2018-10-
24 

14:45 06:30 15:45 Near to 
house 
with 
smoke 

Kyanjin 
Bakery 

N28.21243 
E85.56764 

3890 2018-
10-29 

2018-10-
30 

08:50 14:15 29:25  
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g-kbak-v-62 

Kyanjin 
Bakery 
g-kbak-h-b-64 

N28.21243 
E85.56764 

3890 2018-
10-29 

2018-10-
30 

08:50 14:15 29:25  

Kyanjin 
Bakery 
g-kbak-h-t-66 

N28.21243 
E85.56764 

3890 2018-
10-29 

2018-10-
30 

08:50 14:15 29:25 Disturb
ed by 
animal/
human 

Kyanjin 
Bakery 
g-kbak-v-76 

N28.21243 
E85.56764 

3890 2018-
10-30 

2018-10-
31 

14:30 13:45 23:15  

Kyanjin 
Bakery g-
kbak-h-b-78 

N28.21243 
E85.56764 

3890 2018-
10-30 

2018-10-
31 

14:30 13:45 23:15  

Kyanjin 
Bakery g-
kbak-h-t-80 

N28.21243 
E85.56764 

3890 2018-
10-30 

2018-10-
31 

14:30 13:45 23:15 Disturb
ed by 
human
/animal 

Kyanjin 
Bakery 
g-kbak-v-16y 

N28.21243 
E85.56764 

3890 2018-
10-31 

2018-11-
01 

13:45 15:00 25:15  

Kyanjin 
Bakery g-
kbak-h-b-18y 

N28.21243 
E85.56764 

3890 2018-
10-31 

2018-11-
01 

13:45 15:00 25:15  

Kyanjin 
Bakery g-
kbak-h-t-20y 

N28.21243 
E85.56764 

3890 2018-
10-31 

2018-11-
01 

13:45 15:00 25:15 Disturb
ed by 
human
/animal 

g-k-kitchen 
fire-1-y30 

Holy land 3890 2018-
11-01 

- - - 00:01 1 
minute 
above 
kitchen 
fire, 
Vaselin
e 
melted
a little 

g-k-kitchen 
fire-2-y35 

Holy land 3890 2018-
11-01 

- - - 00:01 1 
minute 
above 
kitchen 
fire 

Bamboo 
glasslside-y22 

N28.15588 
E85.39796 

1976 2018-
11-03 

2018-11-
04 

17:05 06:10 13:05  

Kath Summit 
glass slide- y24 

N27.68604 
E85.31179 

1299 2018-
11-06 

2018-11-
07 

15:00 09:30 18:30  
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D. Classification of the glass slides 
 

Sample 
Transparent 
silica 

Silica with 
brown/black 
material Organic 

small black 
material 

large black 
material Notes  

g-k-v-9-1 107 24 2 0 0   

g-k-v-9-2 105 30 7 4 0   

g-k-v-9-3 74 20 8 8 0   

g-k-v-9-4 84 18 9 9 2   

g-k-v-9-5 76 14 12 4 0   

g-k-v-9-6 92 11 17 6 0   

g-k-v-9-7 93 13 10 10 0   

g-k-v-9-8 93 14 9 5 1   

g-k-v-9-9 102 11 10 2 0   

g-k-v-9-10 112 10 8 6 0   

g-k-v-9-tot 938 165 92 54 3   

g-k-v-13-1 77 5 14 7 0   

g-k-v-13-2 68 6 13 6 0   

g-k-v-13-3 97 7 12 5 0   

g-k-v-13-4 50 9 10 7 2   

g-k-v-13-5 109 10 6 6 0   

g-k-v-13-6 93 15 12 10 1   

g-k-v-13-7 91 13 11 2 0   

g-k-v-13-8 105 10 7 4 0   

g-k-v-13-9 125 7 7 6 0   

g-k-v-13-10 110 4 7 2 0   

g-k-v-13-tot 925 86 99 55 3   

g-lir-v-19-1 36 0 1 0 0   

g-lir-v-19-2 36 2 0 0 0   

g-lir-v-19-3 18 2 2 1 0   

g-lir-v-19-4 46 3 4 2 0   
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g-lir-v-19-5 65 2 2 0 0   

g-lir-v-19-6 46 1 0 1 0   

g-lir-v-19-7 31 1 1 1 1   

g-lir-v-19-8 47 2 1 0 0   

g-lir-v-19-9 51 0 2 3 0   

g-lir-v-19-10 37 1 1 1 0   

g-lir-v-19-tot 413 14 14 9 1   

g-k-v-25-1 91 10 10 2 1   

g-k-v-25-2 112 6 9 7 0   

g-k-v-25-3 111 5 10 3 0   

g-k-v-25-4 113 10 9 5 1   

g-k-v-25-5 101 10 7 8 0   

g-k-v-25-6 84 4 12 4 0 one big organic piece  
g-k-v-25-7 92 3 16 2 1   

g-k-v-25-8 92 6 15 14 1   

g-k-v-25-9 75 10 9 5 0   

g-k-v-25-10 88 5 12 5 2   

g-k-v-25-tot 959 69 109 55 6   

g-lir-v-31-1 35 1 3 1 0   

g-lir-v-31-2 23 1 1 2 0   

g-lir-v-31-3 39 1 3 5 0   

g-lir-v-31-4 52 0 5 3 0   

g-lir-v-31-5 43 1 4 1 1   

g-lir-v-31-6 63 0 10 4 0   

g-lir-v-31-7 54 0 4 4 0   

g-lir-v-31-8 19 0 6 4 1   

g-lir-v-31-9 58 0 0 1 0   

g-lir-v-31-10 53 2 0 1 0   

g-lir-v-31-tot 439 6 36 26 2   

g-k-v-37-1 63 7 7 5 1   

g-k-v-37-2 53 2 10 7 1   



49 
 

g-k-v-37-3 88 2 6 3 0   

g-k-v-37-4 61 3 8 3 1   

g-k-v-37-5 72 6 7 2 0   

g-k-v-37-6 70 3 5 2 0   

g-k-v-37-7 77 4 9 3 0   

g-k-v-37-8 69 5 9 0 0   

g-k-v-37-9 67 2 4 3 0   

g-k-v-37-10 49 4 5 3 0   

g-k-v-37-tot 669 38 70 31 3   

g-k-v-43-1 99 3 14 6 1 Large black triangle  
g-k-v-43-2 103 8 11 5 0 Large organic piece  
g-k-v-43-3 107 7 16 3 0   

g-k-v-43-4 110 7 10 5 0   

g-k-v-43-5 98 9 15 10 0   

g-k-v-43-6 93 5 23 3 2   

g-k-v-43-7 92 3 11 3 0   

g-k-v-43-8 76 9 22 8 0   

g-k-v-43-9 95 7 14 9 2   

g-k-v-43-10 111 10 10 10 0   

g-k-v-43-tot 984 68 146 62 5   

g-lir-v-49-1 31 1 2 1 0   

g-lir-v-49-2 35 0 3 0 0   

g-lir-v-49-3 34 1 1 1 0   

g-lir-v-49-4 49 0 1 4 1   

g-lir-v-49-5 49 4 11 6 0   

g-lir-v-49-6 55 5 9 2 0   

g-lir-v-49-7 60 5 5 4 0 Big piece of plant(organic) 

g-lir-v-49-8 59 5 7 3 0   

g-lir-v-49-9 67 9 7 2 0   

g-lir-v-49-10 33 1 3 0 0   

g-lir-v-49-tot 472 31 49 23 1   
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g-k-v-56-1 87 9 11 1 1   

g-k-v-56-2 101 10 21 6 0   

g-k-v-56-3 87 18 18 7 0   

g-k-v-56-4 99 5 31 7 0   

g-k-v-56-5 87 10 14 10 0   

g-k-v-56-6 83 6 10 5 2 Big plant on photo  

g-k-v-56-7 98 5 20 6 0 
Large organic 
material  

g-k-v-56-8 83 3 23 8 0   

g-k-v-56-9 88 8 18 2 1   

g-k-v-56-10 89 2 30 6 0   

g-k-v-56-tot 902 76 196 58 4   

g-kbak-v-62-1 63 12 15 6 3   

g-kbak-v-62-2 63 5 15 8 2   

g-kbak-v-62-3 64 6 11 3 0   

g-kbak-v-62-4 57 6 13 9 0   

g-kbak-v-62-5 59 8 18 7 2   

g-kbak-v-62-6 62 6 21 8 1   

g-kbak-v-62-7 52 7 17 9 1   

g-kbak-v-62-8 62 2 13 6 2   

g-kbak-v-62-9 54 5 10 7 0   

g-kbak-v-62-10 52 5 18 8 1   

g-kbak-v-62-tot 588 62 151 71 12   

g-k-v-68-1 58 4 6 3 0   

g-k-v-68-2 32 4 7 3 0   

g-k-v-68-3 47 8 5 2 0   

g-k-v-68-4 45 5 3 2 0   

g-k-v-68-5 65 6 6 1 0   

g-k-v-68-6 55 3 5 4 0 piece of clustered black dots 

g-k-v-68-7 62 3 2 0 0   

g-k-v-68-8 49 4 4 2 0   
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g-k-v-68-9 47 2 5 2 1 piece of clustered black dots 

g-k-v-68-10 67 3 2 0 0   

g-k-v-68-tot 527 42 45 19 1   

g-kbak-v-76-1 48 3 16 4 0   

g-kbak-v-76-2 50 2 10 7 1   

g-kbak-v-76-3 47 5 11 4 1   

g-kbak-v-76-4 41 4 4 10 0   

g-kbak-v-76-5 53 2 10 7 0   

g-kbak-v-76-6 35 7 9 1 1   

g-kbak-v-76-7 37 5 7 3 2   

g-kbak-v-76-8 38 4 13 2 1   

g-kbak-v-76-9 38 6 5 2 1   

g-kbak-v-76-10 24 2 7 2 0   

g-kbak-v-76-tot 411 40 92 42 7   

g-lir-v-82-1 39 2 3 0 0   

g-lir-v-82-2 45 1 1 0 0   

g-lir-v-82-3 51 1 2 0 0   

g-lir-v-82-4 47 1 2 0 1   

g-lir-v-82-5 45 2 0 0 0   

g-lir-v-82-6 38 0 0 0 0   

g-lir-v-82-7 37 1 1 0 0   

g-lir-v-82-8 46 1 1 0 0   

g-lir-v-82-9 37 1 1 0 0   

g-lir-v-82-10 30 1 1 0 0   

g-lir-v-82-tot 415 11 12 0 1   

g-k-v-92-1 104 9 18 3 0   

g-k-v-92-2 101 5 15 11 1   

g-k-v-92-3 98 6 21 5 2   

g-k-v-92-4 86 8 17 8 1   

g-k-v-92-5 80 5 17 3 0   

g-k-v-92-6 77 6 19 17 1   
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g-k-v-92-7 85 5 26 8 1   

g-k-v-92-8 85 4 23 10 0   

g-k-v-92-9 82 7 21 5 0   

g-k-v-92-10 81 4 23 9 1   

g-k-v-92-tot 879 59 200 79 7   

las-v-1 61 2 3 1 1   

las-v-2 52 1 1 3 0   

las-v-3 40 0 5 2 0   

las-v-4 39 2 4 5 0   

las-v-5 42 1 0 2 0   

las-v-6 53 2 1 1 1   

las-v-7 40 1 4 3 0   

las-v-8 46 1 3 4 0   

las-v-9 63 3 2 1 1   

las-v-10 46 0 2 3 0   

las-v-tot 482 13 25 25 3   

las-ver2-1 79 1 2 12 0   

las-ver2-2 71 0 5 2 0   

las-ver2-3 63 0 9 2 0   

las-ver2-4 71 0 3 2 0   

las-ver2-5 73 3 6 3 1   

las-ver2-6 65 1 7 3 0   

las-ver2-7 76 0 6 2 0   

las-ver2-8 67 0 4 2 0   

las-ver2-9 69 1 5 2 0   

las-ver2-10 55 0 5 4 0   

las-ver2-tot 689 6 52 34 1   

g-kbak-v-16y-1 70 6 4 4 0   

g-kbak-v-16y-2 38 8 10 6 4   

g-kbak-v-16y-3 47 7 10 3 0   

g-kbak-v-16y-4 34 3 8 6 0   
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g-kbak-v-16y-5 57 6 12 1 0   

g-kbak-v-16y-6 41 8 16 3 1   

g-kbak-v-16y-7 38 5 7 5 2   

g-kbak-v-16y-8 48 8 9 3 0   

g-kbak-v-16y-9 44 7 5 0 2   

g-kbak-v-16y-10 38 4 8 3 2   

g-kbak-v-16y-tot 455 62 89 34 11   

thang-v-1 13 1 2 1 0   

thang-v-2 32 0 6 1 0   

thang-v-3 33 2 5 3 0   

thang-v-4 27 1 4 3 0   

thang-v-5 25 2 0 0 0   

thang-v-6 21 1 2 3 0   

thang-v-7 25 0 1 2 0   

thang-v-8 38 1 4 2 0   

thang-v-9 25 0 2 2 0   

thang-v-10 41 1 0 1 0   

thang-v-tot 280 9 26 18 0   

g-k-h-t-10-1 36 0 0 1 0   

g-k-h-t-10-2 37 1 1 0 0   

g-k-h-t-10-3 44 0 0 0 0   

g-k-h-t-10-4 41 1 1 0 0   

g-k-h-t-10-5 35 0 1 0 0   

g-k-h-t-10-6 35 0 2 0 0   

g-k-h-t-10-7 27 0 0 1 0   

g-k-h-t-10-8 43 0 1 0 0   

g-k-h-t-10-9 36 1 1 1 0   

g-k-h-t-10-10 29 1 0 0 0   

g-k-h-t-101-tot 363 4 7 3 0   

g-k-h-b-11-1 20 0 0 1 0   

g-k-h-b-11-2 44 2 0 0 0 Leg of a animal  
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g-k-h-b-11-3 22 0 2 0 0   

g-k-h-b-11-4 21 1 1 0 0   

g-k-h-b-11-5 21 2 1 0 0   

g-k-h-b-11-6 31 1 1 0 0   

g-k-h-b-11-7 32 1 1 1 0   

g-k-h-b-11-8 24 1 0 1 0   

g-k-h-b-11-9 22 2 0 1 0   

g-k-h-b-11-10 16 0 0 1 0   

g-k-h-b-11-tot 253 10 6 5 0   

g-k-h-b-15-1 33 3 2 1 0   

g-k-h-b-15-2 25 1 0 0 0   

g-k-h-b-15-3 6 0 1 1 3   

g-k-h-b-15-4 13 1 1 0 0   

g-k-h-b-15-5 22 0 5 1 0   

g-k-h-b-15-6 15 0 1 1 0   

g-k-h-b-15-7 21 0 0 2 1   

g-k-h-b-15-8 23 0 0 0 0   

g-k-h-b-15-9 23 0 2 1 0   

g-k-h-b-15-10 26 2 3 1 0   

g-k-h-b-15-tot 207 7 15 8 4   

g-k-h-t-17-1 33 3 1 0 0   

g-k-h-t-17-2 31 1 2 1 0   

g-k-h-t-17-3 37 0 1 1 0   

g-k-h-t-17-4 23 0 0 0 0   

g-k-h-t-17-5 33 1 2 0 0   

g-k-h-t-17-6 24 1 1 1 0   

g-k-h-t-17-7 36 0 0 2 0   

g-k-h-t-17-8 25 1 2 0 0 Large organic piece  
g-k-h-t-17-9 36 0 1 0 0   

g-k-h-t-17-10 35 2 0 1 0   

g-k-h-t-17-tot 313 9 10 6 0   
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g-lir-h-b-21-1 14 0 1 2 0   

g-lir-h-b-21-2 20 0 1 0 0   

g-lir-h-b-21-3 24 0 2 1 0   

g-lir-h-b-21-4 26 1 0 0 0   

g-lir-h-b-21-5 7 0 0 0 1   

g-lir-h-b-21-6 15 1 0 1 0   

g-lir-h-b-21-7 34 1 1 1 0   

g-lir-h-b-21-8 23 0 0 0 0   

g-lir-h-b-21-9 26 0 0 1 0   

g-lir-h-b-21-10 30 0 0 0 0   

g-lir-h-b-21-tot 219 3 5 6 1   

g-lir-h-t-23-1 26 2 0 2 0   

g-lir-h-t-23-2 20 2 2 1 0   

g-lir-h-t-23-3 31 1 1 2 0   

g-lir-h-t-23-4 27 2 1 1 0   

g-lir-h-t-23-5 30 2 2 0 0   

g-lir-h-t-23-6 29 2 2 2 0   

g-lir-h-t-23-7 31 1 3 2 1   

g-lir-h-t-23-8 34 0 2 0 0   

g-lir-h-t-23-9 20 1 0 2 0   

g-lir-h-t-23-10 28 0 3 0 0   

g-lir-h-t-23-tot 276 13 16 12 1   

g-k-h-b-27-1 29 1 0 2 0   

g-k-h-b-27-2 30 1 1 1 0   

g-k-h-b-27-3 44 1 1 0 0   

g-k-h-b-27-4 38 0 1 2 0   

g-k-h-b-27-5 36 2 1 1 0   

g-k-h-b-27-6 30 0 0 1 0   

g-k-h-b-27-7 34 1 0 1 0   

g-k-h-b-27-8 30 1 0 1 0   

g-k-h-b-27-9 41 0 1 1 0   
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g-k-h-b-27-10 31 3 0 0 0   

g-k-h-b-27-tot 343 10 5 10 0   

g-k-h-t-29-1 36 0 1 0 0   

g-k-h-t-29-2 23 1 1 0 0   

g-k-h-t-29-3 43 0 0 1 0   

g-k-h-t-29-4 37 1 0 2 0   

g-k-h-t-29-5 35 2 0 1 0   

g-k-h-t-29-6 21 0 0 0 0   

g-k-h-t-29-7 36 0 0 2 0   

g-k-h-t-29-8 37 0 2 2 0   

g-k-h-t-29-9 38 0 0 2 1   

g-k-h-t-29-10 42 1 2 2 0   

g-k-h-t-29-tot 348 5 6 12 1   

g-lir-h-b-33-1 29 1 0 0 0   

g-lir-h-b-33-2 30 0 0 0 0   

g-lir-h-b-33-3 39 1 2 0 0   

g-lir-h-b-33-4 29 2 0 0 0   

g-lir-h-b-33-5 29 0 1 1 0   

g-lir-h-b-33-6 36 1 0 0 0   

g-lir-h-b-33-7 38 0 1 2 0   

g-lir-h-b-33-8 34 0 1 1 0   

g-lir-h-b-33-9 36 0 1 0 0 Large organic piece  
g-lir-h-b-33-10 10 0 2 2 0   

g-lir-h-b-33-tot 310 5 8 6 0   

g-lir-h-t-35-1 30 1 0 1 0   

g-lir-h-t-35-2 60 3 1 5 0   

g-lir-h-t-35-3 30 1 0 0 0   

g-lir-h-t-35-4 27 1 1 1 0   

g-lir-h-t-35-5 27 1 1 0 0   

g-lir-h-t-35-6 41 2 2 1 0   

g-lir-h-t-35-7 22 1 0 0 0   
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g-lir-h-t-35-8 44 5 3 0 0   

g-lir-h-t-35-9 39 0 1 1 0   

g-lir-h-t-35-10 70 4 1 2 0   

g-lir-h-t-35-tot 390 19 10 11 0   

g-k-h-t-41-1 32 1 5 2 0   

g-k-h-t-41-2 15 2 1 1 0   

g-k-h-t-41-3 39 0 2 1 0   

g-k-h-t-41-4 41 2 3 2 0   

g-k-h-t-41-5 41 1 0 0 0   

g-k-h-t-41-6 51 2 6 1 1   

g-k-h-t-41-7 29 0 0 1 0   

g-k-h-t-41-8 41 0 1 1 0   

g-k-h-t-41-9 40 0 3 2 0 Large organic piece  
g-k-h-t-41-10 37 1 1 1 0   

g-k-h-t-41-tot 366 9 22 12 1   

g-k-h-b-45-1 10 1 0 0 0   

g-k-h-b-45-2 19 2 5 2 0   

g-k-h-b-45-3 28 1 0 0 0   

g-k-h-b-45-4 47 0 1 1 0   

g-k-h-b-45-5 39 0 0 0 0   

g-k-h-b-45-6 41 1 1 0 0   

g-k-h-b-45-7 33 2 2 2 0   

g-k-h-b-45-8 37 0 3 1 0   

g-k-h-b-45-9 35 1 2 0 1   

g-k-h-b-45-10 27 0 0 0 0   

g-k-h-b-45-tot 316 8 14 6 1   

g-k-h-t-47-1 31 5 3 3 0   

g-k-h-t-47-2 20 1 1 2 2   

g-k-h-t-47-3 39 4 5 3 0   

g-k-h-t-47-4 31 1 2 1 0   

g-k-h-t-47-5 18 1 4 2 0   
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g-k-h-t-47-6 47 3 3 2 3   

g-k-h-t-47-7 31 1 1 2 0   

g-k-h-t-47-8 39 3 2 2 0   

g-k-h-t-47-9 39 2 7 4 0   

g-k-h-t-47-10 30 5 2 0 0   

g-k-h-t-47-tot 325 26 30 21 5   

g-lir-h-b-52-1 23 1 1 0 0   

g-lir-h-b-52-2 31 1 2 0 0   

g-lir-h-b-52-3 35 1 1 0 0   

g-lir-h-b-52-4 43 0 1 0 0   

g-lir-h-b-52-5 41 0 1 1 0   

g-lir-h-b-52-6 37 2 3 0 0   

g-lir-h-b-52-7 29 0 1 0 0   

g-lir-h-b-52-8 38 0 3 0 0   

g-lir-h-b-52-9 29 1 2 2 0   

g-lir-h-b-52-10 32 1 0 0 1   

g-lir-h-b-52-tot 338 7 15 3 1   

g-lir-h-t-54-1 52 3 4 3 0   

g-lir-h-t-54-2 34 1 0 1 0   

g-lir-h-t-54-3 39 4 8 2 0   

g-lir-h-t-54-4 51 3 4 2 0   

g-lir-h-t-54-5 46 1 3 6 0   

g-lir-h-t-54-6 30 2 5 4 0   

g-lir-h-t-54-7 54 1 4 3 0   

g-lir-h-t-54-8 34 2 9 6 0 Large organic piece  
g-lir-h-t-54-9 58 3 5 3 0   

g-lir-h-t-54-10 51 0 2 1 0   

g-lir-h-t-54-tot 449 20 44 31 0   

g-k-h-t-60-1 29 1 2 1 0   

g-k-h-t-60-2 34 1 1 0 0   

g-k-h-t-60-3 33 1 2 0 0   
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g-k-h-t-60-4 35 0 2 0 1   

g-k-h-t-60-5 58 1 1 1 0   

g-k-h-t-60-6 51 1 0 0 0   

g-k-h-t-60-7 38 1 1 0 0   

g-k-h-t-60-8 47 1 0 0 1   

g-k-h-t-60-9 34 0 0 0 0   

g-k-h-t-60-10 37 0 1 0 0   

g-k-h-t-60-tot 396 7 10 2 2   

g-kbak-h-b-64-1 31 3 2 3 0   

g-kbak-h-b-64-2 37 0 1 3 0   

g-kbak-h-b-64-3 38 0 8 1 2   

g-kbak-h-b-64-4 34 1 2 2 0   

g-kbak-h-b-64-5 41 3 4 5 2   

g-kbak-h-b-64-6 42 1 3 1 0   

g-kbak-h-b-64-7 20 2 3 2 0   

g-kbak-h-b-64-8 43 1 5 1 0   

g-kbak-h-b-64-9 38 2 7 1 0   

g-kbak-h-b-64-10 29 2 3 0 1   

g-kbak-h-b-64-tot 353 15 38 19 5   

g-kbak-h-t-66 to disturbed       

g-lir-h-t-6 to disturbed       

g-k-h-b-72-1 27 0 1 0 0   

g-k-h-b-72-2 36 0 1 0 0   

g-k-h-b-72-3 15 0 1 0 0   

g-k-h-b-72-4 30 0 0 0 0   

g-k-h-b-72-5 26 0 1 0 0 Large organic piece  
g-k-h-b-72-6 8 0 0 0 0   

g-k-h-b-72-7 4 1 0 0 0   

g-k-h-b-72-8 11 0 1 0 0   

g-k-h-b-72-9 21 1 0 0 0   

g-k-h-b-72-10 10 0 0 1 0   
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g-k-h-b-72-tot 188 2 5 1 0   

g-k-h-t-74-1 to disturbed       

g-kbak-h-b-78-1 22 0 1 1 0   

g-kbak-h-b-78-2 47 0 3 1 0   

g-kbak-h-b-78-3 30 1 2 1 0   

g-kbak-h-b-78-4 26 2 4 0 0   

g-kbak-h-b-78-5 57 4 6 1 1   

g-kbak-h-b-78-6 40 0 1 0 0   

g-kbak-h-b-78-7 27 2 5 2 0   

g-kbak-h-b-78-8 27 0 3 1 0   

g-kbak-h-b-78-9 29 2 7 3 3   

g-kbak-h-b-78-10 43 0 3 0 0   

g-kbak-h-b-78-tot 348 11 35 10 4   

g-kbak-h-t-80 to disturbed       

g-lir-h-b-84-1 32 0 0 0 0   

g-lir-h-b-84-2 30 0 0 0 0   

g-lir-h-b-84-3 16 0 1 0 0   

g-lir-h-b-84-4 30 0 0 0 0   

g-lir-h-b-84-5 22 0 1 1 0   

g-lir-h-b-84-6 36 0 0 0 0   

g-lir-h-b-84-7 42 0 0 0 0   

g-lir-h-b-84-8 28 0 0 0 0   

g-lir-h-b-84-9 31 0 0 0 0   

g-lir-h-b-84-10 31 0 0 0 0   

g-lir-h-b-84-tot 298 0 2 1 0   

g-lir-h-t-86-1 40 0 1 0 0   

g-lir-h-t-86-2 31 1 1 1 0   

g-lir-h-t-86-3 22 2 0 0 0   

g-lir-h-t-86-4 44 1 0 0 0   

g-lir-h-t-86-5 30 1 2 0 0   

g-lir-h-t-86-6 24 0 2 0 0   
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g-lir-h-t-86-7 35 0 0 0 0   

g-lir-h-t-86-8 44 1 1 0 0   

g-lir-h-t-86-9 40 0 0 0 0   

g-lir-h-t-86-10 33 0 1 0 0   

g-lir-h-t-86-tot 343 6 8 1 0   

g-k-h-b-94-1 31 4 2 0 0   

g-k-h-b-94-2 31 2 1 0 0   

g-k-h-b-94-3 23 1 2 0 0   

g-k-h-b-94-4 8 0 0 0 1   

g-k-h-b-94-5 21 1 1 0 0   

g-k-h-b-94-6 34 0 4 0 0   

g-k-h-b-94-7 37 2 1 0 0   

g-k-h-b-94-8 27 0 1 1 0   

g-k-h-b-94-9 37 1 2 0 0   

g-k-h-b-94-10 30 0 2 1 0   

g-k-h-b-94-tot 279 11 16 2 1   

g-k-h-t-96-1 34 3 1 1 0   

g-k-h-t-96-2 20 0 0 5 0   

g-k-h-t-96-3 19 0 0 0 0   

g-k-h-t-96-4 35 0 1 0 0   

g-k-h-t-96-5 23 0 0 1 0   

g-k-h-t-96-6 28 2 0 0 0   

g-k-h-t-96-7 11 0 1 1 0   

g-k-h-t-96-8 22 1 3 0 0   

g-k-h-t-96-9 22 1 1 0 0   

g-k-h-t-96-10 24 1 0 1 0   

g-k-h-t-96-tot 238 8 7 9 0   

las-smoke-fire-1 8 0 0 0 1 1 soot 

las-smoke-fire-2 4 0 0 0 0 4 soot 

las-smoke-fire-3 3 0 1 0 2 0 soot 

las-smoke-fire-4 1 0 0 1 0 1 soot 
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las-smoke-fire-5 1 0 0 0 2 2 Large piece of soot 

las-smoke-fire-6 8 0 2 0 2 2 soot 

las-smoke-fire-7 3 0 1 1 1 0 soot 

las-smoke-fire-8 5 0 0 4 0 1 soot 

las-smoke-fire-9 4 0 2 2 1 1 soot 

las-smoke-fire-10 5 0 1 4 2 2 soot 

las-smoke-fire-tot 42 0 7 12 11 14 soot 

las-t-hor-1 5 0 0 0 0   

las-t-hor-2 16 5 1 0 0   

las-t-hor-3 11 0 0 2 0   

las-t-hor-4 19 0 0 0 0   

las-t-hor-5 15 1 0 1 0   

las-t-hor-6 20 1 2 3 1   

las-t-hor-7 8 0 1 1 0   

las-t-hor-8 13 0 2 5 0   

las-t-hor-9 10 0 0 1 0   

las-t-hor-10 9 0 0 3 1   

las-t-hor-tot 126 7 6 16 2   

las-b-hor-1 6 0 1 0 0   

las-b-hor-2 9 0 1 0 0   

las-b-hor-3 2 0 0 0 0   

las-b-hor-4 7 1 0 1 0 BC?  
las-b-hor-5 5 0 1 0 0   

las-b-hor-6 5 0 0 0 1   

las-b-hor-7 12 1 1 4 0 Soot?  
las-b-hor-8 4 0 0 2 0   

las-b-hor-9 2 0 0 0 0   

las-b-hor-10 8 0 0 0 0   

las-b-hor-tot 60 2 4 7 1   

las-t-h2-1 13 0 0 0 0   

las-t-h2-2 21 0 0 5 0   
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las-t-h2-3 16 0 1 0 0   

las-t-h2-4 15 0 0 0 0   

las-t-h2-5 15 0 0 0 0   

las-t-h2-6 8 0 1 0 1 soot?  
las-t-h2-7 18 0 0 3 0   

las-t-h2-8 20 0 0 0 0   

las-t-h2-9 18 0 0 0 0   

las-t-h2-10 23 0 0 0 0   

las-t-h2-tot 167 0 2 8 1   

las-b-h2-1 8 0 0 1 0   

las-b-h2-2 7 0 1 1 0   

las-b-h2-3 16 0 1 0 1   

las-b-h2-4 12 0 0 2 0   

las-b-h2-5 12 0 0 0 0   

las-b-h2-6 12 0 0 0 1   

las-b-h2-7 15 0 2 0 0   

las-b-h2-8 13 0 0 0 0   

las-b-h2-9 16 0 0 0 0   

las-b-h2-10 6 0 1 0 0   

las-b-h2-tot 117 0 5 4 2   

g-kbak-h-b-18y-1 29 4 3 0 0 BC?  
g-kbak-h-b-18y-2 53 4 8 1 0   

g-kbak-h-b-18y-3 46 0 2 1 0   

g-kbak-h-b-18y-4 40 0 4 2 1   

g-kbak-h-b-18y-5 37 0 7 0 0   

g-kbak-h-b-18y-6 28 1 4 0 1 Large piece organic  
g-kbak-h-b-18y-7 118 18 8 6 0   

g-kbak-h-b-18y-8 34 2 2 2 0   

g-kbak-h-b-18y-9 22 0 4 2 0   

g-kbak-h-b-18y-10 40 1 1 4 0   

g-kbak-h-b-18y-tot 447 30 43 18 2   
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g-kbak-h-t-20y to disturbed       

bamboo-22-1 28 1 0 0 0   

bamboo-22-2 33 0 1 0 0   

bamboo-22-3 21 0 0 0 0   

bamboo-22-4 36 0 0 0 0   

bamboo-22-5 21 0 0 0 0   

bamboo-22-6 30 0 0 0 0   

bamboo-22-7 37 0 0 0 0   

bamboo-22-8 25 0 0 0 0   

bamboo-22-9 28 0 0 0 0   

bamboo-22-10 27 0 0 0 0   

bamboo-22-tot 286 1 1 0 0   

kath-summit-24y-1 30 0 1 0 0   

kath-summit-24y-2 21 0 0 0 0   

kath-summit-24y-3 47 0 0 0 0   

kath-summit-24y-4 36 0 0 0 0   

kath-summit-24y-5 27 0 0 0 0   

kath-summit-24y-6 29 1 0 1 0   

kath-summit-24y-7 34 0 1 0 0   

kath-summit-24y-8 20 0 1 0 0 Animal  
kath-summit-24y-9 41 0 1 0 0   
kath-summit-24y-
10 27 0 0 0 0   
kath-summit-24y-
tot 312 1 4 1 0   

k-kitchenfire1-1 31 0 1 0 0   

k-kitchenfire1-2 4 0 0 0 0 Veel luchtbellen  
k-kitchenfire1-3 17 0 1 0 1   

k-kitchenfire1-4 18 0 0 0 0   

k-kitchenfire1-5 23 0 0 1 0   

k-kitchenfire1-6 17 0 1 0 0   



65 
 

k-kitchenfire1-7 21 0 0 0 0   

k-kitchenfire1-8 10 0 0 0 0   

k-kitchenfire1-9 18 0 1 0 0   

k-kitchenfire1-10 Missing       

k-kitchenfire1-tot 159 0 4 1 1   

k-kitchenfire2-1 26 0 0 0 0   

k-kitchenfire2-2 27 0 0 0 0   

k-kitchenfire2-3 22 0 0 1 0   

k-kitchenfire2-4 20 0 0 1 0   

k-kitchenfire2-5 15 0 0 1 0 Black dash  
k-kitchenfire2-6 18 0 0 0 0   

k-kitchenfire2-7 7 0 0 0 0   

k-kitchenfire2-8 21 0 0 0 0   

k-kitchenfire2-9 20 0 0 0 0   

k-kitchenfire2-10 17 0 0 1 0   

k-kitchenfire2-tot 193 0 0 4 0   

las-ver-april-1 22 4 4 4 0   

las-ver-april-2 40 0 2 5 0   

las-ver-april-3 34 0 1 1 0   

las-ver-april-4 35 0 5 1 0   

las-ver-april-5 28 2 4 1 1   

las-ver-april-6 31 0 2 4 0   

las-ver-april-7 30 0 7 1 0   

las-ver-april-8 48 0 2 5 0   

las-ver-april-9 37 1 7 2 0   

las-ver-april-10 31 0 6 4 0   

las-ver-april-tot 336 7 40 28 1   

k-ver-4-april-1 32 0 1 0 0   

k-ver-4-april-2 25 0 2 0 0   

k-ver-4-april-3 17 1 0 0 0   

k-ver-4-april-4 19 1 0 0 0   



66 
 

k-ver-4-april-5 20 0 0 0 0   

k-ver-4-april-6 56 0 0 0 0   

k-ver-4-april-7 40 0 1 0 0   

k-ver-4-april-8 26 0 1 0 0   

k-ver-4-april-9 38 0 1 0 0   

k-ver-4-april-10 22 0 0 1 0   

k-ver-4-april-tot 295 2 6 1 0   

lir-ver1-1 37 2 3 3 0   

lir-ver1-2 43 0 4 4 0   

lir-ver1-3 27 1 4 4 1   

lir-ver1-4 31 0 2 2 0   

lir-ver1-5 23 0 5 2 0   

lir-ver1-6 45 0 3 2 0   

lir-ver1-7 46 1 0 2 2   

lir-ver1-8 43 1 1 1 0   

lir-ver1-9 46 1 2 2 1   

lir-ver1-10 31 1 6 2 0   

lir-ver1-tot 372 7 30 24 4   
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E. Classification of the SEM measurements 
The table contains the data obtained from the SEM analysis per measurements. Measurements with another colour (other than black) are measurements 

taken on the same particle. So, the red measurements at sample g-k-v-102-9 (1, 2 and 3) are three separate measurements taken on the same particle on the 

sample.  

g-k-v-
102-9 Major Minor Shape Size(um) Classification Counts 

1 Oxygen, Aluminium, Silica Carbon Irregular >200 Aluminosilicate 9000 

2 Oxygen, Aluminium, Silica Carbon, Potassium Irregular >200 Aluminosilicate  
3 Oxygen, Carbon Silica Irregular >200 Organic 9000 

9 Silica ,Carbon, Oxygen Calcium Triangle 10 Silica 1200 

10 Carbon, Oxygen Silica, Iron Irregular 100 Organic 3200 

11 Silica, Oxygen Carbon Irregular 100 Silica 3200 

12 Carbon, Oxygen Calcium Elongated 250(lengthwise) Organic 850 

13 Silica, Oxygen Carbon, Aluminium Rectangular 20 Silica 3400 

14 Aluminium, Silica, Oxygen Carbon Irregular 20 Aluminosilicate 3000 

15 - - - - - 24 

16 Carbon, Oxygen Silica, Aluminium Irregular 100 Organic 80 

17 Oxygen, Carbon Silica, Aluminium Irregular 100 Organic 60 

18 Iron, Potassium Oxygen, Carbon Irregular 5 Metals 135 

g-k-v-56 Major Minor Shape Size(um) Material Counts 

1 Carbon, Aluminium - Round 25 Black carbon 30 

2 Carbon, Aluminium Oxygen Round 25 Black carbon 30 

3 Carbon, Aluminium Oxygen Round 25 Black carbon 30 

4 Carbon, Oxygen Silica, Aluminium Irregular 8 Organic 200 

5 Carbon, Silica, Oxygen, Aluminium - Irregular 10 Aluminosilicate 300 

6 Carbon, Oxygen Silica, Aluminium Irregular 8 Organic 400 

7 Silica, Aluminium, Oxygen Carbon Irregular 10 Aluminosilicate 650 

8 Silica, Aluminium, Oxygen, Carbon Natrium, Potassium Irregular 50 Aluminosilicate 12000 

9 Silica, Oxygen Carbon Irregular 50 Silica 12000 

10 Carbon, oxygen, Silica, Aluminium Iron, Titanium, Tin Irregular 40 Aluminosilicate 320 
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11 Silica, Aluminium, Carbon Oxygen, Calcium, Iron Irregular 60 Aluminosilicate 150 

12 Silica, Aluminium, Carbon, Oxygen Potassium, Iron Irregular 20 Aluminosilicate 1200 

13 Silica, Aluminium Potassium, Carbon, Oxygen Irregular 40 Aluminosilicate 1500 

k-ver2 Major Minor Shape Size(um) Material Counts 

19 Silica, Oxygen Aluminium, Carbon Irregular 70 Aluminosilicate 800 

20 Silica, Oxygen, Aluminium Carbon, Natrium, Magnesium Irregular 50 Aluminosilicate 13500 

21 Silica, Oxygen Carbon Irregular 100 Silica 25000 

22 Oxygen, Carbon, Silica, Aluminium Iron, Potassium Irregular 100 Organic/Aluminosilicate 9000 

23 Calcium Oxygen, Silica, Aluminium Elongated >100(lengthwise) Calcium 400 

24 Silica, Aluminium Oxygen, Carbon, Iron, Potassium, Magnesium Irregular 10 Aluminosilicate  
25 Iron, Aluminium, Silica Potassium, Oxygen, Carbon Irregular 50 Metals/Aluminosilicate 550 

26 Silica, Oxygen Aluminium, Potassium Irregular 50 Silica 13000 

27 Silica, Aluminium Calcium, Oxygen, Natrium Irregular 80 Aluminosilicate 1200 

28 Silica, Aluminium, Oxygen Carbon, Potassium Irregular 30 Aluminosilicate 12000 

29 Potassium Silica, Aluminium, Oxygen, Carbon Irregular 30 Metal  600 

30 Silica, Oxygen  Irregular 30 Silica 24000 

36 Silica, Iron, Potassium Aluminium, Oxygen Irregular 15 Metals/Silica 700 

37 Potassium, Silica Carbon, Oxygen, Aluminium Irregular 15 Metals/Silica 850 

38 Silica, Aluminium Potassium, Oxygen  Irregular 5 Aluminosilicate 10500 

39 Carbon Oxygen Irregular 2 Organic  5600 

40 Potassium Silica, Iron, Carbon, Aluminium Irregular 30 Aluminosilicate 600 
g-lir-v-
49 Major Minor Shape Size(um) Material Counts 

1 Iron Potassium, Tin Irregular 50 Metals 500 

2 Silica, Aluminium Potassium, Oxygen, Carbon, Iron Irregular 10 Aluminosilicate 1000 

3 Iron, Potassium Silica, Aluminium, Tin, Zirconium Irregular 10 Metals 500 

4 Carbon Oxygen Irregular >100 Organic 18000 

5 Silica, Oxygen Carbon Irregular 10 Silica 11000 

6 Oxygen, Silica, Aluminium Carbon, Magnesium, Iron Irregular 10 Silica 5600 

7 Silica, Potassium, Aluminium Carbon, Oxygen Irregular 10 ? 2700 

8 Oxygen, Silica, Aluminium Carbon, Magnesium, Iron Irregular 5 Aluminosilicate  6400 
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9 Silica, Aluminium Natrium, oxygen Irregular 10 Aluminosilicate 7200 

10 Carbon Oxygen, Iron Irregular 100 Organic 600 

11 Silica Aluminium, Oxygen, Carbon Irregular 2 Silica 7200 

12 Silica, Aluminium, Oxygen, Carbon Iron, Potassium, Magnesium Rectangular 10 Aluminosilicate 4500 

13 Silica, Aluminium, Oxygen  Iron, Carbon, Potassium, Magnesium Rectangular 5 Aluminosilicate 5000 

14 Silica, Oxygen Carbon Rectangular >25 Silica 7200 

15 Carbon, Oxygen, Silica Aluminium Irregular 30 Organic/Aluminosilicate 6400 

16 Silica, Aluminium, Oxygen Potassium, Carbon Irregular 50 Aluminosilicate 650 

17 Silica, Aluminium Potassium, Carbon, Oxygen Irregular 50 Aluminosilicate 100 

18 Silica Carbon, Oxygen Irregular 15 Silica 50 

19 Oxygen, Carbon Silica, Aluminium, Natrium Irregular 10 Organic 300 

20 Oxygen, Carbon Silica, Aluminium Irregular 15 Organic 300 

21 Silica, Aluminium Carbon, Oxygen Irregular 40 Aluminosilicate 200 

22 Silica, Aluminium Carbon, Oxygen, Natrium Irregular 5 Aluminosilicate 100 

las-v1 major minor Shape Size Material counts 

1 Carbon, Oxygen Calcium, Silica Irregular 150 Organic 100 

2 Carbon Oxygen Irregular 150 Organic 25 

3 Carbon Silica, Aluminium, Oxygen Irregular 50 Organic 75 

4 Carbon Oxygen Irregular 30 Organic 20000 

5 Carbon Oxygen, Silica, Aluminium Irregular 20 Organic 300 

6 Carbon Oxygen, Aluminium Elongated 200(lengthwise) Organic 200 

7 Potassium Carbon, Silica, Aluminium Elongated 200(lengthwise) Metal 500 

8 Aluminium, Carbon Oxygen Irregular 50 Metal/Organic 72 

9 Carbon Oxygen Irregular 10 Organic 500 

10 Silica, Aluminium, Oxygen Carbon, Potassium, Natrium Triangle 20 Aluminosilicate 17000 

11 Organic Sulphur spherical 20 Black carbon 150 

12 Organic Sulphur spherical 20 Black carbon 200 

13 Organic Sulphur spherical 20 Black carbon 200 

14 Silica, Iron, Potassium Carbon, Aluminium Irregular 75 Silica/metals 700 

15 Carbon Silica, Aluminium, Oxygen Irregular 75 Organic 10000 

16 Carbon Silica, Aluminium, Oxygen, irregular 75 Organic 8000 
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17 Carbon, Natrium Silica, Aluminium, Oxygen irregular 75 Aluminosilicate/Natrium 18000 
 


