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Abstract 

Sedimentation in reservoirs and pollution of harbours are serious problems 

throughout the world. Reservoirs are vital components of water supply including 

irrigation water and hydropower generation. Harbours are precious assets that 

maintain a rich array of values and uses. Sustainability of these reservoirs and 

harbours is severely threatened by sedimentation and pollutants attached to 

sediments. The two case studies of Mangla Reservoir and Darwin Harbour are no 

exception. 

This thesis presents field-based research that focuses on two applied 

problems: sediment delivery to Mangla Reservoir and to Darwin Harbour and the 

search for topographic controls on denudation rates. Applied problems are examined 

by combining estimates of sediment yield/denudation rate, elements of sediment 

sources, and topographic analysis. The fundamental problem of topographic controls 

of denudation is approached by combining topographic analysis with denudation rate 

informed by top soil tracers. 

This study provides accounts of sediment sources based upon top soil tracers, 

sediment yield, denudation rates, and estimates of the proportion of sheet and 

channel and/or landslide erosion in the Mangla Reservoir and Darwin Harbour 

catchments, presents mean slope, mean relief and denudation rate relationships for 

the two catchments, and compares the results with global denudation rate and relief 

data from previous published studies. 

This research also provides an alternative global view of the relation between 

denudation rate and topography. Regression using the General Exponential Growth 

Model (GEGM), for the combined data set of eighty basins, yields a relation D = 

0.0015e
0.29 S 

(r² = 0.97, p <0.0001) and indicates that catchment slope is a more 

meaningful correlate of denudation rate than relief. The relationship combined with a 

Geographic Information System (GIS) approach for the calculation of mean 

catchment slope from a Digital Elevation Model (DEM) provides a model for the 

estimation of denudation rate at catchment level.  
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Chapter 1 : Introduction 

In this chapter, the contexts for research into sedimentation in both the 

Mangla Reservoir and Darwin Harbour catchment, and the denudation rate 

relationship with slope and relief are presented. The research purpose, hypothesis and 

approach for sediment source identification are introduced. Based on the contexts 

and approach, the research aims are identified. 

1.1 Overview: Research Contexts 

This is field-based research focused on two applied problems: sediment 

delivery to both Mangla Reservoir and Darwin Harbour. The two catchments are 

near the extreme ends of the catchment relief continuum. This research contributes to 

both applied problems and the search for topographic controls on denudation rates. 

Applied problems are examined by combining estimates of sediment 

yield/denudation rate, elements of sediment sources, and topographic analysis. The 

fundamental problem of topographic controls of denudation is approached by 

combining topographic analysis and denudation rate informed by tracers.  

The two catchments analysed have been carefully chosen to increase the 

range of catchment types that have been analysed globally: Mangla Reservoir 

catchment, a very high mountain system, highly disturbed with very high 

connectivity between slopes and channels, a type that has received little scientific 

attention so far; and Darwin Harbour catchment, a very low relief system in which 

connectivity between slopes and channels is very low, undisturbed, nearly pristine 

also a type that has received very little, if any, attention. Sediment sources are 

identified, sediment yields and denudation rates are calculated, and the relation 

between denudation rate and mean relief and mean slope are analysed. Denudation 

rates and topographic information (mean slope and mean relief) from the two 

catchments are added to a re-analysed global data set to re-examine the global 

relationship between denudation rate and topography. The three research contexts are 

therefore: the catchment continuum (or range of catchment type), sediment sources, 

and topographic controls on denudation rate (Figure 1.1).  
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Figure 1.1 Research contexts 

1.1.1 Sediment Sources in Mangla Reservoir Catchment 

Mangla Reservoir lies about 110 km south-east of Islamabad at the point 

where the Jhelum River passes through the last range of Siwaliks foothills and enters 

the Punjab Plains (Figure 1.2). 

 

Figure 1.2 Location of Mangla Reservoir  

Topographic Controls on Denudation 

Research Context 

Sediment Sources Catchment Continuum 
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Sedimentation in Mangla Reservoir is a serious problem. Between 1967 and 

1999, over a period of thirty two years, sedimentation occurred to the extent of 1.40 

million megalitres, and gross storage capacity fell to 5.90 million megalitres from the 

design capacity of 7.30 million megalitres. The live capacity has reduced to 5.65 

million megalitres from 6.6 million megalitres. This implies a reduction of 19 % in 

the live capacity of the reservoir (PWG, 2006). 

 Sedimentation has not only caused the loss of reservoir capacity but also 

affected the water supply, hydro power generation, flood control, and fishing and 

recreation activities. Pakistan’s economy is basically agrarian where agriculture is 

predominantly irrigated. With the increase in population, demand for irrigation water 

is on the increase. But the irrigation supplies are decreasing due to sedimentation in 

reservoirs (Ali and De Boer, 2007).  

In general, there are options to reduce reservoir sedimentation based on 

catchment management and reservoir design.  The methods include: reduction of 

sediment yield by soil conservation including reforestation, banks, debris dams, 

which intercept coarse grained sediments in mountainous streams;  sediment routing 

through construction of off-stream reservoirs, construction of sediment exclusion 

structures; sediment by-passing through the reservoir (e.g. sluicing); sediment 

flushing, whereby flow velocities in a reservoir are increased to such an extent that 

deposited sediments are re-mobilized and transported through bottom outlets; and 

sediment removal by mechanical dredging, or by hydraulic removal (De Jong et al., 

1998; Palmieri et al., 2001). Most attempts to control sedimentation by catchment 

management have not been very successful because reliable information about 

sources of sediment has been lacking (CBIP, 1980; Tejwani, 1984; Waung et al., 

2005). Effective remediation or reduction of sediment delivery from the catchment to 

the reservoir involves, in part, the identification and effective management of the 

major catchment sediment sources.  

  Early studies (Binnie et al., 1962; Kirmani, 1968) indicated that the proposed 

capacity of the Mangla Reservoir would be substantially larger than the volume of 

sediment that would be brought into the reservoir during its economic life. Binnie et 

al. (1962) estimated the total annual sediment load of the Jhelum River at Mangla as 

68 million tonnes. Their study was based on suspended sediment data collected 

during the years 1954-1957 for the development of sediment rating curves. To 
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develop an estimate for the long term mean annual sediment load, they used the 

Jhelum River flow records at Mangla for the period 1922-1957. The unmeasured bed 

load was assumed to be fifteen percent of the total load and was included in the 

estimated value. Kirmani (1968) estimated a long-term average annual sediment load 

of 75 million tonnes by using a sediment rating curve and the record of observed 

river flows for the 25 year period prior to 1954 and the sediment data collected 

during the period 1954-1965. This estimate included a ten percent allowance for the 

unmeasured bed load.  

 Actual storage capacity loss is more than the estimates mentioned in earlier 

studies (Binnie et al., 1962; HECI, 1969). Analysis of the sediment data (Binnie et 

al., 1962) collected prior to 1959 has revealed that the sediment load of the Jhelum 

River was underestimated. The possible reasons were the local design, infrastructure 

and poor calibration of the instruments; and the mode, location and depth of 

sediment sampling (HECI, 1969). PWG (2006) reported a storage capacity loss rate 

of 0.6% per year. In the year 2000, the Government of Pakistan initiated a project to 

raise the dam wall by 12.2m (40 feet) and thereby increase storage capacity by 3840 

x 10
6
 m

3
. It is expected that the increased capacity would extend the life of the 

reservoir. It was also desirable to reduce the sedimentation rate if the full benefit of 

the greater capacity is to be realized. Management of the catchment through 

reduction of erosion, transport and deposition has therefore become a priority issue.  

 The Kashmir earthquake in 2005 increased landsliding in the catchment. 

Massive volumes of sediments reached the rivers. The Kunhar, Nelum, Jhelum, 

Ponch rivers and their tributaries are the most affected, carrying the load downstream 

and further reducing the life and capacity of Mangla Reservoir. The scientific 

management of the catchment has therefore become even more urgent. Identification 

of the sediment sources can play a crucial role in the formulation of a sediment-

reduction strategy. Unfortunately, the sediment sources in the catchments of Mangla 

have never been identified scientifically and no plan has been introduced for their 

control. Therefore, one of the focuses of this research is identification of the 

sediment sources in Mangla reservoir catchment. 

The global statistical relationship between catchment area, relief and mean 

annual sediment yield (Milliman and Syvitski, 1992) to identify the spatially most 

important sediment source areas indicates that the hinterland (the area of highest 
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relief) of the Mangla catchment should yield much more sediment than the foothills 

(the Siwaliks). But the Siwaliks (Figure 1.3) are more erodible than the hinterland, 

and landuse is much more intensive. Therefore, the hypothesis which states that the 

rocks and soils of the Siwalik Group and Murree Formation yield most sediment in 

the Mangla Reservoir catchment, because of their high erodibility and intense 

landuse’ is tested in this study using geochemical tracers. 

 

 

Figure 1.3 Location of the Siwalik Group and Murree Formation in Mangla Reservoir catchment 

1.1.2 Sediment Sources in Darwin Harbour Catchment 

Darwin Harbour (described in chapter 3, section 3.3) is located in the north-

west of the Northern Territory, the ‘top end’ of Australia (Figure 1.4).  
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Figure 1.4 Location of Darwin Harbour  

 Fine sediments, organic matter, nutrients and metals are currently transported 

from the catchment to the Harbour. These are the materials of concern for the 

Harbour’s environment and its ecological health (Wasson et al., 2003). Skinner 

(2009) showed that export coefficients for nutrients, metals and sediment were much 

higher for urban catchments than undeveloped and rural catchments.  

The Darwin Regional Landuse Structure Plan 1990 established a broad 

approach for the development of the Darwin region. The plan anticipated a long term 

future population of one million people, with 70% living within the Harbour 

catchment (DLPE, 2000). The population of the Darwin region in 2006 was 120,900, 

with current projections by the Australian Bureau of Statistics of the region’s 

population between 126,500 and 184,500 by 2021. Further projections have the 

population of Darwin increasing to 335,000 by 2056 (ABS, 2006).  

To accommodate this growth, new areas for urban and industrial land-use are 

planned (Figure 1.5). An area of 25,365 ha is currently planned for urban 

development in the catchment of Middle Arm and includes the proposed City of 

Weddell. The current urban area of Darwin city is approximately 11,200 ha and 

Palmerston City is approximately 5,500 ha. Glyde Point on the upper eastern border 
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of the harbour catchment had been included in the longer term development scenario. 

However, the light industrial development of this area will now take place in Middle 

Arm (Skinner et al., 2009). 

Currently, fluxes of fine sediment, nutrients, organic matter, and metals to 

Darwin Harbour are low due to the low level of development, low relief, and 

presence of many intact dambos. Preliminary geochemical tracer data analysis 

(Nawaz et al., 2009) shows that the dambos trap approximately 90% of the fine 

sediment (and firmly attached metals and nutrients) delivered to them from 

hillslopes. This is an important preliminary conclusion (in Section 1.2, Hypothesis 2) 

that is tested in this research. Also channel sources appear to dominate because of the 

higher erosion rates of channel walls as compared to the hillslopes. Preliminary 

analysis of  the top soil tracers 
210

Pb(ex) and 
137 

Cs (Wasson et al., 2003) show that 

most of the fine sediment being transported in the creeks and rivers that flow into the 

Harbour comes from the channels rather than from sheet erosion of hillslopes. This is 

an important conclusion for land managers, but needs to be tested.  

It is expected that the identification of sediment sources will play a key role 

in landscape management and water quality protection planning. In general the 

catchment has highly erodible soils, high rainfall erosivity, and seasonally low 

vegetation cover. Although recent sediment sources, nutrient cycling and 

ecohydrology modelling (Smith and Haese, 2009; Wolanski et al., 2006) at sub-

catchment scale addresses such conditions, it does not take into account dambos. 

This study reports the identification and quantification of fine sediment sources 

based on geochemical tracers, and describes the role of dambos as sediment sinks in 

the catchment.  

The catchment is still intact and ideally placed in the face of forthcoming 

development proposals to avoid mistakes made in other parts of Australia, for 

example Sydney Harbour (Francis, 2006; Roberts, 2008), where poor planning and 

an insufficient understanding of environmental impacts have led to damage that is 

mostly irreparable. 
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Figure 1.5 Darwin Harbour catchment planned future development (Source: NRETAS, 2009) 

1.1.3 Denudation Rate versus Slope and Relief 

The relationship between denudation rate and topography (i.e., relief and 

slope) is a key to understanding the controls on sediment production and delivery. 

The greater the relief, the faster the denudation rate, has been recognised for a long 
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time (Powell, 1876; Gilbert, 1877). A few studies across a number of drainage basins 

(Ahnert, 1970; Summerfield and Hulton, 1994) have established a positive 

correlation between mean relief and denudation rates. However, recent studies 

(Montgomery and Brandon, 2002; Binnie et al., 2007) suggest that this relationship 

breaks down for catchments where slopes are at or above a threshold angle of 

approximately 30
o
. This relationship is evaluated in the Mangla Reservoir catchment, 

where threshold hillslopes occur in the mountain terrain.   

Ahnert (1970) established a linear relation between denudation rate and mean 

local relief for a data set from mid-latitude river basins. Montgomery and Brandon 

(2002) found a linear relationship between mean slope and long term erosion rate for 

low angle slopes (S<25
o
) and a strongly non-linear relationship at steeper angles in 

the Olympic Mountains. They added published data from tectonically active areas to 

Ahnert’s data set and showed that the linear correlation between erosion rate and 

mean local relief does not exist for tectonically active areas. 

One of the purposes of this study is to test Ahnert’s linear correlation and 

Montgomery and Brandon’s model near the extreme ends of the catchment 

continuum; in the subtropical, tectonically active, high relief Mangla Reservoir 

catchment and in the tropical, tectonically inactive, very low relief Darwin Harbour 

catchment. Another purpose of this research is to contribute denudation rate and 

mean slope and relief data to the global data set to extend the range of catchments, 

and thereby refine the relationship between denudation rate and topography globally. 

1.2 Hypotheses 

In summary, the following hypotheses are tested in this study: 

Hypothesis 1: The rocks and soils of the Siwalik Group  and Murree Formation yield 

most sediment in the Mangla Reservoir catchment, because of their high erodibility 

and intense landuse. 

Hypothesis 2: Most of the fine sediments (and firmly attached metals and nutrients) 

being transported in the creeks and rivers to Darwin Harbour come from the channels 

rather than from sheet erosion of hillslopes. 

Hypothesis 3: Dambos are acting as natural sediment filters in the Darwin Harbour 

catchment and trap most of the sediments delivered to them from hillslopes. 
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Hypothesis 4: Catchment slope is the most physically meaningful explanatory 

variable for catchment denudation rate, in both tectonically inactive and active 

catchments. 

1.3 Research Aims  

Given the background, this field-based research focuses on two applied 

problems, sediment delivery to both Mangla Reservoir and Darwin Harbour. Sheet 

and channel/landslide erosion are estimated using top soil tracers (
210

Pb(ex) and 
137

Cs 

concentration) and analysed by applying the concept of sediment sourcing. Sediment 

yield is calculated from the suspended sediment loads measured at the gauging 

stations in the catchments. Mean catchment slope and relief are calculated from a 

Digital Elevation Model (DEM). In the course of measurement and analysis, findings 

and technical improvements are presented, and achieved as an important aspect of 

this research.  

Accordingly, the research aims are as follow: 

i) Identify the sediment sources (sheet and channel/landslide erosion) in the 

contrasting catchments, and  

ii) Test the hypothesis that ‘the rocks and soils of the Siwalik Group and 

Murree Formation yield more sediment in the Mangla Reservoir 

catchment, because of their high erodibility and intense landuse compared 

to hinterland rocks’. 

iii) Test the hypothesis that ‘most of the fine sediments being transported in 

the creeks and rivers to the Darwin Harbour come from the channels 

rather than from sheet erosion of hillslopes’.  

iv) Test Ahnert’s linear correlation between denudation rates and mean relief, 

and Montgomery and Brandon’s model at or near the extreme ends of the 

catchment continuum.  

v) Delineate the relation between denudation rate and topography (i.e., mean 

slope and mean relief) and contribute data from the near extreme ends of 

the catchment continuum to the global data set. 

vi) Critically examine, wherever possible, the methods of previous 

researchers and to improve upon them, and present findings that will be of 

scientific value. 
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vii) Propose measures for catchment management to reduce sediment inputs 

to the reservoir and harbour. 

1.4 Outline of the Thesis 

Chapter 1 introduces the research contexts, hypotheses and aims. A brief 

description of the sediment sourcing approach, use of top soil tracers, relationship 

between denudation rate and topography, sediment sourcing framework, nature of 

top soil tracers, and the history and background of the research of the relationship 

between denudation rate and topography are presented in Chapter 2. 

Chapter 3 describes the location, geography, geology, climate and 

landuse/landcover of the study areas, the Mangla Reservoir and Darwin Harbour 

catchments.  

Chapter 4 deals with the methods used in the field, principles and analytical 

bases of geochemical analysis, and outlines the procedures used for the construction 

and analysis of the Digital Elevation Model (DEM) and calculation of the 

topographic derivatives mean catchment slope and mean relief used in this research. 

In Chapter 5 accounts are provided of sediment sources based upon top soil 

tracers, sediment yield, denudation rates, and estimates of the proportion of sheet and 

channel and/or landslide erosion in the Mangla Reservoir and Darwin Harbour by 

sheet and channel erosion. The hypothesis that is tested for Mangla is; ‘the rocks and 

soils of the Siwalik Group and Murree Formation yield most sediment, because of 

their high erodibility and intense landuse’ (Section, 5.3.1). The hypotheses that are 

tested for Darwin Harbour catchment are that ‘most of the fine sediments being 

transported in the creeks and rivers come from the channels rather than sheet erosion 

of hillslopes’ (Section, 5.3.2.3) and ‘Dambos are acting as natural sediment filters in 

the Darwin Harbour catchment and trap most of the sediments delivered to them 

from hillslopes (Section, 5.3.2.4). Additional information about sediment input to the 

Harbour from urban areas and top soil tracers for the <63 and <20 µm fractions 

results for the proportion of top soil in alluvial fines is also presented in this chapter.  

Chapter 6 presents mean catchment slope, mean relief and denudations rate 

relationships for the two catchments, and compares the results with the   global 

denudation rate and relief data set from published studies. The Ahnert and 

Montgomery and Brandon models are tested at/near extreme ends of the catchment 
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continuum; in the disturbed, subtropical, tectonically active, high relief Mangla 

Reservoir catchment and largely undisturbed, tropical, tectonically inactive, low 

relief Darwin Harbour catchment. The hypothesis that the ‘catchment slope is the 

physically meaningful explanatory variable for catchment denudation rate, including 

both tectonically inactive and active catchments’ is tested (Section, 6.4). 

Finally, Chapter 7 presents a summary of the findings against the aims of the 

research, implications, significance of the findings and identifies directions for future 

research.  

1.5 Terminology 

1.5.1 Denudation 

The term denudation is used to refer to the process of rock disaggregation and 

wearing away of Earth’s surface by means of erosion, mass wasting and weathering. 

Denudation eventually leads to a reduction in elevation and relief of landforms and 

landscapes. In other studies (Hao, 2001; Russell et al., 2001; Schaller et al., 2001; 

Montgomery and Brandon, 2002; Suri et al., 2002) the term erosion has been used 

synonymously with denudation. However, erosion specifically refers only to the 

mechanical destruction of the land, excluding transport and weathering (Menard, 

1961; McCallan et al., 1980; Binnie et al., 2007). Erosion often occurs after rock has 

disintegrated or altered through weathering. 

1.5.2 Mean Catchment Slope  

In this study the term mean catchment slope or mean slope is used to refer to 

the average slope from interfluves to valley floor which has been calculated (method 

in Chapter 4, Section 4.7.1) from ‘slope’. 

The term slope is defined by a plane tangent to a topographic surface, as 

modelled by the Digital Elevation Model (DEM) at a point (detail in chapter 4, 

section 4.7.1). The rate of change of the surface in the horizontal (dz/dx) and vertical 

(dz/dy) directions from the centre cell determines the slope (Burrough and 

McDonell, 1998). The algorithm used to calculate the slope is:  

Slope = tan
-1

 (√ ([dz/dx]
2
 + [dz/dy]

2
))  (1-1) 



13 
 

The values of the centre cell and its eight neighbours determine the horizontal and 

vertical rate of change. The neighbours are identified with letters from 'a' to 'i', with 

'e' representing the cell for which the aspect is calculated.  

 

Figure 1.6 Centre cell and eight neighbour’s window for calculation of slope from DEM (Burrough and 

McDonell, 1998) 

The rate of change in the x direction for cell 'e' is calculated with the algorithm:  

[dz/dx] = ((c + 2f + i) - (a + 2d + g) / (8 * x_cell_size)  (1-2) 

The rate of change in the y direction for cell 'e' is calculated with the following 

algorithm:  

[dz/dy] = ((g + 2h + i) - (a + 2b + c)) / (8 * y_cell_size)  (1-3) 

1.5.3 Mean Catchment Relief 

The term mean catchment relief or mean relief is used to refer to the average 

relief. The relief has been calculated from the DEM as the difference between 

minimum and maximum elevation within a 10-km-diameter circle for each grid cell 

for the Mangla Reservoir and 1-km diameter for Darwin Harbour catchment (a 

length scale selected to span the largest width of valleys) using Focal Statistics from 

the Spatial Analyst of ArcGIS
TM

 9.3. Mean catchment relief or mean relief has been 

calculated from relief derived by running the Zonal Statistics function found in the  

Spatial Analyst toolbox of ArcGIS by specifying the Zone Layer (a shape file 

defining the subcatchments or zones) and specifying the Range as the statistic to be 

calculated (method in Chapter 4, Section 4.7.2). 

1.5.4 Dambo 

Throughout this thesis the term dambo is used to refer to the un-channelled 

vegetated valley floors. Definition of dambo, ‘a stream-less depression periodically 

inundated and at the headwaters of a drainage system in the region of dry forest or 

bush vegetation’ that has been widely reported in the literature (Mäckel, 1973; Acres 

et al., 1985; Bullock, 1992; Heyden and Constantin, 2004) came from Ackerman 
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(1936). There are other definitions of dambo similar to Ackerman’s (1936). In 

central, southern and eastern Africa, particularly in Zambia and Zimbabwe, the term 

is used for a class of shallow wet lands (Mackel, 1985). Mostly dambos are located 

in southern and central Africa, with sporadic occurrence in central west and north 

central Africa and, south of the Sahara Desert (Acres et al., 1985). There are 

currently a series of intact dambos within the Darwin Harbour region, which protect 

the harbour by filtering sediment and pollutants. 

1.5.5 Siwaliks 

In this study the term Siwaliks is used to refer to both the Siwalik Group and 

Murree Formation in the Mangla Reservoir catchment. The term is in common use in 

the relevant literature (see Gansser, 1964; Burbank et al. 1996;  Pilbeam et al. 1977; 

Kelly, 1988; Barry et al. 2002; Khan et al. 2010) to refer to both the to refer to both 

the Siwalik Group and Muree Formation. The terms ‘Siwaliks’, ‘Siwalik Group’ and 

‘Muree Formation’ are interchangeable. Therefore, throughout this thesis either 

‘Siwaliks’ or ‘Siwalik Group’ and ‘Muree Formation’ are used.  
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Chapter 2 : Literature Review 

2.1 Introduction 

The sediment sourcing approach, use of top soil tracers, and the relationship 

between denudation rate and topography are reviewed in this chapter. A sediment 

sourcing framework is presented along with both the assumptions and methods used 

for the investigation of sediment sources and their proportionate contribution to river 

sediments. The nature of top soil tracers is introduced. The history and background 

of research into the relation between denudation rate and topography are also 

provided.  

2.2 Sediment Sourcing 

2.2.1 Introduction 

Traditionally, approaches to sediment sourcing include measurements of 

erosion, sediment transport, and sedimentation using surveying, profilometer, erosion 

pins, cross-profiling, river gauging, sometimes together with morphometric and 

stratigraphic analysis (Dietrich and Dunne, 1978). These approaches involve many 

operational difficulties and sampling constraints, and are therefore restricted to small 

scale catchments (Collins and Walling, 2004). Application of traditional techniques 

for the investigation of sediment movement and sources in large catchments (> 1000 

km
2
) is difficult and in some cases impossible. Tracer-based sediment sourcing 

(Figure 2.1) is a relatively new approach to identify and quantify sediment sources. 

Tracer-based sediment sourcing also referred to as ‘sediment fingerprinting’ 

(Oldfield et al., 1979; Walling et al., 1979), provides a useful alternative and 

complement to the traditional intensive field measurement based approaches 

(Wasson et al., 2002).  

2.2.2 Framework 

This section presents a review of the technique, assumptions and methods 

used for sediment source identification and quantification. 

2.2.2.1 Technique 

Sediment sources are identified by comparing the properties of source 

materials with either sediments in sinks or sediment in transport (Klages and Hsieh, 

1975; Peart and Walling, 1986; Peart, 1993; Russell et al., 2001). Results are 
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presented as the proportions that each source contributes. For example, the relative 

contribution of two sources ‘a’ and ‘b’ to the downstream sediment ‘c’ is estimated 

using the relation:  

Cc = Ca Xa + Cb Xb   (2-1) 

 where Ca and Cb are the measured quantities of a tracer (such as 

concentrations of a chemical element) of ‘a’ and ‘b’, respectively, and Cc is the 

predicted quantity of the same tracer property in the downstream sediment ‘c’; and 

Xa and Xb are the contributions from the two sources ‘a’ and ‘b’, respectively, that 

satisfy Xa +Xb = 1. The best estimate of the relative contribution from each source is 

given by finding a combination of Xa and Xb that produces the Cc value closest to 

the measured quantity of the tracing property in the sediment sample. 

2.2.2.2 Assumptions 

Tracer-based sediment sourcing is based on some fundamental assumptions. 

Foster (2000) has identified two sets of assumptions for tracer-based studies. The 

first set comprises three assumptions that are applicable to all tracer studies:  

i) The tracer can distinguish between at least two different sources in the 

catchment (e.g. topsoils and subsoils, different land-use units or different 

lithologies) of relevance to the research problem 

ii) The tracer is transported and deposited in the same way as the medium of 

interest (e.g. in association with fine sediment) 

iii) Selective erosion does not change the properties of the tracer or, if it does, 

only in a way that can be measured and/or modelled. 

The second set of assumptions comprises another three that apply when 

reconstructions are based on deposited rather than actively transported sediments. 

These three assumptions are related to the validity of the models used to unmix the 

potential sources from the transported or deposited sediment: 

iv) Differences between source properties have not changed over the period of 

sediment deposition. 

v) Once deposited, the tracer undergoes no transformation (enrichment, 

dilution or depletion) in its new environment. 

vi) The un-mixing models used to reconstruct sediment source changes 
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through time are able to deal with inherent variability in source properties 

and provide estimates of source contributions within known or predictable 

tolerances.  

 In practice recent sediment sourcing studies (e.g. Wasson et al., 2002; Collins 

and Walling, 2004; Walling, 2005) are based on two fundamental assumptions. 

i) Potential sediment sources can be discriminated on the basis of measurements 

of their sediment properties including colour, geochemical properties, 

mineralogy, mineral magnetism, radionuclides, stable isotopic signatures, 

biogenic properties and particle size. 

ii) The relative importance of individual sources can be determined by 

comparing the sediment properties of the sink or the suspended sediments 

with those of source material samples.  

2.2.2.3 Method 

A generally applicable tracing method, that has been used in most recent 

sediment sourcing studies, was proposed by Lees (1999). Foster (2000) reported a 

modified version of the method (Figure 2.1) including the underlying assumptions. 

According to Foster (2000), not all studies should use or need to use complex 

statistical classifications or quantitative modelling routines. In some cases, sources 

can be matched visually or numerically using bivariate relationships and/or curve 

fitting techniques, although simultaneous equations can also be used to calculate 

source proportions. Foster’s (2000) approach provides a range of options depending 

on the initial identification of sources in the field, and suggestions for further pilot 

studies if sources have not been discriminated well. Problems may also occur when 

the properties of the source material have changed through time (Foster and Lees, 

2000). 
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Figure 2.1 Fine-sediment tracer method (Foster and Lees, 2000)  
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2.2.3 Summary 

Tracer-based sediment sourcing (Figure 2.1) is an alternative or complement 

to intensive field measurements. This approach uses geochemical signatures to link 

sources and sinks and hence bypasses the need for information about sediment 

delivery. From previous research the technique has been delineated, assumptions 

outlined, methods constructed and procedures defined. However, the future success 

of tracer-based sediment sourcing demands that more attention be paid to testing of 

the many assumptions involved.  Tracer-based sediment sourcing procedures can be 

used in different environments at different scales and therefore are appropriate for 

addressing many catchment management issues.  

2.3 Top Soil Tracers (
137

Cs & 
210

Pb(ex) ) 

2.3.1 Introduction 

Understanding the nature of top soil tracers provides a basis for their proper 

use.  The top soil tracers i.e., 
137

Cs & 
210

Pb(ex) are radionuclides. Many studies have 

shown that radionuclides, both fallout and lithogenic, are very useful for sediment 

sourcing (Wasson et al., 1987; Burch et al., 1988; Walling and Woodward, 1992; 

Murray et al., 1993; Wallbrink and Murray, 1993; Furuichi, 2007).  

All radionuclides have their own decay constant ( λ) which is the probability 

of decay per unit time, making it possible to calculate the half-life (t1/2) of the 

radionuclide by the following formula (Clinger and Rojas, 2006): 

t1/2 = 0.693 / λ   (2-2) 

The half-life of a radionuclide is the time required for the decay of one half of the 

original amount of the radionuclide. 

2.3.2 Nature of 
137

Cs & 
210

Pb(ex) 

It has been established that fallout 
137

Cs and 
210

Pb are strongly adsorbed onto 

soil and sediments. These radionuclides have been used since the 1960s in soil 

erosion and deposition studies (Zhang et al., 2006). It was Wasson et al. (1987) who 

first demonstrated the use of 
210

Pb(ex) as a tracer. Bachhuber et al. (1987), Ritchie and 

McHenry (1990), Sutherland (1994), Wicherek and Bernard (1995), Collins et al. 

(2001b), Foster et al. (2006), and Zhang et al. (2006b) used 
137

Cs for sediment source 

tracing. Walling et al.(1995), Wallbrink and Murray (1996b), Zhang et al. (2004), 
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Likuku et al. (2006) used 
137

Cs with 
210

Pb. Bowman (1984), Wan et al. (1987), Burch 

et al. (1988), Huh and Su (2004), Figueira et al. (2006) and Bossew et al. (2007) used 

137
Cs with other radionuclides i.e., 

7
Be, 

239
Pu, 

240
Pu and 

90
Sr.  

Radionuclides falling onto solid ground are useful for sediment sourcing if 

they fall in sufficient amount to be detected in samples, stay and accumulate in 

topsoils and half-lives are in suitable range for soil erosion and sedimentation 

analysis. 
137

Cs and 
210

Pb(ex)  both posses the above mentioned three important 

characteristics. These radionuclides have been widely used as top soil tracers 

(Wasson et al., 1987; Burch et al., 1988; Walling and Woodward, 1992; Walling and 

Woodward, 1992; Wallbrink and Murray, 1993; Wallbrink and Murray, 1993 

Walling et al., 1995; Wallbrink and Murray,1996;  Zhang et al. 2004;  Likuku et al., 

2006; Furuichi, 2007) in soil erosion and sediment sourcing. Based on the 

characteristics, extensive use and proven utility of 
137

Cs and 
210

Pb(ex)  as top soil 

tracers these radionuclides are selected and used for sediment sourcing in this study. 

2.3.2.1 
137

Cs as Top Soil Tracer 

The sources of 
137

Cs are explosions of nuclear weapons. Since 1945, with the 

commencement of nuclear testing (Ritchie and McHenry, 1990), 
137

Cs has been 

released to the atmosphere. 
137

Cs is not readily absorbed in the atmosphere and 

therefore returns to Earth’s surface. Detectable fallout ceased around 1980, except 

for limited deposition after the Chernobyl nuclear power plant accident in 1986. The 

total amount of   
137

Cs produced and globally dispersed is estimated to be 948 x10
15

 

Bq (UNSCEAR, 2000). The distribution of 
137

Cs is not uniform on Earth. Higher 

deposition has been observed in the Northern Hemisphere by comparison with the 

Southern Hemisphere, and the mid-latitude areas show higher deposition than low 

and high latitude areas in both hemispheres (UNSCEAR, 2000). The quantity of 

deposition also varies according to the amount of rainfall (Basher and Mathews, 

1993; Lance et al., 1986). 

137
Cs changes into 

137
Ba through β-

 decay with a half-life of 30.07 years and 

is a gamma ray emitter with energy of 661.657 keV. After fallout, 
137

Cs is absorbed 

especially on clays and colloids within soil (Ritchie and McHenry, 1990). For clays, 

adsorption occurs most efficiently on illite, while montmorillonite, vermiculite, and 

kaolinite can also adsorb 
137

Cs (Tamura and Jacobs, 1959). Desorption is uncommon, 
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Lomenick and Tamura (1965) experimentally showed that desorption happens only 

after disruption of the lattice structure. 
137

Cs is absorbed by plants, but the quantities 

of the storage are very small and can be safely ignored (Cremers et al., 1988). 

137
Cs has been widely used in studies of soil erosion and sedimentation, 

particularly for sediment sourcing (e.g. Burch et al., 1988; Walling and Woodward, 

1992; Wallbrink and Murray, 1993) and investigation of soil erosion rates (e.g. 

Kachanoski and de Jong, 1984; Loughran, 1989). 

2.3.2.2 
210

Pb(ex) as Top Soil Tracer 

210
Pb is a naturally occurring radioisotope (t1/2 = 22.3 years), daughter of 

214
Po in the 

238
U decay series. It changes into 

210
Bi by β-

 decay and is a gamma ray 

emitter with a low energy level of 46.539 keV. Diffusion of some quantity of 

gaseous 
222

Rn, which is an earlier product in the decay series, from the soil 

introduces 
210

Pb into the atmosphere and its subsequent fallout provides inputs of this 

radionuclide to soil. It is stripped from the atmosphere by precipitation or deposited 

with dust, and accumulates in soil. Deposition rates of 
210

Pb have a strong correlation 

with rainfall (Baskaran, 1995, Caillet et al., 2001, Huh and Su, 2004, Mabit et al., 

2006). This fallout portion is called 
210

Pb(ex) . Non fallout 
210

Pb is called 
210

Pbsupported 

the quantity of which is usually determined based on the assumption of secular 

equilibrium with 
226

Ra. After fallout 
210

Pb(ex) remains attached to fine soil particles 

(Bloesch and Evans, 1982). 

Initially 
210

Pb(ex) resides in the top of the soil, but then moves downward. It 

can reach below 20cm in the soil, following redistribution by physical and biological 

processes operating in the soil (Appleby and Oldfield, 1992). 
210

Pb(ex) has also been 

frequently applied to studies of soil erosion and sedimentation, particularly for 

sediment sourcing (Wallbrink and Murray, 1993; Walling and Woodward, 1992; 

Wasson et al., 1987). Fallout 
210

Pb(ex)  is an ideal tracer of soils and sediments 

because it is generally chemically immobile in the environment and for a given site it 

has approximately constant input (Hancock et al., 2007). 

2.3.3 Negative Concentration of 
210

Pb(ex) 

Negative concentrations of 
210

Pb(ex) result from enrichment of 
226

 Ra (or its 

ancestral nuclides 
230

Th, 
234

U and 
234

Th), emanation of 
222

Rn, and depletion (or 

underestimation) of 
210

Pb (Furuichi, 2007). There are few samples with negative 
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concentrations of 
210

Pb(ex) in this study. In Mangla Reservoir catchment negative 

concentration of 
210

Pb(ex) is found in two (< 10%) out of twenty one channel samples 

(< 63µm) and in Darwin Harbour catchment three samples, one from a channel bank, 

one from a disturbed (with abundant worm activity) dambo and one channel (<10%), 

out of eleven channel samples. These samples have not been used in this study. 

2.3.4 Summary 

The basis of sediment source tracing, the nature of top soil tracers, and the 

negative concentration and 
210

Pb(ex) have been summarised. Top soil tracers have 

been successfully used in soil erosion studies worldwide and in this study will be 

used to calculate the proportionate contribution to river sediments of sheet erosion, 

and, by difference, the contribution of other sources (landslide and channel erosion). 

2.3 Denudation and Topography 

Powell (1876) and Gilbert (1877) introduced the idea that ‘the greater the 

relief, the faster the denudation rate’ which has remained popular among 

geomorphologists until recently (Ahnert, 1970; Pinet and Souriau, 1987; Schumm, 

1954; Summerfield and Hulton, 1994). Schumm (1954) has shown that denudation 

rate increases with catchment relief. Ahnert (1970) established a linear relation 

between denudation rate and mean local relief for a data set from twenty mid-latitude 

river catchments including both tectonically inactive and active areas. Pinet and 

Souriau (1987) demonstrated a correlation between mechanical denudation rates with 

mean catchment elevation. Summerfield and Hulton (1994) reported a strong 

correlation between denudation rate and various variables expressing relief (basin 

relief, relief ratio, mean local relief) for thirty three catchments exceeding 500,000 

km
2
. The studies mentioned above reveal strong correlation between relief and 

denudation rate and suggest that the relationship may be valid over a large range of 

length scales and may reflect some physical processes acting at catchment scale.    

From the mid 1990s several authors (Schmidt and Montgomery, 1995; 

Burbank et al., 1996; Montgomery and Roering et al., 1998; Montgomery, 2001; 

Brandon, 2002; Binnie et al., 2007; Matsushi and Matsuzaki, In press ) have argued 

that denudation rate and relief are decoupled at or above a threshold angle of 

approximately 30
o
 (see Table 2.1). Binnie et al. (2007), Matsushi and Matsuzaki (In 
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press), Montgomery and Brandon (2002) have argued that evaluating the general 

applicability of this new view is important.   

Montgomery and Brandon (2002) found a linear relationship between mean 

slope and long term erosion rate at low slopes (S < 25
o
) and a strongly non-linear 

relationship at steep slopes (S > 25
o
) in the Olympic Mountains of the USA. They 

added published data from tectonically active areas to Ahnert’s data set and showed 

that the linear correlation between denudation rate and mean local relief did not exist 

for tectonically active areas. They viewed the relation between denudation rate and 

mean local relief as a power law relation (Figure 2.1) for mean local relief >100m. 

For their combined data set a power law regression yielded the relation:  

D=1.4x10
-6 

Rz
1.8

 (r
2 

= 0.7, p<0.0001)   (2-3) 

where D is denudation rate and Rz is mean local relief. The relation indicates a 

strong non-linear relation between denudation rate and mean local relief. 

Table 2.1 Topographic dependence of denudation rate 

Idea Reference Study Area 

The greater the 

relief, the faster 

the denudation 

rate  

Powell (1876) Eastern portion of Uinta Mountains 

Gilbert (1877) Henry Mountains 

Schumm (1954) Various small-scale drainage basins 

Ahnert (1970) Twenty  drainage basins across the globe 

Pinet and Souriau (1987) Worldwide large drainage basins 

Summerfield and Hulton (1994) A number of  world drainage basins 

Denudation 

rate-relief  linear 

relationship 

does not hold at 

or above 

threshold angle  

 Schmidt and Montgomery (1995) Cascade Range and Santa Cruz Mountains 

Burbank et al., (1996) Nanga Parbat, north-western Himalayas  

Roering et al., (1998) Oregon Coast Range 

Montgomery (2001) Olympic Mountains and Oregon Coast 

Montgomery and Brandon (2002) Olympic Mountains  

Binnie et al., (2007) San Bernardino Mountains 

Matsushi and Matsuzaki (In press)  Japanese Northern Alps 
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Figure 2.2 Log-log plot of denudation rate versus mean local relief for tectonically inactive (circles) and 

active (squares) areas (Montgomery and Brandon, 2002[Fig.3]) 

No previous studies have compiled all available data leading to the possibility 

that different data sets guided to slightly different conclusions. Also the focus on 

relief rather than slope may make the analysis less physically meaningful. Previous 

studies of the controls on denudation rate (Powell, 1876; Gilbert, 1877; Ahnert, 

1970; Souriau, 1987; Summerfield and Hulton, 1994; Schmidt and Montgomery, 

1995; Burbank et al., 1996; Pinet and Roering et al., 1998; Montgomery, 2001; 

Montgomery and Brandon, 2002; Aalto et al., 2006; Binnie et al., 2007) have often 

used the various measures of topographic relief as their primary topographic metric. 

Choice of mean relief has been usually justified by computational priorities (Pinet 

and Souriau, 1987; Milliman and Syvitski, 1992; Montgomery, 2001). Part of the 

research of this thesis is to derive a relationship between mean catchment slope and 

denudation rate including data from the two case studies, Mangla Reservoir and 

Darwin Harbour catchments, and other studies (Binnie et al., 1962; Stone et al., 

1994; Huw Davies and von Blanckenburg, 1995; Richard, 1998; Hurtrez et al., 1999; 
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Jones, 1999; Schaller et al., 2001; von Blanckenburg, 2005; Amato et al., 2003; 

Cornwell et al., 2003; Aalto et al., 2006; Binnie et al., 2007; Gabet et al., 2008; 

Wittmann et al., 2009; Kevin and Veerle, 2009; DiBiase et al., 2010; Matsushi and 

Matsuzaki, In press).   

Mean catchment slope and mean relief are calculated from the SRTM DEM 

(detail in chapter 4, section 4.9). A Digital Elevation Model (DEM), also known as a 

Digital Terrain Model (DTM), is a digital representation of terrain using elevation 

information, either represented as a raster or as a triangular irregular network. The 

SRTM digital elevation data, produced by NASA, is a major breakthrough in digital 

mapping of the world, and provides a major advance in the accessibility of high 

quality elevation data. Three arc second data for the various catchments included in 

the published literature and included in this research were downloaded from the 

CGIAR-CSI GeoPortal. These DEMs have been used to calculate the mean 

catchment slope and mean relief of the respective catchments using ArcMapTM 9.3 of 

ArcGIS software (detail in chapter 4, section 4.7), a product of Environmental 

Systems Research Institute (ESRI, 2009). 
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Chapter 3 : Description of Study Areas 

3.1 Introduction 

This chapter introduces the location, geography, geology, climate and landuse 

of the study areas, the Mangla Reservoir and Darwin Harbour catchments.  

3.2 Mangla Reservoir Catchment 

3.2.1 Location 

The catchment of Mangla Reservoir is centred on the ceasefire line (line of 

control) in the Kashmir and located between 33.227
o
N and 35.037

o
N latitude, 

73.112
o
E and 75.279

o
E longitude (Figure 3.1). Mangla Reservoir lies about 110 km 

south-east of Islamabad at the point where the Jhelum River passes through the last 

range of the Siwalik foothills and enters the Punjab Plains. 

 

Figure 3.1 Location of Mangla Reservoir catchment (Source: WAML, 2010) 
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3.2.2 Geography 

The reservoir has seven sections known locally as ‘pockets’ (Figure 3.2): the 

Upper Jhelum (a), Lower Jhelum (b), Kanshi (c), Mangla (d), Poonch (e), Khad (f) 

and Jari (g). The catchment is 33,333 km
2
 in area with a maximum altitude of 

6855m. Table 3.1 shows the areas of the major rivers in the Mangla catchment. The 

Jhelum River has the largest catchment area of 27,881 km
2
, followed by Poonch 

4,221 km
2
, and Kanshi to Jhelum confluence 1,230 km

2
. Slope and channel 

connectivity is very high throughout the catchment. 

 

Figure 3.2 Pockets of Mangla Reservoir (Source: WAPDA, 2003) 
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Table 3.1 Mangla catchment drainage areas (after Scechowyz et al., 1973) 

Total Drainage 

Area  

Jhelum River at 

Mangla 

Poonch River to Jhelum 

Confluence 

Kanshi River to Jhelum 

Confluence 

33,333 Km
2
 27,881 Km

2
 4,221 Km

2
 1,230 Km

2
 

About 15 % of the Mangla catchment is situated in Pakistan, 30 % in Azad 

Kashmir, and 55% is in Jammu and Kashmir in India. The Mangla catchment, except 

for about 1,230 Km
2
 of the drainage area of the Kanshi River (a tributary of Jhelum 

River, the catchment area of which consists of highly erodible loess and fluvial 

deposit of the Potwar Plateau), is situated in the Himalayan Region, including the 

Great Himalayan Range, the Pirpanjal Range, and the Siwalik Range (Scechowyz et 

al., 1973). Figure 3.3 shows the drainage network of the catchment.  

 

Figure 3.3 Drainage network of Mangla Reservoir catchment (Data source: SRTM DEM, CGIAR, 2010) 
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3.2.3 Geology 

The geology and landforms (Figure 3.4) of the catchment are zoned from 

south to north, like most of the Himalaya (Gansser, 1964).  The foothills (Siwalik 

Hills) consist of Pliocene and Pleistocene, Upper Siwalik sandstone, mudstone and 

conglomerate that is being actively folded and faulted in the vicinity of Mangla 

Reservoir (Burbank et al., 1996). Further north is a zone of Eocene Middle and 

Lower Murree Formation (Rawalpindi Group) siltstone and sandstone; with harder 

rocks further north again of Proterozoic and Palaeozoic age.  

The Siwalik and Murree rocks (Oligo-Miocene) occur in the foreland 

between the high mountains and modern alluvial plain of the Jhelum and Indus 

Rivers.  They are highly erodible rocks that are heavily used for agriculture and 

grazing. These foreland sedimentary rocks are separated by a major active fault (the 

Main Boundary Thrust, MBT) from a complex set of Proterozoic and Palaeozoic 

older and generally harder rocks in the northern (hinterland) part of the catchment.  

Within the mountainous hinterland area there are (Precambrian) bodies of 

metamorphic rocks (schist, slate, gneiss), sedimentary rocks (quartzite, limestone) 

with interbedded volcanic rock, and granite and granodiorite intrusives (Gansser, 

1964; Bender and Raza, 1995). 

The northward movement of the Indian Subcontinent has formed the 

Himalaya-Karakoram-Hindu Kush (HKHK) by collision with Eurasia. This resulted 

in the uplift and deformation of the hinterland rocks and formation and deformation 

of the foreland rocks.  Rates of uplift are several mm/yr generating high rates of river 

incision, steep slopes, and high natural erosion (Burbank et al., 1996; Copeland and 

Harrison, 1990).  Landslides are common, caused by rainfall and earthquakes. The 

catastrophic earthquake of October 8, 2005 near Muzaffarabad occurred on the 

Muzaffarabad Fault or Kashmir Boundary Thrust (KBT). The KBT is between 

Abbotabad Formation dolomites and Murree Formation (Burg et al., 2005). This 

earthquake caused many landslides, adding to the sediment load of the Jhelum River. 
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Figure 3.4 Geology of the of the Mangla catchment (Source: Gansser, 1964) 

3.2.4 Climate 

Mangla catchment lies in the path of both the southwest monsoon and the 

general track of the winter westerly waves. Winter season starts from November 

while the summer monsoon rains begin to affect the southern parts of the catchment 
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from the first week of July. During winter the precipitation is caused by western 

disturbances with or without linked frontal systems. Precipitation occurs at a 

relatively uniform rate and is generally light except when associated with a cold 

front. The winter precipitation (which is mostly deposited in the form of snow) is 

extremely important as a source of runoff during summer. It has been estimated that 

precipitation in winter forms about 60% of the annual precipitation over the Greater 

Himalayas and thus the amount of runoff caused by it during summer is more than 

the runoff due to the monsoon rainfall (PMD, 2007). Above Muzaffarabad the winter 

precipitation is in the form of snowfall. Murree hills and other low ranges also get 

considerable snowfall that starts melting during March because of rising temperature. 

The Mangla catchment is also affected by the monsoon weather system. The 

monsoon is essentially a tropical maritime air mass drawn from the Arabian Sea and 

Bay of Bengal in the form of south-west and south-east air currents respectively. The 

Chances of monsoon lows directly affecting Mangla catchment increase with the 

advance of the monsoon season i.e. towards August/September. Under this situation 

heavy continuous precipitation over a period of 1 to 3 days occurs in the catchment. 

Mean monthly precipitation at Mangla ranges from 1.27 cm in November to a 

maximum of 22.61 cm in July (Majid and Akhtar, 2007).  

The mean maximum and minimum daily summer temperatures at Mangla are 

32.5
o
C and 24.4

o
C and that of winter 18.5

o
C and 5.4

o
C respectively. Table 3.2 shows 

the, maximum, minimum and average rainfall at four selected locations in the 

catchment of Mangla Reservoir from 1967 to 2000. 

Table 3.2 Annual Rainfall (1967 – 2000) at selected stations in Mangla catchment (Source: PMD, 2007) 

Year 

(1967-2000) 

 Mangla  Domel  Kallar Kotly  Palandri 

Annual Rainfall (cm) 

Max. 134 177 132 184 215 

Min. 50 58 24 69 50 

Average 88 129 86 116 133 

 

3.2.5 Landuse and Landcover 

Agriculture, grazing and forestry are the major land uses.  The most intensive 

agriculture and grazing occur in the lower altitude parts of the catchment (Majid and 

Akhtar, 2007; McVean and Robertston, 1969). Grazing of both pastures and forest 
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has resulted in a depleted vegetation cover (Joshi et al., 2001). The development of 

infrastructure for the growing population and urbanisation has increased soil erosion 

in the region (Haq and Abbass, 2006). 

Mahboob and Mohsin (2009) observed land cover changes for a period of six 

years (2000 - 2005) using MODIS data for vegetation , snow, water bodies and bare 

lands (Table 3.3). All images were classified using a supervised classification 

technique. Mahboob and Mohsin (2009) also observed relationship of vegetaion and 

rainfall in the area for a period from 2000 to 2005 (Figure 3.5). Rainwater is 

calculated using ‘area and volume’ function from the rainfall raster files for the 

watershed for each year from 2000 to 2005 in million cubic meters (mcm).  

Vegetation is a measure of trees, crops and grasses in the watershed 

Table 3.3 Land cover classification of Mangla Reservoir catchment (Mahboob and Mohsin, 2009) 

Land cover 

(km
2

 ) 

Period (2000 - 2005) 

2000 2001 2002 2003 2004 2005 

Vegetation 12543 18126 18229 17062 17828 16915 

Bare Land 7230 6939 6578 5139 8095 9099 

Water Body 1554 808 1010 487 7688 494 

Snow 7932 3391 3439 6555 2570 2754 

 

 

 

Figure 3.5 Impact of rainfall on vegetation (Mahboob and Mohsin, 2009) 
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3.3 Darwin Harbour Catchment 

3.3.1 Location 

 The catchment of Darwin Harbour is situated in the north-west of the 

Northern Territory, the ‘top end’ of Australia located between 12.391
o
S and 

12.978
o
S latitude, 130.622

o
E and 131.152

o
E longitude (Figure 3.6). 

 

Figure 3.6 Location of Darwin Harbour catchment (Data source: NRETAS, 2010; WAML, 2010) 

3.3.2 Geography 

The Darwin Harbour catchment comprises an area of 1,724 km
2
 within the 

seaward limits of Charles Point and Lee Point and includes the drainage systems of 

the Elizabeth River, Berry Creek and Blackmore River, as well as several minor 

streams draining the western side of the harbour (Anon, 2000). This catchment is a 
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part of Darwin Harbour Region, an area extending from Charles Point in the west to 

Gunn Point in the east and includes Darwin Harbour and Shoal Bay that have a 

combined area of 3,227 km
2
 (Padovan, 2003). For this research Darwin Harbour 

catchment is subdivided into the following subcatchments: the Elizabeth River, 

Blackmore, Mitchells, Urban Area, Pioneer Creek, Creek A, West Arm, Woods Inlet 

and Charles Point, the West Arm and Woods Inlet (Figure 3.7). The streams in the 

Darwin Harbour catchment are seasonal, flowing only during the north-west 

monsoon between November and April (NRETAS, 2008). Elevations in the 

catchment range from 141 metres in the southern foothills to sea level at the northern 

coast (Dostine, 2003).  

Vegetation is dominated by open eucalypt woodland (Fogarty et al., 1979; 

Lynch, 1985; McLeod and Manning, 1989). The average annual rainfall in the region 

is 1700 mm, of which as much as 200 mm is recharged to groundwater. 

Approximately 50% of the catchment area has moderately to severely water-logged 

soils (Haig and Townsend, 2003).  

The catchment has very low relief and connectivity between slopes and 

channels is also very low. Mostly the hillslopes are connected to channels through 

dambos and chains of ponds (Figure 3.8). Figure 3.8 is drawn based on field survey 

results which show that all dambos (which are by definition unchannelled) in the 

study area are unchannelled. All chains of ponds are observed downslope / 

downstream of the dambos and continuous channels are only found down stream of 

chains of ponds in the study area. Optically Stimulated Luminescence (OSL) dating 

(Figure 3.9) reveals the age ∼ 10,000 year at the base of at least one dambo-pond 

systems in the Darwin Harbour catchment.  
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Figure 3.7 Subcatchments in Darwin Harbour catchment (Data source: NRETAS, 2010) 

 

Figure 3.8 Landscape connectivity in Darwin Harbour catchment 



 

Figure 3.9 The author sampling 

Cox Peninsula Road, NT, Australia.

3.3.3 Geology 

The bedrock geology of Darwin Harbour catchment (Figure 3.10) consists of 

Archaean and  Palaeozoic dolomite, sandstone, shale, siltstone, schist, granite and 

metamorphic rocks. Small areas have a c

sandstone, siltstone and claystone 

thick laterite developed over some of the area. The landforms consist of low strike ridges, 

small plateaus, alluvial plains and drainage channels. The soils are highly leached and are 

nutrient poor (Padovan, 2003
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Figure 3.10 Geology of Darwin Harbour catchment (Source: NTGS, 1987) 

3.3.4 Climate 

The Darwin Harbour catchment has a tropical monsoonal climate with 

distinct wet and dry seasons (Koppen AW - tropical savanna climate) with similar 

average maximum temperatures all year round. The dry season occurs from April to 
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October, with warm, sunny days and low humidity.  Rainfall is rare between May 

and September. The wet season, between October and April, features monsoon rains 

in low pressure systems, convective thunderstorms and cyclones. Most of the rainfall 

occurs between December and March and afternoon relative humidity averages over 

70% during the wettest months.  Darwin’s average annual rainfall is 1703 mm, with 

two-thirds falling between January and March (BOM, 2009).  

Table 3.2 shows representative mean, highest and lowest temperature and 

rainfall in the area. The hottest month is November. Annual daily average sunshine is 

8.4 hours. Darwin Harbour is located in one of the most lightning-prone areas in the 

world. In 2002 a single thunderstorm produced 1,634 lightning strikes in Darwin in 

just five hours which is the same number that Perth experiences on average in an 

entire year (Gum, 2009). 

3.3.5 Landuse and Landcover 

Darwin Harbour catchment is not intensively developed and has been almost 

pristine until recently (Anon, 2000). By 2005 approximately 18% of the catchment 

had been cleared of native vegetation for mainly urban and rural residential living, 

horticulture, agriculture, infrastructure, defence facilities and manufacturing (Figure 

3.11). Urban areas make up 3% of the catchment. Industry constitutes a small 

proportion of the catchment (0.15%) and is located at Winnellie, East Arm Point, 

Berrimah, Pinelands and Wickham Point (Skinner et al., 2009). Recently, 

approximately 88 hectares of Wickham Point have been cleared to establish LNG 

plant and its associated infrastructure. Approximately 2% of the catchment has been 

developed for horticulture. Based on Department of Natural Resources, Environment 

and the Arts (NRETA) estimates from satellite data, clearing rates were steady 

between 1977 and 1990 with an average rate of 460 ha/yr, decreasing over 1990-95 

to 210 ha/yr, and increasing to 1145 ha/yr from 1995-2000. A recent investigation 

suggests that rates have returned to pre-1990 levels (NRETAS, 2009). 
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Table 3.4 Darwin Temperature and rainfall,  1941-2009 (Source: Bureau of Meteorology, 2009) 

Statistics Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

Temperature 

Maximum temperature 

Mean maximum temperature (°C) 31.8 31.4 31.9 32.7 32 30.6 30.5 31.3 32.5 33.2 33.3 32.6 32 

Highest temperature (°C)  35.6 36 36 36.7 36 34.5 34.8 37 37.7 38.9 37.3 37 38.9 

Date 4-Jan 20-Feb 13-Mar 16-Apr 2-May 5-Jun 8-Jul 30-Aug 17-Sep 18-Oct 28-Nov 18-Dec 18-Oct 

1985 1972 1942 2003 1942 2003 1998 1971 1983 1982 2004 1976 1982 

Lowest maximum temperature (°C)  25.7 25.6 25.7 24.6 22.7 22.7 21.1 25.1 27.6 24.7 26.2 24 21.1 

Date 29-Jan 3-Feb 22-Mar 10-Apr 20-May 20-Jun 14-Jul 17-Aug 29-Sep 20-Oct 19-Nov 17-Dec 14-Jul 

1989 1956 1960 1954 1981 2007 1968 2007 1986 2000 1981 1954 1968 

Rainfall 

Mean rainfall (mm)  420.3 364.6 320.8 99.8 20.4 2 1.3 5.2 15.4 68.7 139.1 247.3 1703.4 

Highest rainfall (mm)  940.4 814.5 1013.6 396.2 298.9 50.6 26.6 83.8 129.8 338.7 370.8 664.5 2776.6 

Date 1995 1969 1977 2006 1968 2004 2001 1947 1981 1954 1964 1974 1998 

Lowest rainfall (mm)  136.1 103.3 88 0.6 0 0 0 0 0 0 17.2 18.8 1024.7 

Date 1965 1959 1978 1997 2008 2009 2009 2009 2001 1953 1976 1991 1946 

Latitude: -12.42° S Longitude: 130.89° Elevation: 30 m ASL 

3
9 

3
9 
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Figure 3.11 Landuse / landcover of Darwin Harbour catchment (Data source: NRETAS, 2010) 
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Chapter 4 Methods 

4.1 Introduction 

In this chapter methods used in the field are described, principles and 

analytical bases of geochemical analysis are introduced, procedures used for the 

construction and analysis of the Digital Elevation Model (DEM) and calculation of 

the topographic derivatives ‘mean slope’ and ‘mean relief’ used in this research are 

outlined. 

4.2 Sediment Sampling 

Soil and sediment samples for 
210

Pb(ex) and 
137

Cs measurements, strath rock 

samples for 
10

Be measurements,  and sediment samples for OSL dating were 

collected, as follows. 

4.2.1 Soil and Sediment Sampling for 
210

Pb(ex) and 
137

Cs measurements 

Soil and sediment samples were collected from the channels, hillslopes, and 

dambos. In Mangla Reservoir catchment, there were few access problems in the 

Pakistan part of the catchment but the Indian side was inaccessible. Hence, the 

geographic coverage of sampling in Mangla Reservoir catchment is not 

comprehensive, but is sufficient, as is shown below. Figures 4.1 and 4.2 show the 

distribution of the sample sites in Mangla Reservoir and Darwin Harbour catchments 

respectively. The samples were collected in 2007 and 2008, and the location 

determined using three different Global Positioning System (GPS) receivers to 

ensure locational accuracy.   

Hillslope samples were collected from the top soil, where obvious soil 

mobilisation and transport had occurred. Soil samples were collected from sites 

considered to be contributing to the sediment input to the rivers and creeks; that is, 

from hillslopes directly connected to channels. From each site, 20 to 50 sub-samples 

comprising 20 to 50 grams each were collected. These samples were then bulked and 

a representative sample of 1 to 1.5 kg was used for analysis. The sub-samples were 

collected from an area of about 1000 m
2 

on hillslopes and in dambos. In channels 

sediment sub-samples were collected at a similar number of sites, where possible 

along reaches five times the channel width to ensure a well-mixed sample.  
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A total of thirty nine (nineteen channel and twenty hillslope) samples were 

collected from Mangla Reservoir catchment. All samples were sieved to <63µm 

fraction, ten samples (five channel and five hillslope samples) were also sieved to 

<20 µm fraction. For Darwin Harbour catchment, thirty samples (ten channel, 

thirteen hillslope and seven dambo samples) were collected.  Eight channel, nine 

hillslope and six dambo samples were sieved for the < 63 µm fraction. Eight channel, 

ten hillslope and five dambo samples were sieved for the < 20 µm fraction. Samples 

are enough (as compared to the other similar studies e.g. Wasson et. al., 2003; 

Campbell, 1982; Ritchie, 1990; Furuichi, 2007) to calculate the proportionate 

contribution to river sediment of sheet and channel erosion. 

 

Figure 4.1 Hillslope and channel sample sites in Mangla Reservoir catchment 

The size fraction <63µm has been widely used for sediment analysis. Groot et 

al. (1982) described the advantages of using <63µm fraction for comparison of the 
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metal content in sediment. However, Peart and Walling (1986) reported the 

enrichment of elements primarily restricted to <20µm fraction. The size fraction 

<20µm has also been used to calculate the proportionate contribution to river 

sediment of sheet and channel erosion (Wasson et al., 2003) and to quantify erosion 

processes (Wallbrink, 2004; Whiting et al., 2005). One of the intentions of this 

research was to evaluate the impact of using the different size fraction (i.e., <63µm 

and <20µm fraction) on the relative contribution of the sheet and channel erosion. 

This exercise was performed with fewer than the ideal number of samples (detail in 

section 5.1.2.2 and 5.2.2.2) because of resource constraints. 

 

Figure 4.2 Hillslope, dambo and channel sample sites in Darwin Harbour catchment (Data source: 

NRETAS, 2010) 
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Figure 4.3 The author sampling channel sediment (first left is Prof. Bob Wasson) in Mangla Reservoir 

catchment, Jhelum River, near Azad Pattan, Pakistan.  

 

Figure 4.4 The author sampling channel sediment in Darwin Harbour catchment, Blackmore River, near 

Tumbling Waters, NT, Australia. 
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4.2.2 Strath Sampling for 
10

Be measurements 

Samples for cosmogenic nuclide exposure age dating were collected from 

strath terraces in Mangla Reservoir catchment (Figure 4.5) by taking a slab ≤ 10cm 

in thickness from an exposed surface. Samples were collected from the strath that 

were away from the landslides and therefore likely sediment cover. Location and 

elevation of the sampled terraces were recorded using GPS receivers.  

 

Figure 4.5 Location of sampled strath terraces in Mangla Reservoir catchment 
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4.2.3 Soil Sampling for OSL Dating 

For OSL dating three samples (MD1, MD2 and MD3, the upper, middle and 

lower respectively) were collected from Milo’s Dambo (12°38'56.26"S, 

130°44'12.83"E, and Altitude 14 m) in the Darwin Harbour catchment (Figure 4.6).   

 

Figure 4.6 Location of OSL dating samples in Darwin Harbour catchment (Data source: NRETAS, 2010) 
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4.3 Sample Preparation 

4.3.1 Preparation of Soil and Sediment Samples for 
210

Pb(ex) and 
137

Cs measurements 

Samples were prepared in the Chemistry Laboratory at Charles Darwin 

University, Australia, that holds the status of a Quarantine Approved Premise. All the 

samples from Mangla Reservoir catchment were sterilized in an Autoclave to meet 

Australian quarantine requirements and then the samples from both the Mangla and 

Darwin Harbour catchment were prepared for gamma spectrometry. Preparation was 

carried out in five stages i.e. sieving, drying, pulverisation, pressing and gamma 

counting. In the sieving stage, all samples were wet sieved and dried. Approximately 

100g wet sediment was placed in a sieve of mesh size <63 µm. This was followed by 

the addition of approximately 400 ml high purity water. The resultant sample was 

sieved by repeated submerging and shaking in a collecting pan with the objective of 

obtaining 50-100 g dry fines. The resultant samples were dried in an oven at 60
o
C for 

72 hours. The same procedure was adopted for the <20 µm fraction.  

The dried samples were pulverized by breaking of dried fines into 

approximately one centimetre size pieces using a glass rod. The broken pieces were 

placed into a motorised agate mortar for 1-2 minutes to obtain a fine powder.  

The next stage involved the pressing of 12.5 to 15 g of pulverised sample at 

3000psi by using a sample press. The pressed samples were placed, pressed, and 

sealed in containers with geometries suitable for the spectrometers. To ensure that 

the activity of gaseous 
222

Rn reached equilibrium with its parent 
226

Rn, the sealed 

samples were stored for 22 days (approximately six half-lives of 
222

Rn).The pressed 

pulverised samples were measured by gamma spectrometry (described in section 4.4)  

4.3.2 Strath Sample Preparation for 
10

Be measurements 

  Rock samples were prepared in the Nuclear Physics Laboratory at the 

Australian National University Canberra that holds the status of a Quarantine 

Approved Premises. First the samples were sterilized in an Autoclave to meet 

Australian quarantine requirements and then prepared using the method developed 

by Kohl and Nishiizumi (1992). The samples were crushed and sieved, and the 250-

500µm fraction selected for further processing. Samples were enriched in quartz by 

heavy-liquid density separation before etching with dilute HF to remove traces of all 

other minerals. Etching was deemed complete when Al concentrations were less than 
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500 ppm. The high-purity quartz was then dissolved, and 0.4 mg of 
9
Be carrier 

added. Beryllium was separated on an ion-exchange column, precipitated as Be(OH)2 

and fired at 850
o
C to convert to BeO. The pure BeO was mixed with Nb powder in 

the ratio 1:5 before pressing into copper sample holders. The weights of purified 

quartz varied between 44 and 73 g. 

4.3.3 Sediment Sample Preparation for OSL Dating 

 Samples were prepared using standard procedures, summarised as follows. A 

20% solution of hydrochloric acid was used to digest carbonates, followed by 

treatment with sodium hydroxide solution to break up clay aggregates and remove 

any small amounts of organic material. Grains in the range 150-250 µm were 

selected by sieving, and etched for 40 minutes in 40% hydrogen fluoride to remove 

feldspar and other non-quartz material, and to remove the outer 9 µm of the quartz 

grains. This eliminates the effect of alpha particle contribution to the irradiation of 

the grains. The material was then re-sieved at 180 - 212 µm to remove any remaining 

feldspar particles, washed in hot hydrochloric acid to remove fluorides, and floated 

in 2.67 gm/cc sodium polytungstate to remove heavy minerals. Mica was removed 

by floating in detergent solution, following the method of Kortekas and Murray 

(2005). Uranium, thorium and potassium measurements were provided by the 

Darwin Office of the Department of Environment, Water, Heritage and the Arts. The 

radioactive decay chains appear to be in equilibrium for each of the samples. A small 

but significant discrepancy between 
232

Th and 
232

Ra for one sample was noted. 

Disequilibrium in the Th chain is unlikely; therefore, as in the other cases, the 

weighted average of the given isotopes was determined. Activity units (Bq/kg) were 

converted to ppm (U and Th) and % (for potassium) using conversion factors based 

on Adamiac and Aitken (1998). Water content of the material as received was 

measured by weighing, drying overnight at 125ºC, and re-weighing. The cosmic ray 

contribution was obtained using the relationship between cosmic ray penetration and 

depth determined by Prescott and Hutton (2007). 

4.4 Gamma Spectrometry 

Gamma spectrometry (gamma-ray spectrometry) is the quantitative study of 

the energy spectra of gamma-ray sources. It is one of the common methods used to 

measure environmental radioactivity due to the much greater penetration of gamma 

rays compared with alpha or beta particles, its simultaneous identification of many 
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nuclides, and the relatively easy preparation of samples (Murray et al., 1987; 

Wallbrink et al., 2002). Most radioactive sources produce gamma rays of various 

energies and intensities. When these emissions are collected and analyzed with a 

gamma-ray spectroscopy system, a gamma-ray energy spectrum can be produced. A 

detailed analysis of this spectrum is typically used to determine the identity and 

quantity of gamma emitters present in the source. The gamma spectrum is 

characteristic of the gamma-emitting nuclides contained in the source, just as in 

optical spectroscopy, the optical spectrum is characteristic of the atoms and 

molecules contained in the sample (Gilmore, 2008). 

Radionuclides measurements were made with a Gamma Detector at 

Environment Research Institute of the Supervising Scientists (ERISS), Darwin, 

Australia for one set of samples from Mangla Reservoir catchment. For another set 

of samples from Mangla Reservoir and Darwin Harbour catchment measurements 

were made with a Gamma Detector at the Australian Commonwealth Scientific and 

Industrial Research Organisation (CSIRO), Canberra, Australia. Both spectrometers 

have high purity germanium detectors and counting times were typically 24 hours for 

each sample. 

Gamma spectrometry determinations were performed by an in-house method 

based on IR76 (Wallbrink et al., 2003). Samples were measured for radionuclides 

after an ingrowth period of three weeks for radon progeny, to determine 
226

Ra from 

the ingrown 
214

Pb and 
214

Bi. Errors represented one estimated standard deviation 

based on counting statistics only. Detection limits varied for each sample depending 

on sample size, detector efficiency and background of a given nuclide. Values were 

deemed to be below detection limits if less than twice the standard deviation for the 

sample. For such cases a less than value being two times the standard deviation plus 

the calculated value (or zero if greater) was recorded. Stability of detector efficiency 

was checked fortnightly using in-house standards.  

4.5 Cosmogenic 
10

Be Measurements 

 10
Be/

9
Be ratios were measured by accelerator mass spectrometry using the 

14UD accelerator at the ANU. Negative ions of 
10

Be
16

O and 
9
Be

16
O were selected 

sequentially by a magnet and injected into the accelerator operating at 8 and 8.3 MV 

respectively. In the high-voltage terminal the molecules were dissociated by low-

pressure oxygen gas, which also stripped electrons from the fragments thereby 
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converting negative to positive ions. These positive ions were further accelerated 

back to ground potential. A second magnet, operating at a fixed magnetic field, 

selected 
10

Be
3+

 (and 
10

B
3+

) ions at an energy of 27.1 MeV when 
10

BeO (and 
10

BO) 

ions were being injected. When 
9
BeO ions were injected, the magnet selected 

16
O

5+
 

ions at an energy of 46.8 MeV, which have the same magnetic rigidity as the 
10

Be
3+ 

ions. These 
16

O ions were measured as an electric current. The 
10

Be ions were 

separated from the high flux of 
10

B ions and counted individually by exploiting the 

difference in range of the two ions. An argon-filled gas cell stopped the 
10

B ions 

while allowing the 
10

Be ions to pass through into a propane-filled ionisation detector 

(Fifield et al., 2010). The 
10

Be/
16

O ratio is a proxy for the 
10

Be/
9
Be ratio, and the 

former can be converted into the latter by comparison to a suitable standard. Here the 

NIST SRM4325 standard with an assumed 
10

Be/
9
Be ratio of 3.00×10

-11
 was 

employed. 

4.6 Optically Stimulated Luminescence (OSL) dating 

Optically stimulated luminescence (OSL) is a method for measuring doses 

received from radioactive (ionizing) radiation. Huntley et al. (1985) presented the 

basic principle of the technique and demonstrated its first application. Aitken (1985, 

1998) and Duller (1996) described the basis of the technique. The method makes use 

of electrons trapped between the valence and electron bands in the crystalline 

structure of certain types of matter (such as quartz, feldspars, aluminium oxide). The 

trapping sites are imperfections of the lattice - impurities or defects. The ionizing 

radiation produces electron-hole pairs - electrons are in the conduction band and 

holes in the valence band. The electrons which have been excited to the conduction 

band may become entrapped in the electron or hole traps. Under stimulation of light 

the electrons may free themselves from the trap and get into the conduction band. 

From the conduction band they may recombine with in hole traps. If the centre with 

the hole is a luminescence centre (radiative recombination centre) emission of light 

will occur. The photons are detected using a photomultiplier tube. The signal from 

the tube is then used to calculate the dose that the material had absorbed (Bøtter-

Jensen et al., 2003).  

When eroded materials are transported in the field, mineral grains are 

exposed to sunlight. This exposure to sunlight for approximately 30 to 60 seconds 

stimulates the trapped electrons in the grains and then the trapped electrons are 
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completely released. This episode sets the ‘year zero’ of OSL dating (burial time = 0) 

for the grains, and is often called ‘bleaching’ or ‘zeroing’. When transported grains 

are deposited (buried) and hidden from the sunlight, the grains start to absorb 

ionizing radiation and to accumulate the burial dose; the total amount of energy 

absorbed (Furuichi, 2007). If the flux of ionizing radiation (dose rate) is constant, the 

burial time of the grains can be determined by the following equation: 

Burial Time = Burial Dose / Dose Rate  (4-1) 

where dose is expressed in SI units of gray (Gy) 

Luminescence measurements were carried out using the RisǾ TL/OSL reader 

in the School of Chemistry and Physics, University of Adelaide; radiation was 

applied using a 
90

Sr/Y β source. Samples were exposed to blue light-emitting of 

wavelength 470 nm and detected using an EMI 9236QB photomultiplier and U340 

filter. 

Equivalent doses (EDs) were determined using small aliquots. Each aliquot 

consisted of 12 grains counted out under a microscope under darkroom conditions 

and placed in the centre of a 10mm diameter steel disc which had been treated with 

silicone adhesive. A total of 48 aliquots were run for each sample using the single 

aliquot regeneration (SAR) protocol of Murray and Wintle (2000). The samples were 

all very bright, and the large amount of light produced enabled very precise 

measurements to be made of individual EDs. Eighty percent of the aliquots produced 

acceptable dose response curves. Protocol and criteria for selection are summarised 

in Appendix A (a) & (b). 

For each sample the measured EDs were plotted in the form of a weighted 

histogram (also referred to as a probability density plot) are shown in Appendix A 

(c). For each sample, the method described by Prescott et al (2007) was used to 

determine the mean ED of the most thoroughly bleached material. Essentially, this 

method assumes that a scattered distribution of EDs is most likely due to incomplete 

bleaching of higher ED grains, and that the ED distribution of fully bleached grains 

will be approximately Gaussian. Hence, larger ED values are progressively removed 

from the distribution until an approximately Gaussian distribution is obtained. In this 

study outliers (one in each case) having a low ED were also removed. Such outliers 

are less easy to account for than high ED values, and are generally attributed to stray 
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grains that have infiltrated from a higher sedimentary layer by bioturbation. The 

above procedure was carried out using the “Analyst” programme version 3.24 

written by Geoff Duller, Aberystwyth University, UK. Dose recovery tests were 

carried out in order to check the reliability of the measurement protocol. Twelve 

aliquots of each sample were prepared; of which 6 were fully bleached in natural 

sunlight and 6 in the RisǾ reader (500 sec shine at 125° followed by 60 sec shine at 

125°). Each was then given an artificial radiation dose approximately equal to the 

determined ED, and then subjected to the same protocol as the sample previously 

analysed. Average recovered doses were within 10% of the administered dose. 

Although this is not ideal, it is regarded as satisfactory. 

4.7 Digital Elevation Model (DEM) Derivatives 

A Digital Elevation Model (DEM), also known as a digital terrain model 

(DTM), is a digital representation of terrain using elevation information, either 

represented as a raster (a grid of squares) or as a triangular irregular network (TIN). 

A gridded DEM is one in which the elevation points are spaced at regular intervals so 

as to create a grid or lattice. A TIN is a digital data structure used in a geographic 

information system (GIS) for the representation of a surface. A TIN is a vector-based 

representation of the terrain, made up of irregularly distributed nodes and lines with 

three dimensional coordinates (x, y, and z), arranged in a network of non overlapping 

triangles. 

A DEM can be developed from satellite images using RS or GIS techniques, 

and from other sources i.e. contours, land surveying and differential global 

positioning system (DGPS) readings. SRTM 90 m Digital Elevation Data for over 

80% of the globe are available at the CGIAR-CSI GeoPortal 

(http://srtm.csi.cgiar.org/). These data are currently distributed free of charge by the 

USGS and are available for download from the National Map Seamless Data 

Distribution System, or the USGS ftp site. The SRTM data are available with a 

spatial resolution of 3 arc second (approximately 90 m resolution). A 1 arc second 

data product (approximately 30 m resolution) was also produced, but is not available 

for all countries. The vertical error of the data is reported to be less than 16m 

(CGIAR, 2009).  

The SRTM digital elevation data, produced by NASA, a major breakthrough in 

digital mapping of the world, and provides a major advance in the accessibility of 



53 
 

high quality elevation data. Three arc second data for the Mangla Reservoir 

catchment (Figure 4.7) were downloaded from CGIAR-CSI GeoPortal and for 

Darwin Harbour catchment the 1 arc second DEM (Figure 4.8) was acquired from 

Geoscience Australia.  These DEMs are used to calculate the mean catchment slope 

and mean relief of the respective catchments. 

 

Figure 4.7 Three Sec (approximately 90 m resolution) DEM of Mangla Reservoir catchment (Data source: 

SRTM DEM, CGIAR, 2010) 
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Figure 4.8 One Sec (approximately 30 m resolution) DEM of Darwin Harbour catchment (Data source: 

Geoscience Australia, 2009) 

4.7.1 Mean Catchment Slope 

 Slope is defined by a plane tangent to a topographic surface, as modelled by 

the DEM at a point (Nicholas, 1988). Slope is classified as a vector; as such it has a 

quantity (gradient) and a direction (aspect). Slope gradient is defined as the 

maximum rate of change in altitude (tan u) and aspect (y) in the compass direction of 
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the maximum rate of change (Figure 4.9). Slope gradient at a point is the first 

derivative of elevation (Z) with respect to the distance (X). At the same time the first 

derivative of a function at a point can be defined as the slope (angular coefficient or 

trigonometric tangent) of the tangent to the function on that particular point, hence: 

tan u = rise/run = ∂Z/∂X 

 

Figure 4.9 Slope components (after Francesco, 2009) 

For this study, slope has been calculated from the DEM in ArcMap
TM

 9.3 of 

ArcGIS 9.0 (ESRI, 2009) which involved the following steps. The DEM was 

converted from floating to integer data using Int. tool from 3D Analyst extension of 

ArcMap
TM

 9.3. The projection system was changed from geographic coordinates to 

projected coordinates using the Project Raster from the Data Management tool. For 

Mangla Reservoir catchment, Projected Coordinate System/UTM/WGS84/Zone 43N 

was used, and for Darwin Harbour catchment, Projected Coordinate 

System/UTM/WGS84/Zone 52S was used. Slope (Figure 4.10 and 4.11) was 

calculated using the Slope tool from Surface Analysis of Spatial Analyst extension of 

ArcMap
TM

 9.3.  
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Mean catchment slope  (Table 6.1 and 6.4) was calculated from the slope  layer 

(output from the above procedure) running the Zonal Statistics from the Spatial 

Analyst toolbox specifying the Zone Layer (a shape file defining the subcatchments 

or zones) and specifying the Mean as the statistic to be calculated. Mean catchment 

slope is the slope from interfluve to valley floor.  

 

Figure 4.10 Slope map of Mangla Reservoir catchment (Data source: SRTM DEM, CGIAR, 2010) 
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Figure 4.11 Slope map of Darwin harbour catchment (Data source: Geoscience Australia, 2009) 

4.7.2 Mean Catchment Relief 

Land relief is the third or vertical dimension of a land surface and defined as 

the difference in elevation between two points. The relief may be referred to as local 

relief if the two points are close together, and regional relief, if two points are far 

apart.  

For this research relief has been calculated from the DEM using Focal 

Statistics from Spatial Analyst of ArcMap
TM

 9.3. Relief (Figure 4.12 and 4.13) was 

calculated using the Focal Statistics from Spatial Analyst with                    

Neighbourhood = Circle, Neighbourhood Settings = 333 (approximately 10km) and 
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Statistics Type = Range for Mangla Reservoir. For Darwin Harbour catchment the 

same procedure was adopted except the Neighbourhood Settings were equal to 33 

(approximately 1km), a length scale selected to span the widest valleys. 

Mean catchment relief  (Table 6.3 and 6.6) was calculated from the relief layer 

(output from the above procedure) running the Zonal Statistics from Spatial Analyst 

toolbox specifying the Zone Layer (a shape file defining the subcatchments or zones) 

and specifying Range as the statistic to be calculated. 

4.8 Sediment Yield and Denudation Rate 

In the Mangla Reservoir catchment suspended sediment loads were derived 

from sediment rating curves constructed by WAPDA (2003). The sediment rating 

curves were developed only for suspended sediment load, and there were no 

measurements of bed load (Arshad, pers. comm.). Total mean annual sediment load 

(Table 5.13) is derived by adding assumed fraction of bed load calculated based on 

findings of Turowski et al. (2010) for gravel-bedded streams. 

In the Darwin Harbour catchment, sediment yield is calculated from the 

suspended sediment loads measured at hydrographic monitoring stations. Total 

sediment load is derived by adding 10% bed load based on the findings of Babinski 

(2005) for low relief catchments. 

Denudation rates are derived by using the following relation (Chorley et al., 

1984): 

D = [L / (A x Sg)] /1000  (4-2) 

where, D is denudation rate in mm/yr, L is sediment load in tonnes, A is area in km
2
, 

and Sg is specific gravity which is assumed to be 2.64.  
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Figure 4.12 Relief map of Mangla Reservoir catchment (Data source: SRTM DEM, CGIAR, 2010) 
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Figure 4.13 Relief map of Darwin Harbour catchment (Data source: NRETAS, 2010) 
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4.9 Global Data Set 

The global data set analysed in this study includes denudation rate, mean 

slope and mean relief data from both tectonically inactive and active areas for eighty 

basins across the globe. For the data from both tectonically inactive and active areas 

(Ahnert, 1970; Summerfield and Hulton, 1994; Pazzaglia and Brandon, 1996; 

Montgomery and Brandon, 2002) including Mangla Reservoir, Darwin Harbour and 

East Timor (based on 
10

Be data, Wasson, pers. comm.)  catchments, and published 

data (Li, 1976; Fitzgerald et al., 1993; Tippett and Kamp, 1993; Burbank et al., 1996; 

Hovius et al., 1997; Brandon et al., 1998; Riebe et al., 2000; Shroder and Bishop, 

2000; Galy and France-Lanord, 2001; Cornwell et al., 2003; Dadson et al., 2003; 

Fuller et al., 2003; Binnie et al., 2007; Vanacker et al., 2007; Meyer et al., 2008; Cyr 

and Granger, 2008; Godard et al., 2009; Palumbo et al., 2009; Wittmann et al., 2009;  

DiBiase et al., 2010). The mean relief had been calculated using the 3Second (~ 

90m) SRTM DEM as the difference between minimum and maximum elevation 

within 10-km-diameter circle for each grid cell (method in section 4.7.2), and where 

the mean catchment slope was not available had been calculated from 3Sec (~ 90m) 

SRTM DEM (method in section 4.7.1).  

Out of eighty basins mean relief for sixty and mean catchment slope for 

thirteen basins were given in the respective studies. For the rest of the studies the 

SRTM DEM was used to calculate the mean catchment slope and mean relief 

(described in sections 4.7.1 and 4.7.2). The DEM was downloaded from CGIAR-CSI 

SRTM 90m DEM Database, from the mirror site at the Joint Research Centre in the 

Institute for Environmental Research, URL http://srtm.csi.cgiar.org/  using the 

SRTM KML V4, Google Earth KML Interface, in GEOTIFF format (from London 

server), in five degree tiles and processed in ArcMapTM 9.3  ( detail in sections 4.7.1 

and 4.7.2). Catchment boundaries were marked using the shape files generated in 

ArcGIS (ESRI, 2009) based on the maps or information given in the studies, 

respectively. 

 Various studies (Jarvis et al., 2004; Miliaresis and Paraschou, 2005; 

Gorokhovich and Voustianiouk, 2006; Racoviteanu et al., 2007; Liu, 2008; Taramelli 

et al., 2008) have shown that SRTM provides reliable topographic data. 

(Gorokhovich and Voustianiouk, 2006) in their study showed the average accuracy is  

significantly higher than the 16m standard SRTM accuracy value indicated in its 
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specification for terrain with slope values greater than 10
o
. Following Taramelli et al. 

(2008) for this study slope and a relief error of ∼ 5% is estimated on the basis of  

qualitative analysis achieved through visual interpretation of shaded relief obtained 

from DEMs, and through the evaluation of, and comparison of, the river network 

derived from the available DEMs and quantitative analysis of the differences in 

elevation and terrain gradient. Total mean sediment load for Mangla Reservoir is 

calculated by adding the assumed fraction for the gravel-bedded streams (following 

Turowski et al., 2010) to the suspended sediment loads derived from sediment rating 

curves. Following Babinski (2005), in Darwin Harbour catchment, the total sediment 

load is derived by adding 10% bed load of the sediment yield calculated from the 

suspended sediment loads measured at hydrographic monitoring stations. A 

denudation rate error of ∼15% is estimated based on the mean error reported in 

published data. A p of 0.05 is accepted for statistical significance. 

4.10 Summary 

The research reported here integrates geochemical analysis and GIS 

techniques for the identification of sediment sources and in this chapter are 

descriptions of the methods used in the field, the methods of geochemical analysis, 

and an outline of the laboratory procedures used for the analysis. Gamma 

spectrometry was employed to generate top soil tracer data used for calculating the 

proportion of sheet and channel/landslide erosion (the non-sheet erosion component) 

in the catchments. Cosmogenic 
10

Be measurements were made to determine the river 

incision rate and OSL dating was employed to estimate the age of a dambo-pond 

system. Topographic data (mean catchment slope and mean catchment relief) 

calculated from DEMs are used to determine the relation between denudation rate 

and topography (i.e., relief and topography). Sediment yield was calculated from 

suspended sediment loads and assumed bedload, and denudation rates were 

determined from sediment yield. 
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Chapter 5 : Sediment Sources 

5.1 Introduction 

In this chapter accounts are provided of sediment sources based upon top soil 

tracers, sediment yield, denudation rates, and estimates of the proportion of sheet and 

channel and/or landslide erosion in the Mangla Reservoir and Darwin Harbour by 

channel erosion.  

Results show that the Siwaliks produce more sediment than areas upstream 

and that sheet erosion dominates the sediment sources in the Siwaliks. In Darwin 

Harbour catchment approximately 16% of the sediment transported by creeks and 

rivers comes from sheet erosion and the remaining approximately 84% from channel 

erosion. Top soil tracer data analysis also shows that dambos act as natural sediment 

traps in the Darwin Harbour catchment, and trap approximately 90% of the sediment 

produced on hillslopes by sheet erosion. Additional information is generated about 

sediment input to the Harbour from urban areas. Top soil tracers for both the <63 and 

<20 µm fractions produce the same results for the proportion of top soil in alluvial 

fines. 

5.2 Top Soil Tracers 

Fallout 
210

Pb(ex)  and 
137

Cs are strongly adsorbed onto soil and therefore move 

with transported sediment. The activities of top soil tracers and ratios of the top soil 

tracers have been successfully used in soil erosion and sediment transport studies 

(Bowman, 1984; Wasson et al., 1987; Burch et al., 1988; Ritchie and McHenry, 

1990; Sutherland, 1994; Walling et al., 1995; Wallbrink and Murray, 1996a;  Collins 

et al., 2001a; Huh and Su, 2004; Figueira et al., 2006; Foster et al., 2006; Likuku et 

al., 2006; Zhang et al., 2006a;  Furuichi, 2007; Bossew et al., 2007; Wan G. J et al., 

2008). In this study the activities of top soil tracers and the ratio of the tracers 

210
Pb(ex)  and 

137
Cs  are used to calculate the proportionate contribution to river 

sediment of sheet and channel and /or landslide erosion. 

5.2.1  
210

Pb(ex) and 
137

Cs in Mangla Reservoir Catchment 

5.2.1.1 Activity of 
210

Pb(ex) and 
137

Cs: <63 µm fraction 

Tables 5.1 and 5.2 show the activities of 
210

Pb(ex) and 
137

Cs in channels and on 

hillslopes for the <63 µm fraction and Tables 5.4 and 5.5 for the <20 µm fraction.  
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Activity of 
210

Pb(ex) and 
137

Cs is very high near Murree (S#38) and Lehtrar (S#39). 

The distribution of 
210

Pb(ex) and 
137

Cs is uneven in the catchment. This may be the 

local activity effect as a result of spatial heterogeneities on hillslopes and needs 

further research.    

Table 5.1 210Pb(ex) and 137Cs activities (<63 µm fraction) in channels in Mangla Reservoir catchment 

S# Place Name Location Activity (Bq/kg) 

Lat. Long. 
210

Pb(ex) 
137

Cs 

1 Nelum River near Nosehri 34°26'47.86"N 73°39'59.89"E 48.1±2.2 6.00±1.3 

2 Nelum River near Devali 34°26'47.14"N 73°37'58.61"E 49.8±2.2 4.35±1.6 

3 Jhelum River near Chinari 34°11'11.28"N 73°41'51.84"E 18.8±2.5 3.00±1.5 

4 Jhelum River near Majohi 34°14'56.77"N 73°36'3.51"E 19.1±1.8 3.22±1.3 

5 Jhelum River near Domel 34°18'36.13"N 73°33'0.40"E 15.0±2.4 3.52±1.3 

6 Kunhar River near Pattan Road 34°17'21.41"N 73°28'23.75"E 44.8±2.6 3.06±1.2 

7 Jhelum River near Dulai 34°12'36.00"N 73°29'45.60"E 24.26±7.05 4.31±1.1 

8 Jhelum River near Kohala 34° 4'33.20"N 73°30'1.47"E 27.48±7.14 4.47±1.2 

9 Jhelum River near Azad Pattan 33°53'39.37"N 73°35'27.07"E 30.55±7.19 6.46±1.6 

10 Jhelum River near Karot 33°22'48.26"N 73°34'15.71"E 30.45±6.99 6.00±1.0 

11 Poonch River near Hajira 33°42'21.60"N 73°57'18.00"E 40.52±6.21 4.89±0.5 

12 Poonch River near Sehra 33°37'26.40"N 73°58'4.80"E 41.77±6.94 5.39±0.7 

13 Poonch River near Tatapani 33°34'15.60"N 73°56'6.00"E 43.02±7.68 5.88±1.6 

14 Poonch River near Kotly 33°29'9.60"N 73°52'51.60"E 44.50±2.30 6.46±1.6 

15 Poonch River near Rajdhani  33°20'17.06"N 73°45'16.16"E 53.00±2.10 6.78±1.7 

16 Kanshi River near Dahbra 33°12'3.82"N 73°32'53.53"E 50.20±2.30 3.67±1.6 

17 Khud River near Chaksawari 33°14'26.29"N 73°49'56.79"E 27.5±2.0 3.50±0.5 

18 Khud River near Asan Manzil 33°13'46.65"N 73°49'28.89"E 33.6±2.1 3.93±1.5 

19 Yaqoobabad Channel  33° 9'26.38"N 73°52'9.06"E 30.4±2.0 3.75±0.3 

Note: Activities of  210Pb(ex)  and 137Cs are corrected based on the findings of Nawaz et al. (2008) to adjust / 

reduce the upstream contribution to the downstream samples. 

 The measured values of  
210

Pb(ex)  and 
137

Cs  are corrected because sediment 

input from upstream areas also contribute in channel activity of  
210

Pb(ex)  and 
137

Cs  

in the Siwaliks. Corrections are made on the basis of relative contribution of the 

suspended sediment loads from upstream channels which is determined by 

comparing the suspended loads at various gauging stations in the Siwaliks and areas 

upstream of the Siwaliks. Following Nawaz et al. (2008) activity of 
210

Pb(ex) and 

137
Cs is corrected in the downstream channels using the relation: 
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Vc = Vm – (0.3 x Vm_us)   (5-1) 

where Vc is the corrected value, Vm measured value and Vm-us is the measured 

value in upstream channel. 

Table 5.2 210Pb(ex)  and 137Cs activities (<63 µm fraction) on hillslopes in Mangla Reservoir catchment 

S# Place Name Location Activity (Bq/kg) 

Lat. Long. 
210

Pb(ex) 
137

Cs 

20 Hillslope near Nosehri  34°25'31.42"N 73°42'44.15"E 80.2±1.4 11.66±1.1 

21 Hillslope near Devali 34°26'8.21"N 73°40'46.56"E 97.45±5.4 6.0±1.3 

22 Hillslope near Chinari 34° 9'42.32"N 73°42'10.34"E 33.02±7.67 5.56±1.5 

23 Hillslope near Majohi 34°13'22.85"N 73°35'46.48"E 34.48±8.02 5.35±1.8 

24 Hillslope near Domel 34°18'32.45"N 73°31'36.63"E 28.92±6.54 5.67±1.1 

25 Hillslope near Kunhar- 34°17'29.70"N 73°27'57.12"E 80.62±8.5 6.70±1.5 

26 Hillslope near Dulai 34°12'36.00"N 73°28'19.20"E 38.40±8.1 6.66±1.1 

27 Hillslope near Kohala 34° 3'49.56"N 73°28'53.27"E 40.21±7.98 6.64±1.3 

28 Hillslope near Azad Pattan 33°53'50.46"N 73°34'9.33"E 44.75±10.33 9.53±2.1 

29 Hillslope near Karot 33°23'41.04"N 73°33'35.02"E 43.74±6.78 8.00±2.2 

30 Hillslope near Hajira 33°42'43.20"N 73°56'26.64"E 61.15±6.78 5.88±1.6 

31 Hillslope near Sehra 33°37'30.00"N 73°59'3.88"E 59.15±5.38 7.83±1.5 

32 Hillslope near Tatapani 33°34'4.38"N 73°57'6.35"E 62.00±6.6 8.77±1.0 

33 Hillslope near Kotly 33°29'3.25"N 73°54'9.74"E 63.52±6.2 8.22±1.0 

34 Hillslope near Rajdhani 33°20'12.26"N 73°46'29.54"E 75.09±8.4 8.80±0.6 

35 Hillslope near Dahbra 33°13'32.17"N 73°32'9.27"E 78.40±8.2 5.31±1.4 

36 Hillslope near Asan Manzil 33°14'35.86"N 73°50'28.23"E 42.10±2.2 5.10±1.7 

37 Hillslope near Yaqoobabad 33° 9'25.85"N 73°52'10.26"E 43.53±2.1 5.25±1.16 

38 Hillslope near Murree 33°55'9.03"N 3°23'39.71"E 221.3±2.7 39.93±2.7 

39 Hillslope near Lehtrar 33°47'54.17"N 73°16'34.74"E 134.8±2.2 23.53±2.1 

 

Plots of hillslope and channel samples approximately adjacent to one another 

(Figure 5.1 and 5.2) show that the activities of 
210

Pb(ex) and 
137

Cs are higher on the 

hillslopes and as compared to activities in the channels. The ratio of the 
210

Pb(ex) and 

137
Cs activities, hillslope to channel, decreases from upstream to downstream. On 

average, in areas upstream of the Siwaliks, this ratio is 1.7 ± 0.3 for 
210

Pb(ex) and 1.7 

±0.7 for 
137 

Cs, and in the Siwaliks 1.5±0.2 for 
210

Pb(ex) and 1.4±0.5 for 
137 

Cs. Table 

5.3 shows the subcatchment-wise hillslope to channel ratio of the top soil tracers 

210
Pb(ex) and 

137
Cs in the Mangla reservoir catchment.  The ratio of the activities of 

top soil tracers is used to quantify the proportionate contribution to channels of the 
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products of sheet erosion and, by difference, that from channel/landslide erosion 

(equations 5.1&5.2, in section 5.3.1.3). 

 

Figure 5.1 210Pb(ex) activity on hillslopes and in channels (<63 µm fraction) in Mangla Reservoir catchment 

 

 

Figure 5.2 137Cs activity on hillslopes and in channels (<63 µm fraction) in Mangla Reservoir catchment 
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Table 5.3  Subcatchment-wise hillslope to channel ratio of the top soil tracers (<63 µm fraction) in Mangla 

Reservoir catchment 

Subcatchment Hillslope to Channel Ratio 
210

Pb(ex) ± 
137

Cs ± Mean ± 

Upstream of the Siwaliks 

Nelum Valley 1.8 0.1 1.7 0.5 1.7 0.3 

Jhelum Valley 1.8 0.5 1.7 0.9 1.8 0.5 

Kaghan Valley 1.8 0.2 2.2 1.1 2.0 0.6 

Jhelum upstream Siwaliks 1.5 0.5 1.5 0.5 1.5 0.5 

Poonch upstream Siwaliks 1.5 0.3 1.4 0.4 1.4 0.2 

Mean 1.7 0.3 1.7 0.7 1.7 0.4 

Within Siwaliks 

Jhelum River within Siwaliks 1.5 0.4 1.4 0.5 1.4 0.3 

Poonch River within Siwaliks 1.4 0.2 1.3 0.3 1.4 0.2 

Kanshi River Catchment 1.6 0.2 1.4 0.8 1.5 0.4 

Khud River Catchment 1.5 0.1 1.5 0.5 1.5 0.3 

Jari River Catchment 1.4 0.1 1.4 0.3 1.4 0.1 

Mean 1.5 0.2 1.4 0.5 1.4 0.3 

 

 There is a strong correlation between the activities of top soil tracers  
210

Pb(ex) 

and 
137

Cs  in adjacent hillslopes and channel samples  in the Mangla Reservoir 

catchment ( Figure 5.3 and 5.4). This extraordinary pattern that might be caused by 

sediment transport distance relationship needs further research to explain. This is the 

first study of Mangla Reservoir catchment based on the activities of the fallout 

radionuclides 
137

Cs and 
210

Pb(ex) and sediment load data from the gauging stations 

situated in the catchment area. There is no previous literature on sediment transport 

distance relationship in this catchment.  
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Figure 5.3 Plot of  210Pb(ex) activities (<63µm fraction) in adjacent hillslope and channel samples in Mangla 

Reservoir catchment  

 

 

Figure 5.4 Plot of  137Cs  activities (<63µm fraction) in adjacent hillslope and channel samples in Mangla 

Reservoir catchment 

The correlation between top soil tracers in the river and adjacent slopes 

shows that along-river mixing may not have occurred. This may be the result of 

runoff after the last flood (in 1992) that could have mobilized sediment in the river 

(Wasson, pers. comm.). Comparison of rainfall data for the years sampled (which is 

not available) with other years could possibly give a clue to this extraordinary top 

soil tracer pattern.  
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The 1992 extreme hydrological event in the Mangla Reservoir catchment was 

unprecedented. Huge quantities of sediments were removed from the slopes and 

deposited in channels and near by valley slopes. Most bridges were lifted, and some 

were twisted and transported downstream. The very heavy (hundreds of tonnes) steel 

bridge at Kohala on river Jhelum (which was about 22 m above the normal river 

level) was twisted, lifted and shifted 200 m downstream (Chaudhry, pres. comm.). 

5.2.1.2 
210

Pb(ex)and 
137

Cs activity <20 µm fraction 

Tables 5.4 and 5.5 show the activity of 
210

Pb(ex) and 
137

Cs for the <20 µm 

fraction. Plots of adjacent hillslope and adjacent channel samples (Figure 5.5 and 

5.6) show that the activities of 
210

Pb(ex) and 
137

Cs are higher on the hillslopes as 

compared to activities in the channels. The ratio of the 
210

Pb(ex) and 
137

Cs activity, 

hillslope to channel, decreases from upstream to downstream. On average, in areas 

upstream of the Siwaliks, this ratio is 1.7 ± 0.3 for 
210

Pb(ex) and 1.6 ±0.5 for 
137 

Cs, 

and in the Siwaliks 1.2±0.3 for 
210

Pb(ex) and 1.3±0.3 for 
137

Cs. Table 5.6 shows the 

subcatchment-wise hillslope to channel ratio of the top soil tracers 
210

Pb(ex) and 
137

Cs 

in the Mangla Reservoir catchment. 

Table 5.4 210Pb(ex) and 137Cs activities (<20 µm fraction) in channels in Mangla Reservoir catchment 

S# Place Name Location Activity (Bq/kg) 

Lat. Long. 
210

Pb(ex) 
137

Cs 

40 Nelum River near Nosehri 34°26'47.86"N 73°39'59.89"E 64.35±7.06 12.01±0.62 

41 Jhelum River near Majohi 34°14'56.77"N 73°36'3.51"E 22.62±1.6 4.06±1.53 

42 Kunhar River near Pattan Rd. 34°17'21.41"N 73°28'23.75"E 48.72±2.3 4.13±1.3 

43 Poonch River near Kotly 33°29'9.60"N 73°52'51.60"E 55.63±8.73 6.16±0.62 

44 Khud River near Asan Manzil 33°13'46.65"N 73°49'28.89"E 41.8±8.68 2.52±0.36 

Note: Activities of  210Pb(ex)  and 137Cs are corrected based on the findings of Nawaz et al., (2008) to adjust / 

reduce the upstream contribution to the downstream samples. 

Table 5.5 210Pb(ex) and 137Cs activities (<63 µm fraction) on hillslopes in Mangla Reservoir catchment 

S# Place Name Location Activity (Bq/kg) 

Lat. Long. 
210

Pb(ex) 
137

Cs 

45 Hillslope near Nosehri  34°25'31.42"N 73°42'44.15"E 93.12±1.96 13.15±0.67 

46 Hillslope near Majohi 34°13'22.85"N 73°35'46.48"E 41.47±9.30 6.69±1.46 

47 Hillslope near Pattan Road 34°17'29.70"N 73°27'57.12"E 92.82±8.85 8.38±0.63 

48 Hillslope near Kotly 33°29'3.25"N 73°54'9.74"E 63.52±6.2 8.22±1.0 

49 Hillslope near Asan Manzil 33°14'35.86"N 73°50'28.23"E 48.61±3.52 7.28±0.61 
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Figure 5.5 210Pb(ex) activity on hillslopes and in channels (<20 µm fraction) in Mangla Reservoir catchment 

 

 

Figure 5.6 137Cs activity on hillslopes and in channels (<20 µm fraction) in Mangla Reservoir catchment 
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Table 5.6 Subcatchment wise hillslope to channel ratio of the top soil tracers (<20 µm fraction) in Mangla 

Reservoir catchment 

Subcatchment Hillslope to Channel Ratio 

210 
Pb(ex) ± 

137
 Cs ± Mean ± 

Upstream of the Siwaliks 

Nelum Valley 1.4 0.2 1.1 0.1 1.3 0.1 

Jhelum Valley 1.8 0.4 1.6 0.7 1.7 0.4 

Kaghan Valley 1.9 0.2 2.0 0.7 2.0 0.4 

Mean 1.7 0.3 1.6 0.5 1.6 0.3 

Within the Siwaliks 

Poonch Catchment 1.3 0.3 1.3 0.2 1.3 0.2 

Khud Catchment 1.2 0.3 1.3 0.3 1.5 0.2 

Mean 1.2 0.3 1.3 0.3 1.4 0.2 

 

Although there are fewer samples for <20 µm fractions, the average hillslope to 

channel ratio is almost the same as for the <63 µm fraction. For <63 µm fractions, in areas 

upstream of the Siwaliks, this ratio is 1.7±0.4 and within the Siwaliks, is 1.4±0.2 and for <20 

µm fraction, in areas upstream of the Siwaliks, the ratio is 1.6±0.3 and 1.4±0.2 within the 

Siwaliks. 

5.2.2  
210

Pb(ex) and 
137

Cs in Darwin Harbour Catchment 

5.2.2.1 
210

Pb(ex) and 
137

Cs  activity <63 µm fraction 

Tables 5.7, 5.8 and 5.9 show the activity of 
210

Pb(ex) and 
137

Cs for <63µm fraction for 

channels, hillslopes and dambos. 

Plots of 
210

Pb(ex) and 
137

Cs activities (Figure 5.7 and 5.8) for hillslope and channel 

samples show that the activity of top soil tracers in channels is on an average five times 

lower than on the hillslopes. This implies that ∼ 20% of the creek and river sediment come 

from sheet erosion, and the remaining from channel erosion of material that contains little or 

no top soil trace. It is noteworthy to mention that there are very few gullies in the study area. 

Hillslope and channel samples are not arranged from upstream to down stream. 

These are the adjacent hillslopes and channels samples collected from the different locations 

in the Darwin Harbour catchment 
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Table 5.7 210 Pb(ex) and 137Cs activities (<63 µm fraction) in channels in Darwin Harbour catchment 

S# Place Name Location Activity (Bq/kg) 

Lat. Long. 
210

Pb(ex) 
137

Cs 

1 Blackmore River near 

Trenow Road 

 12°46'19.13"S 130°56'42.54"E 30.25±5.27 0.77±0.17 

2 Channel near Kiara Rock   12°38'33.86"S 130°44'18.84"E 66.32±10.73 2.1±0.56 

3 Channel near South Port  12°43'0.00"S 130°52'60.00"E 37.50±8.39 2.76±0.37 

4 Channel near Mead Road  12°47'22.38"S 130°56'34.05"E 11.08±6.03 0.23±0.13 

5 Darwin River near 

Kentish Road 

 12°44'31.07"S 130°57'54.69"E 12.50±7.40 0.50±0.42 

6 Darwin River near 

Reedbeds Road 

 12°48'5.46"S 130°58'16.85"E 44.82±7.92 2.72±0.50 

7 Berry Creek near Stuart 

Highway 

 12°44'5.44"S 131° 5'24.77"E 40.01±7.30 3.55±0.38 

8 Elizabeth River near 

Stuart Highway 

 12°36'20.39"S 131° 4'22.46"E 84.73±12.34 2.55±0.61 

Table 5.8 210 Pb(ex) and 137Cs activities (<63 µm fraction) on the hillslopes in Darwin Harbour catchment 

S# Place Name Location Activity (Bq/kg) 

Lat. Long. 
210

Pb(ex) 
137

Cs 

9 Hillslope near Mira  12°46'39.08"S 130°56'37.53"E 151.23±12.63 4.86±0.80 

10 Hillslope near Kiara 

Rock  

 12°38'40.22"S 130°44'20.44"E 313.5±21.68 10.51±2.68 

11 Hillslope near Litchfield 

Park Road  

 12°46'23.73"S 130°53'15.83"E 138.18±11.59 7.73±0.68 

12 Hillslope near Mead 

Road  

 12°47'22.16"S 130°56'32.76"E 55.09±7.69 1.29±0.01 

13 Hillslope near Kentish 

Road  

 12°45'11.54"S 130°58'12.26"E 61.24±18.62 2.65±0.98 

14 Hillslope near Reedbeds 

Road  

 12°48'36.71"S 130°58'46.52"E 174.85±13.05 6.65±0.71 

15 Hillslope near 

McHenery Road  

 12°44'26.47"S 131° 5'38.01"E 202±19.90 14.92±4.06 

16 Hillslope near Doxas 

Road  

 12°36'31.80"S 131° 5'3.26"E 325±19.02 13.67±3.07 

17 Hillslope near Lost 

Creek 

 12°34'22.15"S 130°42'11.91"E 132.27±10.58 6.36±0.76 
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Figure 5.7 210Pb(ex) activity on hillslopes and in channels (<63 µm fraction) in Darwin Harbour catchment 

 

 

Figure 5.8 137Cs activity on hillslopes and in channels (<63 µm fraction) in Darwin Harbour catchment 

Table 5.9 shows the activity of 
210

Pb(ex) and 
137

Cs  in the sampled dambos in the 

Darwin Harbour catchment. Plots of adjacent hillslope, dambo and channel samples (Figure 

5.9 and 5.10) show that top soil tracer activities in dambos are on average 1.9 times higher 

than on the hillslopes. This implies that ∼ 90% of the sediments coming from the hillslopes 

are trapped in the dambos and ~ 10% are passed on to the channels. 
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Table 5.9  210 Pb(ex) and 137Cs activities (<63 µm fraction) in Dambos 

S# Place Name Location Activity (Bq/kg) 

Lat. Long. 210Pb(ex) 137Cs 

18 Dambo near Trenow Rd.  2°46'23.04"S 130°56'20.88"E 263.39±17.07 8.35±0.79 

19 Dambo near Kiara Rock  2°39'13.65"S 130°44'7.47"E 590.65±25.06 19.81±0.76 

20 Dambo near Lichfield Rd.  12°45'7.26"S 130°53'13.94"E 285.87±12.53 14.5±0.71 

21 Dambo near Mead Road  2°47'31.48"S 130°56'44.13"E 99.5±7.40 2.52±0.42 

22 Dambo near Lost Creek  2°34'52.41"S 130°43'11.61"E 238.27±16.17 11.45±0.93 

23 Dambo near Belyune  12°32'4.53"S 130°42'26.89"E 107.84±10.68 6.62±0.64 

 

Figure 5.9 210Pb(ex) activity on hillslopes, dambos and in channels (<63 µm fraction) in Darwin Harbour 

catchment 

 

Figure 5.10 137Cs  activity on hillslopes, dambos and in channels (<63 µm fraction) in Darwin Harbour 

catchment 
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5.2.2.2 
210

Pb(ex)and 
137

Cs activity <20 µm fractions 

Tables 5.10, 5.11 and 5.12 show the activities of 
210

Pb(ex) and 
137

Cs for <20 

µm fraction. Plots of adjacent hillslope, dambo and channel samples (Figure 5.11 and 

5.12) show that the activity of top soil tracers in channels is on average five times 

lower than on the hillslopes. Dambos have on average 1.9 times more top soil tracer 

compared to the hillslopes and approximately 9 times more than the channels. A 

particle size activity effect in the very fine sediment might be the cause of higher 

activities of top soil tracers in dambos, but this needs further research on particle size 

activity effect. 

Table 5.10 210 Pb(ex) and 137Cs activities (<20 µm fraction) in channels in Darwin Harbour catchment 

S# Place Name Location Activity (Bq/kg) 

Lat. Long. 
210

Pb(ex) 
137

Cs 

24 Bennett Creek  12°37'16.73"S 131° 1'54.38"E 32.2±3.20 0.53±0.30 

25 Berry Creek  12°42'58.53"S 131° 0'25.00"E 65.7±6.40 3.0±2.00 

26 Elizabeth River Goode 

Road 

 12°36'48.36"S 131° 4'48.71"E 49.0±5.00 2.0±0.40 

27 Darwin River Reedbeds 

Road 

 12°48'5.46"S 130°58'16.85"E 51.96±7.28 2.91±0.40 

28 Elizabeth River near Stuart 

Highway 

 12°36'20.39"S 131° 4'22.46"E 128.85±18.87 2.8±0.70 

29 Channel near Mead Road  12°47'22.38"S 130°56'34.05"E 12.5±5.41 0.29±0.28 

30 Blackmore River near 

Trenow Road 

 12°46'19.13"S 130°56'42.54"E 41.43±7.63 1.52±0.76 

31 Channel near South Port  12°43'0.00"S 130°52'60.00"E 42.54±9.32 3.01±2.16 
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Table 5.11210Pb(ex) and 137Cs activities (<20 µm fraction) on the hillslopes in Darwin Harbour catchment 

S# Place Name Location Activity (Bq/kg) 

Lat. Long. 
210

Pb(ex) 
137

Cs 

32 Hardys Creek Hillslope  12°42'3.07"S 131° 1'42.64"E 157.2±9.0 10.0±1.00 

33 Parkin Road Hillslope  12°50'6.56"S 131° 4'16.61"E 211.0±11.50 12.9±1.30 

34 Hillslope near Elizabeth 

Valley Road 

 12°38'40.13"S 131° 6'59.99"E 153.0±10.0 10.3±1.00 

35 Hillslope near Reedbeds 

Road  

 12°48'36.71"S 130°58'46.52"E 255.2±12.63 15.03±3.60 

36 Hillslope near Doxas 

Road  

 12°36'31.80"S 131° 5'3.26"E 598.78±27.62 15.28±4.65 

37 Hillslope near Mead 

Road  

 12°47'22.16"S 130°56'32.76"E 67.95±9.370 2.85±2.30 

38 Hillslope near Mira 

Road  

 12°46'39.08"S 130°56'37.53"E 204.52±18.56 6.73±0.79 

39 Hillslope near Litchfield 

Park Road  

 12°46'23.73"S 130°53'15.83"E 211.16±17.98 11.26±2.94 

40 Hillslope near Lost 

Creek 

 12°34'22.15"S 130°42'11.91"E 289.45±13.26 8.90±2.86 

41 Hillslope near Lawton 

Road 

 12°43'6.96"S 130°53'39.44"E 182.00±16.00 7.00±3.00 

 

Table 5.12  210 Pb(ex) and 137Cs activities (<20 µm fraction) in Dambos, Darwin Harbour catchment 

S# Place Name Location Activity (Bq/kg) 

Lat. Long. 210
Pb(ex) 

137
Cs 

42 Dambo near Mead 

Road 

 12°47'31.48"S 130°56'44.13"E 121±11.26 5.13±0.57 

43 Dambo near Trenow 

Road 

 12°46'23.04"S 130°56'20.88"E 413±21.78 12.52±0.81 

44 Dambo near Lichfield 

Park Road 

 12°45'7.26"S 130°53'13.94"E 377±29.00 20.00±3.00 

45 Dambo near Lost Creek  12°34'52.41"S 130°43'11.61"E 533.00±43.00 15.00±3.00 

46 Dambo near Lawton 

Road 

 12°43'1.59"S 130°53'41.54"E 321±23.00 14.00±3.00 
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Figure 5.11 210Pb(ex)activity on hillslopes, dambos and in channels (<20 µm fraction) in Darwin Harbour 

catchment 

 

Figure 5.12 137Cs activity on hillslopes, dambos and in channels (<20 µm fraction) in Darwin Harbour 

catchment 

5.3 Specific Sediment Yield  

In this section estimate of sediment yield, denudation rate and sheet and 
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5.3.1 Mangla Reservoir Catchment 

Figure 5.13 shows the position of gauging stations operated by WAPDA. 

Suspended sediment load data from these gauging stations are used to calculate the 

sediment load and denudation rates of the catchment.  

 

Figure 5.13 Gauging stations in Mangla Reservoir Catchment 

5.3.1.1 Specific Sediment Yield 

Suspended sediment loads were derived from sediment rating curves by 

WAPDA. The sediment rating curves were developed only for suspended sediment 
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load because there are no measurements of bed load (Arshad, pers. comm.). Total 

mean annual sediment load is derived by adding a fraction of bed load calculated 

based on the findings of Turowski et al (2010) for gravel-bedded streams. Table 5.13 

shows the mean annual sediment loads and specific sediment yield at each gauging 

station for the period 1961 to 2000. Specific sediment yield is highest at Kotly and 

lowest at Naran. Specific sediment yield increases from upstream to downstream and 

is considerably higher in the Siwaliks (Azadpattan, Karot, Kotly and Polate) as 

compared to the areas upstream of the Siwaliks (hinterland). 

Table 5.13 Sediment yield in Mangla Reservoir catchment (Source: WAPDA, 2003)  

Gauging  Station Catchment Area  

(km
2
) 

Mean Annual Sediment 

Load  (x10
6
 t) 

Specific Sediment Yield 

(t/ km
2
/yr) 

Dudhnial 
7174 2.8 394 

Nosheri 
6809 2.9 429 

Muzaffarabad 
7278 5.9 811 

Chinari 
13597 5.5 406 

Majohi 
14292 2.6 182 

Domel 
14504 4.6 314 

Naran 
1036 0.2 147 

Talhatta 
2383 3.2 1337 

Khanian 
1502 0.4 260 

Dulai 
24405 18.6 764 

Kohala 
22300 18.7 839 

Azadpattan 
26485 29.6 1119 

Karot 
26677 26.1 977 

Kotly 
7323 11.2 1522 

Polate 
1111 1.4 1218 

  

 A plot of specific sediment yield  against catchment area  (Figure 5.14) yields 

a relationship: 

Ys = 0.0058 A+646 (r
2
 = 0.02, p = 0.664)   (5-2) 

where Ys is specific sediment yield in t/ km
2
/yr and A is area in km

2
. 

The relationship 5-2 is different from an inverse relationship widely reported in the 

literature (Milliman and Syvitski, 1992; Walling, 1983) and does not show a general 

trend (Figure 5.15).  



80 
 

 

Figure 5.14 Relationship between specific sediment yield and catchment area in Mangla Reservoir 

catchment 

 

Figure 5.15 Specific sediment yield and catchment area relationship comparison (results in Church et al., 

1989; Fleming, 1969; Glymph, 1951; Schiefer et al., 2001) (after Ali and De Boer, 2007)  

 In Mangla Reservoir catchment, the gauging stations have been divided into 

two sets. The hinterland (Figure 5.16) and the Siwaliks (Figure 5.17) show different 

relationships. A plot for the hinterland yields a relationship: 

Ys = 0.0058A+474   (r
2
 = 0.02, p=0.705)   (5-3) 
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A plot for the Siwaliks yields different relationship from the hinterlands (5-4): 

Ys = -0.012A+140  (r
2
= 0.5,  p = 0.311)   (5-4) 

which is consistent with the inverse relationship reported in the literature (Milliman 

and Syvitski, 1992; Walling, 1983). 

 

Figure 5.16 Relationship between specific sediment yield and catchment area in the hinterland, Mangla 

Reservoir catchment 

 

Figure 5.17 Relationship between specific sediment yield and catchment area in the Siwaliks, Mangla 

Reservoir catchment 
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and catchment area (5-4) in Siwaliks is consistent with the inverse relationship 

reported in the literature, however the data points are not enough to draw a specific 

conclusion and there is need for more data points in Siwaliks.  

5.3.1.2 Denudation Rates 

Table 5.14 shows the denudation rates in Mangla Reservoir catchment. 

Denudation rates are highest in the Siwaliks, a result consistent with a few other 

studies (Jain et al., 2008; McVean and Robertston, 1969) that indicate that the 

Siwaliks yield almost three times more sediment than the hinterland (upstream of the 

Siwalik areas). 

Table 5.14 Denudation rates in Mangla Reservoir catchment  

Gauging  Station Catchment Area  Mean Annual Sediment Denudation 

Dudhnial 
7174 2.8 0.1 

Nosheri 
6809 2.9 0.2 

Muzaffarabad 
7278 5.9 0.3 

Chinari 
13597 5.5 0.2 

Majohi 
14292 2.6 0.1 

Domel 
14504 4.6 0.1 

Naran 
1036 0.2 0.1 

Talhatta 
2383 3.2 0.5 

Khanian 
1502 0.4 0.1 

Dulai 
24405 18.6 0.3 

Kohala 
22300 18.7 0.3 

Azadpattan 
26485 29.6 0.4 

Karot 
26677 26.1 0.4 

Kotly 
7323 11.2 0.6 

Polate 
1111 1.4 0.5 

  

River incision rate estimates (Table 5.15) are determined from cosmogenic 

nuclide 
10

Be data. Figure 5.18 shows the strath terrace locations and incision rates.  
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Table 5.15 River incision rates at selected sites in Mangla Reservoir catchment 

Site Location Incision 

rate 

(mm/yr) 

Denudation 

rate 

(mm/yr) at  

Longitude Latitude 

Jhelum  River near Chinari 73°41'55.89"E 34°10'52.04"N  >2.2  0.2 

Nelum River near Muzaffarabad 73°28'15.36"E 34°21'31.47"N 4.2±1.2  0.3 

Jhelum River near Kohala Bridge  73°29'43.32"E  34° 6'1.98"N 4.6±1.4 0.3 

Jhelum River near Azadpattan 73°35'30.09"E 33°53'30.06"N >9.4  0.4 

 

Figure 5.18 Incision rates and location of sampled strath terraces in Mangla Reservoir catchment 
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River incision rate is high compared to the denudation rate of the nearby 

gauging stations and increases from upstream to downstream.  A plot of river 

incision rate versus denudation rate (Figure 5.19) yields the relationship: 

D = 0.026 I + 0.17   (r
2
 = 0.9, p = 0.037)   (5-5) 

Where D is denudation rate in mm/yr and I is incision rate in mm/yr. 

The relationship 5-3 shows strong linear correlation between river incision 

and denudation rate, although it is noted that some of the incision rates are not finite. 

Equilibrium does not exist between denudation rate and river incision rate and the 

large difference between river incision rate and denudation rate suggests recent uplift 

of the Mangla Reservoir catchment. 

A few other studies (Brown, 1974; Kanasewich, 1977; Gulerz and Malik, 

2006; Ali and Graham, 2008) also indicate that the Mangla Reservoir catchment is a 

tectonically active area. There are major faults, namely Main Boundary Thrust 

(MBT), a Himalayan Frontal Thrust (HFT) which runs from Parachinar on the 

Afghanistan border to Burma, Muzaffarabad Fault or Kashmir Boundary Thrust, 

Kohistan Seismic Zone, Panjal Fault, and NS trending strike slip Jhelum Fault. In 

addition there are several splays of active faults (Burg et al., 2005). 

 

 

Figure 5.19 River incision rate versus denudation rate in Mangla Reservoir catchment 
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5.3.1.3 Sheet and Channel / Landslide Erosion 

Sheet erosion is calculated on the basis of the hillslope to channel ratio of the 

top soil tracers (detail in, section 5.2.1.1) by using equation 5.6, assuming all the top 

soil as suspended sediment load. Channel/landslide erosion is calculated by using 

equation 5.7. 

Esh = Yss / R h/c    (5-6) 

Ec+l = [ Yss – (Yss/Rh/c)]  (5-7) 

where Esh  is sheet erosion (tonnes / km
2
/yr),  Yss  is specific sediment yield (tonnes / 

km
2
/yr),  R h/c is mean hillslope to channel ratio of the top soil tracer activity, and  

Ec+l is the channel/landslide erosion (tonnes / km
2
/yr). 

 Table 5.16 show sheet and channel/landslide erosion in the Mangla reservoir 

catchment. Plot of sheet and channel/landslide erosion (Figure 5.20) show that sheet 

and channel/landslide erosion is almost equal in the areas upstream of the Siwaliks 

i.e., Nelum Valley (Dudhnial, Nosheri and Muzaffarabad), Jhelum Valley (Chinari, 

Majohi, Domel), Kaghan Valley (Naran, Talhatta, Khanian), and Jhelum upstream 

Siwaliks (Dulai, Kohala). Sheet erosion dominates the sediment sources within the 

Siwaliks i.e., Jhelum within the Siwaliks (Azadpattan, Karot), Poonch Valley (Kotly) 

and Kanshi catchment (Polate). Top soil tracer data show extremely high sheet 

erosion in Poonch Valley (Kotly) ~ 75% of the sediments come from sheet erosion 

and channel/landslide erosion contribute ~ 25%.  The peak (higher sheet erosion in 

Talhatta) is due to a huge quantity of sediment, derived from the Kashmir Boundary 

Thrust/Muzaffarabad fault (KBT/MF) which is characterized easily erodible gouge 

and fault breccia (Crush Zone) upstream of Talhatta. 
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Table 5.16 Sheet and channel/landslide erosion in Mangla Reservoir catchment 

Gauging  

Station 

Catchment 

Area  (km
2
) 

Specific Sediment 

Yield (tonnes/ 

km
2
/yr) 

Sheet Erosion 

(tonnes/ km
2
/yr) 

Channel and 

Landslide Erosion 

(tonnes/ km
2
/yr) 

Dudhnial 
7174 394 232±41 162±41 

Nosheri 
6809 429 252±49 177±49 

Muzaffarabad 
7278 811 477±85 334±85 

Chinari 
13597 406 226±64 180±64 

Majohi 
14292 182 101±27 81±27 

Domel 
14504 314 175±49 139±49 

Naran 
1036 147 74±23 73±23 

Talhatta 
2383 1337 669±205 668±205 

Khanian 
1502 260 130±40 130±40 

Dulai 
24405 764 509±175 255±175 

Kohala 
22300 839 559±192 280±192 

Azadpattan 
26485 1119 799±173 320±173 

Karot 
26677 977 698±151 279±151 

Kotly 
7323 1522 1087±156 435±156 

Polate 
1111 1218 812±221 406±221 

 

  

Figure 5.20 Sheet and channel/landslide erosion in Mangla Reservoir catchment 
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5.3.1.4 Sediment Yield within Siwaliks and upstream of the Siwaliks 

All the gauging stations in Nelum (Dudhnial, Nosheri and Muzaffarabad), 

Jhelum (Chinari, Majohi and Domel),  and Kaghan (Naran, Talhatta and Khanian) 

valley including Dulai and Kohala on Jhelum are located in the hinterland. 

Azadpattan, Karot, Kotly and Polate are located in the Siwaliks. In the Mangla 

Reservoir catchment, the hinterland occupies ~ 65 % of the area, almost twice that of 

the Siwaliks. Sediment yield from the hinterland at the hinterland-Siwaliks boundary 

has been calculated from a relationship between catchment area and sediment yield 

for gauging stations in the hinterland. The mean annual sediment yield from the 

hinterland is ~ 6.5x10
6
 t/yr (567 t/ km

2
/yr) and the Siwaliks produce ~ 6.8x10

6
 t/yr 

(1109 t/ km
2
/yr). Mean annual sediment yield is calculated from the data in Table 

5.14 and specific sediment yield from the data in Table 5.16. The Siwaliks, which 

occupy ~ 35 % of the catchment area, yield > 51% of the sediment reaching Mangla 

Reservoir. This implies that specific sediment yield of the Siwaliks is ∼ 2 times more 

than the hinterland. Reasons for this might be attributed to the high erodibility of 

rock and soil, and intense landuse in the Siwaliks. 

5.3.2 Darwin Harbour Catchment 

Sediment yields have been calculated for major sub-catchments which are 

aggregations of smaller catchments. Elizabeth and Blackmore are the two major 

rivers in the catchment. Minor streams and creeks feed the West Arm and Woods 

inlet.  

5.3.2.1 Specific Sediment Yield 

Sediment yield is calculated from the suspended sediment loads measured at 

hydrographic monitoring stations in the Darwin Harbour catchment. Total sediment 

load is derived by adding 10% bed load based on the findings of Babinski (2005) for 

low relief catchments. Sediment load is derived from the suspended sediment load 

data for the period 1991 to 2007 (NRETAS, 2010). This is for all subcatchments in 

the Darwin harbour catchment. Table 5.17 shows the sediment yield is very high in 

the Urban Area (55 t/ km
2
/yr) and lowest in Creek A (11 t/ km

2
/yr).  
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Table 5.17 Sediment yield in Darwin Harbour catchment (Data Source: NRETAS, 2010) 

Subcatchment Catchment 

Area (km
2
) 

Annual Sediment 

Load (tonnes) 

Sediment Yield  

(t/ km
2
/ yr) 

Creek A (middle arm) 13 407 11 

Pioneer Ck 124 1438 12 

West Arm 131 1741 13 

Blackmore 635 9016 14 

Elizabeth 229 3608 16 

Mitchell 38 862 23 

Woods Inlet 32 908 28 

Charles Point 53 1567 30 

Urban Area 134 7324 55 

5.3.2.2 Denudation Rates 

Table 5.18 shows the denudation rates in Darwin Harbour catchment. Denudation 

rate is highest for the urban area, moderately high for Woods Inlet and Charles Point 

and the lowest for Creek A and Pioneer Creek. But all rates are low.  

Table 5.18 Denudation rate in Darwin Harbour catchment  

Subcatchment Catchment 

Area (km
2
) 

Mean Annual 

Sediment Load 

Denudation 

Rate (mm/yr) 

Creek A (middle 13 407 0.004 

Pioneer Ck 124 1438 0.004 

West Arm 131 1741 0.005 

Blackmore 635 9016 0.005 

Elizabeth 229 3608 0.006 

Mitchell 38 862 0.009 

Woods Inlet 32 908 0.011 

Charles Point 53 1567 0.011 

Urban Area 134 7324 0.021 

 

5.3.2.3 Sheet and Channel Erosion 

Sheet and channel erosion is in the Darwin Harbour catchment calculated by 

the same method (described in section 5.3.1.3) used for Mangla Reservoir catchment. 

Note that there are no landslides in this catchment. Top soil tracer data for both size 

fractions <63µm and <20µm reveal that on average the  tracer activities are five 

times less  in channels compared to hillslopes, where the hillslopes are directly 
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connected to channels. This implies that approximately 20% of the creek and river 

sediment come from sheet erosion, and the remaining from channel erosion. But for 

sites where hillslopes are connected to channel through dambos, top soil tracer 

activities for both size fractions <63µm and <20µm are on average 9 times lower in 

channels compared to dambos. This implies that, in this case, where hillslopes are 

connected to channels through dambos, approximately 11% of the creek and river 

sediment comes from sheet erosion (Figure 5.24). Dambos are excellent traps and /or 

the erosion rate of channel walls is very high. Field survey in the study area reveals 

that approximately half of hillslopes contribute sediment directly to channels and half 

are connected to channels through dambos that gives an average estimate that 

approximately 16% of the creek and river sediment come from sheet erosion, and the 

remaining from channel erosion of material that contains little or no top soil tracer. 

Table 5.19 shows the sheet and channel erosion contribution to sediment input to 

Darwin Harbour catchment. Plots of sediment input to Darwin Harbour from its 

catchment by sheet and channel erosion (Figure 5.21) show that the highest sediment 

input to the Harbour, by both sheet and channel erosion, is from the Urban Area 

followed by Charles Point and Woods Inlet, while Creek A (Middle Arm) and 

Pioneer Ck have the minimum sediment input (map of subcatchments, figure 3.7). 

Calculation of sheet and channel erosion is based on the assumption that the particle 

size distributions in hillslope soils and eroded alluvium (channel erosion) match the 

suspended/bedload ratios. 

Table 5.19 Sediment input to Darwin Harbour from its catchment by sheet and channel erosion  

Subcatchment Catchment 

Area (km
2
) 

Mean Annual 

Sediment Yield  

(t/ km
2
/ yr) 

Sheet 

Erosion (t/ 

km
2
/yr) 

Channel Erosion 

(t/ km
2
/yr) 

Creek A (middle 1272 10.6 
1.6±0.3 9.0±0.3 

Pioneer Ck 12384 11.0 
1.7±0.3 9.3±0.3 

West Arm 13147 12.6 
2.0±0.4 10.6±0.4 

Blackmore 63471 13.4 
2.1±0.4 11.3±0.4 

Elizabeth 22871 14.9 
2.3±0.5 12.6±0.5 

Mitchell 3811 21.3 
3.3±0.7 18.0±0.7 

Woods Inlet 3242 26.4 
4.1±0.8 22.3±0.8 

Charles Point 5291 27.9 
4.3±0.9 23.6±0.9 

Urban Area 134 53.0 
8.2±1.6 44.8±1.6 
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Figure 5.21 Sediment input to Darwin Harbour from its catchment by sheet and channel erosion 

5.3.2.4 Sediment Trap Efficiency of Dambos 

Top soil tracer data analysis for both <63 and <20 µm fractions ( Table 5.7 - 

5.9, 5.10-5.12 and Figure 5.22 & 5.23 ) show that the activity of  
210

Pb(ex) and 
137

Cs  

on average are 1.9 times higher in dambos as compared to the hillslopes. This 

implies that approximately 90% of the sediments coming from the hillslopes are 

trapped in the dambos and approximately 10% are passed on to the channels. Top 

soil tracer activities for both <63 and <20 µm fraction size on average is 9 times 

lower in channels as compared to dambos.  This means that the dambos release only 

approximately 11% of their total sediments to channels (Figure 5.24).  
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Figure 5.22 210Pb(ex) activity on hillslopes, in dambos and in channels for <63 µm and <20 µm fractions in 

Darwin Harbour catchment 

 

Figure 5.23 137Cs activity on hillslopes, in dambos and in channels for <63 µm and <20 µm fraction in 

Darwin Harbour catchment 

It is noteworthy that the samples used for calculating the sediment trap 

efficiency of dambos are of course from sites where hillslopes are not directly 

connected to channels.  Sediment moves through dambos before reaching the 

channels. Comparisons of hillslope and channel samples are made (Section, 5.3.2.3) 
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only where samples were taken from hillslopes directly connected to channels and 

from adjacent reaches of channels. 

 

Figure 5.24 Contribution of sheet erosion of hillslopes to sediment input to Darwin Harbour, directly from 

hillslopes to channel and through dambos to channel, depending upon a location in a catchment. 

5.3.2.5 Dambo deposits in Darwin Harbour catchment 

Optically Stimulated Luminescence (OSL) dating (Figure 3.9) of one dambo, 

chosen to be  representative of all other dambos existing in the Darwin Harbour 

catchment, reveals the age to be ~10,000 years at the base, ∼7000 years at the middle 

and ∼1000 years at the upper layer. These dates suggest declining sedimentation rates 

over time and that the dambos have been accumulating sediment since sea level 

approached its present position in the early Holocene.  

Field survey shows that all dambos in the study area are unchannelled (Figure 

5.25). Mostly chains of ponds are observed downslope / downstream of the dambos 

and continuous channels are only found down stream of chains of ponds in the study 

area (Figure 5.26).  

Dambos are fed by rainfall which drains out slowly to feed chain of ponds, 

streams and rivers, and are therefore also a vital part of the water cycle. Within the 

Darwin Harbour catchment there are series of dambos that play an important role in 

filtering organic material before it is delivered to the harbour.  
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Figure 5.25 Structure of a typical dambo in Darwin Harbour catchment 

 

 

Figure 5.26 Dambo, chain of ponds, continuous channels and creeks in Darwin Harbour catchment 
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5.5 Discussion and Summary 

Global statistical relationships between catchment area, relief and mean 

annual sediment yield (Milliman and Syvitski, 1992) indicate that the hinterland of 

the Mangla catchment should yield  ∼ 3 times more sediment than the Siwaliks. The 

sediment yield data from the catchment shows that the Siwaliks, which occupy 

approximately 35% of the catchment area, yield > 51% of the sediment reaching the 

Mangla Reservoir. The hypothesis that the rocks and soils of the Siwaliks yield most 

sediment in the Mangla catchment because of their high erodibility and intense 

landuse is not rejected. Generally the global statistical relationships are valuable but 

the results of this study show that these relationships may not be applicable locally 

without local data.  

This is the first ever study of Mangla Reservoir catchment based on both the 

activities of fallout radionuclides 
137

Cs and 
210

Pb(ex) and sediment load data from 

gauging stations situated in the catchment. McVean and Robertston (1969) compared 

the suspended sediment loads at the gauging stations in the catchment of the Jhelum 

(for the region between 32
o
 and 36

o
N) and concluded that approximately 70% of the 

yield of the catchment comes from the Siwaliks.  A recent study of the Baghmati 

River catchment in Nepal and India shows that the Siwaliks, which occupy 

approximately 25% of the catchment, yield >50% of the sediment reaching the 

modern alluvial plain, and have done so for 4000 years (Jain et al., 2008). Top soil 

tracers 
210

Pb(ex) and 
137

Cs data analysis in this study shows that sheet and 

channel/landslide erosion are almost equal, approximately 50% from each source in 

the hinterland. In the Siwaliks, sheet erosion dominates the sediment sources and is 

extremely high in the Poonch Valley where about 75% of the sediments comes from 

sheet erosion and channel/landslide erosion contributes only 25%. Both <63 µm and 

<20 µm size fractions produced the same results.  

In Darwin Harbour catchment, analysis of top soil tracers 
210

Pb(ex) and 
137

Cs 

show that ∼ 84% of the sediment being transported in the creeks and rivers that flow 

into Darwin Harbour comes from channel erosion rather than from sheet erosion of 

the hillslopes. This actually shows that channel erosion is the dominant source of 

sediment input to Darwin Harbour catchment. The contribution of sheet erosion of 

hillslopes to sediment input to Darwin Harbour is about 16%. The hypothesis that 

‘most fine sediment being transported in creeks and rivers that flow into the Darwin 
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Harbour comes from channels rather than from sheet erosion of hillslopes’ is not 

rejected. This is an important conclusion for the land managers that is based on 

comparison of the activities of 
210

Pb(ex) and 
137

Cs in the creeks, rivers and 

corresponding hillslopes for a large set of samples. Both <63 µm and <20 µm 

fractions yields the same results i.e., the sediments transported to the Harbour 

consists of approximately 84% from channel erosion and approximately 16% from 

sheet erosion of the hillslopes. Top soil tracers also show that dambos are natural 

sediment sinks in the Darwin Harbour catchment and trap approximately 90% of the 

sediments produced from the sheet erosion of the hillslopes. Dambos are important 

geomorphic features and their high sediment trap efficiency makes them a good 

candidate for conservation in the face of any forthcoming development proposals for 

the catchment. 

In both catchments, the Mangla Reservoir and Darwin Harbour, activities of 

210
Pb(ex) and 

137
Cs were higher in <20µm fraction as compared to the <63µm fraction 

but the ratios of 
210

Pb(ex) and 
137

Cs activities, hillslope to channel, are approximately 

the same which shows that use of <63µm fractions or <20µm fractions to calculate 

the proportionate contribution to river sediment of sheet and channel/landslides and 

gully erosion does not make any significant difference to the results. Only sieving of 

the <20µm fraction takes approximately three times more time (and therefore more 

resources) than the <63µm fraction. Significant time and therefore resources can be 

saved by using <63µm fraction to calculate the proportionate contribution to river 

sediment of sheet and channel/landslides. The <63µm fraction is likely to more 

closely reflect the bulk sediment than the <20 µm fraction – so this may be helpful in 

getting over the particle size problems. 
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Chapter 6 : Topographic Dependence of Denudation  

6.1 Introduction 

This chapter presents mean catchment slope, mean relief and denudation rate 

relationships from Mangla and Darwin Harbour catchments and compares the results 

with the global denudation rate and relief data set from published studies. The data 

from the two study sites are analysed within the context of both the original 

relationships and re-analysed data sets. The Ahnert (1970) and Montgomery and 

Brandon (2002) models are tested at the extreme end of the catchment continuum in 

the case of the Darwin Harbour catchment and near the end of the continuum in the 

disturbed, subtropical, tectonically active, high relief Mangla Reservoir catchment. 

Results are consistent with Ahnert’s relationship, the linear correlation between 

denudation rates and relief, but only for tectonically inactive areas, for tectonically 

active areas denudation rates plot well above Ahnert’s relation. Montgomery and 

Brandon’s relation, where the slope dependence of denudation rate falls into two 

distinct domains (S > 25
o
 and S < 25

o
) holds partially. It is applicable for steep slopes 

(S > 25
o
) but does not hold for S < 25

o
 in the Mangla Reservoir catchment. 

Montgomery and Brandon’s view, a power law relation between erosion rate and 

mean local relief >100m, is also tested for the combined data set.  Power law 

regression for the combined data set yields a non-linear relation between mean local 

relief and denudation rate. An alternative view to establish the relation between 

denudation rate and topography (i.e., relief and slope) is presented; analysis of the 

combined data set reveals a strong linear relation between mean local relief and 

denudation rate in tectonically inactive areas, but in tectonically active areas, this 

relationship is strongly non-linear. The General Exponential Growth Model 

(GEGM), for the combined data set from eighty basins (detail in chapter 4, section 

4.9), yields a relation D = 0.0015e
0.29S 

, r² = 0.97, p <0.0001 that indicates that mean 

catchment slope is a more meaningful correlate of denudation rate than relief. 

6.2 Denudation, Slope and Relief Relationships in Mangla Reservoir Catchment 

6.2.1 Subcatchment Slope 

Figure 6.1 shows the slope and Table 6.1 shows the mean catchment slope 

calculated from slope (method described in chapter 4, section 4.7.1). The highest 

slope is observed in areas upstream of the Siwaliks in Nelum Valley and Kaghan 
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Valley (25-35
o
), followed by Ponch Valley (15-25

o
) and the catchment of the Jhelum 

River within the Siwaliks (5-15
o
). The lowest slope is noted in the catchment of 

Kanshi River in the range of 0-5
o
. 

 

Figure 6.1 Gauging stations and slope in Mangla Reservoir catchment (Data source: SRTM DEM, CGIAR, 

2010) 
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 Table 6.1 shows the mean catchment slope of the subcatchments at different 

gauging stations in the catchment of Mangla Reservoir. Mean slope is highest in 

upstream areas and decreases gradually downstream. The highest local mean slope of 

30.1
o
 in Nosehri subcatchment followed  by Muzaffarabad 29.5

o
, Talhatta 29.2

o
, and 

Khanian 28.7
o
. The lowest mean slope is noted in the Polate subcatchment; the 

catchment of Kanshi River is 2.2
o
.  

Table 6.1 Mean catchment slope at gauging stations in Mangla Reservoir catchment 

Subcatchment Mean catchment 

Slope (degree) 

± (degree) 

 

Dudhnial 28.7 1.4 

Nosehri 30.1 1.5 

Muzaffarabad 29.5 1.5 

Chinari 27.3 1.4 

Majohi 26.0 1.3 

Domel 26.8 1.3 

Naran 27.6 1.4 

Khanian 28.7 1.4 

Talhatta 29.2 1.5 

Dulai 23.5 1.2 

Kohala 24.0 1.2 

Azadpattan 21.3 1.1 

Karot 15.3 0.8 

Kotly 15.4 0.9 

Polate 2.2 0.1 

 

6.2.2 Subcatchment Denudation Rates 

Table 6.2 shows the denudation rates in the Mangla Reservoir catchment in both 

areas upstream of the Siwaliks and within the Siwaliks. The derivation of the 

denudation rates has been described in section 5.3.1.2. The highest denudation rate is 

recorded in Kotly (0.58 mm/yr) followed by Talhatta (0.51 mm/yr), Polate (0.46 

mm/yr), Azadpattan (0.42 mm/yr) and Karot (0.37 mm/yr). Except for Talhatta all 

these subcatchment are located in the Siwaliks. The Talhatta peak is due to huge 

quantity of sediment, derived from the Kashmir Boundary Thrust/Muzaffarabad fault 

(KBT/MF) which is characterized easily erodible by huge gouge and fault breccia 

(Crush Zone) upstream of Talhatta. The lowest denudation rate is in Naran 
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subcatchment (0.06 mm/yr) and the other subcatchment in the areas upstream of the 

Siwaliks, namely Majohi (0.07 mm/yr), Khanian (0.10 mm/yr), Domel (0.12 mm/yr), 

Dudhnial (0.15 mm/yr) and Chinari (0.15 mm/yr), Nosheri (0.16 mm/yr), Dulai (0.29 

mm/yr), Muzaffarabad (0.31 mm/yr) and Kohala (0.32 mm/yr) show the lower 

denudation rates (Figure 6.1).  

Table 6.2 Denudation rates in the Mangla Reservoir catchment 

Subcatchment Denudation Rate (mm/yr) ± 

Upstream of the Siwaliks 

Dudhnial 
0.15 0.03 

Nosehri 
0.16 0.03 

Muzaffarabad 
0.31 0.06 

Chinari 
0.15 0.03 

Majohi 
0.07 0.01 

Domel 
0.12 0.02 

Naran 
0.06 0.01 

Talhatta  
0.51 0.10 

Khanian 
0.10 0.02 

Dulai 
0.29 0.06 

Kohala 
0.32 0.06 

Within the Siwaliks 

Azadpattan 
0.42 0.08 

Karot 
0.37 0.07 

Kotly 
0.58 0.12 

Polate 
0.46 0.09 

 

6.2.3 Denudation Rates and Mean Catchment Slope Relationships 

The plot of mean slope versus denudation rate (Figure 6.2) yields a relation: 

D = -0.013 S+0.58  (r
2 

= 0.4, p=0.021)   (6-1) 

where D is denudation rate in mm/yr and S is slope in degrees. 

The relationship (6-1) describes the slope dependence of the denudation rate. 
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Figure 6.2  Plot of all denudation rate versus mean catchment slope, Mangla Reservoir catchment 

The data from the Mangla Reservoir catchment shows two domains for S>25
o
 

and S<25
 o

 (Figure 6.3 and 6.4). A plot of denudation rate against mean catchment 

slope for S< 25
o
 yields a relation: 

D = -0.0069 S + 0.52  (r
2 

= 0.3, p= 0.272)    (6-2) 

The relationship 6-2 shows that denudation rate decreases with increasing mean 

slope. All sites in Figure 6.3 are located in the Siwaliks.  

 

Figure 6.3 Plot of denudation rate versus mean slope (S<25o), Mangla Reservoir catchment 

A positive weak, statistically insignificant relationship (6-3) holds for S > 25
o
 : 

D=2E-05e
0.31S 

 (r
2
 = 0.4, p = 0.139)   (6-3) 
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All sites in Figure 6.4 are upstream of the Siwaliks. Hence, for the Mangla Reservoir 

catchment there is a weak negative linear relation between mean slope and 

denudation rate for S< 25
 o

 which is contrary to the linear relation found by 

Montgomery and Brandon (2002). For steep slopes (S>25
o
) there is either a weak 

positive or nonlinear relation between mean catchment slope and denudation rate that 

is similar to that found by Montgomery and Brandon (2002).  However, the 

relationships 6-2 and 6-3 are unclear and do not support any firm conclusion. 

 

 

 

Figure 6.4 Plot of denudation rate versus mean catchment slope (S>25o), Mangla Reservoir catchment. 

6.2.4 Subcatchment Mean Relief 

Relief (Figure 6.5) is highest in areas upstream of the Siwaliks and lowest in 

the Siwaliks. The highest relief is in the Nelum and Kaghan Valleys (1200 - 1500 m) 

and the lowest in the catchment of Kanshi River (100-350 m).  

Mean relief (Table 6.3) is calculated as described in section 4.7.2 from relief. 

The highest mean relief is in Naran subcatchment (2791 m) followed by Khanian 

(2736 m), Dudhnial (2485 m) and Domel 2306 m). Mean relief decreases 

downstream and the Polate subcatchment has the lowest mean relief of 325 m. 
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Figure 6.5 Gauging stations and relief in Mangla Reservoir catchment (Data source: SRTM DEM, CGIAR, 

2010) 
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Table 6.3 Mean Relief in Mangla Reservoir catchment 

Subcatchment Mean Relief (m) ± 

Dudhnial 2485 124 

Nosehri 2202 110 

Muzaffarabad 2008 100 

Chinari 2138 107 

Majohi 1917 96 

Domel 2306 115 

Naran 2791 140 

Khanian 2736 137 

Talhatta 2243 112 

Dulai 1920 96 

Kohala 1923 96 

Azadpattan 2008 100 

Karot 1164 58 

Kotly 1389 69 

Polate 325 16 

 

6.2.5 Denudation Rate and Mean Relief Relationship 

A plot of mean relief (Rz) versus long term (based on cosmogenic 

isotopes/fission track thermochronometry for several decades) denudation rate (D) 

(Figure 6.6) yields a relation: 

D = -0.00020Rz+0.61 (r
2 

= 0.4, p = 0.010)    (6-4) 

The relation 6-4 shows an inverse linear relationship that describes the relief 

dependence on the denudation rate.   

The data from the Mangla Reservoir catchment plotted for Rz <2000 m and 

Rz > 2000 m (Figures 6.7 and 6.8) yield a relationship 6-5 and 6-6: 

D=-0.00020Rz+ 0.58  (r
2 

= 0.3, p = 0.228)    (6-5) 

The relationship 6-5 describes the relief dependence of the denudation rate for Rz 

<2000 m and denudation rate decreases with increasing mean relief. All sites in the 

plot (Figure 6.7) are located in the Siwaliks. For relief Rz > 2000 m, there is either a 

weak or nonlinear relation (6-6) between mean relief and denudation rate. All sites in 

Figure 6.8 are located upstream of the Siwaliks. 
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D=-0.00030Rz+0.99  (r
2 

= 0.4, p = 0.068)   (6-6) 

 

Figure 6.6 Mean relief versus denudation rate, Mangla Reservoir catchment 

 

Figure 6.7 Mean relief versus denudation rate (Rz <2000m), Mangla Reservoir catchment 

 

Figure 6.8 Mean relief versus denudation rate (Rz > 2000m) , Mangla Reservoir catchment 
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6.3 Denudation, Slope and Relief Relationships in Darwin Harbour Catchment 

6.3.1 Subcatchment Slope 

Darwin harbour catchment is a relatively flat area with very low slope. Figure 

6.9 shows the subcatchments and slope in Darwin Harbour catchment.  

 

Figure 6.9 Hydrographic stations, subcatchments and slope in Darwin Harbour catchment (Data source: 

Geoscience Australia, 2009) 
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Mean slope (Table 6.4) was calculated (method described in chapter4, section 

4.7.1) from slope. The highest mean slope is in the Charles point subcatchment 

(1.08
o
) followed by Woods Inlet (1.05

 o
), Mitchell (0.94

 o
) and Elizabeth (0.9

 o
). 

Lowest mean slope is found in the Urban Area subcatchment (0.71
o
) followed by 

Creek A (middle arm) (0.77
 o

), Pioneer Creek (0.82
 o

) and Blackmore (0.88 
o
).   

Table 6.4 Mean slope in Darwin Harbour catchment 

Subcatchment Mean Slope (degree) ± 

Creek A (middle 0.77 0.04 

Pioneer Creek 0.82 0.04 

West Arm 0.88 0.04 

Blackmore 0.88 0.04 

Elizabeth 0.90 0.05 

Mitchell 0.94 0.05 

Woods Inlet 1.05 0.05 

Charles Point 1.08 0.05 

Urban Area 0.71 0.04 

 

6.3.2 Subcatchment Denudation Rates 

Denudation rates were derived in Chapter 5 (Section 5.3.1.2). Table 6.5 

shows the denudation rates in Darwin Harbour catchment. The highest denudation 

rate is observed in the Urban Area subcatchment at 0.021 mm/yr followed by Charles 

Point 0.011 mm/yr, Woods Inlet 0.011 mm/yr and Mitchell 0.009 mm/yr. Pioneer 

Creek and Creek A (middle arm) share lowest denudation rate i.e. 0.004 mm/yr 

followed by Blackmore and West Arm at 0.005 mm/yr and Elizabeth 0.006 mm/yr. 

Table 6.5 Denudation rate in Darwin Harbour catchment 

Subcatchment Denudation Rate (mm/yr) ± 

Creek A (middle 0.004 0.001 

Pioneer Ck 0.004 0.001 

West Arm 0.005 0.001 

Blackmore 0.005 0.001 

 Elizabeth 0.006 0.001 

Mitchell 0.009 0.001 

Woods Inlet 0.011 0.002 

Charles Point 0.011 0.002 

Urban Area 0.021 0.003 
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6.3.3 Denudation Rate and Mean Slope Relationships 

There is a well-defined trend between mean slope and denudation rate (6-7); 

that is, a simple positive linear relation that describes the slope dependence of the 

denudation rate.  

D = 0.03 S - 0.02 (r
2 

= 0.9, p = 0.0003)  (6-7) 

where D is denudation rate in mm/yr and S is mean lope in degrees. All sites in the 

plot (Figure 6.10) are located in largely undeveloped and uncleared areas. 

 

 

Figure 6.10 Plot of mean slope versus denudation rate, Darwin Harbour catchment.  

6.3.4 Subcatchment Mean Relief 

 Figure 6.11 shows the relief map of Darwin Harbour catchment. The highest 

relief is observed in the Blackmore subcatchment (100+ m), followed by West Arm 

60-80 m and Pioneer Creek 40-60 m.  
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Figure 6.11 Hydrographic stations, subcatchments and relief in Darwin Harbour catchment (Data source: 

Geoscience Australia, 2009)  

Mean relief (Table 6.6) was calculated (method described in chapter 4, 

section 4.7.2) from relief. Blackmore and Elizabeth are the largest subcatchments 

and have the highest mean relief (106 and 102 m respectively), followed by Pioneer 

Creek (44 m) and Creek A (32 m). The lowest relief is in the Urban Area (6 m) 
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followed by Mitchell (16 m), Woods Inlet (17 m), Charles Point (27 m) and West 

Arm (31 m). 

Table 6.6 Mean relief in Darwin harbour catchment 

Subcatchment Mean Relief (m) ± 

Creek A (Middle Arm) 32 1.6 

Pioneer Ck 44 2.2 

West Arm 31 1.6 

Blackmore 106 5.3 

Elizabeth 102 5.1 

Mitchell 16 0.8 

Woods Inlet 17 0.9 

Charles Point 27 1.4 

Urban Area 6 0.3 

 

6.3.5 Denudation Rate and Mean Relief Relationships 

 The plot of denudation rate versus mean relief (Figure 6.12) is a 

negative linear relation (6-8) that is not statistically significant. 

D = -4E-05Rz+0.01  (r
2 

= 0.2, p = 0.254)   (6-8) 

where D is denudation rate in mm/yr and Rz is mean relief in meters.  

 

 

Figure 6.12 Mean relief versus denudation rate, Darwin Harbour catchment 
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6.4 Global Relationship Between Mean Slope, Relief and Denudation Rates 

Montgomery and Brandon (2002) calculated mean slopes from a 10-m-grid 

digital elevation model for the Olympic Mountains in the USA. They calculated 

mean slope values for individual 10-m-grid cells within a 10-km-diameter window 

for each point on a transect parallel to the direction of tectonic convergence across 

the range. These mean slopes are plotted against denudation rates derived from low-

temperature thermochronometry (Figure 6.13). 

 

Figure 6.13 Plot of long term denudation rate versus mean slope for a transect across the Olympic 

Mountains (Montgomery and Brandon, 2002[Fig.1]). 

Montgomery and Brandon (2002) defined two distinct domains, with a well 

defined trend between mean slope (S) and denudation rate (D) that steepened above 

S = 25
o
. At S<25

o
, a simple linear relation described the slope dependence of the 

denudation rate:  

D = 0.02S+0.04 (r
2 

= 0.9, p <0.001)   (6-9) 

where D is in mm/yr and S is in degrees. A steeper, weaker but significant 

relationship held for S > 25
o
: 

D =0.05S+0.70  (r
2
 = 0.2, p < 0.006)    (6-10) 

There was no correlation for S>30
o
 (r

2
 < 0.01, p <0.785). Therefore, they concluded 

that there was a linear relation between mean slope and long term denudation rate for 

low slopes and either a weak relation, or a strong non-linear relation for steep slopes. 
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Montgomery and Brandon (2002) have also compiled and analysed data for 

tectonically inactive areas (Figure 6.14) from prior studies (Ahnert, 1970; 

Summerfield and Hulton, 1994; Pazzaglia and Brandon, 1996) to determine the 

relation between denudation rate and mean local relief defined over comparable 

length scales. They found the relationship (6-11). 

D = 0.20 Rz  (r
2
 = 0.9, p < 0.0001)   (6-11) 

where D is denudation rate in mm/yr and Rz is mean relief in meters.  

 

Figure 6.14 Plot of denudation rate versus mean local relief for tectonically inactive areas (Montgomery 

and Brandon, 2002[Fig.2])  

Montgomery and Brandon (2002) also investigated the global relation 

between local relief and denudation rate for tectonically active ranges, namely 

central Himalaya (H), the Himalayan portion of the Indus River drainage basin 

(NP1), the Olympic Mountains (OM), Taiwan (T), the British Colombia Coast 

Ranges, the Denali portion of the Alaska Range (D), and the New Zealand and 

European Alps (A), the central portion of the western slopes of the New Zealand 

Alps (NZ2), Ganges (G) and Brahmaputra (B). They calculated the local relief using 

the 30 arc-second GTOPO30 digital elevation model as the difference between 

minimum and maximum elevation within a 10-km-diameter circle for each grid cell. 

Denudation rates for these tectonically active areas had been previously published 

(Li, 1976; Fitzgerald et al., 1993; Tippett and Kamp, 1993; Burbank et al., 1996; 

Hovius et al., 1997; Brandon et al., 1998; Shroder and Bishop, 2000; Bernet et al., 
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2001; Farley et al., 2001; Galy and France-Lanord, 2001) and were derived from 

modern sediment yields, bed rock incision rates, and low temperature 

thermochronometry. They showed (Figure 6.15) that Ahnert’s linear correlation 

(Figure 6.16) between denudation rate and local relief did not hold for the data for 

tectonically active areas and plotted well above the relation for mean local relief of 

1000 to 1500 m. 

 

Figure 6.15 Plot of denudation rate versus mean local relief for tectonically inactive (circle) and active 

(squares) areas (Montgomery and Brandon, 2002[Fig.3]). 

Denudation rate and mean relief data from Darwin Harbour catchments are 

added to the Montgomery and Brandon plot (Figure 6.17). Denudation rate used here 

is the mean of denudation rates of all the nine subcatchments and similarly relief is 

the mean relief of all the nine subcatchment in the Darwin Harbour catchment. For 

tectonically inactive areas regression of denudation rate (D) versus mean relief (Rz) 

yields relationship 6-12. This is consistent with the Ahnert’s relationship. 

D=0.00010Rz – 0.0035 (r
2
=0.8, p <0.0001)    (6-12) 
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Figure 6.16 Denudation rate versus mean relief (after Ahnert, 1970[Fig.3]) 

 

 

Figure 6.17 Montgomery and Brandon’s (2002) plot of denudation rate versus mean local relief for 

tectonically inactive areas based on data from Ahnert (1970), Summerfield and Hulton (1994), Pazzaglia 

and Brandon (1996)  and including data from Darwin Harbour catchment (triangle). 

A plot for  both tectonically inactive and active areas (Figure 6.18) shows no 

particular relation between denudation rate and mean local relief and significantly 
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differs from the relation shown by Montgomery and Brandon (2002) (see Figure 

6.15). 

 

Figure 6.18 Plot of denudation rate versus mean local relief for tectonically inactive and active areas 

(Ahnert, 1970; Summerfield and Hulton, 1994; Pazzaglia and Brandon, 1996) including data from Mangla 

Reservoir (square), Darwin Harbour (triangle), East Timor (Wasson, pers. comm.) catchments, and other 

studies (Li, 1976; Fitzgerald et al., 1993; Tippett and Kamp, 1993; Burbank et al., 1996; Hovius et al., 

1997; Brandon et al., 1998; Riebe et al., 2000; Shroder and Bishop, 2000; Galy and France-Lanord, 2001; 

Cornwell et al., 2003; Dadson et al., 2003; Fuller et al., 2003; Binnie et al., 2007; Vanacker et al., 2007; 

Meyer et al., 2008; Cyr and Granger, 2008; Godard et al., 2009; Palumbo et al., 2009; Wittmann et al., 

2009;  DiBiase et al., 2010) 

 Montgomery and Brandon (2002) viewed the relation between denudation 

rate and mean local relief >100m as a power law relation (Figure 6.19). For their 

combined data set power law regression yielded the relation 6-13; a strong non-linear 

relation between denudation rate and mean local relief.  

D=1.4x10
-6

 Rz
1.8

 (r
2
=0.7, p<0.0001)  (6-13) 

The power law regression for the combined data set of 80 catchments (Figure 

6.20) with mean local relief  >100m, including tectonically inactive and active areas 

(Ahnert, 1970; Summerfield and Hulton, 1994; Pazzaglia and Brandon, 1996; 

Montgomery and Brandon, 2002) including Mangla Reservoir, and East Timor 

(Wasson, pers. comm.) catchments, and published data (Li, 1976; Fitzgerald et al., 

1993; Tippett and Kamp, 1993; Burbank et al., 1996; Hovius et al., 1997; Brandon et 

al., 1998; Riebe et al., 2000; Shroder and Bishop, 2000; Galy and France-Lanord, 

2001; Cornwell et al., 2003; Dadson et al., 2003; Fuller et al., 2003; Binnie et al., 
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2007; Vanacker et al., 2007; Meyer et al., 2008; Cyr and Granger, 2008; Godard et 

al., 2009; Palumbo et al., 2009; Wittmann et al., 2009;  DiBiase et al., 2010) yields 

the relation: 

D=4x10
-6

Rz
1.6

  (r² = 0.5, p=0.001)   (6-14) 

This relation also indicates a non-linear relation between mean local relief 

and denudation rate. Although this plot (Figure 6.20) looks similar to the 

Montgomery and Brandon’s plot (Figure 6.19), but indicates a stronger non-linear 

relation as compared to their plot (Figure 6.19).   

 

 

Figure 6.19 Log-log plot of denudation rate versus mean local relief for the same data as in Figure 6.15 

(Montgomery and Brandon, 2002[Fig.5]). 
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Figure 6.20 Log-log plot of denudation rate versus mean local relief for tectonically inactive and active 

areas (Ahnert, 1970; Summerfield and Hulton, 1994; Pazzaglia and Brandon, 1996) including data from 

Mangla Reservoir (square), Darwin Harbour (triangle), East Timor (Wasson, pers. comm.) catchments, 

and other studies (Li, 1976; Fitzgerald et al., 1993; Tippett and Kamp, 1993; Burbank et al., 1996; Hovius 

et al., 1997; Brandon et al., 1998; Riebe et al., 2000; Shroder and Bishop, 2000; Galy and France-Lanord, 

2001; Cornwell et al., 2003; Dadson et al., 2003; Fuller et al., 2003; Binnie et al., 2007; Vanacker et al., 

2007; Meyer et al., 2008; Cyr and Granger, 2008; Godard et al., 2009; Palumbo et al., 2009; Wittmann et 

al., 2009;  DiBiase et al., 2010) 

Denudation rate is plotted against mean catchment slope in Figure 6.21. The 

General Exponential Growth Model (GEGM) yields a relation: 

D = 0.0015e
0.29S  

(r² = 0.97, p <0.0001)   (6-15) 

The relation indicates that the mean catchment slope is a better correlate with 

denudation rate than relief. Slope as a local gradient in elevation represents the 

spatial variability that controls the local stability of landscape and therefore 

denudation rate. Relief is a poor descriptor of denudation rate as compared to slope. 

Choice of mean relief has been usually justified by computational priorities (Pinet 

and Souriau, 1987; Milliman and Syvitski, 1992; Montgomery, 2001).  
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Figure 6.21 Plot of denudation rate versus mean catchment slope for tectonically inactive and active areas 

(Ahnert, 1970; Summerfield and Hulton, 1994; Pazzaglia and Brandon, 1996) including data from Mangla 

Reservoir (square), Darwin Harbour (triangle), East Timor (Wasson, pers. comm.) catchments, and other 

studies (Li, 1976; Fitzgerald et al., 1993; Tippett and Kamp, 1993; Burbank et al., 1996; Hovius et al., 

1997; Brandon et al., 1998; Riebe et al., 2000; Shroder and Bishop, 2000; Galy and France-Lanord, 2001; 

Cornwell et al., 2003; Dadson et al., 2003; Fuller et al., 2003; Binnie et al., 2007; Vanacker et al., 2007; 

Meyer et al., 2008; Cyr and Granger, 2008; Godard et al., 2009; Palumbo et al., 2009; Wittmann et al., 

2009;  DiBiase et al., 2010) 

 In addition, denudation rates calculated for long periods (based on 

cosmogenic isotopes and fission track thermochronometry)  and for short periods 

(based on suspended sediment and assumed bedload) are separated and plotted 

against mean slope (Figure 6.22 and 6.23). The General Exponential Growth Model 

(GEGM) yields a relationship 6-16 for the long term and 6-17 for the short term 

denudation rates: 

D = 0.0040e
0.25 S

 (r² = 0.97, p < 0.0001)   (6-16) 

D = 0.0036e
0.34 S

 (r² = 0.97, p < 0.0001)   (6-17) 

The relationships are slightly different from each other even though r² is the same: 

difference of coefficient and exponent values probably shows the effect of 

landuse/land cover on mean slope and denudation relationship. 
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Figure  6.22 Plot of mean slope against denudation rate calculated for long periods based on cosmogenic 

isotopes (10Be) 

 

 

 

 

 

 

 

 

 

Figure 6.23 Plot of mean slope against denudation rate calculated for short periods based on suspended 

sediment and bedload. 

Figure 6.24 shows the plot of mean slope against the difference of short 

period and long period denudation rate. The plot yields a relation: 

D = 0.0040e
0.34 S

 (r² = 0.98, p < 0.0001)   (6-17) 

The relationship indicates that whatever causes high (short period) 

denudation rates (land use and possibly climate) has greatest impact in steep 
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catchments where many would argue land use has little impact because of the 

dominance of ‘natural’ processes in high mountains. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.24 Plot of mean slope against denudation rate for short periods (usually a few decades) based on 

measured suspended sediment and calculated bedload.   

6.5 Estimation of Denudation Rate  

The statistical relationship 6-15 (D = 0.0015e
0.29S 

, r² = 0.97, p <0.0001) for 

the combined data set of eighty basins provides a basic framework (Figure 6.24) for 

the estimation of denudation rate of any basin for which the slope value is known. 

The free of cost SRTM DEM (detail in chapter 4, section 4.7) and availability of GIS 

tools/methods (described in section 4.7.1) facilitate the calculation of mean 

catchment slope. 

The relationship between mean slope and denudation rate provides an 

estimated denudation rate of 0.005±0.0008 mm/yr for Darwin Harbour catchment 

which is lower than the calculated denudation rate 0.007±0.0011 mm/yr (detail in 

chapter 5, section 5.3.2.1 and 5.3.2.2) and for Mangla Reservoir catchment estimated 

denudation rate is 0.81±0.12 mm/yr which is higher than the calculated 0.70±0.11 

mm/yr (detail in chapter 5, section 5.3.1.1 and 5.3.1.2). However, this global 

relationship between denudation rate and mean catchment slope provides a basic 

framework for the estimation of denudation rate which can be refined by adding 

more data points and using separate relationships like 6-16 for long term, and 6-17 

for the short term denudation rate calculation, respectively.  
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Figure 6.25 Framework for estimation of denudation rate  

6.6 Discussion and Summary 

Ahnert’s linear correlation and the model of Montgomery and Brandon have 

been tested near the extreme ends of the catchment slope and relief continuum: in the 

disturbed, subtropical, tectonically active, high relief Mangla Reservoir catchment 

and largely undisturbed, tropical, tectonically inactive, low relief Darwin Harbour.  

The data from the Mangla Reservoir catchment shows two domains for S>25
o
 

and S<25
o
. A weak statistically insignificant inverse linear relation describes the 

slope dependence of the denudation rate for S< 25
o
, but denudation rate decreases 

with increasing mean slope. There are a few other studies (Jain, 1996; McVean and 

Robertston, 1969; Nawaz et al., 2008) that indicate that the Siwaliks yield more 

sediment than the hinterland (upstream of the Siwaliks). A positive weak relationship 

holds for S > 25
o
. In Mangla Reservoir catchment, negative linear relation between 
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mean slope and denudation rate for S< 25
 o

 is contrary to the positive relation found 

by Montgomery and Brandon (2002). For steep slopes (S>25
o
) there is a weak, non-

significant relation between mean slope and denudation rates that is similar to that 

found by Montgomery and Brandon (2002). 

For the Darwin Harbour catchment, the data shows a well-defined positive 

relation between mean slope and denudation rate. All sites are located in a largely 

undeveloped and still uncleared catchment. 

A data set for tectonically inactive areas, including the data from Darwin 

Harbour catchment added to the data of Montgomery and Brandon, yields a linear 

relationship (6-12) and confirms Ahnert’s results.  

Montgomery and Brandon’s view (a power law relation between denudation 

rate and mean local relief >100m, an order of magnitude variability in denudation 

rate) has also been tested for the combined data set. The power law regression for a 

combined data set for  tectonically inactive and active areas including data from 

Mangla Reservoir, Darwin Harbour, East Timor catchments, and published data for 

mean relief >100m,  yields the relation  D=4x10
-06

Rz
1.6

 (r² = 0.5, p=0.001).  This 

relation indicates a stronger non-linear relation between mean local relief and 

denudation rate. 

This research provides an alternative view (local slope is a better correlate 

with denudation rate than relief) of the relation between denudation rate and 

topography (i.e., relief and slope) and concludes that, in tectonically inactive areas, 

denudation rate has a strong positive linear relation with mean local relief, but in 

tectonically active areas, this relation is non-linear and statistically insignificant. The 

General Exponential Growth Model (GEGM), for the combined data set (in total 

eighty catchments) yields a relation D = 0.0015e
0.29S  

( r² = 0.97, p <0.0001) and 

indicates that local slope is a better correlate of denudation rate than relief. The view 

was tested near the extreme ends of the catchment continuum, in Darwin Harbour 

and Mangla Reservoir, and found dependence of denudation rate on local slope. 

Hence, it is concluded that the local slope is physically meaningful explanatory 

variable for catchment denudation rate for the tectonically inactive and active areas 

both at catchment level as well as in a global context. 

 



 

 

 

 

 

 

 

 

 

 

Chapter 7: Summary and Conclusions  
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Chapter 7 : Summary and Conclusions  

7.1 Introduction 

This chapter presents a summary of the findings against the aims of the 

research, their implications, and significance, and identifies directions for future 

research. The aims of this research were; 

i) To identify the sediment sources (sheet and channel/landslide erosion) in 

the contrasting catchments of Mangla Reservoir, Pakistan and Darwin 

Harbour, Australia, and  

ii) To test the hypothesis that “the rocks and soils of the Siwaliks and Murree 

Formation yield more sediment in the Mangla Reservoir catchment, 

because of their high erodibility and intense landuse” 

iii) To test the hypothesis that “most of the fine sediments being transported 

in the creeks and rivers to the Darwin Harbour come from the channels 

rather than from sheet erosion of hillslopes”  

iv) To test the applicability to the two study catchments (at or near the ends 

of the catchment continuum) of Ahnert’s linear correlation between 

denudation rates and mean relief, and Montgomery and Brandon’s non-

linear model.  

v) To delineate the relation between denudation rate and topography (i.e., 

mean slope and mean relief) and contribute data from the near extreme 

ends of the catchment continuum to the global data set. 

The conclusions of this study are given by, first, summarizing the findings 

and implications, and then focusing on the significance of the results with respect to 

the aims of the study. In addition, directions for future research are identified. 

7.2 Summary of the Findings and Implications  

This section puts forward the summary of the findings and implications of the 

research: first, for the two applied problems, sediment delivery to both Mangla 

Reservoir and to Darwin Harbour; second, for a problem of fundamental importance, 

the topographic dependence of denudation rate.  
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7.2.1 Mangla Reservoir Sedimentation 

Sedimentation in Mangla Reservoir is a serious problem (described in chapter 

1, section 1.1.1). One intention of this research was to test the hypothesis about the 

erodibility of Siwaliks and the hinterland. This study has applied a sediment sourcing 

approach to identify the sediment sources and used top soil tracers 
210

Pb(ex) and 
137

Cs 

to calculate the sheet and,  channel / landslide erosion. Sediment yield is calculated 

from the suspended sediment loads measured at gauging stations. Denudation rates 

are derived from sediment yield and the hypothesis is tested by comparing the 

sediment yield in the Siwaliks with the yield from the hinterland. 

Results of top soil tracer data analysis shows that the Siwaliks, which occupy 

approximately half the area of the hinterland in the catchment, yield > 51% of the 

sediment reaching the Mangla Reservoir. Hence, the hypothesis that the rocks and 

soils of the Siwaliks yield most sediment in the catchment because of their high 

erodibility and intense landuse is not rejected. Given the high contributions to the 

sedimentation and closeness of the Siwaliks to the reservoir, the subcatchments in the 

Siwaliks should receive high priority for catchment management.  

Top soil tracers 
210

Pb(ex) and 
137

Cs data analysis show surprisingly that sheet 

erosion (∼ 75%) dominates the sediment sources in the Siwaliks, indicating that sheet 

erosion is a major process to be targeted in the Siwaliks. This should be part of any 

large scale strategy for erosion control in the Mangla Reservoir catchment.   

This is the first study of Mangla Reservoir catchment based on the 

concentrations of the fallout radionuclides 
137

Cs and 
210

Pb(ex) and sediment load data 

from the gauging stations situated in the catchment area.  Results are consistent with 

previous studies; McVean and Robertston (1969), in the catchment of the Jhelum (for 

the region between 32
o
 and 36

o
N) and Jain et al.,(2008), in the catchment of the 

Baghmati River in Nepal and India. 

7.2.2 Sediment Delivery to Darwin Harbour   

Fine sediments, organic matter, nutrients and metals are the materials that are 

currently being transported from the catchment to Darwin Harbour. These are the 

materials of future concern for the Harbour’s environment and its ecological health. 

Data analysis show that approximately 84% of the fine sediment being transported in 

the creeks and rivers that flow into Darwin Harbour comes from channel erosion 
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rather than from sheet erosion of the hillslopes. The contribution of sheet erosion of 

hillslopes to sediment input to Darwin Harbour is about 16%. The hypothesis that 

‘most fine sediment being transported in creeks and rivers that flow into Darwin 

Harbour comes from channels rather than from sheet erosion of hillslopes’ is not 

rejected. This is an important conclusion for the land managers that is based on 

comparison of the activities of 
210

Pb(ex) and 
137

Cs in the creeks, rivers and 

corresponding hillslopes for a large set of samples taken in consideration. Given 

these results, channels, including channel banks and the riparian zone, are important 

management targets. 

Top soil tracer data also showed that dambos are natural sediment sinks in the 

Darwin Harbour catchment and trap approximately 90% of the sediments produced 

from the sheet erosion of the hillslopes. Dambos are important geomorphic features 

and their high sediment trap efficiency makes them a good candidate for 

conservation in the face of any forthcoming development proposals for the 

catchment. 

7.2.3 Topographic Dependence of Denudation 

One of the aims of this study was to test Ahnert’s linear correlation and 

Montgomery and Brandon’s non-linear model towards the extreme ends of the 

catchment continuum; in the subtropical, tectonically active, high relief Mangla 

Reservoir catchment and in the tropical, tectonically inactive, very low relief Darwin 

Harbour catchment.  

The data from the Mangla Reservoir catchment shows two domains for S>25
o
 

and S<25
o
. There is a negative linear relation between mean slope and denudation 

rate for S< 25
 o

 which is contrary to the positive relation found by Montgomery and 

Brandon (2002). This might be landuse related and needs further research. For steep 

slopes (S>25
o
) there is a non-linear relation between mean slope and denudation 

rates that is similar to that found by Montgomery and Brandon (2002). For Darwin 

Harbour catchment, the data shows a well-defined positive relation between mean 

slope and denudation rate. All sites are located in largely undeveloped and still 

uncleared subcatchments. A data set for tectonically inactive areas, including the data 

from Darwin Harbour catchment added to the data of Montgomery and Brandon, 

yields linear relationship (6-12) between denudation rate and mean slope and 

confirms Ahnert’s results.  
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Another aim of this research was to contribute denudation rate and mean 

slope and relief data to the global data set to extend the range of catchments, and 

thereby refine the relationship between denudation rate and topography globally. A 

combined data set of eighty drainage basins, both for  tectonically inactive and active 

areas  including unpublished data from Mangla Reservoir, Darwin Harbour and East 

Timor catchments, and published data has been developed.  

Montgomery and Brandon’s power law relation between denudation rate and 

mean local relief >100m has been tested for the combined data set.  Power law 

regression for a combined data set, for mean relief >100m does not show any 

significant relation between mean local relief and denudation rates. 

This study provides an alternative view i.e. ‘local slope is a better correlate 

with denudation rate than relief’ of the relation between denudation rate and 

topography and concludes that, in tectonically inactive areas, denudation rate has a 

strong positive linear relation with mean local relief, but in tectonically active areas, 

this relation is non-linear and statistically insignificant. An exponential regression fit, 

based on the General Exponential Growth Model (GEGM), for the combined data set 

yields a relation (6-15) which indicates that local slope is a more meaningful 

correlate of denudation rate than relief. This view has been tested and found valid in 

the Mangla Reservoir and Darwin Harbour catchments, the catchments towards the 

extreme ends of the catchment continuum. Hence, it is concluded that local slope is 

the most physically meaningful explanatory variable for catchment denudation rate 

for tectonically inactive and active areas both at catchment level as well as in a 

global context. 

7.2.4 Use of <63µm or <20µm Fraction and Proportionate Contribution  

In both catchments, the Mangla Reservoir and Darwin Harbour, activities of 

210
Pb(ex) and 

137
Cs are higher in <20µm fraction as compared to the <63µm fraction 

size but ratios of 
210

Pb(ex) and 
137

Cs activities, hillslope to channel, are approximately 

the same which shows that the use of <63µm fraction or <20µm fraction to calculate 

the proportionate contribution to river sediment of sheet and channel erosion and /or 

landslides produces the same result. However, extracting the <20µm fraction takes 

approximately three times more time (and therefore more resources) than extracting 

the <63µm fraction. Significant time and therefore resources can be saved by using 
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<63µm fraction to calculate the proportionate contribution to river sediment of sheet 

and channel/landslides and gully erosion.  

7.3 Significance of the Findings and Conclusions 

This research has uncovered several important phenomena related to two 

applied problems; sediment delivery to both Mangla Reservoir and to Darwin 

Harbour and a fundamental problem, the topographic dependence of denudation. 

Therefore, the research contributes to both applied problems and the search for 

topographic controls on denudation rate. The applied problems are examined by 

combining estimates of sediment yield, denudation rate, and topographic analysis. 

The fundamental problem of topographic dependence of denudation is approached 

by combining topographic analysis, denudation rate and sediment yield informed by 

tracers.  

7.3.1 Significance of Sediment Sourcing in the Mangla Reservoir Catchment 

 Sediment sourcing for the Mangla Reservoir catchment reveals; 

• The Siwalik Group and Murree Formation contribute most to fine-

grain sediments transported to the Mangla Reservoir; 

• Sheet erosion is ∼ 75%  and dominates the sediment sources in the 

Siwalik Group and Murree Formation;  

• In the hinterland the proportionate contribution to river sediment is 

approximately the same from sheet erosion and channel and /or 

landslide erosion; and 

• Specific sediment yield and denudation rates are higher in the Siwalik 

Group and Murree Formation as compared to the hinterland.  

These results are all crucial to controlling the sources of sedimentation in the 

Mangla Reservoir. This is very useful information for land use, water 

managers and WAPDA (Water and Power Development Authority). It is 

therefore claimed that the first aim “identification of sediment sources” has 

been achieved. The second aim, the hypothesis “the rocks and soils of the 

Siwaliks and Murree Formation yield more sediment in the Mangla Reservoir 

catchment” has been tested and is not rejected. Therefore the second aim of 

the research has also been achieved. 
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7.3.2 Significance of sediment sourcing in the Darwin Harbour Catchment 

Sediment sourcing in Darwin Harbour catchment shows that approximately 

84% of the fine sediments being transported in the creeks and rivers to Darwin 

Harbour come from channels and about 16% from sheet erosion. The hypothesis that 

the most of the sediments come from the channels rather than from sheet erosion of 

hillslopes has not been rejected. This is an important conclusion for land managers, 

based on a large set of samples and additional information about dambos. 

This is the first time that the dambos have been identified as a geomorphic 

feature and their sediment trap efficiency was calculated in the Darwin Harbour 

catchment. Dambos are not only introduced to relevant development and 

conservation organisations working in the Darwin Harbour region, but also have 

been recognized as natural sediment and pollutant traps by several authorities i.e., 

Darwin Harbour Advisory Committee (DHAC) and NRETAS (see Appendix D). The 

high sediment trap efficiency of dambos makes them a good candidate for 

conservation in the face of any forthcoming development proposal for the catchment.  

7.3.3 Significance of the re-analysis of topographic dependence of denudation 

Re-analysis of the topographic dependence of denudation for a global data set 

from eighty drainage basins shows; 

• Ahnert’s linear correlation between denudation rate and mean relief 

has been verified for tectonically inactive areas but it does not stand 

for tectonically active areas;  

• Power law regression for a new dataset yields a non-linear relation 

between mean local relief and denudation rates, therefore 

Montgomery and Brandon’s power law relation between denudation 

rate and mean local relief >100m has not been verified. 

• Exponential regression based on the General Exponential Growth 

Model (GEGM), for the new data set combined with GIS methods for 

the calculation of mean catchment slope from SRTM DEM, provides 

a basic framework/model for the estimation of denudation rate of any 

basin for which the DEM is available or slope value is known. 
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7.4 Directions for Further Research 

This study has identified sediment sources and their contributions to river 

sediments, added to global data denudation rates and mean slope data from the 

extreme (Darwin Harbour) and near extreme (Mangla Reservoir) ends of the 

catchment continuum to further delineate the topographic dependence of denudation, 

offers an alternative view of the relationship between denudation rate and 

topography. The results of the study raise new questions and issues as follows: 

• There is strong correlation between the activities of top soil tracers 
210

Pb(ex) 

and 
137

Cs  in adjacent hillslopes and channel samples in the Mangla Reservoir 

catchment. This is an extraordinary pattern that might be caused by timing of 

sampling in relation to runoff events and /or sediment transport distance, and 

needs exploration. 

• Calculation of sheet and channel/landslide erosion is based on the assumption 

that the particle size distributions in hillslope soils and eroded alluvium 

(channel erosion) match the suspended/bedload ratios, but needs further 

examination. 

• This study used two size fraction (<63µm and <20µm) to calculate the 

proportionate contribution to river sediment of sheet and channel and/or 

landslide erosion. The intention was to evaluate the impact of using the two 

different size fractions (<63µm and <20µm) on the calculation of relative 

contribution of the sheet and channel erosion. For <20 µm fraction the 

exercise was performed with fewer than the ideal number of samples because 

of resource constraints. Use of a larger number of samples for <20 µm 

fraction will allow better results. 

• Dambos have on average a top soil tracer activity that is 1.9 times more than 

on the hillslopes and approximately 9 times more than in the channels. A 

particle size concentration effect in the very fine sediment might be the cause 

of higher concentrations of top soil tracers in dambos, but this needs further 

research. 

• This study provides additional data that can be used to define the relationship 

between mean slope and denudation rate, however further data are necessary 

to examine the topographic dependence of denudation globally. 
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7.5 Limitations 

In the Mangla Reservoir catchment, there were few access problems in the 

Pakistan controlled Kashmir part of the catchment but the Indian controlled Kashmir 

part of the catchment was completely inaccessible. Hence, the geographic coverage 

of sampling in the Mangla Reservoir catchment was not comprehensive but it was 

deemed sufficient enough to test one of the hypotheses (in chapter 1, section1.2) for 

this study.  

One limitation with this study is that the comparison of rainfall data for the 

sampled years with other years could have given a clue to the extraordinary top soil 

tracers pattern in the Mangla Reservoir catchment, but the rainfall data for the 

sampled years were not available.  

A few questions and issues raised by the results of this study i.e., the particle 

size distribution, the impact of using the two different size fractions (<63µm and 

<20µm) on the calculation of relative contribution of the sheet and channel erosion 

and, particle size concentration effect could have been more comprehensively 

investigated by collecting and analysing more sediment and soil samples provided 

that more time and resources were available. 

7.6 Final Remarks 

The major aims of this research have been fulfilled with results of this study 

having both applied and fundamental value. The results of this research will 

contribute to the better catchment management and enhance the understanding of the 

relation between denudation rate and topography for physical scientists.  
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Appendices 

Appendix A 

(a) Protocol used for OSL dating of sediment samples from dambos in Darwin Harbour 

catchment: 

1. Preheat natural sample at 260°C for 10 sec 

2. Shine for 40 sec at 125°C using 470 nm blue diodes 

3. Apply test dose for 50 sec 

4. Cut heat to 160°C 

5. Shine for 40 sec at 125°C as for step 2 

6. Apply regeneration dose 1 (MD1: 25sec; MD2 and MD3:30 sec) 

7. Preheat 260°C sec for 10 sec 

8. Shine for 40 sec at 125°C as for step 2 

9. Apply test dose for 50 sec 

10. Cut heat to 160°C 

11. Shine for 40 sec at 125°C as for step 2 

12. Apply regeneration dose 2 (MD1: 50sec; MD2 and MD3:60 sec) 

Repeat steps 7 to 11 

13. Apply regeneration dose 3 (MD1: 90sec; MD2 and MD3:120 sec) 

Repeat steps 7 to 11 

14. Apply regeneration dose 4 (MD1: 150sec; MD2 and MD3: 240 sec) 

Repeat steps 7 to 11 

 15. Apply zero regeneration dose (0 sec) 

Repeat steps 7 to 11 

16. Repeat regeneration dose 1  

Repeat steps 7 to 11 

17. Apply dose of 120 sec 

Preheat as in step 1 

Shine using infra-red diodes for 40 sec (to test for presence of feldspars) 
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(Step 17 was not used in the single grain protocol) 

(b) Acceptance criteria for small aliquots  

Recuperation OSL ≤ 4% natural luminescence 

Recycling ≤ 10%  

Infra-red stimulated luminescence ≤ 4% natural blue-light stimulated luminescence  

For single grains, grains with a recycling ratio within 10% were accepted 

(c) Probability density plots showing ED distributions of samples MD1, MD2 and MD3 

MD1  2.6±0.2 Gy 

 

Figure A-1 Probability density plots showing ED distributions of sediment sample (MD1). 
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MD2  1.51±0.7Gy  

 

Figure A-2 Probability density plots showing ED distributions of sediment sample (MD2). 

1
43 

1
42 
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MD3  11.3±0.8Gy 

 

Figure A-3 Probability density plots showing ED distributions of sediment samples (MD3). 

1
44 

1
43 
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The red arrows indicate the range of EDs selected for the age calculation. In 

the case of MD2, possible alternative interpretations are indicated by green and blue 

arrows (see below). In the case of sample MD1, the high precision of the individual 

measurements resulted in a spiky histogram which was difficult to interpret. 

Following Prescott et al (2007), it was smoothed by augmenting the standard 

deviation of each ED value. MD3 offered possible alternative interpretations 

depending on how much the ED distribution was broken down. These are shown by 

blue and green arrows on, and do not differ significantly from the accepted 

interpretation. 

In the case of MD3, the calculated ED was significantly lower than that of the 

overlying sample MD2. At this stage the dosimetry was not available, so a second 

preparation of MD3 was made in order to eliminate the (unlikely) possibility that 

samples had become confused during the preparation process. The results were 

indistinguishable from those given by the first preparation. 

The single grain analysis of sample MD3 produced a result statistically identical to 

that of the small aliquot analysis. The results are compared on the radial plot. The 

single grain EDs have been corrected for variation in the strength of the radiation 

source across the disc. Closed circles represent small aliquots; open triangles 

represent single grains. 

 

Figure A-4 Comparison of single grain and small aliquot ED distributions for sediment sample (MD3). 
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 (d) Ages and environmental dose rates for samples MD1, MD2 and MD3  
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Appendix B 

Mean relief, mean slope and denudation rate of eighty basins across the globe 

Basin 
Mean 

Relief(m) 

Mean Slope 

(degree) 

Denudation 

Rate(mm/yr) 
Reference (Citation) 

Darwin Harbour (DH) 47 1.00 0.007 This study, Nawaz (2010) 

Colorado above San 102 1.12 0.016 Ahnert (1970) 

Thames 159 1.26 0.016 Ahnert (1970) 

Flint 89 1.89 0.028 Ahnert (1970) 

Dnepr 30 2.23 0.005 
Summerfield and Hulton 

(1994) 

Delaware 299 2.90 0.042 Ahnert (1970) 

Little Colorado 392 3.21 0.031 Ahnert (1970) 

Rhenish Massif 217 3.30 0.053 Meyer 2008) 

St Lawrence 132 3.72 0.014 
Summerfield and Hulton 

(1994) 

Canadian 353 4.07 0.052 Ahnert (1970) 

Juniata 490 5.11 0.041 Ahnert (1970) 

Amur 249 5.14 0.012 
Summerfield and Hulton 

(1994) 

Bolivian Andes 869 5.17 0.313 Wittmann(2009) 

Nile 205 5.54 0.011 
Summerfield and Hulton 

(1994) 

Murray 109 5.65 0.013 
Summerfield and Hulton 

(1994) 

Niger 143 5.77 0.008 
Summerfield and Hulton 

(1994) 

Dirty Devil 912 6.09 0.177 Ahnert (1970) 

Green 644 6.49 0.082 Ahnert (1970) 

Zambezi 232 6.62 0.015 
Summerfield and Hulton 

(1994) 

Zaire 166 6.67 0.007 
Summerfield and Hulton 

(1994) 

Lena 294 6.96 0.011 
Summerfield and Hulton 

(1994) 
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Missippi 173 7.24 0.077 
Summerfield and Hulton 

(1994) 

Yenisei 330 7.24 0.009 
Summerfield and Hulton 

(1994) 

Wind River 1091 7.59 0.115 Ahnert (1970) 

Colorado above Cisco 1040 7.70 0.124 Ahnert (1970) 

Mackenzie 272 7.91 0.032 
Summerfield and Hulton 

(1994) 

Bighorrn 1004 7.93 0.109 Ahnert (1970) 

Animas River 1273 8.63 0.195 Ahnert (1970) 

Kolyma 306 8.87 0.004 
Summerfield and Hulton 

(1994) 

Caraulun II 1074 8.98 0.110 Wasson (pers. comm..) 

Ob 115 9.03 0.006 
Summerfield and Hulton 

(1994) 

Amazon 215 10.09 0.093 
Summerfield and Hulton 

(1994) 

Danube 303 10.26 0.052 
Summerfield and Hulton 

(1994) 

Shatt-El-Arab 281 11.31 0.026 
Summerfield and Hulton 

(1994) 

Apennines, Italy 1243 11.52 0.390 Cyr (2008) 

Haung He 461 12.09 0.054 
Summerfield and Hulton 

(1994) 

Mekong 563 12.30 0.099 
Summerfield and Hulton 

(1994) 

Orange 190 12.52 0.028 
Summerfield and Hulton 

(1994) 

Colorado 520 12.73 0.096 
Summerfield and Hulton 

(1994) 

Escalante 842 12.84 0.135 Ahnert (1970) 

Chiang Jiang 667 12.84 0.131 
Summerfield and Hulton 

(1994) 

Rai Ketan River 1023 13.32 0.540 Wasson (pers. comm.) 

Sri Lanka Plateau 1250 13.50 0.015 Vanacker(2007) 
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Tafara River 1316 13.57 0.580 Wasson (pers. comm.) 

Laclo River 1645 13.73 0.170 Wasson (pers. comm.) 

La Plata(Parana) 211 13.87 0.014 
Summerfield and Hulton 

(1994) 

Be Lulic  II 1385 13.99 0.230 Wasson (pers. comm.) 

RioGrande 413 14.20 0.019 
Summerfield and Hulton 

(1994) 

Ganges (G) 438 14.20 0.273 
Summerfield and Hulton 

(1994) 

Indus 785 14.40 0.136 
Summerfield and Hulton 

(1994) 

Yukon 504 14.68 0.044 
Summerfield and Hulton 

(1994) 

Columbia 832 14.79 0.030 
Summerfield and Hulton 

(1994) 

Caraulun River 1982 15.18 0.520 Wasson (pers. comm.) 

Eastern Tibet 890 15.83 0.750 Godard (2009) 

Be Lulic River 2288 16.51 0.070 Wasson (pers. comm.) 

Orinico 347 16.65 0.075 
Summerfield and Hulton 

(1994) 

Sarine, Switzerland 1395 16.68 0.210 Ahnert (1970) 

Isere 2046 16.78 0.287 Ahnert (1970) 

Longshou NE Tibet 223 16.82 0.189 Palumbo (2009) 

Brahmputra (B) 992 17.30 0.688 
Summerfield and Hulton 

(1994) 

Yumu NE Tibet 237 17.85 0.245 Palumbo (2009) 

Olympic Mountains 

(OM) 
1010 18.27 0.620 Brandon (1998) 

European Alps (A) 1190 19.01 0.370 Bernet (2001) 

New Zealand Alps 

(NZ1) 
962 20.60 1.700 Tippet (1993) 

Rhone 2869 21.16 0.418 Ahnert (1970) 

Mangla (MR) 1225 22.04 0.280 This study, Nawaz (2010) 

Alaska Range (D) 1350 22.65 0.951 Fitzgerald(1993) 
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Kander, Switzerland 2428 23.64 0.430 Ahnert (1970) 

Rhine 1994 24.21 0.321 Ahnert (1970) 

Sierra Nevada 1386 24.26 0.712 Riebe (2000) 

San Bernardino 

Mountain 
1674 25.00 2.241 Binnie (2007) 

Central Himalaya (H) 1310 25.40 2.500 Galy (2001) 

San Gabriel 

Mountains 
976 27.54 3.390 DiBiase (2010) 

Tiwan Mountain 

Basin 
998 28.00 5.100 Fuller (2003) 

Tiwan (T) 1325 28.14 4.940 Li (1976) 

Tiwan Orogen 1325 28.14 5.200 Dadson (2003) 

Nanga Parbat 2150 28.80 6.000 Cornwell(2003) 

Indus (NP1) 1350 29.57 6.500 Burbank(1996) 

New Zealand Alps 

(NZ2) 
1305 30.00 9.000 Hovius (1997) 

Indus (NP2) 1360 30.23 7.800 Shroder (2000) 
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Appendix C 

Publications and Conference Presentations  

2010 Nawaz, M., Wasson, R.J., and Sattar, F. (2010) “GIS-MCE Based 

Framework for Denudation Rate Estimation” 9
th

 Annual Asian Conference & 

Exhibition on Geospatial Information, Technology and Applications “Map 

Asia 2010” Kuala Lumpur, Malaysia, July 26-28. 

Nawaz, M., Wasson, R.J., (will be submitted soon) “Topographic 

Dependence of Denudation: Re-analysis, Nature Geoscience. 

Nawaz, M., Wasson, R.J., Ahmad, W., Pearson, D., Parry, D.L. and Sattar, 

F.(2010) “Quantification of sediment sources in the high relief catchment of 

Mangla Reservoir, Pakistan” 10
th

 International Multidisciplinary Scientific 

Geo-Conference & Expo SEGM 2010, 20-26 June, Varna, Bulgaria. 

2009 Nawaz, M., Wasson, R.J.,  Parry, D.L. and Sattar, F.(2009) “ Harbour 

catchment sediment and nutrient transport” The Combined Entomological 

Society’s 40th AGM & Scientific Conference/ Society of Australian 

Systematic Biologists & 9
th

 Invertebrate Biodiversity & Conservation 

Conference, 25 - 28 September, Darwin , Australia. 

Nawaz, M., Wasson, R.J., Ahmad, W., Parry, D.L. and Sattar, F.(2009) “ 

Fine sediment sources in the largely undisturbed, tropical, low relief 

catchment of Darwin Harbour, Australia” 7
th

 International Conference on 

Geomorphology (ANZIAG), 6-11 July, Melbourne, Australia.  

2008 Nawaz, M., Ahmad, W., Wasson, R.J., Parry, D.L. and Sattar, F.(2008) “An 

inventory of fallout radionuclides (137Cs & 210Pb(ex) and identification of 

sediment sources in the catchment of Mangla Reservoir, Pakistan” 14 

ARSPC, Australasian Remote Sensing &  Photogrammetry Conference, 29 

Set - 3 Oct, Darwin, Australia. 
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Appendix D 

Media talks, presentations and news: Dambos as sediment and pollutant traps in 

Darwin Harbour catchment 

2010 Nawaz, M., Wasson, R.J., (2010) “Dambos in Catchment Management” 

Presentation, Environment and Heritage Division, Department of Natural 

Resources, Environment, the Arts and Sport, Northern Territory Government, 

16 July 2010. 

Nawaz, M., Wasson, R.J., Parry, D.L. (2010) “Dambos: Natural Sediment and 

Pollutant Traps in Darwin Harbour catchment” Darwin Harbour Region, 

Report Cards 2010. 

http://www.nt.gov.au/nreta/water/reportcards/pdf/darwin_harbour_reportcards

m.pdf 

Nawaz, M., Wasson, R.J., (2010) “Protecting dambos protects Darwin 

Harbour” Presentation, 28 January, NRETAS, Darwin, NT, Australia. 

 

NRETAS’s brochure for the presentation on ‘Protecting dambos protects Darwin 

Harbour’. 
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2009 Radio  Talk, FM 104.1, 10.16am, Territory Talk, Monday 27
th

 April 2009 

Dambos in Darwin Harbour catchment 

Nawaz, M., Wasson, R.J., Parry, D.L. (2009) “Dambos: Natural Sediment 

Traps in Darwin Harbour Catchment”, Presentation, DHAC, 17 September, 

Darwin, NT, Australia. 

 

DHAC’s brochure for the presentation on ‘Dambos: Natural sediment traps in Darwin 

Harbour catchment. 
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Nawaz, M. (2009) “Harbour catchment sediment and nutrient transport” 

Symposium, Darwin Harbour – Past, Present and Future, 28 September, 

Darwin, NT, Australia. 

 

Invitation to present seminar at the ‘Darwin Harbour: Past, Present and Future 

Symposium’ on ‘Harbour catchment sediment and nutrient transport. 
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Brochure of the Symposium on ‘Darwin Harbour: Past , Present and Future’. 
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The International, CDU News Letter , June 2009 

http://www.cdu.edu.au/ses/documents/IntlnewsletterJune2009.pdf 

News on dambos in ‘The International’, CDU News Letter, June 2009. 

Darwin Harbour Advisory Committee, Enews, August 2009 

http://www.nt.gov.au/nreta/water/dhac/media/pdf/20090408update.pdf 

News on ‘Protecting dambos , protects the Harbour’ in the DHAC’s E-Newsletter, 

August, 2009. 

 


