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Abstract 

Mercury is one of the most hazardous and toxic elements with a high degree of 

mobility. Although it occurs naturally, anthropogenic activity can also release mercury to 

the environment. Globally, the use of mercury in gold mining has caused significant 

environmental pollution since Ancient Roman times. Small-scale gold mining activities 

along Hunza and Gilgit rivers are long known to be discharging mercury in the 

amalgamation and roasting processes. Previous studies reported high mercury 

concentrations in soils close to mining operations as well as serious health problems for 

miners. However, none of the studies have focused on the level of contamination in 

aqueous environments. This is the first study on the investigation on fluvial fate and 

transport of mercury in Hunza River. This research study aimed to investigate the 

source, fate and transport of river-borne mercury. Eleven (11) out of thirty-seven (37) 

river water samples showed higher dissolved mercury concentration than critical levels 

suggested by Environmental Protection Agency. These sites corresponded to the 

observed gold panning sites. Particulate mercury concentration was roughly three orders 

of magnitude higher than that of dissolved mercury per liter of water for all sampled 

rivers. Thus, suspended sediments represented the major pathway of mercury transport. 

A mass balance was performed to calculate annual mercury discharge to Hunza River 

basin. A conservative estimation resulted in 0.63 tonnes of annual mercury flux. This 

amount of mercury is difficult to result from anthropogenic discharge alone. An index 

based physical model was created to estimate mercury yield at sub-basin level. It was 

found that the dominant source of mercury is the mercury-rich soils upstream of Attabad 

Lake rather than the direct mercury release from mining activities. This result is 

supported by previous soil geochemistry data. Significant decrease in both dissolved 

and particulate-bound mercury concentration downstream of Attabad Lake suggested 
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that mercury is being accumulated or consumed in the lake. Although minimization or 

elimination of mercury loses from mining process seems important for the wellbeing of 

the miners, preventing further accumulation of mercury in Attabad Lake would be a 

much more effective mean of mercury control in the region. 
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Overview 

 Mercury (Hg) is one of the most hazardous and toxic elements with a high 

degree of mobility. Due to its highly mobile nature, it is considered to be a global 

environmental pollutant in the atmosphere, lithosphere, and hydrosphere (Zhang & 

Wong, 2007).  Although mercury is a naturally occurring element, anthropogenic activity 

can also release mercury into the environment. 

The use of mercury is a common, practical, and cost-effective method for 

extracting gold. It has been employed as early as in Roman times and more recently and 

extensively during California's gold rush in the 19th century. The use of mercury in 19th 

century placer mining in California, now prohibited, has caused extensive pollutions in 

riverine and estuarine environments, ongoing to this day. Starting from early 1980s, a 

new gold rush is occurring in South America (Lacerda & Salomons, 1998) and Brazil 

being ranked first where 90% of its gold production is coming from small-scale gold 

mining (Malm, 1998). Only in South America, it has been estimated that nearly 250,000 

tones of mercury were released to the environment between the years 1550 and 1930 

(Nriagu, 1993; Lacerda, 1995) High mercury concentrations in different soil horizons 

have been reported for many sub-basins in the Amazon (Nevado et al., 2010). Soil 

erosion, intensified by human activities like gold mining, coal burning, forest cleaning, 

etc. have proven to be a mercury source for local aquatic systems (Veiga et al., 1994; 

Lacerda, 1995; Roulet, et al., 1998; Roulet, et al., 1999).  

Gold and mercury readily form an amalgam, where fine and ultra-fine particles of 

gold dissolve in mercury. In most small-scale gold mining operations, the amalgam is 

simply heated until mercury evaporates, leaving a gold residue behind. Harada, et al., 

(2001) estimated that, in order to recover 1 kg of gold nearly 1.32 kg of Hg is lost to the 

environment out of which 60% is released to the atmosphere as vapor and 40% to the 
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rivers, lakes or sediments in liquid form. Part of the atmospheric mercury returns to the 

water bodies by dry fallout and rainfall (Jenne, 1970). 

 Using mercury in pan amalgamation for the extraction of gold from stream 

deposits along Hunza Gilgit and Indus rivers has been practiced for many decades and 

is still going on. Khan et al. (in press) pointed out that pan amalgamation in the small-

scale gold panning and extraction activities are considered to be releasing significant 

amount of mercury into the environment and creating serious health risks to the miners. 

They documented major health problems in miners and their families, including: kidney 

diseases, skin rashes, chest pain, tremors, cognitive impairments, etc. Moreover, 

mercury concentrations in blood samples from miners are significantly higher than those 

who are not involved in mining activities. What is more motivational for the perspective of 

this study is that people who consume fish 2-3 times in a week have significantly higher 

org-Hg concentrations in their blood than those people who consume fish 2-3 times in a 

month.  

 After being released to the environment, inorganic mercury undergoes 

biotransformation into methyl mercury species by the action of anaerobic bacteria that 

live in aquatic environments (Adimado & Baah, 2002). Organic mercury species then 

bio-accumulate in the tissue of fish and other organisms suggesting that people having 

high organic mercury concentration in their urine or blood might have been exposed to 

the mercury through ingestion of fish from contaminated rivers (Khan et al., in press). 
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Figure 1-1: Mean concentrations (μg/L) of Hg species in red blood cell (RBC) and 
plasma samples. Table shows that blood samples from miners are significantly higher in 
Hg concentration than non-occupational control group (people who are not involved in 
mining). Organic-Hg concentrations in the blood samples suggest food and/or drinking 
water may be contaminated (Data source: Khan et al., in press). 

1.1 OBJECTIVES 

 This research study attempted to explore the source, fate, and transport 

dynamics of mercury in Hunza River by: 1) using high frequency water sampling and 

analysis for low level mercury concentration; 2) creating an index based physical model 

in sub-basin level to understand watershed processes that control the transport of 

mercury; and 3) comparing analytical and observational data in GIS to decide on 

dominant mercury source to aquatic systems. 

1.2 DESCRIPTION OF THE STUDY AREA 

 Hunza River basin is situated in Northern Areas which is the northernmost 

political entity within Pakistan. Geographically the Northern Areas is situated between 

Latitudes 34°33’ to 37° 04’ and Longitudes 72° 31’ to 77°51’ (Figure 1-2). It borders 

Pakistan's Khyber Pukhtunkhwa province to the west, Afghanistan to the north, China to 

the east and northeast, Pakistan-administered Azad Kashmir to the southwest and 
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Indian-administered Jammu & Kashmir to the southeast. Northern Areas covers an area 

of 72,971 km². It is a very rugged and highly mountainous region with a very high relief. 

K2 peak, the second highest mountain on Earth with a peak elevation of 8611 m, is 

located in Ghanche administrative region (Figure 1-2). Northern Areas has an estimated 

population of around two million. Its administrative center is the city of Gilgit (population 

383,324) which lies at the hub of an extensive road network serving the region. The town 

has long been a strategic and commercial importance as it is on old trade routes (Silk 

Road) and now the Karakoram Highway (KKH). The KKH connects Islamabad to Gilgit 

then following Hunza river valley, provides access to China in the north. It serves the 

only way of access available to Hunza and northern parts of the study area. Although it 

is called a "highway", it was only partially asphalted in north of Gilgit when the field 

survey for this study was conducted in June 2011. Therefore, delays in access times 

should be expected when traveling northbound from Gilgit. The other means of access 

to Northern Areas is by air to Gilgit or Skardu from Islamabad, weather permitting.  

 The main interest of this study is concentrated on the Hunza River and its 

drainage area. The Hunza River is one of the principle rivers in Northern Areas. It flows 

from north to south, fed by many glaciers: such as Pasu, Hispar, Shimsal, and 

Chipursan Glaciers and joins to the Gilgit River before it flows into the Indus River before 

it drains into the Arabian Sea (Figure 1-2). The Hunza River has a mean annual flow of 

384.85m3/s (GRDC, 2011) and a drainage area of 13494 km2 (determined by GIS). 

http://en.wikipedia.org/wiki/Gilgit
http://en.wikipedia.org/wiki/Gilgit_River
http://en.wikipedia.org/wiki/Indus_River
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Figure 1-2: Location map of the study area. The Northern Areas (grey shaded area) is 
the northernmost political entity within Pakistan. This study is mainly focused on the 
Hunza River drainage basin (outlined with red) 

1.3 GEOLOGIC AND TECTONIC SETTING 

 For simplicity, Northern Areas can be divided into three main tectonic units 

separated by major thrust faults. From north to south these units are: the Eurasian Plate, 

the Kohistan-Ladakh Arc, and Indian Plate (Figure 1-3).  
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 The Eurasian Plate is comprised of variably metamorphosed sediments of 

Paleozoic-Cretaceous age, variably deformed cal-alkaline granitoids of Karakoram 

Batholiths, Khunjerab-Wakhan-Tirich-Mir granites of Jurassic-Tertiary age, and minor 

anatectic granites of Tertiary age (Treloar, et al., 1989). The Kohistan-Ladakh Arc is 

composed of Jurassic-Cretaceous volcanics and sediments and deformed gabbro 

diorites. Later stage igneous activity formed basic-intermediate composition igneous 

rocks and subsequently acid granitoids (Petterson & Windley, 1985). Lower sections of 

Kohistan Plutonic Complex include major layered mafic-ultramafic complexes referred to 

as the Chilas Complex (Khan et al., 1997). The Indian Plate comprises of late 

Precambrian to early Paleozoic schists, marbles, and gneisses and Cambrian granitic 

rocks (DiPietro et al., 2000).  

 These tectonic units are separated by major thrust faults. The Shyok Suture (also 

known as the Northern Suture Zone), separates the Eurasian Plate from the Kohistan-

Ladakh Arc. The Indus Suture (also known as the Main Mantle Thrust) separates 

Kohistan-Ladakh Arc from the Indian Plate (Figure 1-3). The Indian Plate slides 

northward beneath the Kohistan-Ladakh Arc resulting in major uplift and erosion which 

reaches a maximum in the north-south-trending ridge of Indian Plate rocks at about 

75°E, known as the Nanga Parbat Massif (Tapponnier et al., 1981). This divides the arc 

into two segments: the Kohistan Arc to the west and the Ladakh Arc to the east. These 

tectonic environments are considered suitable for the development of a wide range of 

precious metal deposits (Sweatman et al., 1995). 
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Figure 1-3: Landsat satellite image showing a regional tectonic sketch map. Faults and 
sutures are drawn from Lawrence, et al. 1981; Tapponnier, et al. 1981; Gaetani, et al. 
2004; Yin 2006. Location of Northern Areas is outlined in black. BO—Bela ophiolite; 
MBO—Muslim Bagh ophiolite; ZO—Zhob ophiolite; WO—Waziristan ophiolite; KO—
Khostophiolite; DO—Dargai ophiolite; GF—Ghazband fault; CF—Chaman fault; PF—
Panjao shear; HF—Heart fault; MFT—Main Frontal thrust; MBT—Main Boundary thrust, 
MMT—Main Mantle thrust; MK—Main Karakoram thrust (modified after Khan, et al. 
2009).  

1.4 GEOMORPHOLOGY AND CLIMATE  

 Northern Areas are characterized by extreme topographic relief with peak 

elevations over 8,000 m over the Karakoram Mountain Range and as low as 800 m 

along Indus River valley. Although the area has a semi-arid climate, much of the 

mountain tops have permanent snow cover and active glaciers. Melt water from these 

glaciers source an extensive drainage system feeding into Indus River and eventually 

draining to the Arabian Sea on the south. Despite of the rugged topography, micro-
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climatic contrast between the highlands and the semi-arid lowlands leads to an intense 

erosion and mechanical dispersion processes (Wilhelm & Artignan, 1994). 

 Valleys of Hunza River hold great thicknesses of Quaternary and recent valley fill 

sediments, comprising glacial, debris flow, fluvial, and aeolian sediments (Owen, 1989). 

Incision of such sediments due to rapid tectonic uplift known to occur in the region has 

contributed to the sediment delivery.  

1.5 2010 LANDSLIDE 

 Northern Areas are vulnerable to landslide hazards due to very high relief and 

erosion rates. Smaller scale isolated landslide hazards happen very frequently, causing 

road blockages or other local damages. In some cases wide sections of mountains, 

more than a kilometer wide can slid into the valleys below.  

 On January 4, 2010, a landslide blocked Hunza River and created Attabad Lake, 

which threatened 15,000 people in the valley below and has effectively blocked 

Karakoram Highway from 10 km east of Hunza to 2 km west of Gulmit (Ahmed, 2010) 

(Figure 1-4). Currently, it is approximately 11 km long and 0.5 km wide (Figure 1-5). 

Attabad Lake flooded villages upstream as it expanded. Residents of the region are 

afraid that if the dam breaks, a flash flood could threaten downstream villages as well. 

The water had risen to block Karakoram Highway, the one and only vehicular access 

route to Hunza. 
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Figure 1-4: Photograph of a massive landslide that occurred on January 4, 2010 
blocking the only road (Karakoram Highway) that access to northern parts of Hunza 
Valley. Boats bringing goods from China were the only means of transportation to travel 
to north. Photograph was taken on June 10, 2011. Note the truck in the middle of the 
photograph to compare the size of the debris. 

Figure 1-5: Image acquired by Advanced Land Imager (ALI) on board of NASA's Earth 
Observing-1 (EO-1) satellite on March 16th, 2010 shows blocked Hunza River and 
growing Attabad Lake. Lake grew 11km long, inundating several villages and 5 km of 
Karakoram Highway. Landslide debris is on the lower right of the image.  

Attabad Lake 

Landslide 

Hunza River 

Truck 
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1.6 SUMMARY OF CHAPTERS 

 This thesis consists of four (4) chapters. The first chapter provides background 

information and definition of the environmental problem associated with mercury.  

 Chapter 2 mainly focuses on the field survey and geochemical work conducted in 

the study. The existence and the process of gold panning and mercury amalgamation 

were conformed through observations in the field. Locales of present gold washing 

activities are recorded. Information about the gold panning, washing, and amalgamation 

process was acquired through interviews with miners. Water samples from Hunza River 

were taken along the length of the river and from the months of its major tributaries. 

Samples analyzed to determine the dissolved and particulate-bound mercury. Particulate 

mercury concentration was roughly three orders of magnitude higher than that of 

dissolved mercury per liter of water for all sampled rivers. Thus, suspended sediments 

represented the major pathway of mercury transport. Two distinct relations between 

mercury and total suspended solids were found in upstream and downstream of Attabad 

Lake (a lake formed by landslide damming Hunza River). Riverine mercury fluxes are 

proportional to the concentration of total suspended solids in upstream samples, 

whereas mercury in downstream samples lack correlation with total suspended solids. 

This suggested that mercury is accumulated or consumed in the lake.  

 Chapter 3 focuses on digital elevation model (DEM) extraction from Advanced 

Spaceborne Thermal Emission and Reflection Radiometer (ASTER) stereo images and 

its use in geomorphic analysis in relation to erosion and sediment delivery potential in 

geographic information system (GIS) software. Extracted DEM has been tested for 

validity and accuracy by using different techniques. After quality control, DEM used to 

calculate eight morphometric parameters in relation to erosion and sediment delivery 

potential in the sub-basin level. Results of morphometric analysis showed correlation to 
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the field measured total suspended solids (TSS) concentration in the water column. 

Distribution of particulate mercury (PHg) has been modeled by using a linear regression 

analysis with the TSS-PHg relations suggested in Chapter 2. Results of this analysis 

showed that the dominant source of mercury fluxes to Hunza River is the leaching of 

mercury-rich soils upstream of Attabad Lake. This result was also supported by earlier 

soil contamination data (PMDC, 2001). Finally, Chapter 4 shows summary of 

conclusions.
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2. CHAPTER 2: GEOCHEMISTRY 
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This chapter mainly focuses on the field survey and geochemical work conducted in 

the study. It contains information about small-scale gold mining compiled by 

observations and interviews with miners during the field study. Moreover, specifics of the 

adapted method for field sampling and laboratory analyses are described. 

2.1 METHODS 

 Two methods are described in this chapter; field survey and analytical methods. 

The field survey part includes the field observations and sampling methodologies. In the 

analytical methods section, the types of analyses conducted and properties of these 

analyses are explained.  

2.1.1 Field Survey  

 A field survey was conducted in July 2011. Twenty-nine (29) water samples from 

Hunza River and eight (8) samples from Gilgit River were taken along the length of the 

rivers and from the mouth of their major tributaries (Figure 2-1). A total of thirty-seven 

(37) water samples, excluding field duplicates, were taken over a 10-day period while 

the rivers were at a high stage. It has been intended to collect samples so that their 

drainage area would be equal to each other as much as possible. However, in some 

cases, accessibility to the rivers was not possible due to very steep valleys (e.g. south of 

Hunza Village and Shimsal Valley). Mean drainage area that drains into a sampling site 

was 432 km2. Throughout the field survey, several mining sites have been observed 

(Figure 2-1). A sample is collected near each observed panning site. 

2.1.1.1  Use of Mercury in Small-scale Gold Mining Activities 

 The existence and the process of gold panning and mercury amalgamation were 

conformed through observations in the field. Locales of present gold washing activities 

are recorded (Figure 2-1). These miners have nomadic lives.  They live at the banks of 
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rivers in their huts with family members and make a living out of the gold that they 

panned. 

 The following information was compiled through interviews with miners, who live 

by the riverbanks and inherited this profession from their elders. Each family member, 

children included, is involved in the process from collecting, panning, amalgamation, and 

extraction of gold from panned concentrates. A small-scale wood-riffled sluice box 

(Figure 2-2) is usually manned by 2-3 workers. This hand crafted box is placed in water, 

where water depth is about the same height as the sluice box (approximately 20 cm 

deep) and let to catch enough sediment to be washed. Wooden riffles in the box prevent 

coarse sediments from entering the box. Fine sediments are collected deep in the box 

by the action of water and gravity separation. Collected fine sediments are then washed 

by traditional washing and panning methods. In the next step, mercury is added to 

panned concentrates and mixed by hand to amalgamate fine gold particles in the 

sediment (Figure 2-3). In the final stage gold is separated from the amalgam. Gold is 

separated in workers huts by mercury evaporation and roasting process. For this 

purpose, miners place the amalgam in their stove, where they also cook, and let mercury 

evaporate to recover gold (Figure 2-4). Recovered gold is not pure. It contains other 

minerals dissolved by mercury such as zinc and aluminum. It is further refined by gold-

dealers, leaving the actual miners an income as little as $200/year (Khan et al., in press) 

 The vaporized mercury is never captured and reused. It is allowed to escape to 

the atmosphere. Although its fate is unclear, it is certainly re-deposited, by dry or wet 

deposition, locally within 1-2 km (Lindberg et al., 1992) while some fraction could remain 

in the atmosphere for a prolonged time and be transported long distances (Mason et al., 

1992).



 

 
    

1
6 

 

Figure 2-1: Map showing locations of sampling and observed panning sites. Access to Chipursan Valley was not permitted in 
both field surveys of 2010 (Khan et al., in press) and 2011 (this study) due to security reasons; however, presence of gold 
panning activities in that region were noted through interviews with locals. Inset graph shows frequency distribution of sample 
drainage area. Average drainage area for sampling sites is 432 km2. Panning sites from 2011 were digitized from Khan, et al. (in 
press). 
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Figure 2-2: A small-scale wood-riffled sluice box that miners use to collect sediments 
from river. The box is placed in water and let to catch enough sediment to be washed. 
Wooden riffles in the box prevent coarse sediments from entering the box. Fine 
sediments are collected deep in the box by the action of water and gravity separation. 
Collected fine sediments are then washed by traditional washing and panning methods. 

Figure 2-3: A photo taken during field trip. The lady in the picture is adding liquid 
mercury to amalgamate panned sediments from Hunza River. After being mixed with the 
sediment, mercury is let to evaporate by heating the amalgam in the stoves at their tents 
(seen on right side) to recover gold. 
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Figure 2-4: Photo showing the recovered gold after evaporation/roasting process. The 
raw gold is not pure. It is further refined by gold-dealers and goldsmiths in shops and 
refinement places. The process of recovering gold from the mercury amalgam was 
similar in all observed sites of the study area.  

2.1.2 Sampling Methodology 

Sampling bottles and filtration equipment were cleaned by soaking in an acid 

bath of 4 N HCl for at least 2 hrs. Then, they were rinsed three times with reagent water 

and placed in mercury-free clean bench until dry. The bottles were tightly capped, 

double-bagged in new polyethylene zip-type bags until needed.   

Samples were collected, preserved, and stored following a procedure adapted 

and modified from US EPA method 1631 (US EPA, 1999). A detailed workflow of 

sampling procedure is given in Figure 2-5. Two types of samples were collected to 

analyze for total dissolved mercury (DHg) and total particulate (sediment)-bound 

mercury (PHg). Total dissolved mercury refers to all BrCl-oxidizable mercury forms and 

species found in the filtrate of an aqueous solution that has been filtered through a 0.45-

µm filter. Whereas total sediment-bound Hg refers to all BrCl-oxidizable mercury forms 
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and species of Hg that has been retained on a 0.45-µm filter after filtering a stream water 

sample. It is a measure of how much mercury is bounded with suspended sediments in 

the water column.  

2.1.2.1  Sampling Equipments 

Glass and HDPE (high-density polyethylene) bottles of appropriate sizes were 

selected as sample containers. HDPE bottles have been chosen considering their cost 

and ease of overseas transportation. A glass bottle has been accompanied to 10 HDPE 

bottles (one was broken during transportation) A bottle transmission study was carried 

out to test performance of HDPE bottles against glass bottles.  

Glass microfiber filters with 0.45-µm pore size and 47-mm diameter (Whatman, 

Grade 934-AH microfiber glass filters, supplier no.97040-976) were used to separate 

dissolved from suspended load. An in-line filter holder (Pall ® Life Sciences, in-line 

polycarbonate filter holder, supplier no. 1119), appropriate silicon tubing and a metal-

free field syringe were used for filtering. Plastic tweezers (Sipel ® plastic static-

dissipative tweezers, supplier no. 14223-376) were used to handle filters all the time to 

avoid metal contamination. HDPE vials are used as filter containers. 
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Figure 2-5: Flow chart of sampling methodology employed during field survey 
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2.1.2.2  Sampling for Total Dissolved Mercury (DHg)  

Samples are collected into rigorously cleaned HDPE and glass bottles as 

outlined in Figure 2-5. Five (5) ml of 0.5%BrCl was added to all clean bottles at least 24 

hr prior to sampling to stabilize and oxidize all Hg species to a less volatile form of Hg2+. 

All total dissolved mercury samples are filtered in the field with syringe pressure to 

separate dissolved from suspended load. Every fourth sample was accompanied by a 

field duplicate to assess the precision of the sampling, transportation and storage 

techniques. After sampling, cap screws of each bottle were sealed with Teflon® tape, 

and then caps were taped with clear plastic tape. 

2.1.2.3 Sampling for Particulate-bound Mercury (PHg)  

Clean, pre-weighted glass fiber membrane filters with pore size of 0.45 µm were 

placed into filter holders. Noting the exact volume filtered, 125 to 1000 ml of stream 

water was filtered using field syringes and necessary tubing and apparatus. Then, filters 

and retained sediments were placed into Teflon ® lined high density polyethylene petri 

dishes. Samples were stored frozen until analysis. Plastic tweezers were used when 

handling filters at all times.  

2.1.3 Analytical Methods 

Collected samples were analyzed for total dissolved mercury (DHg) and total 

particulate-bound mercury (PHg) in the United States Geologic Services (USGS) 

Mercury Research Laboratory in Middleton, Wisconsin. DHg samples were run by 

USEPA method 1631 (US EPA, 1999), whereas PHg samples were run by a 

modification to USEPA method 1631 as described by (Olund et al., 2010). 
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2.1.3.1  Analytical Method for Dissolved Mercury (DHg)  

 This method is designed for determination of mercury in filtered and unfiltered 

water by oxidation, purge and trap, desorption, and cold-vapor atomic fluorescence 

spectrometry (CVAFS). Mercury can be detected in the range of 0.5-100 ng/L (US EPA, 

1999). Higher concentrations can be achieved by selecting a smaller sample size. 

Samples were analyzed using Tekran 2600 CVAFS bubbler system.  

 Prior to analysis containers were checked visually to confirm excess BrCl from its 

yellow color. This ensured that the samples were preserved and BrCl was not consumed 

completely. After five days at 50 °C, the BrCl was neutralized (reduced) by addition of 

Hydroxylamine Hydrochloride (NH2OH·HCl). Following neutralization, Stannous chloride 

(SnCl2) is added to the sample to convert Hg2+ to volatile Hg0. Hg0 is separated from 

solution by purging with argon gas. Purged Hg0 is collected onto gold-coated glass bead 

traps. The mercury vapor is thermally desorbed from the gold trap into an inert gas 

stream that carries the released Hg0 to a second gold trap (analytical), and from that, 

detected by CVAFS. 

2.1.3.2  Analytical Method for Particulate-bound Mercury (PHg)  

Samples for total mercury in suspended solids were analyzed by a modification 

to USEPA method 1631 (Olund et al., 2010). Method detection limit (MDL) for this 

method was given to be 0.059 ng of mercury per filter. In this method, suspended solids 

are isolated on glass fiber filters. Filters are transferred from the petri dishes and placed 

into 125-ml wide mouth Teflon® bottles. Then, filters are oxidized with a 5% BrCl 

solution to convert all forms of Hg to Hg2+ (oxidation state). The samples were placed 

into an oven and held at 50 °C for a minimum of five days. Following pre-reduction with 

NH2OH·HCl, samples were analyzed as per USEPA method 1631 (US EPA, 1999). 
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2.1.3.3  Analytical Method for Total Suspended Solids (TSS) 

 Total suspended solids collected on pre-weighted glass fiber membrane filters 

were dried and then weighted using Mettler Toledo ML54 digital scale with 0.1 mg 

reporting accuracy. Results were subtracted from the dry weight of filters to calculate the 

amount of sediments retained on the filter. Then, this value was divided by the amount of 

water filtered to get concentration of TSS in the water column (Table 2.1). 

2.2 RESULTS 

 Field data and results of geochemical analyses are given in Table 2-3. Also, 

results of the analyzed samples are plotted on maps and given in Figures 2-8, 2-9 and 2-

10. Average concentrations of dissolved and particulate-bound mercury concentration 

were 10.13 ng/L and 37.40 ppb, respectively. Eleven (11) out of thirty seven (37) 

samples (30%) contained greater dissolved mercury concentration than EPA’s lowest 

Nationwide Water Quality Criterion of 12 ng/L (40 CFR 131.36) (Figure 2-6). However, 

sediment-bound mercury concentrations told another story. Particulate-bound mercury 

fluxes averaged 5,000 times of the EPA’s 12 ng/L criterion and 500 times of the 

Canadian aquatic life limit of 0.1 ppb (Figure 2-11).  

Elevated dissolved and particulate-bound mercury concentrations in waters close 

to mining activities suggested that mining has a profound impact on mercury flux to 

rivers (Figure 2-8 and 2-9).  

 Both dissolved and particulate-bound mercury concentrations were observed to 

decrease dramatically downstream of Attabad Lake (Figure 2-8 and 2-9). Total mercury 

concentrations dropped as much as three times on average immediately after the lake 

suggesting that the lake served as a sink to the sediments and therefore, to the mercury. 

TSS concentration tends to be more or less constant along main Hunza River channel, 
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although relatively high amount of suspended solids are entering from its tributaries. This 

is mainly due to the increased stream flow.  

The relative percent difference (RPD) between field duplicates was less than 

20% for 90% of the samples (Table 2-1). Average RPD was as low as 3.3%. Only one of 

the ten field duplicates had slightly greater difference than the employed method's RPD 

limit (US EPA, 1999). Average spike recoveries for dissolved and particulate-bound 

mercury samples were 92.8% and 113.4%, respectively (Table 2-2). RPD and spike 

recovery results suggested that the adopted method was valid in terms of precision and 

accuracy of the sampling, sample transportation and storage techniques. 

 

Figure 2-6: Graph showing the dissolved mercury concentration (DHg) in samples. 
Mean concentration for 37 samples is 10.13 ng/L. 11 samples contained greater amount 
of mercury than the EPA's lowest nationwide ambient water quality criterion of 12 ng/L 
(40 CFR 136) 
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Table 2-1: Relative percent difference of field duplicate samples 

Field Duplicate Relative Percent 
Difference A B 

12.4674 9.6149 0.77 

9.4799 8.3185 1.14 

8.7329 6.9575 20.33 

8.4707 8.2547 2.55 

9.1483 9.1959 0.52 

12.6182 12.8415 1.77 

12.9491 13.1096 1.24 

3.6689 3.7405 1.95 

1.1972 1.2208 1.97 

1.3197 1.3302 0.79 

 

Table 2-2: Instrument spike recoveries 

 

Instrument 
Spike 

Spike 
Recovery 

D
H

g
 (

n
g

/L
) 18.4786 101.8% 

18.5696 94.9% 

17.4936 86.0% 

21.6151 86.8% 

22.0853 94.6% 

P
H

g
 (

n
g

/f
il
te

r)
 3.9298 127.36% 

1.5015 112.89% 

1.8580 111.43% 

1.9512 111.07% 

1.9403 115.34% 

1.9300 102.16% 

 

2.2.1 Relationship between Mercury and Total Suspended Solids 

 TSS measurements have been used as an inexpensive method for the transport 

of many pollutants (Verbanck et al., 2006). Analytical results of this study showed two 

important relationships between mercury concentrations and TSS. Hg/TSS relationship 

was significantly different for samples upstream (R2=0.616, n=17) and downstream 

(R2=0.305, n=12) of Attabad Lake (Figure 2-7). While mercury in samples taken 

upstream of the lake showed increasing relationship with the amount of TSS, 

downstream samples showed a decreasing affiliation with TSS. Upstream samples 
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showed greater amount of mercury (61.93 ppt on average) and lower TSS (271.52 mg/L 

on average), whereas downstream samples showed lower amount of mercury (19.19 ppt 

on average) and greater amount of TSS (779.67 mg/L on average). The abundance of 

TSS and absence of mercury downstream of Attabad Lake suggests that mercury is 

being deposited and/or consumed in the lake. Moreover, it can be inferred that mercury 

source areas dominating the contaminations is restricted to upstream areas because of 

mercury fluxes observed downstream of the lake.  

Figure 2-7: Comparison of total suspended solids (TSS) and particulate mercury (PHg) 
in field samples upstream and downstream of Attabad Lake. Two different linear trends 
have been observed in samples upstream and downstream of the lake. 

y = 0.1595x + 18.616 
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Table 2-3: Field collected data and results of geochemical analyses. 

Sample 
ID 

Sampled 
River 

Ph 

Tem
pera
ture 
(°C) 

EC 
(µS/cm) 

"Clean" 
Filter 
Weight (g) 

"Dirty" 
Filter 
Weight 
(g) 

Volume 
Filtered 
(ml) 

TSS 
(mg/L) 

DHg 
(ppt) 

PHg 
(ppb) 

Remarks 

1 Hunza  6.0 6.5 159.2 0.0918 0.0927 250 4 8.26 81.74   

2 Hunza  6.5 6.1 191.3 0.0914 0.1526 300 204 9.93 148.13   

4 Hunza  6.0 6.6 226.0 0.0909 0.1412 340 148 9.31 115.44   

5 
Chipursan & 
Hunza 6.5 9.0 145.0 0.0893 0.1545 180 362 10.94 55.19 

Junction of 
rivers 

6 Hunza  6.5 9.2 141.0 0.0910 0.1507 300 199 8.57 52.82   

7 Hunza  6.5 9.4 147.0 0.0920 0.1825 250 362 25.25 68.65   

8 Shimsal  6.5 6.0 123.9 0.0921 0.1791 150 580 13.10 72.18 Panning Site 

9 Shimsal  7.0 6.7 126.4 0.0908 0.1737 145 572 12.35 124.49 Panning Site 

10 
Hunza 
Tributary 7.0 3.5 79.7 0.0905 0.2351 90 1607 8.33 9.05   

11 Shimsal 5.5 5.8 119.7 0.0911 0.2277 125 1093 10.24 154.62 Panning Site 

12 
Hunza 
Tributary 7.0 12.2 130.0 0.0907 0.2289 240 576 7.13 8.05   

13 Hunza  6.5 10.9 127.2 0.0929 0.2455 150 1017 8.88 6.80   

14 Hunza  6.0 7.0 127.1 0.0908 0.1956 160 655 8.36 11.23   

15 Nagar  7.0 3.1 120.9 0.0901 0.2641 80 2175 7.26 11.86   

16 Nomal 5.5 12.2 101.8 0.0914 0.1165 610 41 7.83 36.46   

17 Hunza  7.5 10.6 128.5 0.0915 0.2054 150 759 9.48 9.48   

18 Hunza  5.5 7.0 41.3 0.0909 0.0978 300 23 8.76 81.79   

19 Shimsal  5.5 5.9 126.5 0.0916 0.3334 125 1934 13.87 49.63 Panning Site 

20 Hunza  7.0 10.9 130.2 0.0916 0.1955 150 693 8.42 12.75   

21 Pasu Glacier 6.0 3.0 42.6 0.0905 0.1617 210 339 12.56 23.30   
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Table 2-3: (Continued)  

Sample 
ID 

Sampled River Ph 

Tem
perat
ure 
(°C) 

1
EC 

(µS/cm
) 

"Clean" 
Filter 

Weight 
(g) 

"Dirty" 
Filter 

Weight 
(g) 

Volume 
Filtered 

(ml) 

2
TSS 

(mg/L) 

3
DHg 
(ppt) 

4
PHg 

(ppb) 
Remarks 

23 Hunza  7.0 7.1 190.6 0.0913 0.1083 660 26 7.48 27.28   

25 Gilgit Tributary 7.0 12.7 31.9 0.0920 0.1223 600 51 9.05 27.41   

27 Misgar  5.0 6.5 131.6 0.0920 0.1057 600 23 12.58 89.20   

28 Gilgit Tributary 6.0 6.3 129.1 0.0915 0.3017 180 1168 9.40 10.51   

29 Gilgit  5.5 13.1 89.0 0.0914 0.1193 240 116 9.90 38.95   

30 Indus  6.0 16.3 84.0 0.0910 0.1244 480 70 8.52 31.55   

31 Hunza Tributary 6.5 15.0 161.5 0.0925 0.2770 180 1025 12.34 4.85   

33 Hunza  7.0 11.5 127.0 0.0906 0.2843 480 404 7.29 9.53   

35 Gilgit  6.5 12.0 111.1 0.0912 0.1788 180 487 9.35 14.44   

37 Gilgit  6.5 12.0 105.5 0.0916 0.1871 170 562 5.10 12.88   

38 Indus  6.0 17.0 92.5 0.0914 0.1622 150 472 12.47 20.15 Panning Site 

42 Hunza  6.0 5.4 192.3 0.0907 0.1130 600 37 13.11 20.31   

45 Hunza 6.0 15.1 358.0 0.0929 0.1429 230 217 6.37 23.94 Danyour Bridge 

46 Hunza  7.0 5.6 107.3 0.0907 0.2193 225 572 12.85 65.02   

47 Shimsal  6.5 7.0 131.6 0.0905 0.2594 155 1090 20.71 66.51   

48 Attabad Lake N/A N/A N/A 0.0905 0.1765 300 287 8.47 16.20 
Waited 2 hours 
before filtering 

49 Hunza  6.0 6.0 127.6 0.0912 0.2022 150 740 9.02 12.50   
1
EC: Elevtrical conductivity 

2
TSS: Total dissolved solids 

3
DHg: Dissolved mercury concentration 

4
PHg: Particulate-bound mercury concentration 
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Figure 2-8: Map showing the distribution of DHg concentration. Samples upstream of Attabad Lake have significantly higher 
DHg concentration than the rest of the study area. Mercury concentrations are elevated close to observed mining activities along 
Shimsal River. Inset graph shows the frequency of mercury results and symbology classes. 
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Figure 2-9: Map showing the distribution of PHg concentration. Samples upstream of Attabad Lake have significantly higher 
PHg concentration than the rest of the study area. Mercury concentrations are elevated close to observed mining activities along 
Shimsal River. Inset graph shows the frequency of mercury results and symbology classes. 
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Figure 2-10: Map showing the distribution of TSS concentration for different rivers sampled. While TSS is more or less constant 
along main Hunza River channel, different concentrations are entering from its tributaries. Increased stream flow makes the TSS 
concentration stay leveled. There is a slight decrease in TSS after Attabad Lake which is expected since the lake serves as a 
sink to the sediments  
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2.2.2 Dissolved (DHg) Vs Particulate-bound Mercury (PHg) 

 Dissolved mercury concentrations averaged 10.13 ng/L. Particulate-bound 

mercury concentrations, however, averaged 3 orders of magnitude greater than 

dissolved mercury concentrations for all the rivers sampled (Figure 2-11). Therefore, the 

mercury present in the water column is governed by the particulate fraction of mercury. 

Total mercury concentrations in samples from Shimsal River (where most of the 

observed mining activity took place) averaged 3 times greater than the other sampled 

rivers but can be up to 50 times greater (Figure 2-11, Table 2-3). This indicates that the 

mining has a profound impact on transport rates of riverine mercury. However this does 

not elaborate the source of mercury. The source of mercury is discussed more in the 

next chapter. 

Figure 2-11: Mercury concentrations per liter of water in the dissolved and suspended 
load of water versus different rivers sampled in the study area. For every river sampled, 
the majority of the mercury present in the water column was associated to the particulate 
fraction (PHg). On average, particulate-bound mercury concentrations were 3 orders of 
magnitude larger than dissolved mercury concentrations. Note the scale is different by 
1000 times for dissolved and particulate species. 

0

10

20

30

40

50

60

70

80

90

100

0

10

20

30

40

50

60

70

80

90

100

Gilgit River Hunza
River

Shimsal
River

Hunza
Tributaries

P
a

rt
ic

u
la

te
-b

o
u

n
d

  
H

g
 (

p
p

b
) 

D
is

s
o

lv
e

d
 H

g
 (

p
p

t)
 

 

Sampled Rivers  

Dissolved Hg

Particlate-bound Hg



 

33 
 

2.2.3 Bottle Transmission Study 

Glass and HDPE bottles were compared in terms of mercury transmission. Nine 

(9) samples were collected both in glass and HDPE bottles by employing the same field 

techniques and using the same equipment. From collection to analysis, samples were 

exposed to the same atmospheric conditions. Results of the transmission study are 

given in Figure 2-12. Eight out of the nine samples showed that mercury concentrations 

were lower in HDPE bottles than in glass bottles. When all of the difference is 

considered to have resulted from bottle transmission and not from analytical errors, an 

average of 1.61 ng/l or 16% of mercury was found to be transmitted from the HDPE 

bottles. This can be attributed to bottles being stored in an uncontrolled atmosphere 

during transportation and shipping overseas. Observed difference between 

concentrations from different bottle types could be resulted from not only bottle 

transmission but also from analytical errors or contamination. Hall et al., (2002) showed 

that although glass bottles are not completely impervious to Hg, they show very low 

transmission properties. Therefore, differential transmission rate between glass and 

HDPE bottles could result in discordance. However, it will not be considered since it is 

beyond the scope of this study. One sample showed a large and opposite difference: 

Mercury concentration in the glass container was approximately 3 times higher than that 

in the HDPE bottle. This result was unexpected since glass bottles were anticipated to 

have a lower transmission rates. This sample was considered as contaminated and 

excluded from calculations.  
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Figure 2-12: Total dissolved mercury concentrations in glass versus high density 
polyethylene (HDPE) bottles. Except one sample, results show good agreement. That 
sample is considered to be contaminated and discarded from further considerations. All 
of the differences are considered to have resulted from bottle transmission and not from 
analytical errors. An average of 1.61 ng/l or 16% of mercury was found to be transmitted 
from the HDPE bottles 

2.3 DISCUSSION AND CONCLUSION 

2.3.1 Validity of Sampling and Analytical Methods 

Analytical method performance results showed that the employed sampling, 

sample transportation and storage techniques were valid and inaccuracies were within 

method specifications.  

Bottle transmission study showed that the high density polyethylene (HDPE) 

bottles offer minimal diffusion rates when compared to glass bottles. Moreover, HDPE 

bottles are relatively inexpensive, resistant to shattering and easier to transport whereas, 

breakage and sample loss is common in glass bottles. Therefore HDPE bottles should 

be the container of choice in similar studies from an economic and time-saving 

perspective.  
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2.3.2 Fate and Transport of Mercury 

Together with an extreme topographic relief, high total suspended solids 

concentrations all along the Hunza River showed that sediments can be transported very 

long distances, perhaps all the way to the Arabian Sea. Mercury in upstream samples of 

Attabad Lake showed strong affinity for suspended sediments, whereas mercury in 

downstream samples did not show correlation with suspended sediments. This means 

that the transport dynamics of mercury change as the water passes through the lake and 

possibly, deposition and/or consumption of mercury occurs during this time. Therefore, 

the lake serves as a containment pond. Once deposited on the bottom of the lake, 

mercury may find its way into the fish after being converted to methyl-mercury (organic 

form of elemental mercury with high degree of bio-accumulation potential) by the action 

of bacteria. It seems sufficient to explain elevated mercury concentrations found in blood 

samples of people consumed fish more frequently than others (Khan et al., in press). 

2.3.3 Source of Mercury 

Dissolved and particulate-bound mercury concentrations were elevated in 

samples taken close to mining activities when compared to the rest of the study area. 

However, 67% of the dissolved mercury concentrations were below EPA’s nationwide 

lowest ambient water quality criterion. Particulate mercury fluxes, on the other hand, 

were three orders of magnitude greater than dissolved mercury. Therefore, particulate 

fraction of mercury represented the major pathway of riverine mercury fluxes. This raises 

the question: is the dominant source of mercury the contaminated soils at river banks or 

the direct release from mining operations? Of course, further evidence is needed to 

answer this question. The next chapter is intended to answer this question by targeting 

the possible source of mercury fluxes to the streams. 
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3. CHAPTER 3: MODELING 
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This chapter describes the morphometric characteristics of Hunza River Basin at 

a sub-basin level. Advanced Spaceborne Thermal Emission and Reflection Radiometer 

(ASTER) stereo data were used to extract a 15-m spatial resolution digital elevation 

model (DEM). Extracted DEM was validated by comparison with Shuttle Radar 

Topography Mission (SRTM) reference DEM by (1) image differencing, (2) elevation 

profile assessment, and (3) ability to predict known elevation points. GIS analysis of 

morphometric characteristics of Hunza River Basin was carried out by using the 

extracted DEM. Eight different morphometric parameters that are known to predict runoff 

and sedimentation potential have been calculated. Spatial variability of these parameters 

has been visualized by creating different thematic maps. All parameters were normalized 

by dividing each value by the maximum value observed in the sample set. A final map 

was prepared by summing all of the normalized parameters. Two linear regression 

analyses have been made to model both expected total suspended solids and  expected 

mercury concentration at sub-basin level. 

3.1 INTRODUCTION 

 A conservative mass balance equation has been created to calculate annual 

mercury flux to Hunza River basin by combining mean river discharge at the basin outlet, 

total suspended sediments and particulate-bound mercury concentrations (Figure 3-1). 

Mean discharge of 385 m3/s (GRDC, 2011) was multiplied by the concentration of 

suspended sediment at the river mount of 217 mg/L. Result was multiplied by the 

particulate-bound mercury concentration in the same sample (sample 45 at Danyour 

bridge) of 23.94 ng/g (approximately equal to ppb) produced an annual flux of mercury of 

0.63 tones. This is a conservative (a minimum) estimate due to the following reasons: (1) 

samples were taken close to the banks where stream velocity is low, and it is certain that 

average suspended sediment concentration would be higher; and (2) samples were 
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taken during summer, therefore, it is probable that concentration of suspended 

sediments is higher during rainy reasons. Incorporation these factors could increase the 

estimated annual mercury flux to 2 tons or even possibly more. It is unlikely that direct 

mercury release from anthropogenic activities could account for this much mercury flux 

to the rivers. Therefore, I hypothesize that the dominant source of mercury to the 

streams is the mercury-rich sediments and flood plain soils mobilized by extensive 

physical erosion. In order to test this hypothesis, an index based, physical model has 

been created to target potentially high runoff and erosion areas and compare findings 

with the soil geochemistry data from previous studies. 

 

Figure 3-1: Discharge-time graph at the mount of Hunza River basin (Danyour Bridge). 
Discharge station corresponds to sample number 45. Mean discharge for four years is 
385 m3/s (Data source: GRDC, 2011). 

3.2 METHODS 

3.2.1 DEM Extraction from ASTER Stereo Imagery 

Digital elevation model (DEM) is a raster array of elevation values that represent a 

surface. DEMs are invaluable environmental variables in most quantitative research 

studies in remote sensing. Landscape-based studies in earth sciences require the 
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extensive use of DEMs. Studies show that a DEM with high spatial resolution is sufficient 

to get satisfying results (Ozdemir & Bird, 2009; Ahmed et al., 2010). Therefore, a DEM 

with a 15-m spatial resolution was extracted using Advanced Spaceborne Thermal 

Emission and Reflection Radiometer (ASTER) satellite stereo imagery. ASTER is an 

imaging instrument flying on Terra, a satellite launched in December 1999 as part of 

NASA’s Earth Observing System. Images are acquired in three spectral data channels; 

VNIR (Visible-Near Infrared) at 15 m ground resolution, SWIR (Short-wave Infrared) at 

30 m ground resolution and TIR (Thermal Infrared) at 90 m ground resolution. However, 

only the VNIR channel of ASTER has stereoscopic view capability. As one VNIR sensor 

collects images at nadir direction, another VNIR sensor is located as back view, 

collecting images in back-looking direction (Figure 3-2). Using two different look 

directions, perspective images that cover the same area can be obtained and used in 

DEM generation (Welch, et al. 1998, Toutin, 2002, Hirano et al., 2003). 

 
Figure3-2: Simplified diagram of the imaging geometry for ASTER along-track stereo. 
(Hirano et al., 2003) 
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Within this study, steps that were followed to generate a 15-m-resolution DEM from 

ASTER stereo image pairs are presented in the flowchart in Figure 3-3. Major steps are: 

(1) acquisition of necessary input data, (2) pre-processing and DEM generation, and (3) 

comparison and validation of extracted DEM.

Figure 3-3: Flow chart illustrating the workflow of the study 
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3.2.1.1 Explanation of Datasets 

ASTER Imagery 

 Five ASTER L1B data products were obtained through the online Data Pool at 

the NASA Land Processes Distributed Active Archive Center (LP DAAC), USGS/Earth 

Resources Observation and Science (EROS) Center, Sioux Falls, South Dakota 

(https://lpdaac.usgs.gov/get_data). Data coverage can be seen in Figure 3-4. ASTER 

L1B data product is a registered radiance at the sensor product, i.e. radiometric and 

geometric corrections are applied to the images (LP DAAC, 2011). Four of five scenes 

used in this study were acquired in May 2011 while one was acquired in October 2011. 

All images had less than 1% of cloud coverage.  

Shuttle Radar Topography Mission (SRTM) DEM 

 SRTM (Shuttle Radar Topography Mission) DEM data are collected by a radar 

system onboard of Space Shuttle Endeavor. It provides globally available (80% of the 

Earth surface) DEM with 90-m spatial resolution. For this study, 90 m resolution SRTM 

DEMs were obtained from United States Geological Survey's EROS Data Center. Data 

were used for two purposes: (1) to check the validity of the extracted DEM and (2) to fill 

in the voids produced from artifacts such as clouds and cloud shadows in the stereo 

imagery.  

GPS Surveying  

 During field survey elevation readings were recorded with a Trimble GeoXH 

handheld GPS. Locations of GPS elevation measurement points are presented in Figure 

3-5. Because of the rugged nature of the terrain, GPS elevation points could only be 

recorded along valleys of low elevation. Since GPS points were not well distributed and 

do not solely cover all the elevation profiles, additional points of known elevation were 

https://lpdaac.usgs.gov/get_data
http://edc.usgs.gov/srtm/data/obtainingdata.html
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needed to create an absolute DEM. These additional points were extracted from 

topographic maps. 

Topographic Maps 

 According to NIMA (National Imagery and Mapping Agency) half a pixel size of 

planimetric accuracy is needed, which requires the use of at least 1:30 000 scale 

topographic maps (Lang & Welch, 1999). Because 1:25 000 scale maps were not 

available for the study area, topographic maps of 1:250000 scale were obtained as 

scanned raster images from Perry-Castañeda Library of University of Texas at Austin 

(http://www.lib.utexas.edu/maps/pakistan.html). These maps were geo-referenced and 

projected onto UTM projection system to be used in elevation extraction. Extents of 

topographic maps are presented in Figure 3-6.  

3.2.1.2  Pre-Process and DEM Generation 

Extracting Ground Control Points (GCPs) from Topographic Maps 

Although it is known that theoretically four GCPs are enough to create a DEM 

from stereo images (Toutin, 2002), a literature survey suggests that geographically and 

vertically well distributed GCPs between 4 to 50 prevent error propagation and help to 

keep the accuracy in the order of one pixel (15 m) (Welch et al., 1998; Toutin, 2001; 

Toutin, 2002; Toutin & Cheng, 2002; Hirano et al., 2003). In this study, elevations of the 

summits were extracted as GCPs from topographic maps. Furthermore, because 

1:250,000 scale topographic maps lacked the necessary horizontal (planimetric) 

accuracy, location of the peak points are corrected by using the co-registered SRTM 

DEM. In other words, selected summit elevations were obtained from topographic maps, 

while the exact coordinates of these summits were acquired from SRTM DEM by the 

http://www.lib.utexas.edu/maps/pakistan.html
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location of the highest valued pixel in the vicinity. Locations of the extracted GCPs are 

presented in Figure 3-5. 

Utilizing Environment for Visualizing Images (ENVI) DEM Extraction Module 

Environment for Visualizing Images (ENVI) image processing software package 

was utilized to extract elevation data from stereo imagery. DEM extraction is a multi-step 

decision making process involving the setting of many parameters used in different 

steps. These steps include inputting stereo image pair, defining GCPs, defining tie 

points, specifying parameters, examining and editing the output DEM.  

First, images from ASTER telescopes' normal (3N) and backward viewing (3B) 

bands were input as left and right images. Second, user defined ground control points 

were entered to extract a DEM with absolute elevation and to tie the DEM to a planar 

map projection. Third, the relationships between the stereo images were established by 

defining tie points. Using the tie points, ENVI DEM extraction module calculates the 

epipolar geometry and creates epipolar images. These images were used to create a 

parallax in the stereo pair that is used to form a 3-D perception. Last, DEM was 

extracted and projected using Universal Transverse Mercator (UTM) projection with 

WGS-84 ellipsoid. Once the DEM extraction was complete, artifacts from clouds and 

cloud shadows were edited. 
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Figure 3-4: Map showing the study area, extent of the ASTER scenes (blue area) used 
in the DEM extraction. Remaining parts of the study area were filled with data from 
SRTM (grey shaded area).  
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Figure 3-5: Map showing the locations of ground control points (GCPs) used in DEM 
extraction. Two types of GCPs were used: GPS surveys and extracted elevation points 
from topographical maps. 



 

46 
 

Figure 3-6: Map showing the location of the topographic maps used in the extraction of 
ground control points. Four 1:250,000-scale topographic sheets were used: NJ-43-14, 
NJ 43-15, NI 43-2 and NI 43-1. 
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3.2.2 GIS Analysis of Morphometric Indicators to Target Mercury Source Areas  

 Drainage characteristics of many river basins and sub-basins in different parts of 

the world have long been studied using topographic maps and aerial photos (Horton, 

1945; Strahler, 1952; Strahler, 1957; Strahler, 1964; Leopold & Miller, 1956; Morisawa, 

1959; Krishnamurthy et al., 1996). In the recent decades, increasing usefulness of GIS 

software and availability of digital elevation models have made it easier to quickly and 

accurately calculate, manipulate, analyze and interpret morphometric parameters. 

Drainage basins are the fundamental units of the fluvial landscape and vast amount of 

research has been done to quantitatively describe topology of stream networks, 

drainage texture and relief characteristics to estimate sediment yields and erosion rates. 

According to Milliman & Syvitski, (1992), basin area and basin morphology govern the 

major control on sediment yield whereas climate, geology and land use influence is less.  

 The study includes a GIS analysis of some morphometric indicators with 

reference to erosion and sediment delivery. The aim is to develop an index-based, 

physical approach to classify Hunza River basin at the sub -basin level with regards to 

their susceptibility of erosion and sediment delivery. Later on, morphometric model 

results were compared to soil geochemistry data from previous studies. Although it is not 

intended to build a simulation of erosion and sediment transport, physically based 

geomorphic indicators relying on topographic parameters such as relief, drainage 

density, basin ruggedness, etc. help explain the spatial variation in observed sediment 

load in the rivers.  

 In order to extract drainage network and watersheds or calculate some common 

morphometric parameters such as basin relief, relief ratio, stream frequency, drainage 

density, drainage intensity, ruggedness number, infiltration number, and elongation ratio, 

a DEM with high spatial resolution is sufficient to get satisfying results (Ozdemir & Bird, 
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2009; Ahmed et al., 2010). In this study, Hunza River basin was divided into sub-basins. 

The drainage network and morphometric parameters of sub-basins were extracted from 

a DEM generated with the techniques described in the beginning of this chapter.  

3.2.2.1  Extraction of Drainage Network 

 The drainage network was extracted by using the 15-m DEM that had previously 

been extracted from ASTER data. Standard methodologies for drainage network 

delineation were adopted from the literature (Band, 1986; Morris & Heerdegen, 1988, 

Tarboton et al., 1991; Gurnell & Montgomery, 1999; Maidment, 2002). A model has been 

developed using ArcHydro toolset in ArcGIS software package to automate the 

extraction process (Figure 3-7). Main steps during the automated extraction are 

illustrated in Figure 3-8.  

Setting a threshold value is an important step in drainage network delineation 

(Figure 3-8) Threshold value is the number of cells that is needed to start a flow and 

controlled by the headwater area to be drained before initiating a concentrated flow. 

According to USGS Elevation Derivatives for National Applications (EDNA), drainage 

area to generate a stream is typically 4.5 km2. However, considering the hilly topography 

and extreme runoff conditions observed, a smaller drainage area of approximately 0.9 

km2 (4000 pixels) was selected by a trail-and-error approach (Mark, 1983).  
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Figure 3-7: Model developed in ArcGIS to delineate drainage network and watersheds 
as water sampling sites being the outlet points. Blue, cyan, yellow and green boxes 
represent inputs, applied parameters, tools used and outputs, respectively. 

Figure 3-8: Main steps in delineating drainage network from a DEM. After calculating 
flow accumulation, a threshold is needed to identify the number of cells to initiate flow. 
General rule of thumb value is not used. Rather, a trial-and-error approach is utilized. 
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 Extracted drainage network was classified into different orders using the Strahler 

method (Strahler, 1952) (Figure 3-8). Strahler’s system designates a segment with no 

tributaries as a first-order stream. Where two first-order segments join they form a 

second-order segment: two second-order segments join to form a third-order segment 

and so on. 

 Stream segmentation tool in ArcHydro is used to generate a raster in which a 

unique identifier is assigned to those stream junctions which connects a second order 

stream to a second-or higher order streams. Later on, these stream junctions are 

defined as outlet points to delineate watersheds. The objective of this methodology was 

to generate watersheds that have more or less equal area and uniform drainage 

characteristics so that morphometric analysis can be applied.  

3.3 RESULTS 

3.3.1 DEM Extraction, Validation, and Assessment of Accuracy 

DEM extracted from ASTER stereo images merged with SRTM DEM to cover the 

entire study area (Figure 3-4 and 3-9). In order to have a consistent pixel size throughout 

the study area, SRTM data were resampled to have 15 m pixel size which is the same 

as ASTER DEM. Areas that are outside the ASTER extent were filled data from SRTM 

data. Moreover, some of the artifacts and no-data in DEM extraction were filled with 

resampled SRTM data.  

Following the extraction of ASTER DEMs three techniques are applied to validate 

and test the accuracy of the extracted DEMs. The first method, image differencing, was 

composed of subtracting the extracted DEM from SRTM DEM on a pixel-by-pixel basis 

to acquire an error image. The second method, profiles of DEMs, was made up of 

creating five elevation transects both for reference and extracted DEMs to test the 

quality of the ASTER DEM. The third method, prediction of elevation from GPS points 
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and topographic maps, formed an accuracy assessment of ASTER DEM by comparing 

elevation values of points acquired by GPS and topographic maps. 

Figure 3-9: 3-D scene of ASTER images draped over the extracted DEM with study are 
(red line) and drainage network (blue line). 

3.3.1.1  Image differencing 

 Although every extracted DEM correlated with the reference DEM, the amount of 

error and spatial inference about the location of the error is not known. A difference 

image (error image) was created by subtracting the values of the reference DEM from 

the extracted ASTER DEM. In this approach, all of the pixels were treated as check 

points in order to detect elevation differences and location of the errors for every pixel in 

the DEM. Resultant error map shows the location and the amount of error (Figure 3-10). 

The resulting RMSEz for this test was ± 9.35 m when all the errors were assumed to 

result from inaccuracies in the extracted ASTER DEM (Figure 3-11). 
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Figure 3-10: Map showing the result of image subtraction from ASTER and SRTM. The 
resulting RMSEz for whole image is ± 9.35 m when all the errors were assumed to result 
from inaccuracies in the extracted ASTER DEM. The majority of the differences occurred 
at the ridge tops. 
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Figure 3-11: Histogram of elevation differences between reference SRTM DEM 
(reported RMSEz ±16 m) and the corresponding extracted ASTER DEM. Although some 
outliers as high as 1271 m are present (Figure 3-10), majority of the errors are in the 
range of 0-50 m. Resultant RMSEz for the whole test was ±9.35 m. 

3.3.1.2  Elevation Transects of Reference DEM and ASTER DEM 

Five elevation transacts were plotted from both the SRTM 90-m reference DEM 

and the extracted ASTER DEM. This technique provided both visual and quantitative 

assessment of the extracted DEM quality. Five transects show a good agreement. 

Nevertheless, most of the errors occur in higher elevations where there exist glaciations, 

snow cover and varying shadow conditions. Majority of the errors were between one to 

two pixel size (15-30 m), however, some occasional errors ranging up to ten pixels were 

present (Figures 3-12, 3-13, 3-14, 3-15, 3-16, and 3-17). 
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Figure 3-12: Map showing the position and orientation of the elevation transects (yellow 
lines). Base map is a mosaiced and hill shaded image of extracted ASTER DEM. 



 

55 
 

 
Figure 3-13: Elevation profile A-A'. Blue line represents data from SRTM 90 m reference 
DEM while red line corresponds to the data from extracted ASTER DEM. 

Figure 3-14: Elevation profile B-B'. Blue line represents data from SRTM 90 m reference 
DEM while red line corresponds to the data from extracted ASTER DEM. 

Figure 3-15: Elevation profile C-C'. Blue line represents data from SRTM 90 m 
reference DEM while red line corresponds to the data from extracted ASTER DEM. 
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Figure 3-16: Elevation profile A-A'. Blue line represents data from SRTM 90 m reference 
DEM while red line corresponds to the data from extracted ASTER DEM. 

Figure 3-17: Elevation profile A-A'. Blue line represents data from SRTM 90 m reference 
DEM while red line corresponds to the data from extracted ASTER DEM. 

3.3.1.3  Elevation Prediction from GPS and Topographic Maps 

 The vertical accuracy of the extracted ASTER DEM was checked by comparing 

112 field survey points acquired by GPS. Moreover, 28 peak point elevations were 

digitized from topographic maps and used in accuracy assessment. Location of these 

control points are displayed in Figure 3-5. 

GPS survey points, extracted ASTER DEM, SRTM reference DEM are plotted to 

visually inspect the correspondence of the new and reference datasets (Figures 3-18, 3-

19, 3-20, 3-21 and 3-22). Table 3.1 summarizes the accordance of the datasets along 

with RMSEz.  
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Figure 3-18: Correlation plot of GPS elevation data and the corresponding ASTER 
DEM. 

Figure 3-19: Correlation plot of GPS elevation data and the corresponding SRTM 
reference DEM. 
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Figure 3-20: Correlation plot of elevation data extracted from topographic maps and the 
corresponding ASTER DEM. 

Figure 3-21: Correlation plot of elevation data extracted from topographic maps and the 
corresponding SRTM DEM. 

y = 1.0088x - 117.44 
R² = 0.9927 

3,000

4,000

5,000

6,000

7,000

8,000

3,000 4,000 5,000 6,000 7,000 8,000

A
S

T
E

R
 D

E
M

 e
le

v
a

ti
o

n
 (

m
) 

Topographic map elevation (m) 

Topographic Map vs. ASTER 

RMSEz= ± 123.16 m 

y = 0.9926x - 26.038 
R² = 0.9923 

3,000

4,000

5,000

6,000

7,000

8,000

3,000 4,000 5,000 6,000 7,000 8,000

S
R

T
M

 D
E

M
 e

le
v
a

ti
o

n
 (

m
) 

Topographic map elevation (m) 

Topographic Map vs. SRTM 

RMSEz= ± 122.56 m 



 

59 
 

Figure 3-22: Correlation plot of  SRTM reference DEM and extracted ASTER DEM. 
 

Table 3-1: Summary of the accuracy assessment results. 

Type of accuracy assessment RMSEz 

Image differencing 9.35 m 

Elevation profiling appox. 15-200 m 

GPS and topographic map 
elevation prediction 

21.72 m (GPS) 
123.16 m (Topo) 

3.3.2 Results of GIS analysis of morphometric indicators in relation to erosion 
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 Morphological analysis of Hunza River Watershed was carried out at a sub-basin 

level for 229 sub basins (Figure 3-23). Eight GIS indicators for the morphometric 
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calculated. These morphometric parameters and their established mathematical 
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based on the frequency graph of the data; therefore, the corresponding sub basins have 

been excluded and regarded as unclassified.  

Distribution of each parameter was visualized as a color coded map. To perform 

a correlatable visual analysis, calculated parameters were classified such that each 

class has a width of one standard deviation after the outliers were removed. This 

technique resulted in having five or six classes based on the width of the data 

distribution. Frequency graphs are attached to each thematic map. 

Table 3-2: Morphometric parameters and their mathematical formula used in the study. 

No Morphometric Parameter Formula Reference 

1 1 Basin Relief (H) H = Hmax - Hmin Strahler (1952) 

2 2 Relief Ratio (Rhl) Rhl = H / Lb Schumm (1956) 

3 3 Stream Frequency (Fs) Fs = Nu / A Horton (1932) 

4 4 Drainage Density (Dd) Dd = Lu / A Horton (1932) 

5 Drainage Intensity (Di)  Di = Fs / Dd Faniran (1968) 

6 1Ruggedness Number (Rn) Rn = Dd * (H / 1000) Patton & Baker (1976) 

7 Infiltration Number (If) If = Fs * Dd Faniran (1968) 

8 2Elongation Ratio (Re) Re = 2 / Lb * (A / π ) 0.5 Schumm (1956) 
1Hmax: maximum elevation in the watershed, Hmin: minimum elevation in the watershed 
2 Lb: Longest flow path along the main stream 
3 Nu: Total number of stream segments of all orders A: area of watershed 
4 Lu: Total length of stream segments in watershed 

Basin Relief (H) 

 Basin relief is termed as the difference in elevation between the highest and the 

lowest point of the basin, i.e., the difference between the elevation of the highest point 

and that of the basin mouth. Basin relief controls the stream gradient and therefore 

influences flood patterns and the amount of sediment that can be transported (Hadley & 

Schumm, 1961).  

 In the sub-basin level, basin relief plays an important role in drainage 

development, surface water flow, permeability, and erosional properties of the terrain 

(Reddy et al., 2004). High Bh value indicates low infiltration and high runoff conditions. 
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Basin relief is calculated by subtracting the highest elevation from the lowest elevation of 

the basin according to the following formula; 

H = Hmax - Hmin (Strahler, 1952) 

where,  

Hmax is the maximum elevation in the watershed, and 

Hmin is the minimum elevation in the watershed. 

Figure 3-24 shows the distribution of the basin relief in the study area. Basin relief was 

found to be higher in the central and southern parts while lower in the northern parts of 

the study area. 

Relief Ratio (Rhl) 

 Relief ratio is defined as the basin relief, H, divided by the longest flow path 

parallel to the main drainage line (Schumm, 1956). It can be calculated by the following 

mathematical formula; 

Rhl = H / Lb (Schumm, 1956) 

where, 

H is the basin relief, and 

Lb is the longest flow path parallel to the main drainage line. 

 Lb was calculated by using Longest Flow Path for Catchments tool in Arc Hydro 

toolset in ArcGIS software.   

 According to Schumm (1956), the relief ratio measures the overall steepness of a 

drainage basin and is an indicator of the intensity of erosion processes operating on 

slopes of the basin. He also found that sediment loss per unit area is closely correlated 

with relief ratio based on the possibility of a close correlation between relief ratio and 

hydrologic characteristics. Therefore, high relief ratio can be associated to the areas with 

potentially high sediment yield.  
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 Figure 3-25 shows the distribution of relief ratio in the study area. 

 Maner (1958) used a relief-length ratio with sediment-delivery ratio of watersheds 

in the Red Hill area of southern Kansas, Oklahoma, and Texas. He found that the ratio 

had a higher correlation with sediment delivery ratio.  

 Hovius (1998) reported that the relief ratio and slope angle of river are the most 

relevant parameters related to fluvial transport of sediments. Similar results were found 

by Schumm (1956) for Colorado River basin, USA, Summerfield & Hulton (1994) for 

continental scale basins and Restrepo & Syvitski (2006) for Magdalena drainage basin. 

Therefore, the relief ratio represents the potential energy available for soil erosion and 

high relief ratio can be associated to areas with potentially high sediment yield.  

Stream Frequency (Fu) 

 Stream frequency is defined as the number of stream segments per unit area by 

Horton (1932). It can be calculated by the following formula; 

Fs = Nu / A (Horton, 1932) 

where, 

Nu is the total number of stream segments of all orders, and 

A is the area of the watershed (calculated by GIS). 

 Nu was calculated using Stream Segmentation tool in Arc Hydro toolset in 

ArcGIS software.  

 According to Horton (1932), high stream frequency values indicate impermeable 

subsurface material and high runoff potential. Therefore, high stream frequency can be 

associated to high sediment yield. 

 Figure 3-26 shows the distribution of stream frequency in the study area. 
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Drainage Density (Dd) 

 Drainage density is defined as stream length per unit area in region of watershed 

(Horton, 1932). It can be calculated by the following formula; 

Dd = Lu / A (Horton, 1932) 

where, 

Lu is the total length of stream segments in watershed (calculated in GIS), and 

A is the area of the watershed (calculated in GIS). 

 According to Horton (1932), the measurement of drainage density provides a 

numerical measurement of landscape dissection and runoff potential and that high Dd 

values indicate impermeable sub surface material and high runoff potential. Therefore, 

areas with high drainage density can be associated to potentially high sediment yield 

areas. 

 Figure 3-27 shows the distribution of drainage density in the study area. 

Drainage Intensity (Di) 

 Drainage intensity is defined as the ratio of stream frequency to the drainage 

density (Faniran, 1968). It can be calculated by the following formula, 

Di = Fs / Dd (Faniran, 1968) 

where, 

Fs is the stream frequency, and 

Dd is the drainage density. 

 According to Faniran (1968), drainage intensity is one of the key contributors to 

the sediment supply to rivers. Therefore, areas with high drainage intensity can be 

associated to potentially high sediment yield areas.  

 Figure 3-28 shows the distribution of drainage intensity in the study area. 
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Ruggedness Number (Rn) 

 Ruggedness number is defined as the product of the basin relief and drainage 

density Patton & Baker (1976). It can be calculated by the following formula; 

Rn = Dd * (H / 1000) 

where, 

Dd is the drainage density, and 

H is the basin relief. 

 According to Patton & Baker (1976), high ruggedness value of a watershed 

implies that the area is susceptible to high runoff conditions and is highly prone to soil 

erosion. Therefore, areas with high ruggedness number can be associated to potentially 

high sediment yield areas.  

 Figure 3-29 shows the distribution of ruggedness number in the study area. 

Infiltration Number (If) 

 Infiltration number is defined as the product of drainage density and stream 

frequency (Faniran, 1968). It can be calculated by the following formula; 

If = Fs * Dd (Faniran 1968) 

where, 

Fs is the stream frequency, and 

Dd is the drainage density. 

 According to Faniran (1968), infiltration number describes the infiltration 

characteristics of the watershed. He demonstrated that the high infiltration number 

means lower infiltration and higher runoff. Therefore, areas with high infiltration number 

can be associated to potentially high sediment yield areas.  

 Figure 3-30 shows the distribution of ruggedness number in the study area. 
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Elongation Ratio (Re) 

 Elongation ratio is defined as the ratio of diameter of a circle of the same area as 

the basin to the maximum basin length (Schumm, 1956).  It can be calculated by the 

following formula; 

Re = 2 / Lb * (A / π ) 0.5 (Schumm, 1956) 

where, 

Lb is the longest flow path parallel to the main drainage line, and 

A is the area of the watershed. 

 According to (Schumm, 1956), high Rc values indicate that the terrain has high 

infiltration capacity and low runoff. Moreover, sub basins having low Re values are 

susceptible to high erosion and sedimentation potential. Therefore, areas with high 

elongation ratio can be associated to potentially high sediment yield areas.  

 Figure 3-31 shows the distribution of ruggedness number in the study area. 
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Figure 3-23: Sub-basins in the study area have been delineated such that they would 
have approximately constant area. Morphometric indicators in each sub-basin were 
assumed to be uniform. Techniques employed in the process are explained in the text. 
Inset graph displays the frequency distribution of sub-basin area. Mean area, 59 km2, 
was assumed to be small enough where morphometric parameters would be constant in 
a single sub-basin. 
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Figure 3-24: Map showing the distribution of basin relief in the study area. Basin relief is  
one of the important parameters controling the sediment yield to the streams. Souhern 
parts of the study area showed higher basin relief compared to northern parts. Inset 
graph shows the frequency distribution of parameter values. Close to a normal 
distributon is observed.  
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Figure 3-25: Map showing the distribution of relief ratio in the study area. Sub-basins in 
southern parts show elevated relief ratios because of their high reliefs. Elongated sub-
basins display lower relief ratios mainly because of their long flow path along the main 
stream.  
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Figure 3-26: Map showing the distribution of stream frequency in the study area. Not 
much variability is observed. Smaller watersheds tend to have higher stream frequency 
because of their low drainage area. Some of the very small sub-basins were exculuded 
from display (See inset graph). 
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Figure 3-27: Map showing the distribution of the calculated drainage density in the study 
area. Drainage density is spatially well distributed in the study area. Smaller watersheds 
tend to have higher drainage density. Some of the outliers have been removed from 
display (see inset distribution graph)  
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Figure 3-28: Map showing the distribution of the calculated drainage intensity in the 
study area. Drainage density is spatially well distributed in the study area. Sub-basins 
with high drainage intensity tend to have erosion primarily from the main stream and not 
from its tributaries.  
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Figure 3-29: Map showing the distribution of the calculated ruggedness number in the 
study area. Sub-basins located in the central part of the study area display greater 
ruggedness number. Some sub-basins with extremely low drainage area resulted in 
unrealistic ruggedness numbers. These sub-basins are excluded (see inset graph). 
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Figure 3-30: Map showing the distribution of the calculated infiltration number in the 
study area. High infiltration number means lower infiltration and higher runoff. Some sub-
basins having extremely high infiltration numbers are excluded (see inset graph).  
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Figure 3-31: Map showing the distribution of elongation ratio (Re) in the study area. 
Elongation ratio describes how close a sub-basin is to a circle. Sub basins having low 
Re values are susceptible to high erosion and sedimentation potential. Northern sub-
basins show higher Re values. 
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3.3.2.1 Combination of morphometric indicators to estimate erosion and sediment yield  

 All of the calculated morphometric parameters were normalized by dividing to the 

maximum value observed in the data set in order to have adjust values no a notionally 

common scale to correlate each parameter to determine their overall effect on sediment 

yield. This process made all of the data values range between 0 and 1. Watersheds 

whose parameters have been considered as outliers were assigned the mean values of 

the parameter group. All of the normalized values have been summed to determine the 

overall distribution (Figure 3-33). 

In the next step, different watersheds have been delineated such that their 

outlets coincide with the 29 field sampling locations. Then, polygons of total normalized 

parameters have been dissolved in newly created watershed polygons by using dissolve 

tool in ArcGIS. Dissolve tool aggregated the attributes of a given input polygon and 

output a new shape file with the attributes statistically summarized (Figure 3-32). 

Morphometric parameters of sub-basins were aggregated by averaging the values. 

Figure 3-34 shows the distribution of the average morphometric variables in drainage 

basin level and the corresponding total suspended solids (TSS) concentration at the 

mount of each watershed. 

 

Figure 3-32: Schematic illustration of how dissolve tool in ArcGIS works. Dissolve tool 
aggregates features based on a specified attribute (ESRI, 2012). 
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Figure 3-33: Map showing the distribution of total estimated parameters. Eight 
morphometric parameters were normalized by dividing each value by the highest value 
observed in the distribution. This procedure resulted in values in the range of 0-1. 
Normalized values are summed to get total estimated parameters. 
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Figure 3-34: Map showing the distribution of the average morphometric variables in 
drainage basin level (polygons) and the corresponding total suspended solids (TSS) 
concentration (dots) at the mouth of each watershed. 
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Figure 3-35 shows that the mean of estimated geomorphic parameters and field 

measured TSS is linearly correlated (R2=0.64) A linear regression analysis has been 

carried out on the total geomorphic indicators and TSS data. By using this linear relation 

an expected TSS value for each of the 229 sub basins was calculated (Figure 3-36). 

Trend line in Figure 3-35 predicted negative TSS values for those sub-watersheds 

whose mean morphometric parameters were smaller than 3.2. This seems incorrect. 

However, the increasing trend was expected. This makes it likely that the slop is realistic 

but the intercept may be questionable. Basins with negative TSS predictions were 

excluded. Figure 3-39 shows the distribution of expected TSS values in the basin level. 

Modeled TSS values range from 14 to 2238 mg/L where field measured TSS ranged 

between 4 to 2175 mg/L.  

 
Figure 3-35: Scatter plot showing the relationship between TSS and mean of total 
estimated geomorphic parameters for watersheds that drains to a corresponding water 
sampling point. Results show correlation between morphometric indicators and TSS 
(R2=0.64). Correlation line suggests negative TSS for smaller parameters than 3.2 which 
is unrealistic. However, the increasing trend was expected. This makes it likely that the 
slope is realistic but the intercept may be questionable. 
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Figure 3-36: Map showing the expected TSS based on the linear regression analysis. 
Sub-basins with negative expected TSS values are excluded. Modeled TSS values 
range from 14 to 2238 mg/L where field measured TSS ranged between 4 to 2175 mg/L. 
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 The relationship between total suspended solids (TSS) and mercury 

concentration in field samples had been discussed in Chapter 2 (Figure 2-7). It had been 

shown that samples upstream and downstream of Attabad Lake show different trends. 

Mercury concentration in samples upstream of the lake showed an increasing linear (R² 

= 0.616, n=17) relation with TSS, while mercury concentration decreased with increasing 

TSS for the downstream samples (R² = 0.305, n=12). By using the two linear relations, a 

linear regression analysis has been carried out to estimate expected mercury 

concentrations in the sub basin. Expected mercury (EHg) for those sub basins draining 

upstream of the lake was calculated according to the formula, EHg=0.1595 (TSS) + 

18.616, and for sub basins draining downstream of lake; EHg=-0.0189 (TSS) + 33.931. 

Results of this analysis and the distribution of modeled mercury concentrations are 

shown in Figure 3-37.  

 Soil geochemistry data from a previous study (PMDC, 2001) and mercury 

concentrations measured in this study have been shown in Figure 3-37B. Similar 

anomalies have been observed in both datasets. On average, total mercury 

concentrations in the soil are three orders of magnitude higher than total mercury 

concentrations in the streams. In both field-measured mercury datasets (dots), higher 

mercury concentrations have been observed in the northern parts of the study area. 

Field measured versus modeled total mercury concentrations are given in Figure 

3-37. RMSE between measured and predicted concentrations was calculated as 88.01 

ppt.  
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Figure 3-37: A) Map showing the distribution of particulate-bound mercury (PHg) 
concentration (dots) and expected Hg concentration calculated by linear regression 
analyses. B) Map showing the distribution of mercury concentration in soil (soil mercury 
data source: PMDC, 2001). Particulate-bound mercury concentrations are elevated 
upstream of Attabad Lake in all of the datasets.  
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Figure 3-38: Scatter plot of field measured particulate mercury concentration (PHg) 
versus modeled PHg. Root mean square error (RMSE) has been calculated as 88.01 
assuming that all the error is due to inaccuracies in the model. Solid line represent y=x 
line. 

3.4 DISCUSSION AND CONCLUSION  

While not without its own inherent errors, the higher precision of the GPS survey 

points and control points from topographic sheets (i.e. GCPs) forms a basis for the 

accuracy of the extracted DEM. Extracted DEM has been tested for validity and 

accuracy by comparison with a reference SRTM DEM as well as with known elevation 

points from land survey and topographic maps. Three types of comparison and 

validation techniques have been employed to: (1) determine the amount and location of 

the error, and (2) assess the reliability. To assess reliability, extracted DEM was tested 

as to how well it predicts the elevation of surveyed points. Results show that extracted 

DEM was able to predict elevations measured with GPS with an RMSEz of ±21.72 m 

(R2=0.998, n=112) when all the error was assumed to have resulted from the DEM. This 
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value was close to what SRTM data could achieve (RMSEz=±16.14 m, R2=0.999, 

n=112) with the same survey points. Therefore, the extracted DEM was concluded to be 

valid. To determine the amount and location of the possible errors, a pixel-by-pixel 

image subtraction method used. The resulting error map had an RMSEz of ±9.35 m 

when all error was assumed to have resulted from the extracted DEM pixels. The 

highest errors have been observed to occur in higher elevations. This was mainly 

because of different lighting conditions in ASTER images around the peaks of 

mountains. Five elevation transects were plotted by using the extracted DEM and 

SRTM. Results showed that both datasets were visually comparable in representing the 

topography. Nevertheless, some disagreements were observed in higher elevations 

where there exist glaciations, snow cover and varying shadow conditions. 

3.4.1 Source of Mercury Fluxes to the Streams of Northern Areas 

 A physical, index-based approach was developed to classify sub-basins in 

relation to their runoff and erosion potential by calculating a series of geomorphic 

parameters. Combination of estimated morphometric indicators with reference to erosion 

and sediment delivery showed correlatable linear relation to total suspended solids 

(TSS) in the rivers. A linear regression analysis was carried out to model TSS 

distribution in sub basins. Some of the sub-basins resulted in negative expected TSS 

values. These sub-basins were observed to have larger areal extent that prevented the 

physical-based model from working effectively. It is likely that the slope observed in 

Figure 3-38 is realistic; however, the intercept should be questioned. Therefore these 

were excluded from further calculations. 

A scatter plot of TSS and particulate mercury concentration (PHg) showed two 

linear relations upstream (R² = 0.616, n=17), and downstream (R² = 0.305, n=12) of 

Attabad Lake (Figure 3-40). Therefore, it has been suggested that the relationship 
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between suspended sediments and Hg transport dynamics were characterized 

differently for upstream and downstream of the lake.  

A linear regression analysis has been carried out to estimate PHg loads for each 

sub basin. Measured vs. modeled mercury concentrations showed correlatable 

(R2=0.731, n=29) results with a root mean square error of 88.01 ppt. All three datasets; 

namely, mercury in soil, particulate mercury in streams, and modeled mercury loads to 

streams showed high concentrations of PHg in the northern parts of the study area. 

During the field survey, these areas were confirmed to have extensive mining activities. 

Therefore, it is being suggested that runoff from sub-basins characterized by high 

erosion and sediment delivery potential will convey large Hg loads to the streams mainly 

in the form of surface-derived particulate mercury (PHg).  

Although the proposed physically based modeling approach was not intended to 

replace traditional numerical models which require high amount of meteorological, 

hydrologic and chemical data input, it was particularly useful in providing distributed 

representation of the influence of topography on erosion and sediment delivery potential. 

Combined with the field measurements of TSS and PHg, the proposed indicators 

contributed in understanding the source and transport dynamics of mercury in the study 

area.  

An important characteristic of the proposed physically based model is that it 

conveniently requires limited data input. This makes it particularly useful in the study 

area where acquisition of meteorological and hydrological data was nearly impossible 

due different political reasons and security concerns.  
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4. CHAPTER 4: CONCLUSIONS 
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4.1 FATE AND TRANSPORT OF MERCURY IN HUNZA RIVER BASIN 

Majority of the mercury fluxes present is governed by the amount of suspended 

sediments upstream of Attabad Lake. Therefore, suspended sediments represent a 

major pathway for mercury in Hunza River. Transport dynamics of mercury change as 

the water passes through the lake and possibly, deposition and/or consumption of 

mercury occurs during this time; hence the lake serves as a containment pond. Once 

deposited on the bottom of the lake, mercury may find its way into fish after being 

converted to methyl-mercury (organic form of mercury with high degree of bio-

accumulation potential) by the action of bacteria. It seems sufficient to explain the 

elevated mercury concentrations in blood of those people consumed fish more 

frequently than others. 

Together with an extreme topographic relief, total suspended solids 

concentrations all along the Hunza River showed that sediments can be transported very 

long distances, perhaps all the way to the Arabian Sea. In terms of the fate of mercury, 

transport of the sediments is of prominent importance as explained above.  

4.2 SOURCES OF MERCURY FLUXES TO HUNZA RIVER 

Small-scale gold mining activities are responsible for the elevated mercury 

concentrations in Hunza River.  However, estimates of annual mercury fluxes seemed 

difficult to account for by anthropogenic discharge alone from the mercury amalgamation 

processes. A physical-based mercury model revealed potentially mercury-rich areas. 

These areas coincided with elevated areas in soil mercury concentrations from previous 

studies. Therefore, the dominant source of mercury fluxes to Hunza River is the 

mercury- rich sediment and floodplain soil. High physical erosion rates enhance the 

leaching of mercury from the soil and transporting it to the streams.  
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4.3 SUGGESTIONS FOR FURTHER PREVENTION AND REMEDIATION 

EFFORTS 

 This study shows that significant amount of mercury in the rivers is being 

deposited and/or consumed at Attabad Lake. Therefore, the lake serves as a 

containment pond. If the dam fails, the consequences will be twofold: (1) many of 

villages situated in the banks of Hunza River near Hunza village will possibly get 

flooded; (2) a great amount of the accumulated mercury in the lake will be mobilized. 

The first consequence is not in the scope of this study. Although how much mercury 

would be released from the lake is not known, remobilization of mercury could potentially 

result in unwanted ecological disturbances downstream of Hunza. Therefore, a proper 

dam must be built and a good containment management system must be developed to 

regulate the amount of inflow and outflow of water even in extreme runoff conditions. 

 The root of the problem extends to the miners' unawareness of the environment 

and safety hazards. It has been observed that the future is not a big concern for the 

small-scale gold miners in the Hunza River Basin. They seemed to be more intent in 

extracting the wealth of the land without considering the consequences of tomorrow. 

This can be inferred from their lack of health and safety concerns and their belief that 

nothing has happened to their elders who employed the same techniques for decades. 

Therefore, fundamental changes will be required to prevent this legacy of unawareness 

from being passed to the next generations. Basic education about health and safety 

might be the first step in creating a permanent and sustainable change. Unarguably, 

governmental investments are needed to increase the level of awareness in hazards that 

they are posing not only to themselves but also to the next generations by contaminating 

their water resources. Without the necessary actions, it is likely that small-scale gold 
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miners will continue to practice inefficient and destructive mercury amalgamation 

methods for many years and generations to come.  

Mercury-free alternatives to extract gold such as cyanide heap leaching or 

concentrate gold (e.g. magnetic sluices, coal-oil gold agglomeration methods) may seem 

attractive but may not be practical as it requires high initial investment, high level of 

knowledge and expertise. And of course cyanide has its own serious environment and 

health threat and can be very risky to use in a remote and unregulated area such as 

Northern Areas. 

Elimination of mercury losses in the amalgamation and smelting processes could 

be achieved if the mercury had been recycled. Therefore, proper mining procedures 

should be established. In 1990, United Nations Industrial Development Organization 

(UNIDO) began coordinating international efforts to provide technical assistance to 

small-scale miners, promoting the replacement of low gold recovery, high mercury 

consumption, and discharge with more environmentally sound and high-yield gold 

extraction alternatives (Spiegel & Veiga, 2005). These efforts were successful in 

reducing mercury releases as much as 95% by using new retorting materials fabricated 

with local and readily available resources to most miners in Mozambique, Zimbabwe, 

and Indonesia (UNIDO, 2005). Such efforts and assistance organized by local 

governments can help not only increasing miner's profits by reducing the amount of 

mercury used but also by decreasing the amount of mercury released to the 

environment.  
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