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ABSTRACT 

This study presents a complementary geochemical and isotopic database (ca2+, 
M ~ ~ ' ,  Na+, Kf, HCOY, SO~'-, Cl', trace elements and isotopes of H, O, C, S and Sr) for 
water samples from the Indus River Basin. It encompasses -3000 km stretch of the Indus 
main channel and its tributaries, sampled during both high and low water stands and a 
time series collected at Sukkur barrage, -500 km upstream from the mouth of the Indus 
River. These results, as well as published data for precipitation (amount, chernical and 
isotopic composition), and river discharges were used to address the following aspects of 
the indus River Basin: (1) water budget, annual solute fluxes, and denudation rate; (2) 
whether the summer monsoon or delayed runoff from winter precipitation dorninates the 
discharge of the Indus and where does the water vapor for precipitation originate; (3) 
what are the sources and processes that control the distribution of solutes; (4) estimate the 
contribution of major ions to river water from carbonate and silicate weathering. 

The long-term mean annual precipitation water flux into the Indus River Basin is 
398 km3. The mean annual water fluxes close to the mouth of the Indus River before and 
after the construction of two major dams were respectively, 100 and 53 km3. This 
constitutes only one-fourth to one-eighth of the precipitation input and the rernainder 
Ieaves the surface water system by groundwater storage and evapotranspiration. Based on 
major ion chemistry of rain and snow, the annual precipitation flux of Total Dissolved 
Solids (TDS) to the Indus River Basin is -844,400 tons. The Indus River annually 
transports -18 million tons of TDS that translates into a chernical denudation rate of 21 
tons km". 

Oxygen and deuterium isotopes in the Indus River at Sukkur barrage for the 
Water Year March-94 to February-95 define the relationship 6D = 7.5 (6180) + 10, 
similar in slope to the Local Meteoric Water Lines at Kabul, and New Delhi, as weIl as to 
the Global Meteoric Water Line. This implies that despite aridity, significant evaporative 
enrichment is limited due to the short residence tirne of water and due to the minor 
contribution of runoff from the arid middle and lower parts of the basin. Deuterium 
excess (d = 6D - 86180) at Sukkur barrage ranges from 12 to 20%0, with a discharge 
weighted average of 18%0. These values are distinctly higher than d-excess in monsoon 
rains in New Delhi (-8) or snow of the Himalayas (-IO), east of the Indus River Basin. In 
the western Himalayas, maximum accumulation of snow occurs during the winter, which 
corresponds to the rainy season of the eastern Mediterranean region that also has a 
characteristic d-excess of -20%0. Isotope balance calculations require that 80% of the 
total discharge of the Indus rnust be derived from delayed runoff from snow melt in the 
headwaters that ultimately owes its origin to moisture that originated in the 
Medi terranean or ot her inland seas. 

Hydrochemistry of the Indus River is dominated by ca2+ z M~~~ > (Na++K+) and 
HC03- > (SO~~'+CI') > Si. In the lowland tributaries and in some of the Punjab rivers, 
however, (Na++K') and (so~~-+c~ ' )  predominate. Based on riverine Cl- concentration, 
cyclic saIts constitute only up to 6% of the TDS, the bulk of these, however, are derived 
from rock weathering. Sediment weathering is the dominant source for major cations, 
silicate weathering is important on1 y local1 y, particularly for (N$+K+) in the headwaters. 
In the lower Indus, on average, about 75% of the total (c~*++M~'+) is derived from 



weathering of sedimentary carbonates. In the same stretch, -60% of the total (Na++K+) is 
derived from weathering of halite and the remaining from silicate rocks. Bicarbonate is 
derived from carbonate and silicate rock weathering under both atmospheric and biogenic 
COa input. Turbulent flow and low air temperature in the headwaters facilitate rnixing of 
atmospheric gases leading to oxygen supersaturation and equilibration of carbon isotopes. 
Sulfur isotopic composition of sulfate lies within the range of values reported for sulfide 
rninerals in igneous, metamorphic and sedimentary rocks. This together with oxygen 
isotope composition of sulfate suggests oxidation of sulfide rninerals to sulfate. Three end 
member compositions control the Sr-isotope systernatics of the Indus River. These are: 
(a) weathering of old silicate (silicic) rocks with high 8 7 ~ r / 8 6 ~ r  ratios and represented by 
rivers draining the Precambrian high grade metamorphic rocks of the Nanga Parbat- 
Haramosh massif and the "Central Crystallines" of the Higher Himalayas; (b) young 
silicate (mafic) rocks with the lowest 8 7 ~ r / 8 6 ~ r  ratios of al1 the Indus tributaries and 
represented by rivers draining mafic-ultramafic units of the Cretaceous Kohistan-Ladakh 
arcs; and (c) weathering of sedimentary carbonates with intermediate 8 7 ~ r / 8 6 ~ r ,  
represented by the lowland tributaries draining sedimentary carbonates and shales of the 
West Pakistan Fold Belt. 



Cette étude présente une base de données géochirnique et isotopique 
complémentaires (ca2+, M~'+,  Na', K', HCO;, S O ~ ~ - ,  Cl-, éléments traces et isotopes de 
D, O, C ,  S et Sr) pour des échantillons d'eau provenant du bassin de la rivière Indus. 
L'étude englobe une étendue d'environ 3000 km le long de l'Indus même et de ses 
tributaires qui fut échantillonnée pendant les périodes des hautes et basses eaux, ainsi 
qu'une série recueillie au barrage Sukkur, B environ 500 km en amont de l'embouchure de 
la rivière Indus. Les résultats des analyses couplés aux données publiées de précipitation 
(quantité, composition chimique et isotopique) et de débits, ont été utilisés afin d'adresser 
les aspects suivants du bassin de la rivière Indus: (1) budget d'eau, flux annuels de 
solutés, et taux de dénudation; (2) déterminer si la mousson estivale ou l'écoulement 
retardé de la précipitation hivernale domine la décharge de l'Indus et détermine la 
provenance de la vapeur d'eau à l'origine de la précipitation; (3) identifier les sources et 
processus qui contrôlent la distribution des solutés; (4) estimer la contribution des ions 
majeurs provenant de l'altération des carbonates et silicates h l'eau de la rivière. 

Le flux d'eau de précipitation annuel moyen à long terme entrant dans le bassin de 
la rivière Indus est de 398 km3 alors que le flux d'eau annuel moyen près de l'embouchure 
de la rivière Indus avant et après la construction de deux barrages importants étaient 
respectivement de 100 et 53 km3. Ceci ne constitue qu'un quart à un huitième de l'apport 
par précipitation dans le bassin. Ainsi, la fraction restante se soustrait au système d'eau de 
surface par le réseau des eaux souterraines et par évapotranspiration. Selon la chimie des 
ions majeurs de la pluie et de la neige, le flux de précipitation annuel en Solide Total 
Dissous (STD) au bassin de la rivière Indus est d'environ 844,400 tonnes. Sur une base 
annuelle, l'Indus transporte 18 millions de tonnes de STD, ce qui représente un taux de 
dénudation de 21 tonnes km2. 

Les isotopes d'oxygène et de deutérium dans la rivière Indus au barrage Sukkur 
pour l'année hydrologique (mars-94 à février-95) définissent la relation 6D = 7.5 (6'80) + 
10, dont la pente est similaire aux Lignes d'Eau Météorique Locales à Kabul, et à New 
Delhi, ainsi qu'à la Ligne d'Eau Météorique Globale. Ceci signifie que malgr6 l'aridité, 
l'enrichissement par évaporation est limité dû au temps de résidence restreint de l'eau et 
aussi à la contribution très minime de l'eau de ruissellement des régions arides centrales 
et avales du bassin. L'excès de deutérium (d = SD - 86'*0) au barrage Sukkur se situe entre 
12 et 20%0, avec une moyenne pondérée par la décharge de 18%0. Ces valeurs sont 
significativement plus élevées que l'excès-d dans les pluies de mousson de New Delhi 
(-8) ou de la neige (-10) de 1'Himalayas à l'est d u  bassin de la rivière Indus. Dans 
1'Himalayas occidental, les accumulations maximales de neige se retrouvent pendant 
l'hiver qui est la saison des pluies de la région méditerranéenne orientale. Cette dernière a 
aussi un excès-d caractéristique' de -20%0. Des calculs de bilan isotopique exigent que 
80% de la décharge totale de I'hdus doit provenir de l'écoulement retardé de la fonte des 
neiges dans Ia région source. Celle-ci provient de l'évaporation des bassins de la 
Méditerranée ou des autres mers intérieures. 

L'hydrochirnie de la rivière Indus est dorninee par ca2+ > M ~ ~ + >  (Na++K+) et 
+Ci-). Cependant, dans les tributaires avals et certaines des rivières du Punjab, (Na++K+) et 
(so~?'+cI-) prédominent, Selon les concentrations en  Cl- de la rivière, les sels cycliques ne 



constituent que 6% auplus des SDT, dont la grande partie, provient de l'altération de la 
roche mère. La source des cations majeurs provient de l'altération des sédiments. 
Néanmoins, l'altération des silicates ne joue un rôle important que localement, 
particuliérement pour Na+ + K+ dans les eaux dans la ré ion source. Dans le tronçon 
inférieure de l'Indus, en moyenne près de 75 % du C$ + bIg2+ total provient de 
l'altération des carbonates sédimentaires. Dans ce même secteur, -60 % du Na' + K' total 
provient de l'altération de l'halite et le reste de roches silicatées. Les bicarbonates 
proviennent de l'altération sous CO2 atmosphérique et biogénique de roches carbonatées 
et silicatées. Le mélange des gaz atmosphériques est facilité dans la région source grâce 
aux flux turbulent et aux basses témperatures, mènant à une sursaturation en oxygène et à 
un équilibre des isotopes de carbone. La composition isotopique du soufre des sulfates se 
situe à l'intérieur de l'étendue de valeurs rapportées pour les minéraux sulfurés des roches 
ignées, metamorphiques et sédimentaires. Ceci, en plus de la composition isotopique en 
oxygène des sulfates, suggère une oxidation des minéraux sulfur6s en sulfates. Trois 
compositions extrêmes contrôlent la systématique de l'isotope-Sr dans la rivière Indus. 
Ceux-ci sont: (a) l'altération de vieilles roches silicatées (silicique) avec des ratios 
" ~ r / ~ ~ ~ r  élevés et représenté par des rivières s'écoulant sur les roches métamorphiques 
"de haut degré" Précambriennes du massif Nanga Parbat-Haramosh et les " Centrales 
Cristallines " des Hautes Himalayas; (b) des roches silicatées (mafiques) récentes avec les 
ratios 8 7 ~ r / 8 6 ~ r  les plus faibles de tous les tributaires de l'Indus et représenté par des 
rivières s'écoulant sur des unitées mafiques-ultramafiques des arcs Crétacés Kohistan- 
Ladakh; et (c) l'altération de carbonates sédimentaires avec des ratios 8 7 ~ r / 8 6 ~ r  
intermédiaires et représenté par les tributaires des basses terres qui sécoulent sur des 
carbonates sédimentaires et des schistes argileux de la Zone Orogénique du Ouest 
Pakistan. 
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Chapter 1 

Introduction 

1.1 Objectives 

The major objectives of the present study can be Iisted as follows: 

1. Constrain the water budget of the Indus River Basin and evaluate the relative 

importance of moisture sources to the total discharge of the Indus River; 

2. Examine spatial and temporal variations in hydrochernistry of surface waters of the 

Indus River Basin and evaluate sources and processes that modify major ions, using 

complementary geochemical, isotope and environmental data; 

3. Characterize the role of weathering regime for water chernistry in the Indus River 

Basin and evaluate the relative importance of carbonate and silicate weathering; and 

4. Investigate anthropogenic impact on water chernistry. 

1.2 Previous work 

Previous studies on the Indus River Basin are limited to samples collected at its 

mouth or at isolated locations within the basin. They deal principally with the influence of 

rock weathering on water chernistry (GoIdstein and Jacobsen, 1987; Palmer and Edmond, 

1989; Pande et al., 1994), with monitoring the particulates and their fluxes (Ittekkot and 

Arain, 1987) and with tabulation of data for discharge and major ion chernistry at selected 

locations (WAPDA, 1976; 1985; l989a; 1990). Stewart (1 990) investigated iodine 

deficiency in surface waters and related health problems in the Shyok and Shigar valleys. 



Other studies focussed on heavy metals in fish (Ashraf and Jaffar, 1990; Tariq et al., 

1996). 

While these studies provide valuable information on selected aspects of the 

hydrochemistry and hydrogeology of the Indus River Basin, none addresses spatial and 

seasonal variations and the environmental factors. Published stable isotope data is scarce 

for oxygen, deuterium (Kabul, Jhelum and Chenab rivers, Hussain et al., 1991) and 

carbon (lakes in the Shyok basin, Fontes et al., 1996) and nonexistent for sulfur. The 

present study reports a complementary geochemical, isotope and environmental database 

for the entire Indus River Basin in Pakistan, compressed in a unified model, and explores 

various aspects of the hydrochemistry and isotope geology of the basin. 

1.3 Location 

The Indus River Basin is located on the northwestern periphery of the Indo- 

Pakistani subcontinent from latitude 24" to 37", and from longitude 66" to 81". It covers 

an area of about 863,508 km2, occupying the western half of the Indo-Gangetic plain and 

sections of the bordering mountain ranges (Fig. 1.1). Most of the Indus River Basin lies 

within Pakistan but includes also parts of Afghanistan, Tibet and India. It is bound in the 

east by the Ganges-Brahrnaputra basin that drains into the Bay of Bengal. Al1 other rivers 

sharing a drainage divide with the Indus drain into inland lakes or basins. To the north is 

the Yarkand River Basin of China and to the northwest are the Amu Darya and SyrdarÏya 

rivers of Tadzhikistan, draining into the Aral "Sea". To the West is the Helmand Basin of 

Afganjstan and Iran. The Indus originates near Mount Kailas (67 14 masl) in the Gangdise 

Range of Tibet. It flows westwards, parallel to the Himalayan and Karakoram mountain 



ranges, turns abruptly to the south near Nanga Parbat and exits the Hirnalayas near the 

Salt Range. It continues to flow in the south through the monotonous alluvial plain and 

drains into the Arabian Sea in the south, covering a total distance of about 3000 km. 

Fig. 1.1. Physiography and regional location of the Indus River Basin. 



1.4 Physiography 

The Indus River Basin encompasses four major physiographic regions (Fig. 1.1). 

These include, 1) The northern mountains, 2) The Salt Range and the Potwar Plateau, 3) 

The western mountains, and 4) The Indus plain. 

1.4.1 The northern mountains 

The northern mountains include a series of mountain ranges, extending from the 

Pamirs in the West to Assam in the east. These include the Hindu Kush, the Karakoram 

and the Himalayan mountain ranges. The Karakoram is characterized by a high 

concentration of lofty peaks, several between 7000-8000 m. Precipitation is scarce and is 

mostly in the fonn of snow. A large part of the Stream discharge is derived from glacier 

basins and rnany large rivers emerge directly from the snouts of large glaciers. 

1.4.2 The Salt Range and the Potwar Plateau 

The Salt Range begins in the east near the Jhelum River and continues westwards 

across the Indus River. It comprises parallel ranges of 1ow flat-topped hills, intermontane 

valleys and a number of saline lakes. The Salt Range is known for its dmost complete 

stratigraphic section and occurrence of rock salt. 

North of the Salt Range is the Potwar Plateau, bound in the east by the Jhelum 

River and in the West by the Indus River. The Soan River drains the Potwar Plateau, 

except for its southeastern portion, and discharges into the Jhelum River. Elevations 

range from 300 to 600 m on a heavily dissected surface of easily erodable sandstone and 

shale. 



1.4.3 The western mountains 

The Indus Plain is bordered in the West by a series of mountain ranges. South of 

the Kabul River is the Safed Koh Range, with an average elevation of 3600 m that grades 

into Waziristan Hills. The Kurram and Tochi rivers drain the latter. Furthel- south and 

parallel to the Indus River is the seisrnically active Sulaiman Range. The Kirther Range 

extends north-south and forms the western boundary of the lower Indus basin. 

1.4.4 The Indus plain 

Covering the entire area between the Salt Range and the Arabian Sea is the 

rnonotonous Indus plain. It varies in width between 50 and 300 km and consists of 

Tertiary and Quaternary alluviurn deposited by the Indus and its tributaries. The general 

slope of the plain towards the sea is gentle, with an average gradient of one meter per five 

kilometers. AIthough the plains are featureless on a large scale, several elements of 

micro-relief have been recognized. These are: a) Active flood plain, b) Meander flood 

plain, c) Cover flood plain, d) Scalloped interflues, e) Piedmont plain, f) HilIy sand plain, 

g) Deltaic flood plain, and h) Tidal delta (Tarnburi, 1974; Kureshy, 1991). 

a) Active flood plain, locally known as Bet or Khaddar, is the terrain adjacent to 

the rivers and is inundated during the summer floods. It is often called 'the summer bed' 

of rivers. Embankments have been built in many places dong its outer margin to protect 

the surrounding areas from floods. The soils of the active flood plain are couse-textured 

sands and silt. Active flood plain is found dong al1 the rivers, except the lower half of the 

Ravi. Along the Lndus it widens from near the Salt Range to its mouth. 



b) Meander flood plain is a complex of bars, meander scrolls, levees, and oxbow 

lakes. It is adjacent to and somewhat higher than the active flood plain. Relief is only a 

meter or so and is widespread along the Jhelum, Chenab and upper reaches of the Ravi 

rivers. Along the Indus, it is absent upstream from Panjnad, but widespread further 

downstream. 

c) The cover flood plain is characterized by recent alluvium spread over former 

riverine features. Due to large variations in the conditions of deposition, the soi1 textures 

are highly variable. The cover flood plain deposits are widespread along the lower 

reaches of the Indus and the Punjab rivers. 

d) Scalloped interfluves or bar uplands are tenaces common to the "doab" (land 

between two rivers) regions and separated by river cut scarps, usually six meters or more 

in height. Soils in these regions are highly fertile and the development of modern 

irrigation systern has turned this once desert region into highly productive croplands. 

e) Piedmont plain is the land formed by coalescent alluvial fans at the front of a 

mountain range. The tenn is apparently synonymous with "bajada" as used in the 

American literature. Piedmont soils are well developed in the Punjab, Salt Range, and at 

the foot of the Sulaiman Range. 

f) Hilly sand plain is a desert landscape with transverse and longitudinal sand 

dunes. Portions of the hilly sand plains are stabilized by sparse, stunted scmb vegetation. 

The Thar Desert is a prominent feature of southeast Pakistan, bordering the Indus on the 

east (Fig 1.1). 



g) Deltaic flood plain is the region between Thatta, near Karachi and the high tide 

line near the coast, characterized by abandoned channels of tidal estuaries and river 

distributaries. 

h) Tidal delta is an area of tidal mud flats extending from Karachi to western 

India, 10-50 km wide. The area is occasionally fiooded and is covered with mangroves 

dong the estuaries. 

1.5 Land use and population density 

About one half of Pakistan's labor force is employed in agriculture, producing 

-30% of the nation's gross income. About one-third of the country's foreign exchange is 

earned by export of agricultural products, mainly cotton (textile yarn and fabrics produce 

more than one-half of export earnings) and rice (Paasch, 1987). Principal crops include 

sugarcane, wheat, rice, cotton lint, and corn. A large area of the Indus River Basin, 

comprised of high mountains, supports only sparse natural vegetation and tenace farming 

on mountain slopes. Although the plains contain thick soils, agriculture is lirnited due Éo 

scarcity and seasonal nature of precipitation and about three-fourth of the total river flow 

is used for irrigation (Akram, 1986). Agriculture therefore relies heavily on inigation, 

sustained by the world's largest contiguous surface distribution system (Ahmad and 

Kutcher, 1992). 

Environmental problems arising from extensive damming and improper 

agricultural practices include: 1) Water Jogging and soi1 salinization resulting in the loss 

of some 40,000 ha of arable land every year (Ahmad, 1993; Gilani, 1992); 2) Increased 

salinities in groundwaters (Beg, 1977); 3) Diminution of sedimrnt load and nutrient-rich 



river waters to the coastal areas (Milliman et al., 1984); 4) Potential loss of world's fifth 

or sixth largest coastal mangrove forest (Harrison et al., 1994); and 5) Pollution of 

freshwater and fish habitat (Tariq et al., 1996). 

The population of Pakistan (1996 estimate) is 129,275,660, yielding an average 

population density of about 162 persons km2 (Encarta, 1997). The annual population 

growth rate is approximately 2.7%. Only about 35% of the people live in urban areas. The 

geographic distribution of population density and land use is given in chapter 7. 

1.6 Climate 

The climate of the Indus River Basin varies widely from place to place. In the 

mountain regions of the north and West, temperatures fa11 below freezing during winter; 

in the Indus valley, temperatures range between about 32" and 49" C in sumrner, and the 

average during winter is about 13" C. Throughout most of Pakistan rainfall is scarce. The 

Punjab region receives the most precipitation. Regions in the southeast and southwest are 

arid. Most rain falls in July and August. Thus, a large spatial and temporal variation in 

weather elements characterizes the region. These are described below. 

1.6.1 Temperature 

a) The Cold Weather Season (mid December to March) is marked by temperatures 

below 5" C in the mountainous areas and varies between 10" C in the north and 18" C in 

the south of the plain areas. This season is occasionally affected by disturbances from the 

Meditemanean front that reach Pakistan after traveling across Iraq, Iran and Afghanistan. 



b) The Hot Weather Season (April to June) is characterized by high temperature 

and aridity. Mean maximum daily temperature varies between 41 and 46" C. Southem 

and southwestern parts of the basin register higher temperature than the rest. Jacobabad, 

on the southern periphery of the Sulaiman Range, is the hottest place in the subcontinent 

with the highest recorded temperature of 53" C. 

c) The Monsoon Season (July-September), established as a result of a low 

pressure system that builds up over most of the subcontinent during the months of May 

and June. The monsoon has two components, one originating from the Arabian Sea 

penetrates only the coastal areas of the Indus River Basin. The second, originating dong 

the inter tropical front in the Bay of Bengal, moves over India and enters Pakistan. 

d) The Post Monsoon Season is a transitional period between the monsoon and the 

cold season and is also known as the 'season of retreating monsoon'. In October 

maximum temperature ranges between 34 and 37" C .  Novernber and December are the 

driest months. 

1.6.2 Precipitation and humidity 

During the summer season, the Himalayan foothills and the Punjab plains receive 

abundant rainfall from the monsoon system. These areas receive an average annual 

rainfall of -1000 to more than 2000 mm (Fig. 1.2), bulk of which occurs during the 

summer. The intensity of precipitation declines rapidly southwards and northwards where 

most of the landscape receives less than 500 mm. The mean annual precipitation over the 

Indus River Basin ia 461 mm that is equivalent to a total water flux of 398 km3 (see 

chapter 7). 



In- the northern mountains, large variations in the amount of precipitation with 

altitude have been noticed. Mean annual precipitation varies between about 90 mm at Leh 

in the Ladakh Range to about 1 8 0  mm in Sonamarg, Kashmir in the Higher Himalayas 

(Holmes, 1993). In the central Karakoram, maximum precipitation (1000-1800 mm water 

equivalents) occurs at 5000-7000 mas1 (Shi and Zhang, 1984; Hewitt, 1989). In contrast, 

below 3000 rn arid and semi arid conditions prevail and precipitation varies between 100- 

200 mm (Whiteman, 1985). 

Humidity is generally low throughout the year. It is relatively higher, approaching 

60% during the post monsoon and the cold season, declining to -40% towards the spring 

and summer (Tamburi, 1974; Ahmad, 1993). 

Mean Annual Precipitation (mm'l 

Fig. 1.2. Mean annual precipitation for the Indus River Basin. 
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1.6.3 Moisture source of precipitation 

The Indus River Basin forms a transition zone between the monsoon in the east 

and the Meditenanean climate in the West. The climate is more 'continental' than that of 

other parts of the subcontinent which are influenced by a more typical monsoon regime 

(Kureshy, 1991). The northern mountains are the dominant source regions for the water 

budget of the Indus. At its mouth about 80% of the total discharge of the Indus is derived 

from melting of snow (see chapter 4). 

In the headwaters, both the winter and summer seasons are thought to be 

dominated by the westerly air masses from which bulk of the snow faIl is derived 

(Boucher, 1975; Barry and Chorley, 1982). In contrast, Wake (1989a), based on 

geographic distribution of precipitation, suggested that summer precipitation is mostly 

due to monsoon, much of the moisture dcrived from the Arabian Sea, constituting about 

30-50% of the snowfalI accumulation on the glaciers. These disparate interpretations wili 

be discussed in detail in chapter 4. 

1.7 Hydrology 

1.7.1 Major rivers 

Figure 1.3 shows major and minor tributaries of the Indus River Basin. Among the 

headwater tributaries the Shingo, Shyok, Shigar, Hunza, Gilgit and Kabul are the major 

ones. The hurnid Punjab region (meaning the land of cfive rivers) produces the Jhelum, 

Chenab, Ravi, Beas and Sutlej. However, the last three are no longer part of the Indus 

system. Their headwaters have been diverted into India according to the 1960 Indus Basin 

Treaty. As a result of these diversions, the channei of the Beas River has been completely 



abandoned and the Ravi and Sutlej carry insignificant naturai discharges except during 

the monsoon floods. In order to sustain annual irrigation, al1 Punjab rivers are linked by 

canals and water from the Indus, Chenab and Jhelum are diverted to the other three rivers. 

Fig. 1.3. Tributaries and location of major dams and barrages (triangles) of the Indus River 
Basin. TD, Tarbela Gam; JB, Jinnah Barrage; CB, Chashma Barrage; TB, Taunsa Barrage; GB, 
Guddu Barrage; KB, Kotri Barrage. 



Discharge of major rivers within the Indus River Basin starts to rise in April, 

concomitant with the melting of snow, peaks around August during the summer monsoon 

and retums to base flow conditions in October (Fig. 1.4). About 90% of the total 

discharge occurs in the seven-month period from April to October (Table 1.1). Discharge 

at Panjnad outweighs al1 other tributary discharge within the Indus River Basin. During 

low flow it accounts for about one-third of the total tributary discharge to the Indus. 

Another third is supplied by the Kabul River and the remainder is accounted for by the 

other tributaries, with the Swat, Gilgit, Shyok, Hunza and Shigar being the rnost 

important. During high flow season, the contribution of Panjnad and most of the 

headwater tributaries increases slightly, while that of the Kabul River and lowland 

tributaries declines by about a factor of two. For the headwater tributaries, the discharge 

for a given season varies by a factor of >10 and for the lowland ones by a factor of 4. 

This seasonal pattern reflects an interplay of two distinct hydrologie regimes, particularly 

during the low flow season. During this period, the headwater tributaries receive only 

small contribution from direct runoff or from groundwater. This is due to the fact that 

direct runoff decreases steeply with the dwindling of snow cover and with the subsequent 

temperature drop, while groundwater supply is limited by the scarcity of shallow aquifers 

in the terrain dominated by crystalline rocks and sparsely developed soils. At the same 

time, in the lowland tributaries, discharge is sustained by sporadic monsoon and by 

groundwater discharge from thick alluvial aquifers, thus reducing the disparity between 

discharge ex tremes. 

The mean monthly discharge at the mouth of the Indus is lower than the mean 

tributary input throughout the year (Table 1.1). The difference is conspicuous during the 



rising limb of the hydrograph and attenuates during recession (Fig. 1.4). This is due to 

extensive impoundment (Fig. 1.3) and withdrawal of water dong the Indus for irrigation 

purposes. The filling of reservoirs starts in the spring, concomitant with the melting of 

snow, and continues until the commencement of rnonsoon in mid July when the 

reservoirs attain peak levels. As the season advances, the difference between tributary 

input and discharge at the mouth of the Indus decreases until the inception of the post 

monsoon season in October. Complementary to this is water rernoval during floods by 

bank storage (Todd, 1995) into extensive dluvial aquifers that border the Indus. 

However, the steep dope  of the falling limb of the hydrograph, typical of flood 

hydrographs with no bank storage (Freeeze and Cherry, 1979), indicates that these 

phenornena are of subordinate importance for the Indus water budget. 

JAN FEB M A R  A P R  M A Y  JUN J U L  AUG S E P  OCT NOV DEC 

Fig. 1.4. Mean monthiy discharge of the Indus River and rnean monthly cumulative discharge of 
its tributaries. The error bars represent standard deviation of the discharge of the Indus. Sources 
of unpublished data are Global Runoff Data Centre (GRDC) for the Indus and Water and Power 
Development Authority, Pakistan (WAPDA) for the tributdes. 



Table 1.1. Average seasonal discharge (m3s-') and relative proportions to the cumulative 
discharge of tributaries of the Indus River Basin (source of data Global Runoff Data Center and 
WAPDA, 1976; 1985; 1989a; 1990). 

River April - November - tPo April - 5% November - 
October March October Marc h 

Shyok 
S higar 
Huma 
Gilgit 
As tore 
Gorband 
Kabul 
Swat 
Soan 
Haro 
Siran 
Kurram 
Panj nad 
Indus 

Total 50617 6339 
Percent 89 

Historical discharge data for two stations on the Indus (Fig. 1.5) shows that the 

mean annual discharge has decreased dramatically after the construction of the Guddu 

and Kotri barrages. This was also accornpanied by reduction in sediment discharge 

(Jorgensen et al., 1993). Kazrni (1984) attributed shrinkage of the modern delta to an 80% 

reduction in water and sediment load. At the Kotri barrage the mean annual water flux 

during the pre-dam and post-dam era were, 100 and 53 km3 respectively. Note that the 

present day discharge at the Sukkur barrage is similar to the pre-dam discharge at the 

Kotri barrage. The riverine water flux thus constitutes only one-fourth to one-eighth of 

the precipitation water flux (398 km3, chapter 7) and the remainder leaves the surface 



water systern by groundwater storare. evapotranspiration and evaporation. The role of 

these processes will be further discussed in chapter 4. 

1930 1940 1950 1960 1970 1980 1990 

Year 

Fig. 1.5. Mean annual discharge for the Indus River at Sukkur and Kotri barrages (modified after 
Jorgensen et al., 1993). The thin curve is a five point moving average through the Sukkur data 
and the thick one for the Kotri barrage. The arrows represent the year when the barrages were 
closed. 



1.8 Original Contributions 

Original contributions of the present study to the research on the Indus River 

Basin include but are not Iimited to: 

1. Water sarnpling of the tributaries and the Indus River along its entire length in 

Pakistan, on-site measurements and subsequent analyses for a suite of complementary 

geochemical and isotopic parameters. 

2. Construction of an environmental data5ase comprised of geology, topography, 

precipitation, land use, population density, and watershed boundaries. 

3. Estimates of relative proportions in each tributary basin of units of geology, land use 

and population density. Estimates for mean altitude, precipitation, and geographic 

coordinates. 

4. Quantification of precipitation and riverine flux of sotutes and water. 

5. Delineation of moisture sources of the Indus River Basin and their relative 

contribution. 

6. Estimates of relative roles of carbonate and silicate weathering within the Indus River 

Basin. 

7. Evaluation of natural and anthropogenic factors that influence hydrochemistry of the 

Indus River tributaries. 



Chapter 2 

Geology and Tectonics 

The present-day configuration of the Indo-Pakistani subcontinent is the result of 

mountain building processes which started during the Carboniferous to Early P e d a n .  

The breakup of Pangea, about 300-200 Ma ago, and subsequent rifting produced a major 

new ocean called "Tethys" which separated the Eurasian continent in the north from the 

Gondanwana continent in the south (Smith et al., 1981). While Eurasia included northern 

Europe and most of Asia north of the Pamirs and the Tien Shan, Gondawana included 

Africa, Arabia, Australia and Antartica. In between these two large contintents were 

nurnerous srna11 continental fragments (central Iran microcontinent, the Lut and Afghan 

blocks, the Tarim plate, the Qiantang and Lhasa blocks) consisting of Precambrian crust 

and Paleozoic cover. Thus, the Tethys Ocean was subdivided into a northern ocean called 

the Palaeo-Tethys and a southern one called the Neo-Tethys. Rifting continued between 

the continents and by the late Triassic marine conditions prevaikd on the passive margins 

of drifting continents. This is illustrated by thick carbonate platforrn sequences in Europe, 

Iran-Arabia and northern India (Searle, 199 1). 

The Gondwana continent also fragmented during the Jurassic and early 

Cretaceous and newly formed ocean floor was accreted to the drifting continents. During 

the late Cretaceous India began'its rapid northward drift across the Indian Ocean. This 

was accompanied by major ophiolite emplacement in the Zagros suture in Iran, the Oman 

rnountains, the Beia, Muslimbagh and the Zhob ophiolites in Pakistan and the ophiolites 

south of the Indus suture zone (Searle, 1991). India's continued drift towards the southern 



Asian paleomargin Iead to the terminal collision at about 40 Ma ago (Molnar & 

Tapponnier, 1975), with initial collision at about 55 Ma (Klootwijk, 1979). The collision 

caused metamorphism, thrusting, magmatism and uplift on the edges of the colliding 

plates and subsequent geomorphic processes resulted in the present landscape. 

Geology of the Indus River Basin can be classified into eight lithotectonic units, 

from north to south these are: (1) The Hindu Kush-Karakoram-western Tibet block; (2 )  

The Main Karakoram Thrust; (3) The Kohistan-Ladakh arcs; (4) The Indus-Zangbo suture 

zone; (5) The Indian plate seqoence; (6) The Lesser and Sub Himalaps; (7) The West 

Pakistan fold belt (8) The Indus plain. 

2.1 The Hindu Kush-Karakoram-western Tibet block (HKT) 

The HKT forms an  arcuate belt, -90 km wide, parallel to the northern watershed 

boundary of the Indus River Basin and represents rocks accreted to the southem 

paleomargin of the Asian plate (Fig, 2.1). It extends from Pakistan-Afghan border to 

western Tibet. It is bound in the north by the Pamir-Kun Lun Ranges and to the south by 

the Shyok suture zone that forms the southem Jirnit of the Eurasian plate. The Kunar 

River, a major tributary of the Kabul River, drains portion of the Hindu Kush terrain, 

within the Indus River Basin. Its lithology consists rnainly of arnphibolite and greenschist 

facies metapelites, marbles, cherts and sandstones, intruded by granodiorite and granite. 

The Karakoram is an area of rugged terrain and four of its peaks exceed 8000 m. 

Among these is K2, the second highest (861 1 m) peak in the world. The range is covered 

by perennial snow and ice and includes glacially influenced subbasins of Gilgit, Hunza, 

Shigar and Shyok rivers. The Karakoram Range encompasses a granitic batholith in the 



center, flanked in the south by a high-grade metamorphic belt consisting of interbedded 

peIites, marbles and amphibolites (Searle et al., 1996), and in the north by a 

sedimentary/metasedimentary zone. 

2.1.1 The Northern sedimentary/metasedimentary zone 

Gaetani et al. (1990) classified rocks of the upper Hunza valley into three 

tectonics belts. These are, (a) Northern Belt (Misgar Unit), at least 30-40 km wide and 

consists of unfossiliferous slates and quartzites that are intruded by granodiorite. The 

slates show extensive quartz recrystallization and growth of mica, chlorite or biotite. The 

clastic rocks consist of arkose and quartzarenite. (b) Intennediate Belt (Sost Unit), is a 

fault bound block, consisting of Permian to Jurassic and possibly Cretaceous marine 

sediments, and (c) Southern Belt (Gujhal Unit), consisting of thick-bedded dolomites 

with rninor slates and sandstones, ranging in age from Carboniferous to Cretaceous. 

2.1.2 The Karakoram Batholith 

In Karakoram, the backbone of the main range is made up of an axial composite 

batholith known as the Karakoram batholith. Occurring as a narrow belt of plutons, about 

500 km long and up to 20 km wide, the Karakoram batholith extends from near Pakjstan- 

Afghan border to northwestern Ladakh, with analogs that can be traced for another 2500 

km in the southeast (see below). 

The granitic rocks of the Karakoram batholith display a wide range of 

compositional and textural variations. Gneissose biotite-hornblende granodiorite appears 

to be the dominant rock type (Jan et al,, 1981a) but adarnellite, quartz diorite, homblende 



diorite, tourmaline granite, aplite, pegmatite and larnprophyre also occur. These are 

intruded by granitic, aplitic and pegmatitic dikes and contain metasedimentary enclaves. 

Based on chemical and isotopic data, Debon et al (1987) suggested three phases of 

magmatism within the Karakoram batholith. (1) a Mid-Cretaceous (1 10-95 Ma) phase of 

sub-alkaline and calc-alkaline character, related to the subduction of oceanic crust 

underneath the Karakoram plate margin; (2)  preceeding the second phase of magmatism, 

between 65 and 59 Ma, was a strong tectonometamorphic event that resulted in 

gnejssification of the Cretaceous intrusives, and was a consequence of the closure of 

northern Tethys due to collision of the Kohistan arc with the Karakoram plate. The 

tectonometamorphic event, between 59 and 43 Ma, was followed by a major intmsive 

stage of sub-alkaline magmatism and emplacement into the welded Karakoram and 

Kohistan domains; and (3) an Upper Miocene (9 Ma) light-colored subalkaline phase 

that was related to subduction of Kohistan and Indian continental crust underneath the 

Karakoram. 

Rocks similar in chemistry and age to the Karakoram batholith can be followed 

dong a nearly continuos belt, further southeast that is about 50 km wide and 2500 km 

long. They are known as the Transhimalaya batholith or the Kangdese belt. The 

chemistry and ages of the Karakoram and Transhimalaya batholiths are similar (Le Fort et 

al., 1983; Debon et al., 1987), suggesting that they both belong to the same belt (Le Fort 

1988). 





2.2 The Main Karakoram Thrust (MKT) 

Rocks of the Karakoram terrane are joined to the Kohistan-ladakh arc dong a 

suture zone known in Pakistan as the Northern Suture (Pudsey, 1986) the Northern 

Megashear (Tahirkheli, 1979) or the Main Karakoram Thrust (Tahirkheli, 1982) and in 

India as the Shyok Suture (Rai, 1982). In northern Pakistan the suture zone is 150 m to 4 

km wide and contains blocks of volcanic greenstones, limestones, shales, conglomerates, 

quartzites and serpentinites in a slate matrix. Limestone and volcanic greenstone are the 

most cornmon, the former has been dated as Aptian-Albian and attains a size of about 

200x50 m (Pudsey, 1986). Based on petrological and structural data, the melange zone 

associated with the MKT is interpreted to be an olistostrome, formed in a back arc basin 

(Pudsey et al., 1985; Wanson, 1989). However, a tectonic origin has also been suggested 

by some workers (Coward et al., 1982a; Windley, 1983). 

2.3 The Kohistan-Ladakh island arcs 

Kohistan, meaning "the land of mountains" includes most of the area dong the 

lndus valley, between Nanga Parbat in the east and upper Swat valley in the West. 

Geologically, Kohistan refers to the terrain bound in the north and northwest by the MKT 

and in the south and southeast by the Main Mantle Thrust (MMT). Trending east-west 

and dipping steeply north, the Kohistan sequence is composed predominantly of mafic, 

ultramafic and calc-alkaline layered plutonic and volcanic rocks. This 40 km thick 

sequence, thought to be the only complete island arc cross-section presently exposed in 

the world, is sandwiched between the Indian and Eurasian plates (Tahirkheli, 1979). The 

Kohistan terrain has been divided into six major units, from bottom to top: 



2.3.1 Jijal-Pattan Complex 

Along the Lndus River and to the north of the MMT is an isolated outcrop of 

granulites and ultramafic rocks called the Jijal-Pattan complex (Jan and Howie, 1980). It 

covers an area of about 150 km2 and consists of garnet granulites and ultramafic rocks. 

The granulites have been distinguished as plagioclase bearing, the most extensive rock 

type, and plagioclase free types (Jan and Howie, 1981). The granulites are cornposed of 

garnet, clinopyroxene, and quartz I plagioclase I orthopyroxene. The ultramafic rocks 

comprise diopsidite, dunite, harzburgite, websterite, and podiform chromitite. The 

protolith of the complex is interpreted to represent either the Tethyan lower crust or 

magmatic cumulates at the base of the Kohistan arc (Jan, 1985). 

2.3.2 Kamila AmphiboIite 

The Kamila Amphibolite is an extensive belt, about 40 km wide, north of the 

MMT and extending West of the Nanga Parbat Massif, through Babusar, Indus and Swat 

vaileys to eastern Afghanistan. Arnphibolite is the predorninant rock type but ultramafic 

rocks, gabbros, diori tes, t onali tes, granites and trondhjemites are also present. The 

amphibolites consist essentially of hornblende, plagioclase +- epidote, I garnet & 

clinopyroxene. Both banded and non-banded arnphibolites are present. They are derived 

from volcanic and plutonic precursors and have calc-alkaline chemical affinities (Jan, 

1988). Owing to the scarcity of siliceous rocks, Bard et al. (1980) suggested that the 

amphibolites represent oceanic crust on which the Kohistan island arc was built. An 

island arc origin is preferred by others (Coward et al., 1986; Jan, 1988). 



2.3.3 Chilas Complex 

The Chilas Complex is a mafic-ultrarnafic stratifonn complex. It is more than 10 

km thick and extends for about 300 km between Nanga Parbat and western Dir. 

Gabbronorite is the dominant rock type (with minor pyroxenite and anorthosite layers) 

and subordinate hypersthene-quartz diorites, collectively referred to as "principal 

gabbronorite association". They are characterized by a lack of olivine and the presence of 

plagioclase of andesine to labradorite composition. In contrast, the "ultramafic 

association", consisting of veins, dikes and lensoidal bodies of ultramafic rocks, 

gabbronorites, gabbros, anorthosites, chromitite and mafic pegmatites, contains 

plagioclase of more calcic composition and olivine (Khan et al., 1989; Jan et al., 1989). 

The rocks have been metamorphosed to medium-pressure granulite grade (Jan and 

Howie, 198 1). 

In western Ladakh, mafic rich gabbros, orthopyroxene-bearing norites and 

hornblende-pyroxene anorthosites occur in the Kargil area (Rai and Pande, 1978) and 

rnay be the lateral equivalent of the Chilas complex (Searle, 1991). 

2.3.4 Kohistan Batholith 

The Kohistan batholith is the northernmost unit of the Kohistan arc and comprises 

a suite of rocks with an average composition of granodiorite-quartz diorite (Petterson and 

Windley, 1991). It is an elongated belt (300x60 km) consisting of plutons over 250 km2 

in area and minor stocks, sills and dikes. Three stages of magmatism within the Kohistan 

batholith have been recognized. These are: 



a) Stage 1, typified by the Matum Das pluton, the oldest, deforrned rocks, 

represented by a bimodal suite of a basic-intermediate member (mostly medium-high-K 

gabbros and diorites) and an acid member (low-K trondhjernites). This stage was dated at 

1 10-90 Ma (Petterson and Windley, 199 1). 

b) Stage 2, plutons constituting about two third of the Kohistan batholith. They 

are undefonned and cross-cutting relationsips demonstrate a temporal trend frorn basic to 

acidic magmatism. The rocks consist of a series of medium-high-K gabbros, diorites, 

granodiorites and granites with minor basic dikes,. This stage was dated at 85-40 Ma 

(Petterson and Windley, 199 1). 

c) Stage 3. Rocks of this stage crop out near the confluence of the Indus and 

Gilgit-Hunza rivers. They are represented by swarms of leucogranite sheets that constitute 

only a minor part of the Kohistan batholith. Geochemically, they are different from earlier 

plutons and represent the final stage of magmatism (-30 Ma) within the Kohistan 

batholith. Individual sheets have an average thickness of one meter and contain 

alternating layers of aplite and pegmatite. Important rninerals include biotite, quartz, 

feldspar, tourmaline, gamet and muscovite. 

2.3.5 Interbedded volcanics and sediments 

Intercalated volcanics and sediments occur at higher stratigraphic levels within the 

Kohistan island arc. Although common, they constitute only a small component of the 

island arc. Searle (1991) subdivided the volcanics into post-collision and pre-collision 

belts. The post-collision volcanics represented by the Dir Volcanic Group range in 

composition from basalt to rhyolite with abundant pyroclastics. They are intmded by the 



Kohistan batholith and are dated as Pdeocene to early Eocene. The pre-collision 

volcanics include the Chah and S h m a n  (Ghizar) volcanic groups. The former occur to 

the south of the MKT, fonning a linear belt, about 300 km long, comprised of a deformed 

and metarnorphosed sequence of submarine pillow lavas and volcanogenic sediments. 

Important rock types are hornblende, pyroxene, plagioclase-phyric andesite, basaltic 

andesite and basalts, with some high-Mg tholeiitic andesites and boninites. The Chalt 

volcanics are overlain conforrnably by slates, turbidites, and shailow marine Tethyan 

limestones of the Yasin Group. A similar suite of rocks, consisting of basaltic and dacitic 

flows, pyroclastics and associated pillow lavas and volcano-sedimentary rocks, known as 

Dras voIcanics occurs in the Ladakh area (Honegger, et aI., 1982). In both regions, 

limestones containing mid Cretaceous fossils (Pudsey, 1986; Wadia, 1937) overlie the 

volcanics. The second member of the pre-collision volcanic belt is the Shamran (Ghizar) 

Volcanic Group that comprises metamorphosed pyroclastic, cdc-alkaline andesites and 

basaltic andesites and interbedded pelites. 

2.4 The Indus-Zangbo Suture Zone (ISZ) 

The Kohistan terrain is joined to the Indian plate sequence dong a north dipping 

thrust fault known as the "Main Mantle Thrust" (MMT), the name used by Tahirkheli et 

al. (1979) to emphasize that it separates mantle-related rocks from crustal rocks. The 

MMT is the western extension (Jan et al., 1981b) of the roughly 2000 km long Lndus- 

Zangbo suture (ISZ) which defines the collision zone between the Indian plate and the 

Karakoram-Lhasa block to the north (Gansser, 1964; Allègre et al., 1984). The suture 

zone is named after the Indus River since the Indus valley follows it for several hundred 



kilometers in the Ladakh region. It is possible that the TSZ had a geomorphic control on 

the course of the river. 

In Ladakh the ISZ consists of three major linear thmst belts separated by major 

fault zones or ophiolitic melange belts (Searle et al., 1988): (1) The Lamayuru complex 

consisting rnainly of shale, sandstone and limestone; (2) The Nindam-Dras Volcanic 

Group, comprising basalts, andesites, dacites, intercdated volcaniclastics and associated 

volcano-sedimentary succession of the Nindarn Formation; (3) The Indus Group molasse, 

approximately 2000 m thick, consisting of continental clastic rocks, derived rnainly from 

the Ladakh batholith and the suture zone itself. 

In Shangla-Mingora area of northern Pakistan, the ISZ zone consists of thrust 

bound blocks, but with different rock types. Here too, the suture zone has been divided 

into three units separated by thrust faults (Kazrni et al., 1984). From south to north these 

are: (1) The Mingora ophiolite melange, characterized by abundant ophiolite suite rocks 

and emerald mineralization. Important rock types are serpentinite, talc-dolomite schist, 

greenstone, greenschist, metagabbro, metasedirnents and rnetachert; (2) The Charbagh 

greenschist melange, charecterized by greenstone, greenschist and minor tectonized 

rnetasediments; and ( 3 )  The S hangl a blueschist melange, composed of dismembered 

masses (up to 6 km) of metavolcanics and phyllite schist with smaller lensoidal masses of 

serpentinite, metadolerite, metagraywacke, metachert and marble. Limestone blocks 

within the suture zone contain Jurassic to rniddle Cretaceous fossils (Kazmer et al., 

1983). 



2.5 The Indian plate Sequence 

South of the ISZ are the rernnants of the Indian continental rnargin consisting of 

deforrned and metamorphosed late Precambrian to early Paleozoic gneisses, granite 

gneisses, schists and marbles that have been thrust south over Mesozoic sediments 

(Tahirkheli et al., 1979; Coward et al., 1982b; Tahirkheli, 1982). Near the confluence of 

the Indus and Gilgit-Hunza rivers is one of the most striking geological feature of 

northern Pakistan. The ISZ is folded into a cnistal scale antifonn (Coward, 1985) forming 

the Nanga-Parbat Haramosh massif (NPHM). The massif and the adjacent terrain contain 

some of the highest peaks in the Himalayas. Nanga Parbat (main sumrnit at 8125 m) and 

the Indus River (at 1300 m, located only 20 km away) define the world's greatest relief. 

The NPHM has been undergoing high rates of uplift of about 7 mm year'' (Zeitler, 1985) 

and equally high rates of erosion (Butler and Prior, 1988). Several small and highly 

turbulent streams drain this region of high topographic relief. The main rock types of the 

NPHM are a series of biotite augen gneisses derived from an igneous (Butler and Prior, 

1988) or metasedimentary (Chaudhry and Ghazanfar, 1990) precursor. The emplacement 

age of NPHM is not clear. Radiometric ages of 2300 to 2500 Ma and a rnuch younger age 

of 2.3 Ma has been obtained on these rocks (Zeitler, 1985; Zeitler et al., 1989). 

2.5.1 Indian plate sequence east of NPHM 

The terrain between the Main Central Thmst (MCT) and the ISZ constitutes the 

Higher Himalayas that forrns the drainage divide between the Indus River and the Punjab 

and the Ganges-Brahmaputra rivers. The lndian plate sequence consists primarily of 

gneiss-migmatite-metasedimentary basement that is overlain by Tethyan cover sediments, 



both intruded by granitic plutons. Geology of this region cm be classified into (a) Higher 

Himalayas Tethyan sequence (b), Higher Himalayas "Central Crystallines" and (c) Panjal 

volcanics. 

a) The Higher Himalayas Tethyan sequence occurs on both sides of the NPHM as 

an almost continuous belt (upto 100 km wide) of unmetamorphosed or weakly 

rnetamorphosed rocks that stretch dong the entire length of the Himalayas. Abundant 

fossils and a complete Cambrian to Eocene succession, deposited on an intennittently 

subsiding continental shelf (Gansser, 1964; Gupta and Kurnar, 1975) characterize it. The 

rocks preserve a complete record of tectonic events, commencing with the rifting of the 

Neo-Tethys during the Permian to final collision of the Indian plate with the Eurasian 

plate in the Eocene (Garzanti et al., 1986; Searle et al., 1988). The sediments consist 

mainly of shales, carbonates and quartzites. The Permian-Jurassic sediments are more 

widespread and consist mainly of carbonates, quartzites and shales (Andrews-Speed and 

Brookfield, 1982). Details of the geology are given in Gupta and Kurnar (1975), 

Brookfield and Andrews-Speed, (1984) and Garzanti et al. (1986). Two ophiolite 

complexes have been thrust ont0 the Tethyan sediments, the Spongtang ophiolite in 

Zanskar (Frank et al., 1977) and the Jungbwa Amlang La ophiolite (Gansser, 1964), the 

latter near the origin of the Indus and Sutlej rivers in SW Tibet. 

b) The Higher Himalayas "Central Crystallines", about 5 to more than 10 km 

thick, form the central axis of the Hirnalayas, and are comprised predominantly of pelitic 

to psammitic schjsts and gneisses and minor bands of amphibolite, marble and quartzite 

of Precambrian to Paleozoic ages (Kundig, 1989). In the Zanskar valley, the complex is 

bound in the north by a normal fault with a shear zone up to about 7 km wide (Herren, 



1987) and in the south by the MCT. The rocks have undergone deformation, polyphase 

metarnorphism and partial melting and display well developed minera1 zonation of 

Barrovian type rnetamorphism from chlorite to sillimanite (Pêcher and Le Fort, 1986). A 

chmcteristic feature of this region is the occurrence of inverted metamorphic zones 

(Heim and Gansser, 1939): metamorphic grade decreases downwards, as for example 

seen in the Darjeeling hi11 where biotite grade rocks occur at the bottom, gamet at the 

intermediate level and staurolite at the top (Bhattacharya and Das, 1983). 

c) The Panjal volcar: :. are located southeast of the NPHM, along the southern 

limit of the Higher Himalayas in the Kashmir Basin. They cover an area of about 20,000 

km2 and that is drained by the Jhelum River. Geology of the basin is dominated by a thick 

succession of volcanics, agglomeratic slates and Quaternary alluvium. The volcanics 

cover about 60% area of the basin and consist of a thick succession (up to 2500 m) of 

basaltic-andesitic flows with interbedded tuffs and limestone underlain by agglomeratic 

dates, grits, pyroclastics, limestonelmarble, graphitic schist, pelitic schist and 

conglomerate (Wadia, 1957; Honegger et al., 1982). The volcanics are variably altered 

and metamorphosed, epidote, calcite, chalcedony and jasper are cornmon secondary 

minerals. The agglomeratic slates, as thick as the volcanics, are composed of a fine 

greywacke-like rnatrix with fragments of quartzite, porphyry and granite (Wadia, 1957). 

The Panjal volcanics have a stratigraphic age of late Carboniferous to Triassic, but much 

of the volcanic activity took place during the Permian (Pareek, 1982; Gupta et al., 1982). 

The rocks can be traced further east where they are limited to only a few outcrops 

in the headwaters of the Ravi River. Westwards, they can be traced near the Hazara- 

Kashmir Syntaxis (HKS) where they are rnetamorphosed to eclogite facies (Spencer et al., 



1990). Rocks of sirnilar age and geochemical affinities (Jan and Karim, 1990) occur 

further West in the Peshawar plain. 

2.5.2 Indian Plate Sequence west of NPHM 

The Higher Himalayas sequence of the Indian plate continues in the NW and 

protrudes into the Kohistan-Ladakh arcs. Further west, the belt is squeezed to about 20 % 

of its width near the HKS, widening again further west. The southern boundary of the 

Higher Himalayas is based on its position relative to the MCT (Gansser, 1964). The latter 

is not clear in northern Pakistan and Kashrnir. Chaudhry and Ghazanfar (1990) proposed 

that the Luat-Batal and faults are the western continuation of MCT. Coward et al. (1988), 

on the other hand, considers the Panjal and the Mansehra thrust structures to be 

equivalent to, but not necessarily coeval with, the MCT in the Himalayan ranges in the 

east. In order to overcome these controversies and emphasize geological diversity of the 

region, the Indian plate sequence in Pakistan is presented here in a greater detail. This 

terrain has been deeply dissected along major rivers and most studies have focused on 

these areas. Classical sections of the Indian plate sequence from west to east are almg the 

Swat, Indus and Kaghan valleys. 

a) In the Swat valley, south of the MMT, Alpurai Group, Swat Granite Gneisses 

and Manglaur Schist dominate. The Alpurai Group consists of calcareous schist, marbles 

and amphibolites (Lawerence et al., 1989) of Iower Paleozoic age (Humayun, 1986). The 

Manglaur crystalline schists are tectonized, non-calcareous, quartz-mica-gamet schists 

that have three lithologic variants: quartz-feldspar schist; quartz-mica-kyanite schist and 

quartz-mica-gamet schist (Kazmi et al., 1984). The Swat granite gneisses are sheet-like 



intrusives within the Manglaur Schist. The former closely resernbles the Mansehra granite 

in the southeast which has a 516 f 16 Ma Rb/Sr isochron age (Le Fort et al., 1980). The 

Mansehra granite intrudes the staurolite to sillimanite grade rnetasediments of Tanawal 

Formation of Precambrian age and resernbles the Manglaur crystalline schist (Kazmi et 

al., 1984). 

b) The Indus valley exposes Precambrian gneisses of the Besham Group 

(metasedimentary schists, marbles and arnphibolites, Treloar, 1989). The gneisses are 

imbricated with metasediments of Paleozoic Karora Group, a pelite rich metasedimentary 

sequence and lesser graphitic, psammitic, and calcarous rocks, metamorphosed at 

greenschist io amphibolite facies (William, 1989). On lithologic basis, the Indus valley is 

not very different from the adjacent Swat valley, except for different proportions of rock 

types. The calcareous rocks of Alpurai Schist predorninate in the Swat valley whereas the 

pelitic rocks predominate in the Indus valley. 

The Hazara region forms the drainage divide between the Indus and the Jhelum 

River. The northern part of the region largely consists of metapelites and metapsarnmites 

of the Precarnbrian Tanawal Formation and of the equally abundant late Carnbrian 

Mansehra granite. In the south, however, in addition to the Tanawal Formation, the 

Precambrian Salkhala and Hazara formations and the Carboniferous to Triassic Kingriali 

Formation are also present. The Salkhala Formation consists Iargely of slates, phyllites, 

graphitic schists and marbles (Wadia, 1957), it outcrops only locally near Tarbela but 

extends as a broad belt through Kaghan valley into the Higher Himalayas. The Hazara 

Formation is predominantly composed of slates, phyllites and minor Iimestone and 

graphite. The Kingriali Formation consists mainly of dolomite, quartzite and phyllite 



(Calkins et al., 1975) and occurs only locally in the Siran River basin, now mostly 

inundated by the Tarbela reservoir. Rocks of similar lithology as that of the southem 

Hazara continue westwards dong the southem margin of the Peshawar plain in the 

Attock-Cherat Range to Khyber Agency near the Pakistan-Afghan border. 

On the periphery of the Swat and Hazara regions, the Peshawar plain is a large 

alluvial intermontane basin that exposes scattered outcrops of alkaline igneous rocks 

(Kempe and Jan, 1970). The largest body of the suite is represented by the Ambela 

Granitic Complex that covers an area of about 900 km2, comprising granites, syenites, 

carbonatite and dolerite (Rafiq, 1987). Other members of the alkaline suite, the Tarbela 

Complex being an exception, are volumetrically less significant and do not occur close to 

major tributaries. The Tarbela Complex stretches over a distance of about 4 km, but many 

outcrops have been removed or covered during the construction of the dam. It comprises 

gabbroic rocks, dolerites, aibitites, granites, albite-carbonate and carbonatites (Jan et al., 

1981~). 

At the southern margin of the Peshawar plain, the Attock-Cherat Range consists 

of three east-west trending fault-bound blocks (Hussain et al., 1989). (1) The northern 

block consisting of Precarnbrian metapelites and rninor limestone and quartzite, (2) The 

central block dominated by siltstone, argillite, quartzite and subordinate limestone of 

Precambrian Dakhner Formation. And finally, (3) the southern block, comprised 

predominantly of unfossiliferous limestone and dolomite and argillite and quartzite. 

Overall the Dakhner Formation is the most extensive formation in the Attock-Cherat 

Range. 



c) In contrast to the Indus valley, the Kaghan valley contains extensive Salkhala 

Formation rocks. Chaudhry and Ghazanfar (1990) subdivided the rocks of Salkhala 

Formation into: (1) mid-Proterzoic to Archean Sharda Group consisting of (calc-pelitic, 

pelitic, and graphitic) gneisses, marbles with sheet granites, migmatites and arnphibolites. 

The Sharda Group is bound in the south by the Luat-Batal Fault and continues in the 

north into the NPHM. Eastwards, in the Swat valley, the Alpurai Group may be correlated 

with the Sharda group (Treloar, 1989); (2) The late Proterozoic Kaghan Group consists of 

quartz schists, quartzites, graphitjc schists, calc-schists, marbles, gypsum and 

metaconglornerates. The lateral extent of the Kaghan group is not clear, but the Sharda 

Group appears to be more extensive, and distinct from the former by its lack of quartzite 

and metaconglomerate and the presence of migmatites and bedded amphibolites 

(Chaudhry and Ghazanfar, 1990). 

2.6 The Lesser and Sub Himalayas 

The Lesser Himalayas are a fault bounded block, between the MCT and the MBT 

(Main B oundary Thrus t), of weakl y me tamorphosed, late Proterozoic and Paleozoic 

sedirnents consisting mainly of carbonates, dates, quartzite, flysh and tillites (Windley, 

1988). The terrain between MBT and the alluvial plain in the south constitutes the Sub 

Himalayas. The most characteristic and widespread rocks of the Sub Himalayas are the 

Siwaliks, a Neogene molasse sequence, named after SiwaIik Hills near Hardwar in India, 

where the first world-famous vertebrate fossils were discovered (Medlicott, 1864). They 

extend as a continuos belt (-5 km thick) over a distance of more than 3000 km, from 

Aassam Ranges near the Brahmaputra River westwards, across the headwaters of the 



Punjab rivers into the Kohat-Potwar region where they attain a width of about 140 km. 

They continue westwards into Afghanistan and Iran and in the south into the West 

Pakistan Fold Belt (Wadia, 1957; Gansser, 1964). The Siwaliks and the underlying 

Murree Formation are composed predorninantly of Neogene sandstones, siltstones, clays 

and conglomerate (Wadia, 1957). The Murree Formation, consisting of red shde and 

sandstone, outcrops as a wedge near the Ravi River and widens up to 40 km in the 

Jhelum River valley. It continues in the northwest, turns around in the HKS, and 

continues westwards into Hazara and Kohat-Potwar region. 

Lithologically, the bulk of the Siwaliks and Murree Formation closely resembles 

the modern alluvial deposits of the Indus. Petrographic and geochemical studies of 

sandstones in the Kohat-Potwar region indicate that the source region of the Siwalik 

sediments was Iocated in the Kohistan island arc and in the northern rnargin of the Indian 

plate (Abbasi and Friend 1989; Cerveny et al., 1989). Thus, the Siwaliks are very similar 

to the modem alluvial deposits, except that the former are uplified, indurated and 

defonned. The lithological similarity and uniforrn distribution of Siwaliks led several 

workers to suggest a river flowing through the region, narned as Siwalik (Pilgrim, 1919) 

Indobrahm (Pascoe, 1 920) Paleoindus (Behrensmeyer and Tauxe, 1 982) or ancestral 

Indus (Cerveny et al., 1989). 

South of the Potwar Plateau is the Salt Range known for its extensive salt 

deposits. It is an arcuate mountain range and constitutes the drainage divide between the 

Jhelum and Soan rivers. It is one of the rare regions of the worId where marine Pennian is 

followed by marine Triassic rocks and the Permo-Triassic boundary is clearly exposed. 

The Salt Range is comprised of the saliferous Eocambrian Salt Range Formation at the 



base, followed upward by marine sediments of Carnbrian age, a complete succession from 

Perrnian to Eocene, and finally of fluviatile and lacustrine clastic sediments of Miocene 

age (Gee, 1989). The region is deeply dissected by dried gullies where vegetation and 

precipitation are scarce. As such, it contributes very little discharge to the Jhelum or Soan 

River. 

2.7 The West Pakistan Fold Belt 

An almost continuos belt of marine to continental sediments extends from the 

western flank of the HKS through Kalachitta and Kohat areas to the Sulaiman Range in 

the West. The belt is approximately 15 km wide near Margalla Hills, tapering westwards 

and reaches 70 km near the Pakistan-Afghan border. Also, in the upper reaches of the 

Punjab rivers, particularly the Jhelum and Chenab, these rocks occur as a fault bound 

block, thrust ont0 the Siwaliks. Kazmi et al. (1982) assigned a Paleocene to Eocene age to 

the entire belt. These sediments have been studied in detail in three regions: 

(a) In Parachinar, at the headwaters of the Kurram River, Meissner et al. (1975) 

identified the following units: the undifferentiated Jurassic rocks (lirnestone and 

interbedded sandstone and shale); the largely Cretaceous Kurram Formation (shale, 

limestone and sandstone), and the undifferentiated Lumshiwal and Chichali Formation 

(sandstone and shale). 

(b) In the Kohat area to the east, the Cretaceous Kawagarh Formation occurs at 

the base, followed upwards by Paleocene rocks of the Makarwal Group. The latter is 

cornprised of the Hangu Formation (sandstones and shales containing some coal beds), 

the Lockhart Limestone, the Patala Formation (shales, limestones and sandstones). The 



Makarwal Group is overlain by the Eocene Panoba Shale, the Sheikhan Formation 

(limestones and gypsum), the Kuldana Formation (gypsiferous and arenaceous shales and 

sandstones) and finally the Kohat Formation (limestone and shale), at the top. Rocks of 

the Kawagarh Formation and the overlying Makarwal Group, the Kuldana Formation 

(and the Kohat Formation only in the Potwar area) continue eastwards into the Potwar- 

Kalachitta and Hazara regions. The Margalla Hill Limestone and the Chor Gali Formation 

(limestone and shale) represent additional Eocene rocks. 

(c) Hunting Survey Corporation (1960) mapped the entire fold belt between the 

Kurram basin and the rnouth of the Indus River. The region has been subdivided into 91 

formations whose description is beyond the scope of the present work. However, three 

main lithological and a structuralltectonic zone have been recognized. These are: 

(i) The Axial Belt, a "tectonic fence" dividing the two main basins of 

sedirnentation (Hunting Survey Corporation, 1960) that consists of Eocene to Pliocene or 

Lower Pleistocene marine to continental sedimentary rocks (Kazmi et al., 1982). In the 

Sulaiman and northern Kirthar ranges, the Axial Belt forms the drainage divide of the 

Indus River Basin with the Helmand Basin of Afghanistan, and in the Las Bela and 

Makran ranges with the Arabian Sea; 

(ii) The Calcareous Zone, typified by limestones, but sandstones and shales 

dorninates locally. It is either separated by a narrow band of Siwaliks or in direct contact 

with the alluvial deposits of the Indus flood plain. The rocks range in age from Triassic to 

Pleistocene and less commonly Perrno-Carboniferous (Hunting Survey, 1960). On purely 

lithological basis, the Calcareous Zone conforrns to the Pliocene-Eocene marine- 

continental sediments discussed above; 



(iii) The Arenaceous Zone, cornprised of sandstones and shales, mainly of 

Oligocene and younger ages. However, older rocks, predorninantly limestones, crop out 

adjacent to the Calcareous Zone. This zone confoms broadly with the Siwaliks discussed 

above; and finally, 

(iv) The Eruptive Zone that includes rocks of the Chagai volcanics that lie outside 

the Indus River Basin. 

2.8 The Indus plain 

After exiting the Himalayas near the Salt Range, the Indus River flows through a 

thick monotonous alluvial plain before draining into the Arabian Sea. The plain forms 

part of the Indo-Gangetic foredeep (Seeber and Ambruster, 1979) consisting of 

sediments of Tertiary-Holocene age that were derived from uplifted northern and western 

rnountain belts and deposited on the Indian continental margin (Hunting Survey, 1960; 

Kazmi, 1984). In addition to alluvial sedirnents, sandy deserts forrn a significant part of 

the Indus plain. The eastern portion of the lower Indus plain is bordered by the Thar 

Desert and the interfluve between the Indus and the Jhelum-Chenab called the Thal 

Desert. The surface of the desert is a wild maze of sand dunes and sand ridges. 

Although the Indus plain is the simplest cornponent of the geology of the basin, it 

not only outweighs al1 other rock types but it d s o  has distinct hydrogeological 

characteristics. The alluvial deposits are mainly sands with minor clays, silts and gravels. 

Throughout the middle and lower reaches of the Indus and in the Punjab plains they forrn 

extensive aquifers with the highest water yields (WAPDA, 1989b). In contrast to the 

crystalline and consolidated sedimentary rocks, hardly suitable for any agriculture and 



supporting oniy sparse natural vegetation, the alluvial plains contain fertile soils and host 

large areas of croplands. 

Surface soils of the middle and lower Indus plain have been derived from loess, 

old alluvial deposits, mountain outwash and recent strearn deposits. The parent material is 

a mixed calcareous alluvium that is rnoderately to highly alkaline, with pH ranging 

between 8.2 and 10.0, and containing less than 0.75 % of organic material (Beg, 1993). 



Chapter 3 

Field and laboratory methods 

3.1 Sampling 

The Indus River and its major tributaries were sampled twice, during the winter 

and summer of 1994-95. Sample locations are shown in Fig. 3.1. Tributaries other than 

the Punjab rivers were sampled only once, just before their confluence with the Indus 

main channel. In the headwaters, five sarnpfes were collected from perennial springs in 

close proximity to Indus. The Indus main channel was sarnpled every month at Sukkur 

Barrage, for one year during the period March-1994 to February-95. 

Sample locations on the Indus main channel were dictated mainly by the 

availability of bridges in the headwaters and dams and barrages in the plains. The 

objective was to sample the river dong its downstrearn profile, away from the 

confluence of major tributaries, at regular intervals of 100 to 150 km. Water samples 

were collected by lowering 2.5 L, pre-washed, glass bottles in the middle of a river to a 

depth of about four meters. Figure 3.2 shows the layout for field and laboratory 

measurements. 

3.2 Analyses on unfiltered water 

3.2.1 pH and temperature 

Immediately after sampling, the water temperature and pH were measured with a 

HACH oneTM combination pH electrode. Buffer solutions of pH 7.00 and 10.00, 

bracketing the range of values observed in the Indus River, were used for calibration. A 



buffer solution of pH 8.00 was measured as unknown before and after each sample. 

Precision and accuracy are given in Table 3.1. 

Fig. 3.1. Tributaries of the Indus River Basin and sample locations. Indus River (rhombs) at: 
Chambar bridge, 1; Humayun bridge, 2; Nar bridge, 3; Skardu bridge, 4; Stak. 5; Ansar Camp, 
6; Chilas, 7; Dasu bridge, 8; Thakot bridge, 9; Ghazi, 10; Attock Toi, 11; Khushhal Garh 
bridge, 12; Makhad, 13; Jinnah Barrage, 14; Chashma Barrage, 15; Darya Khan, 16; Taunsa 
Barrage. 17; Ghazi Ghat bridge, 18; Sarki, 19; Mithankot, 20; Guddu Barrage, 21; Sukkur 
Barrage. 22; Dadu-Moro bridge, 23; Kotri Barrage. 24; Thatta bridge, 25. (caption contd. pp 
43) 



Tributaries (circles): Shingo, 26; Shyok, 27; Shigar, 28; Stak, 29; Shahbatot, 30; Sassi, 3 1 ; 
Khaltaro, 32; Hunza, 33; Gilgit, 34; Jaglot, 35; Gonar, 36; Khandian, 37; KiaI, 38; Duber, 39; 
Khan, 40; Allai, 41; Swat, 42; Kabul, 43; Kabul at Kund, 44; Soan, 45; Kurram, 46; Shahur, 
47; Sanghar, 48; Panjnad, 49. 

Punjab rivers (squares), Jhelum River at: Jhelum, 50; Pind Dadan Khan, 51; Khushab, 52; Kot 
Shakir, 53. Chenab River at: Wazir Abad, 54; Qadir Abad Headworks, 55; Chiniot, 56; Jhang, 
57; Multan, 65. Ravi River at: Syphen, 58; Shahdara, 59; Qila Korka, 60; Baloki, 61; Pindi 
Sheikh Musa, 62; Chichawatni, 63; Sidhnai Headworks, 64. Sutlej River at: Atan, 66; 
Sulemanki, 67; Islam Headworks, 68; Bhawalpur, 69. 

3.2.2 Electrical conductivity (E.C.) 

Electrical conductivity was measured in the field with a HACH 

ConductivityfïDS meter (model 44600). The instrument was calibrated prior to each 

test by a KCI standard solution (HACH). Electrical conductivity is reported in p ~ c m - '  

and total dissolved solids in r n g ~ " .  

3.2.3 Dissolved oxygen 

Samples for dissolved oxygen were taken with a Teflon bailer which allows 

sampling of water from a particular depth and eliminates contact with the atmosphere, 

prior to measurement. Dissolved oxygen was rneasured in the field with an Orion 

(model 97-08) oxygen electrode. The electrode was calibrated in water-saturated air 

using a correction factor based on the elevation of sampling site. The sample was stirred 

gently with a magnetic stirrer and concentration of dissolved oxygen was read off the 

pH meter, connected to the electrode. The results are expressed in r n g ~ - ' .  

3.3 Analyses on filtered samples 

Soon after collection the samples were filtered through 0.45 pm cellulose acetate 

filter paper, the pore size considered to be a boundary between suspended and dissolved 
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Fig. 3.2. Experimental layout for field and laboratory work. 



chemical constituents (Dominico and Schwartz, 1990). The effective pore diameter may 

be smaller than 0.45 p.in in turbid waters of the Indus. In order to facilitate filtration, 

nitrogen gas pressure was employed on water in a g l a s  column (Telmer, 1997). 

3.3J Anions 

Alkalinity was measured in the field by titration using a HACH digital titrator 

(mode1 16900-01) and standardized sulfuric acid. Bromcresol Green-Methyl Red 

indicator delineated the end-point. Alkalinity was measured as equivalent CaC03 and is 

expressed as HC03-, since the latter constitutes over 95% of the disse::.-.ed inorganic 

carbon in the Lndus River Basin (see chapter 6). 

Sulfate, nitrate, ammonia, phosphate and dissolved silica were measured with a 

portable HACH spectrophotometer (mode1 DR/2000). Detailed instrumentation is given 

in HACH (1989). Calibration curves were constructed using HACH standard solution 

and blanks. For sulfate the samples were diluted to a concentration range such that the 

steepest part of the calibration curve was used. 

Chloride and fluoride were measured with a DIONEXlOO High Pressure Liquid 

Chromatography (HPLC). Calibration curves were constructed using a control blank and 

DIONEX standard solutions. 



Table 3.1, Detection limit, analytical precision and accuracy on standard samples for anions 
and other parameters measured in the field. Values under "analyzed" are averages for a 
minimum of five replicate measurements. Precision and accuracy are expressed in percent and 
the equations are given in section 3.4. E.C. = electrical conductivity; D.O. dissolved oxygen. 
A11 ions, SiOz and D.O. expressed in rng~- ' ,  E.C. in pscrn''. 

Det. limit Analyzed Std. Dev. Certified frecision Accuracy 

s 0 4 ~ -  1 41 2.08 40 5.1 1.7 
HCOi 48.3 2.83 - 5.9 - 
NO3- 0.05 1.53 0.08 1 .50 5 .O 2.2 

NH3 0.0 1 0.32 0.00 0.30 1.1 6.1 
~ 0 4 ~ -  0.0 1 1.10 0.0 1 1 .O0 0.9 10.0 
Si02  0.00 1 4.700 0.0 1 5.000 0.2 -6.0 
F 0.0 1 20.3 1 2.46 19.50 12.1 4.1 

Cl' O. 1 30.66 1.81 30.7 5.9 -0.1 

PH 7.99 0.02 8.00 0.3 -0.1 
E.C. 1421 4.5 1 1417 0.3 0.3 
D.O. 8.07 0.57 - 7.0 - 

3.3.2 Cations and trace elements 

Samples for cations and trace elements were collected in 50 rnL polypropyIene 

containers. The tubes were washed with aqua regia, filled with de-ionized water, carried 

to the field as such and emptied just before sarnpling. Prior to smpling, they were 

thoroughly washed with filtered river water. Sarnples were acidified in the field with 

0.5 d, 8 M, ultrapure nitric acid. 

ca2+, M ~ ~ + ,  Na+ and K+ were rneasured with a Perkin Elmer Atomic Absorption 

Spectrophotometer (AAS). Prior to analyses a Cs/La buffer solution was added to a 

suitable aliquot of each sample to suppress ionization. Trace elements were measured 

with a Fisons Inductively Coupled Plasma Mass Spectrometer (ICPMS). Analytical 

precisions and accuracies are given in Table 3.2. 



Table 3.2. Detection limit, standard deviation, analytical precision and accuracy on standard 
samples for major cations and trace elements. Values under "analyzed" are average of six 
replicate analyses of a standard sample. Precision and accuracy are expressed in percent and the 
equations are given in section 3.4. ca2+, M~",  Na+ and K+ in mgl-'and the trace elements in 
P P ~ .  

Det. limit Analyzed Std. Dev Certified Precision Accuracy 

3.3.3 Deuterium 

For hydrogen and oxygen isotopes in river water, filtered samples were coilected 

in  30 ml ~ a l ~ e n e " ,  low density, polyethylene bottles. In order to  rninimize evaporation, 

the bottles were filled completely, lids tightly closed and kept refrigerated. 

Hydrogen gas was prepared by catalytic reduction of water with zinc. About 110 

mg of ~ l o o m i n ~ t o n @  zinc was dried in a breakseal under vacuum, by heating at 

temperature close to melting of Zn. 3 pL of water was injected into the breakseal and 

allowed to react at 500' C .  Samples were processed in batches of eight, with two 



additional interna1 laboratory standards included to correct for analytical drift. The 

hydrogen gas was analyzed with an autornated double collector VG 602D mass 

spectrometer. The results are expressed in %O with reference to VSMOW and the 

analytical precision is il .7 %O. 

3.3.4 Oxygen 

Oxygen-18 was measured by CO2-water equilibration method of Epstein and 

Mayeda (1953). Three milliliters of samples were loaded in small vessels on an 

automated shaker, mounted on a water bath, rnaintained at 25'C. Carbon dioxide was 

fed into the vessels and allowed to equilibrate for 12 hours. The equilibrated CO2 was 

subsequently analyzed on a triple collector VG SIRA 72 rnass spectrometer. The results 

are expressed in %O with reference to VSMOW and the analytical precision is &.O5 %o. 

Analytical precision for deuterium excess (6) is 11.7 %O, calculated as follows, 

ad (,.,I,~*, =,/ (8 a6'*0)~ + o 6~~ (After Gat and Dansgaard, 1972) (3.1) 

3.3.5 Sulfur and oxygen in sulfate 

Dissolved sulfate was precipitated in the field as BaS04 by lowering the pH of 

water with HCI to about 2 and adding a saturated solution of BaC12. The precipitate was 

collected on a 0.45 pm ceIluIose acetate filter paper, washed profusely with deionized 

water, dried at 110' C and scraped off the filter paper. The BaS04 was converted into 

S 0 2  by the method of Coleman and Moor (1978), followed by isotopic analyses on a 

triple collector VG SIRA 12 mass spectrometer. A mixture of 17.5 mg of BaS04, 125 

mg of Cu0 and 200 mg of quartz was cornbusted under vacuum, for about 20 minutes at 



1100' C. The S 0 2  was purified cryogenically, using ethanol and Iiquid nitrogen slurry at 

-80' C and -125' C. Two intemal laboratory standards were included with each batch of 

sarnples and used subsequently to correct for analytical drift. The results are expressed 

with reference to %O CDT and the analytical precision is H.2 %O. 

The oxygen-18 isotopic composition of sulfate was measured on CO2 prepared 

by graphite reduction of BaS04 (Shakur, 1982). Briefly, the Bas04 was mixed with 

graphite (I:1) in a platinum boat, heated to below 600" C for 15 to 30 minuets to expel 

water vapors. The mixture was heated at 900 to 1100" C to release CO, the latter being 

spark discharged to CO2 that was analyzed on a VG Micromass 903. The results are 

expressed in %O with reference to VSMOW and the analytical precision is M.5 %O. 

3.3.6 Dissolved inorganic carbon (DIC) 

Samples for dissolved inorganic carbon were filtered through a 0.45 p, 

cellulose acetate, CAMEO@ filter, fitted on a syringe. In order to prevent loss of DIC 

through photosynthesis, bacterial respiration and degassing, brown glass bottles with 

airtight caps were used and the samples were poisoned with Hg& 

A known volume of sample was acidified under vacuum with H3PO4. Carbon 

dioxide degassed from water was recovered quantitatively, using liquid nitrogen. The 

accompanying moisture was subsequently removed by freezing with a slurry of ethanol 

and liquid nitrogen at -80' C. The CO2 gas was analyzed on a triple collector VG SIRA 

1 2 rnass spectrometer. 

Three triplicate water samples, collected at three different locations were 

analyzed to check for reproducibility of results. The standard deviation for the three sets 



range between 0.01 and 0.2 %O. These estimates cover the reproducibility for the entire 

procedure from sarnpling through extraction of CO2 to analyses on the mass 

spectrometer. 

3.3.7 Strontium 

Appropriate volume of water was evaporated to dryness for strontium isotope 

analyses. The residue was dissolved in ultrapure HC1 and strontium extracted on 

~ o w e x ~  AG50-X8 ion exchange resin. The ' '~ r /~%r ratio was rneasured with a 

Finnigan MAT 261 multicollector thermal ionization mass spectrometer. Procedural 

blanks for 8 7 ~ r / 8 6 ~ r  were less than 750 picograms. Al1 samples were corrected for mass 

fractionation, 8 6 ~ r / 8 8 ~ r  = 0.1 194. Fifteen analyses of NBS 987 gave a rnean value (+20) 

of 0.7 10239 t0.000014. 

3.4 Precision and Accuracy 

Analytical precision and accuracy were evaluated using standard samples. The 

calcuIations are based on the following equations. 

Precision = (Standard deviatiodmean concentration) . 100 (3-2) 

Accuracy = ( (C(analyzed) - C(cenified))/C(certified) 100 (3.3) 

Standard deviations are based on replicate measurernents for a parameter on a standard 

sample and mean concentration is the average of al1 these measurements. C(analyzed) is the 

mean concentration measured during this study and C(certified) is the concentration of the 

standard sample established by the manufacturer. 



Fn the absence of standard solution for HCO? and dissolved oxygen their 

analytical accuracy cannot be ascertained directly. Nevertheless, the HC03- 

concentrations measured in the field compare well with those recalculated from CO;! 

yield (Fig. 3.3) in the laboratory (see section 3.3.6 ). 

Fig. 3.3. Scatter plot for bicarbonate concentration measured in the field versus recalculated 
bicarbonate concentration frorn carbon dioxide yield in the laboratory. both expressed in r n g ~ - ' .  

3.5 Delta permil notation 

Stable isotopes are measured as the ratio of the least abundant isotope to the 

most abundant isotope of a given element. For exarnple, "O, the most widespread 

isotope of oxygen has a terrestrial abundance of about 0.2 %, compared to 160 which 

represents about 99.8 %, corresponding to an 180/160 ratio of 0.002. Measurement of 

this true ratio in geological materials is difficult, and since variations in stable isotope 



concentration are more important than the actual abundances, isotope ratio is measured 

relative to a standard. The relative difference is denoted by 6 and is defined as: 

&i = (Rx - Rstd)/ Rstd 

Rrtd = [(Rx Raid) - 11 . 103 

Where Rx represents isotopic ratios of a sarnple ( 2 ~ ' ~ ,  ' 8 ~ / 1 7 ~ ,  3 4 ~ P 2 ~ ,  "c/'~c) and 

Rstd is the isotopic ratio of the corresponding standard: Vienna Standard Mean Ocean 

water (VSMOW) for 2 ~ 1 ~  and 180/170; Canon Diablo troilite (CDT) for 3 4 ~ / 3 2 ~ ;  and 

Pee Dee Bellemnite for (VPDB) 13c/12c. Variations in isotopic concentrations are not 

very large, as such the &values are expressed in parts per thousand or perrnil (%O) 

difference from the reference. A 6-permil value of +10 for oxygen signifies that the 

sample is 10 %O enriched in ''0 over the reference. Similarly, a negative value would 

indicate that the sample is depleted by the same amount over the standard. 

Ali the above laboratory measurements, except for cations, trace elements, Sr 

isotopes and oxygen-18 of sulfates were performed in the G.G. Hatch Isotope 

Laboratories of the University of Ottawa. Cations and trace elements were determined at 

the Geological Survey of Canada and Sr isotopes at Carleton University, both 

institutions in Ottawa. Oxygen-18 of sulfates was analyzed at the University of Calgary. 



Chapter 4 

Oxygen and deuterium isotopes 

4.1 Overview 

The deuterium and oxygen isotopes in precipitation are linearly related and expressed 

on a global scale by the following empirical relationship: 

6D = 86180 + 1û%0 VSMOW (Craig, 1961) (4- 1) 

This defines the so-called Global Meteoric Water Ljne (GMWL). On a smaller scale, 

however, depending on climatic and geographic factors, the isotopic composition of 

precipitation may deviate from the above relationship in both slope (8*! to 1.5) and 

intercept (IO+ 10 to 13 ,  thus producing a series of Local Meteoric Water Lines (LMWL). 

In general, the isotopic composition of precipitation correlates with air temperature, 

therefore moving from coastal regions to higher latitudes (the continental effect) or higher 

altitudes (the altitude effect) prt:~;pitation becomes progressively depleted in the heavy 

isotopes. In addition, factors such as the intensity of precipitation (the amount effect), 

vapor transport history and the seasonal effects of precipitation may locally control the 

isotopic composition of precipitation. 

Although in-cloud processes of condensation and rain formation are cornplex, the 

conversion of vapor to rain seems to maintain isotopic equilibrium, following a line with 

a dope of 8 (Craig, 1961). However, the slope can decrease due to secondary evaporation 

following condensation during rainfall (Friedman et al., 1962) or from surface waters 

(Dincer, 1968; Fontes et al., 1970; Yang et aI., 1996). 



During primary evaporation at the sea surface, the 6180 - 6D relationship in the 

resulting precipitation is controlled primarily by relative hurnidity and sea surface 

temperature (Ciais and Jouzel, 1994). At iow relative hurnidity, kinetic evaporation 

dominates and the resulting precipitation is characterized by higher values for the 

intercept. At the other end, under higher relative humidity the system approaches 

equilibriurn conditions with a lower value for the intercept. Dansgaard (1964) defined the 

deuterium excess parameter d (d = dD - 86180), a property fixed in the atmospheric 

moisture by air-sea interaction processes (Craig and Gordon, 1965) during primary 

evaporation. This characteristic feature may however be altered by seconduy evaporation 

during rainfall (Ehhalt et al., 1963; Gat, 1971) or from surface waters (Saïati et al., 1979) 

that lowers the d-excess. 

4.2 Deuterium and oxygen isotopes in the Indus River Basin 

Sample locations of the studied sarnples are shown in Fig. 3.1. Analpical 

procedures for deuterium and oxygen isotopes are given in Chapter 3 and isotope data in 

Appendix B. 

4.2.1 The winter season 

Figure 4.1 shows covariation between 6D and 6180 for samples collected 

during the winter season. The headwater tributaries and the Indus main channel are 

depleted whereas the lowlands and the lower reaches of the Indus become progressively 



Fig. 4.1. Scatter plot of 6D versus 6180 for water samples collected from the Indus River Basin 
during the winter season. Dashed lines are Local Meteoric Water Lines: EMWL, Eastern 
Meteoric Water Line, 6D = 8 . 0 8 6 ~ ~ 0  + 22 (Gat and Carrni, 1970); Kabul, 6D = 8.016180 + 19; 
and New Delhi. 6D = 7.66% 0 7 (MA-WMO). The lower and upper solid Iines are least 
square fits through the headwaters + the Indus River upstream from Panjnad and the lowland + 
Punjab respectively. The inset (a) and (b) shows the upper and lower confidence limits at the 
95% significance level for the headwaters + Indus and the lowlands + the Punjab, respectively. 
Confidence limits established following the method described in Payne (1992). The key to 
sample numbers as in Fig. 3.1. 

enriched in the heavy isotopes. Before Panjnad confluence, the Indus main channel and 

the headwater tributaries evolve along a straight line defined by the following 

relationship: 



The slope is similar but the intercept higher than that of the GMWL. Isotopic enrichment 

in this part of the basin is caused mainly by decrease in altitude. Here the Indus main 

channel declines from an altitude of about 4,700 to 400 masl. The lowland and the Punjab 

rivers as well as the Indus River downsîream from the Panjnad confluence show 

enrichment in the heavy isotopes but along a Iine with a lower dope (Fig. 4.1). The 

lowland and the Punjab sarnples define the following relationship: 

6D = 5.6 6180 - 1 (4.3) 

The Indus River downstream from the Panjnad confluence has a similar relationship (6D= 

6.4 6180 - 3). The enrichment in heavy isotopes and lower slope on 6D - 6180 diagram for 

samples from this part of the basin is caused by  evaporation frorn open water bodies, 

caused by arid clirnate. 

4.2.2 The summer season 

In general, isotope variations in the sumrner are similar to those in the winter 

season and can be accounted for by processes discussed above. However, there are 

distinct seasonal differences: 

(1) The Indus main channel and the headwater tributaries are depleted in 180 in 

the sumrner compared to the winter season (Fig. 4.2). A similar difference exists for 6D. 

This shift in isotopic composition could be due to (a) greater contribution of groundwater 

during the winter season, the former undergoing evaporative enrichment during sumrner 

recharge. If so, river waters should display an evaporative trend. The lowland tributaries 

and the Indus River downstream from Panjnad are an example of this process (Fig. 4.3). 

However, for the headwaters, and for the rest of the Indus River, the absence of an 



evaporative trend precludes that such a process could be a cause of the isotopic changes. 

By the same token, evaporation from reservoirs and open surface bodies cm also be 

discounted, since it causes sirnilar isotope effects. (b) Seasonal changes in altitude of 

snow rnelting cm produce the observed shift in isotopic composition, with melt water 

generation in valleys during the winter and on peaks and sumrnits during the summer 

season. Surnmer transgression of snow line therefore seems to be a likely process for the 

isotopic shift. 

1 1 4- Indus River (winter) ] 1 1 -e- Indus River (sumrner)l Panjnad 

Source Mouth 

O 500 1000 1500 2000 2500 3000 

Kilometers from source 

Fig. 4.2. Oxygen isotope ratios of waters from the Indus River plotted as a function of river 
kilometers from source to mouth. The calculaied gradient is 1.5 and 1.W00 1ûûû km'' for S' '0  for 
the summer and winter seasons, respectively. The gradient for 6D is 14.5 and 13.5%0 1000 b' 
for the summer and winter seasons, respectively. The arrow points in the direction of flow of the 
Indus. The key to the sample numbers as in Fjg. 3.1. 



(2) Another peculiar feature of the Indus main channel during the summer season 

is a 2.8%. spike in 6180 after the Panjnad confluence (Fig. 4.2). In this area, the 6180 of 

the Indus changes from -12.2%0 before the confluence to -9.4%0 after the confluerice. The 

observed shift is caused by discharge from the Panjnad with a 6180 of - 8 . 4 % ~ ~  At Guddu 

barrage, downstream from the Panjnad confluence, the Indus main channel becomes 

depleted in the heavy isotopes and the trend continues until Sukkur barrage (Fig. 4.2). In 

this stretch of the Indus River no major tributary joins the river and discharge of local 

groundwater can be ruled out since the latter would have the opposite effect. hcomplete 

mixing with "old depleted water" in the Guddu and Sukkur barrages apparently causes 

the depletion in heavy isotopes. 

Figure 4.3 shows the covariation of ~ ' ~ 0  and ôD for the headwater tributaries and 

the Indus main channel upstream frorn the Panjnad confluence, defined by the following 

linear relationship: 

8D = 8.46180 + 23 (4.4) 

The lowland tributaries and the Panjnad on the other hand plot dong a line with a 

shallower slope and a srnaller value for the intercept given by the following equation: 

6D = 6.76180 + 5 (4.5) 

The Indus main channel downstream from Panjnad follows a similar trend given by: 

6D = 6.86180 + 7 (4-6) 
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Fig. 4.3. Scatter plot of 6D versus 6180 of water samples collected from the Indus River Basin 
during the summer. Dashed lines are Local Meteoric Water Lines: EMWL, Eastern Meteoric 
Water Line. 6D = 8.086~~0 + 22 (Gat and Carmi, 1970); Kabul. SD = 8.016~~0 + 19; and New 
Delhi, 6D = 7.66180 + 7 (IAEA-WMO). The solid line is a least square fit through the lowland 
tributaries + the Panjand. Regression line through the headwaters + the Indus has been omitted 
for clarity. Note that the equation given for the headwaters and the Indus does not include 
samples downstream from Panjnad. The inset (a) and (b) shows the upper and lower confidence 
limits at the 95% significance Ievel for the headwaters + Indus and the lowland tributaries + 
Panjnad respectively. Confidence limits established following the method described in Payne 
(1992). The Key to the sample numbers as in Fig. 3.1. 

4.2.3 Temporal variations 

Figure 4.4 shows 6180 measurements and water discharge at the Sukkur 

monitoring station. The Indus main channel has a rather uniform composition ranging 

between -8.2 and -1 1.9%0 for 6"0 and between -53 and -8l%a for 8D, with discharge 

weighted averages of -1 1.1 and -70%0, respectively. The gradua1 increase in 6180 at 

Sukkur during the spring probably indicates a greater contribution of the Panjnad. At 



Ghazi, a few km downstream from Tarbela dam, the 6180 of the Indus varies between -4 

and -14%0 (D.Dettman, pers. comm., 1996). Within the Indus River Basin, oxygen isotope 

values higher than -7.0%0 are found only in the lowland tributaries and the anomalously 

heavy 6180 values rnight therefore be due to unmixed local sources. 

Fig. 4.4. Monthly time series of instantaneous discharge and 6180 at Sukkur barrage. Discharge 
data from WAPDA unpublished records. 

On a 6D vs 6180 plot (Fig. 4.5) the Indus River at Sukkur defines the following 

relationship: 



The slope and intercept are s imilx  to that of the GMWL. On a monthly and seasonal 

basis, however, the deuterium excess varies, ranging from 12 in May to 20%~~ in August, 

with discharge weighted average of 18%0 (Fig. 4.6). This implies that bulk of the 

discharge in the Indus River is derived not from typical monsoon rains but from rnelting 

of snow in the headwaters. Considering that the Indus flows for a significant distance 

through arid regions, it is interesting to note that isotope data suggest a lack of direct 

evaporation, at least in cornparison with the GMWL. It is therefore imperative to compare 

the river water data with that of local precipitation. 
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Fig. 4.5. Scatter plot of 6D vs 6"0 for tirne series at the Sukkur barrage. The solid line is 
regression through the data. Dashed lines are Local Meteoric Water Lines: EMWL, Eastern 
Meteoric Water Line, 6D = 8.086~~0 + 22 (Gat and Carmi, 1970); Kabul, 6D = 8.016~~0 + 19; 
and New Delhi, 6D = 7.66180 + 7 (IAEA-WMO). The heavy line is a Ieast square fit through the 
data points. The inset shows the upper and lower confidence limits at the 95% significance Ievel 
on the regression. Confidence limits established following the method described in Payne (1992). 



International Atomic Energy Agency (IAEA) and World Meteorological 

Organization (WMO) have compiled long terrn isotope data for worldwide precipitation. 

Two of these stations, Kabul and Karachi, are in the Indus River Basin and New Delhi in 

close proxirnity. Karachi is a coastal station, influenced by maritime conditions and is 

therefore not considered for comparison. The Eastern Meteoric Water Line (EMWL) is 

characteristic of the Mediterranean climate and New Delhi that of the Indian Monsoon 

(Fig. 4.5). The Indus River Basin lies in a transitional zone between these climatic 

extremes. Theoretically, waters that have undergone evaporation, should plot along a line 

at a shallower slope than the LMWL, intersecting the later at a point representing the 

unaltered precipitation. It is clear that samples from the Indus do not deviate appreciably 

in dope from Kabul or New Delhi. Although climatic conditions are conducive to 

evaporation, the lack of such an isotopic signature suggests the following: (1) The Indus 

River Basin is a fast flowing systern and evaporation is limitecl due to short residence 

time of water (-1 year); (2) In the driest parts of the basin if it rains at all, runoff occurs 

only during extreme events that have little influence on the water budget of the Indus; and 

3) River discharge constitutes only about one-fourth to one-eighth of the precipitation 

flux (see chapter 1 and 7). The missing volume must either be transpired by crops or 

transmitted to the groundwater reservoir. The former cannot be quantified, because unlike 

evaporation it does not fractionate isotopes. The relative magnitude of the two processes 

is therefore difficult to constraint. However, groundwater water table elevations rose up 

to 27 m in the Indus plains due to irrigation canals (Clark and Fritz, 1997), suggesting 

that artificial groundwater recharge is indeed responsible for the missing volume of water. 
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Fig. 4.6. Monthly tirne series for instantaneous discharge and deuterium excess (d = 6D8 (6180)) 
at the Sukkur barrage. Discharge data from WAPDA, unpublished records. 

4.3. Moisture source of precipitation in the Indus River Basin 

The source of water to the upper Indus and its headwater tributaries is mainly 

melting of snow in the Karakoram, Himalayas and the Hindukush. While the Punjab 

rivers derive their runoff from both melting of snow and direct rainfall, the lowland 

tributaries are exclusively rain fed. Potential sources of moisture in the northem mountain 

ranges are the Indian summer monsoon, originating in the Bay of Bengal and in the 

Arabian Sea and a westerly source originating in the Mediterranean region during the 

winter season. 



During the summer of 1995, the Punjab rivers upstream from link canals ranged in 

6180 from -10.32%0 for the Jhelum to -12.78%0 for the Chenab, with the Ravi and Sutlej 

exhibiting interme,diate values. In the same year, Panjnad had a 5180 of -10.56%0. For the 

entire Punjab basin, during this period, oxygen and deuterium have the following 

relationship. 

6D = 7.4 (6'80) + 7 (4-8) 

During the summer of 1994, only the Panjnad was sampled and had a 6180 of 

-8.39%0. The Punjab plains are heavily influenced by the summer monsoons, their 

intensity and timing varying from one year to another. The headwaters of the Punjab 

rivers also derive their runoff from snowmelt in the Himaiayas. Published isotopic data 

on precipitation in the region impose the following constraints for the source of moisture: 

1) New Delhi has a long term weighted average 6180 of -5.9%0 (IAEA-WMO). 

Assuming an average 6180 gradient of -2.0%0 per 1000 km for the Indian monsoon 

(Krishnamurthy and Bhattacharya, 199 l), the 6180 of precipitation in the Punjab plains 

should be around -7.0%0. This value is similar to that of the Panjnad in the summer 1994, 

when the Punjab plains received heavy monsoon rains and is very close to that of the 

Soan River (-6.9%0, summer 1994), that drains a low altitude basin, where precipitation 

is exclusively in the f o m  of rain. However, the depleted 6180 of Panjnad in the sumnier 

1995 reflects snow melting in the headwaters. Furthermore, this value is very simila. to 

that of the Jhelum River at the entrance to the Punjab plains. This implies that the Jhelum 

River dominated the water balance at Panjnad in the surnmer 1995 and that there was 

little contribution from the plains. 



2) Lf precipitation in the headwaters of the Punjab rivers were derived from the 

Indian monsoons, using the shallowest 6180 topographic gradient of -0.2%0 per 100 m for 

low latitude precipitation (Niewodniczanski et al., 1981), the same air mass that 

precipitates at New Delhi (altitude 200 masl) will over the Punjab headwaters at an 

average altitude of 3,200 masl, precipitate with a 6180 of - -12.0%0. Using the same 

topographic gradient and air mass of New Delhi, the Som River at -1000 masl should 

have a S"O of about -7.5%0. 

Figure 4.7 shows the 6180 plotted versus mean altitude for al1 the tributaries of the 

hdus  River Basin sampled during the surnrner season. Although the Kurram (46) and 

Sanghar (48) rivers are slightly evaporated, they are at a relatively higher altitude than the 

Soan River (43, but have more enriched 6180 than the latter. Similarly, the Shahur River 

(47) is at a sirnilar altitude as the Soan, but its 6180 is depleted if compared to the latter. 

This might suggest that altitude effect is not important and factors other than altitude 

might control the isotopic composition in monsoon systems. Sirnilar observations 

(Niewodniczanski et al., 1981; Wake and Stievenard, 1995) have been made elsewhere in 

the Himalayas. In the headwater tributaries and the upper reaches of the Punjab rivers, 

however. the b180 decreases with altitude (Fig. 4.7). This change in isotope effect from 

no clear relationship between 6180 and altitude in the lowlands to a negative correlation 

in the headwaters occurs on the southern slopes of the Himalayas. This would imply that 

(1) the altitude effect plays a role only after a certain threshold value a d o r  (2) the 

lowlands and the headwaters are distinct systems with separate sources of moisture: a low 

altitude wind system (monsoon) in which precipitation is modified very little after 



condensation due to short residence time in the humid air colurnn; and a high altitude 

wind system such as the Westerly Jet Stream. 
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Fig. 4.7. Scatter plot of 6180 versus mean altitude of sub-basin catchments. The line 
roughly defines the watershed boundary of the southem slopes of Himalayas and the 
arrowhead points in the downslope direction. Source of topographic data is NGDC 
(1988). Numbers as in  Fig. 3.1. 

The deuterium excess parameter can be used to distinguish between the two 

regimes. Precipitation in the eastern Mediterranean is characterized by a d-excess of 

-20%0 (Gat and Carmi, 1970), while that o f  the monsoon exemplified by New Delhi is 

-8%0 (IAEA, 1992). Although d-excess is considered to reflect physical conditions 

prevailing at the time of primary evaporation, some studies have shown that other 



processes might influence it. Examples of such processes are: (a) Secondary evaporation 

from open surface waters such as rivers and lakes (Salati et al., 1979; Gat et al., 1994) 

reduces d-excess of the residual water and results in vapors that on condensation yields 

precipitation with a high d-excess. The lack of open surface water bodies in the Indus 

River Basin rules out such process as a cause of the observed increase in d-excess; (b) 

Change in the form of precipitation from rain to snow results in higher d-excess values in 

polar snow due to kinetic isotope effects during vapor deposition leading to snow 

formation (Jouzel and Merlivat, 1984). A direct assessment of the influence of this 

process is to compare d-excess in snow and that in rain of monsoon regime. 

Unfortunately, isotopic data exist mainly for 6180 in ice cores (Wake, 1987; Wake, 

1989b; Aizen et al., 1996), but in one study (Niewodniczanski et al., 1981), on the 

western periphery of the Indus basin, both 6D and 6180 were measured on snow (fresh 

October snowfall) in the Himalayas. In this study of altitude effect in the South American 

Andes, the Central Asian Hindus Kush, Mounts Kenya and Kilrnanjaro, Africa and the 

Himalayas, the latter were uniquely devoid of altitude effect at 17 sites between 4400 and 

-6000 mas]. The d-excess ranged between 8 and 15, with an average of 11%0. This value 

is only slightly higher than the long term average d-excess of -8%0 for New Delhi, 

suggesting that the higher d-excess in the Indus River Basin is not a secondary effect. 

Aizen et al. (1996) studied 6180 in ice cores in the southeastern Tibet, northern 

Himalayas and central Tien Shan. The latter are about 1000 km NE of the Indus River 

Basin. Compared to the other two locations, centra! Tien Shan has a unifom and 

relatively enriched 6180 and that was attributed to moisture source that originated over 

the Caspian or Mediterranean Seas. Nakai et al. (1987) showed that the d-excess for 



precipitation in Tibet and southwestern China could be classified into two groups 

according to the origin of water vapor. The first one, with a d-excess of <10%0 comes 

from the southern Indian Ocean during the surnmer rnonsoon and the second one with d- 

excess of -20%~~ is derived from the Mediterranean Sea. These two studies, in close 

proximity to the Indus River Basin, further corroborate my interpretation regarding the 

moisture source of precipitation. Assuming a d-excess of 10%0 for the Indian monsoon, 

20%0 for the Mediterranean Sea, and discharge weighted d-excess of 18%0 in the Indus 

River, isotope balance requires that 80% of the river water is derived from snow melt that 

ultimately owes its origin to rnoisture that originated in the Mediterranean or other inland 

seas. 

In the northern mountain ranges of the Indus River Basin, snowfall begins in 

Qctober and continues up to May, reaching a maximum in January and February. The 

winter season is thus the period of accumulation and subsequent rnonths those of melting. 

In winter, the mid latitude westerlies moving across han and Tadzhikistan sweep over the 

ranges and precipitation comes from the troughs of 1ow pressure in the westerly 

circulation (Rao, 1981). Snowfall in the Himalayas decreases from West to east and is 

apparently greater West of 80" E and north of 34" N, the region that is the maximum 

recharge zone to the Indus. In the monsoon season, however, the intensity of precipitation 

is reversed, decreasing from east to West (Rao, 1981). In the south, on the windward side, 

topography drives the rnonsoon winds (Vesilind and McCurry, 1982) such that the plains 

and the foothills receive abundant precipitation. 

The higher d-excess in the sumrner season (Fig. 4.6) therefore results from 

delayed runoff from the northern mountains where snow accumulation occurs in the 



winter season, typical rainy season of the Mediterranean region. The prevalence of high 

d-excess during peak discharge that coincides with the monsoon season reflects the 

subordinate role of the monsoon precipitation for the water budget of the Indus. Such 

events may increase the discharge locally, on a short time scale, but it is the melt water 

that constitutes the bulk of the discharge, at least during the water year March 1994- 

February 1995. 

In summary, isotopes in precipitation in the northern mountain ranges of the Indus 

River Basin contain vaiuable information concerning the moisture source of precipitation 

for individual events and complement isotopic data for rivers draining this region. The 

river data, however, have the advantage in that they integrate al1 precipitation events into 

an average signal that allows interpretation of the dominant meteorological regime. Based 

on combined isotopic and rneteorological observations in the region it is suggested that 

water vapor in the westernrnost Himalayas, Karakoram and Hindu Kush is dominantly 

from inland basins of extreme evaporation such as the Mediterranean, Caspian and 

Persian Gulf and distinct from the Indo-Gangetic plains and the southem slopes of 

western Himalayas that receive precipitation frorn the lndian monsoon. 



Chapter 5 

Hydrochemistry 

5.1. General Characteristics 

The field and chernical data together with the ionic charge balance for the Indus 

River Basin are listed in Appendix B. Total Dissolved Solids (TDS) in the headwater 

tributaries are low and have a bimodal distribution. One group consists of small 

tributaries, including the Shahbatot, Jaglot, Khandian, %al and Duber rivers (stations 30, 

35, 37, 38 and 39, respectively), that drain crystailine rocks and have TDS in the range of 

30-90  mg^" (Fig. 5.1). The large headwater tributaries, on the other hand, drain a 

mixture of igneous and metamorphic rocks and have TDS of 100-200 rng~ ' ' .  Note that 

the lowland tributaries in the sedimentary part of the basin reach 300-1000 r n g ~ - ' .  The 

grouping is based on sarnples collected during the surnrner season, because of the larger 

number of samples in that dataset. Compared to the winter, both the tributaries and the 

Indus main channel (Fig. 5.2) are more dilute in the surnrner. 

Fig. 5.1. Total Dissolved Solids in the tributaries of the Indus River during the surnrner season. 
The key to the sample numbers as in Fig. 3.1 



A conspicuous feature of the Indus main channel is a decline in TDS in the upper 

Indus and an inversion of this trend in the middle parts of the basin that continues to build 

up until it drains into the Arabian Sea (Fig. 5.2). Similar shifts occur in major ions and 

isotopes and reflect a change in weathering regime. The passage frorn the headwaters to 

the lowlands is accompanied by a change in lithology, geomorphology, climate, 

vegetation and land use. In the following sections the major ion characterisics of the 

Indus River Basin are discussed in relation to their geologic controls, with a 

comprehensive account of al1 other factors given in chapter 7. 
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Fig. 5.2. Total Dissolved Solids in the Indus main channel. 

The saturation state of the samples with respect to cornrnon minerals i s  given in 

Appendix B. Figure 5.3 illustrates the saturation index of carbonate minerals in the Indus 



River Basin during the winter. The Indus main channel waters are undersaturated or 

approach saturation with respect to aragonite, calcite and dolomite in the upper Indus but 

become oversaturated in the middle and lower Indus. Water temperatures in the upper 

Indus during the winter and surnmer were respectively, -1 and 12" C, in the lower Indus 

reaching 24 and 32" C. The solubility of most compound increases with rising 

temperature, that of calcite however, decreases with increasing temperature and therefore 

explains the rise in saturation state in the middle and lower Indus. In general, the 

oversaturation is more pronounced during the winter than in the summer season (Fig. 5.4) 

and more so for the tributaries in the given stretch than in the main channel. 

The ionic charge balance defined in terrns of Relative Percent Difference in 

rneq~- '  is represented by { (cations-anions)/(cations+anions) ) . About 90 percent of the 

entire dataset has charge imbalance between O and IO%, and the remaining between 11 

and 15, except two sampIes that exceed 15 %. The charge imbalances are due to excess 

positive charge and are in general associated with the summer season. The excess 

positive charge may result from dissociation of weak acids which produce organic anions 

(Berner and Berner, 1996), the latter not included in this study. 
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Fig. 5.3. Saturation index for aragonite, calcite and dolomite in the Indus main channel (top) and 
its tributaries (bottom) during the winter season. The key to the sample numbers is the same as in 
Fig. 3.1. 
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Fig. 5.4. Saturation index for aragonite, calcite and dolomite in the Indus main channel (top) and 
its tributaries (bottom) during the surnmer season. The key to the sample numbers as in Fig. 3.1. 



5.2 Major ions 

The major ion chemistry of the Indus River Basin is sumrnarized in Figures 5.5 to 

5.10. ca2+ and M~~~ are the dominant cations, with ca2+ alone constituting over half (on 

equivalent basis) of the total cations in most of the rivers. Exceptions to this are some of 

the lowland rivers and the lower reaches of the Punjab rivers during winter, when Naf 

and K+ may dominate. Bicarbonate is the dominant anion and forrns over half of the total 

anion budget in al1 the rivers but for some of the lowlands and sorne lower reaches of the 

Punjab rivers, where ~ 0 ~ ~ -  and Cl- dominate. Nitrate, fluoride. silica and phosphate fonn 

only a subordinate fraction of the total dissolved constituents. 

Figures 5.5 to 5.8 show the downstream evolution of the Indus main channel in 

terms of its major ion chemistry. The proportion of ca2+ is uniformly high in the upper 

lndus and decreases gradually throughout the middle and lower Indus. Alkalies ( N a  and 

Ki) show the opposite trend with consistently lower values in the upper Indus and 

progressive increase in the middle Indus. Proportions of M ~ * +  fluctuates in the upper 

Indus and declines in the middle parts, rising only slightly in the lower Indus. Silicon is 

virtually invariant throughout the lndus main channel in the three component system and 

variations in HCO,' are cornpensated by ~ 0 ~ ~ -  and Cl-. 
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Fig. 5.5. Major cations in percent rneqL-' for the Indus main channel during the winter season. 
The bottom part illustrates how the proportions of cations change in the downstream direction. 
The key to the sample numbeis as in Fig. 3.1. 



Upper Indus Middle Indus Lower Indus 

Fig. 5.6. Major anions and dissolved silica concentrations for the Tndus main channel during the 
winter season. Al1 ions expressed in percent m e q ~ - '  except for Si that is in mmolesl". The key to 
the sample numbers as in Fig. 3.1 
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Fig. 5.7. Major cations in the Indus main channel during the summer season. The bottom part 
illustrates variations in the proportions of the cations in the downstream direction. The key to the 
sample numbers as in Fig. 3.1 
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Fig. 5.8. Major anion concentrations and dissolved silica for the Indus main channel during the 
summer season. Al1 ions expressed in percent m e q ~ - '  except for Si that is in m m o l e s ~ ' .  The key 
to the sample numbers as in Fig. 3.1 



Fig. 5.9. Major ion chemistry of the Indus River tributaries. Al1 ions expressed in percent r n e q ~ '  
except for Si that is in mrnolesl". The key to the sample nurnbers as in Fig. 3.1. 



Fig. 5.10. Major ion chemistry of the Punjab rivers. Al1 ions expressed in percent rneq~" except 
for Si that is in mmolesl-'. 



5.3 Sources of ions and weathering reactions 

In river water the potential sources of dissolved ions include: 1) atmospheric 

deposition of cyclic salts, 2)  solution of atmospheric gases (mainly carbon dioxide), 3) 

weathering of rocks, and 4) biogenic processes and pollution. At the outset, it is therefore 

of interest to estimate the proportions of cyclic sdts in the TDS. Assurning that major 

ions are not heavily fractionated between cyclic sdts and seawater (Junge, 1963; 

MacIntyre, 1974; Hoffman et al., 1980) and that al1 the Cl- in river water is derived from 

cyclic salts, the ion budget of the headwaters for cyclic salts can be constrained. The 

extent of this process in the lowlands, however, is difficult to quantify due to multiple 

sources of chloride (halite weathering, pollution). 

In the headwaters, chloride concentrations are uniforrnly low (0.02-0.07, except 

the Shyok that has 0.141 rnmoles~'), indicating a cornmon diffuse source. In these 

rivers, the largest contribution of cyclic salts is for sodium with -20 to 40% (and up to 

70% in some dilute rivers) of the total Na' likely derived from such source (cf. Pande et 

al., 1994). Similarly, in the upper Indus River, cyclic salts constitute -30 to 35% of the 

total Na+. Nonetheless, the  contribution to TDS from cyclic salts does not exceed 6% of 

the total ion budget in the headwater tributaries and in the upper Indus River. These 

calculations define an upper lirnit since small arnounts of Cl' in river water may be 

derived from weathering of igneous and rnetarnorphic rocks. Ionic/chloride ratios for al1 

sarnples from the Indus River Basin exceed the cornplements expected from cyclic salts 

(cf. Karim and Veizer, submitted) and the bulk of the riverine TDS should therefore 

originate from rock weathering. 



5.3.1 Calcium and Magnesium 

Calcium and magnesium are contributed to river water predorninantly from rock 

weathering and only srnall proportion is derived from pollution and cyclic salts (Berner 

and Berner, 1996). They are essential constituents of many igneous silicate minerals. 

Weathering of common Ca and Mg bearing silicate minerals can be represented by the 

following reactions: 

CaAI2Si2o8 + 3H20 + 2 C a  + A1ZSi205(OH)4 + ca2+ + 2HCOi (5.1) 
(anorthi te) (kaolinite) 

Carbon dioxide in soi1 or in the atmosphere dissolves in water to fonn carbonic acid, 

&Co3. The acidity is neutralized by weathering reactions and ions released into solution. 

Weathering of carbonate rocks produces ca2+ and HCOi as well as M~*', if dolomite is 

present. Calcium may also be derived from dissolution of gypsum or anhydrite. The 

weathering reactions can be represented as follows: 

CaMg(CO& + 2C02 + 2H20 + ca2+ + M ~ ~ '  + 4HC03' 
(dolomite) 



Theoretically, weathering of calcic plagioclase, pyroxene, olivine, and calcite and 

dolomite by dissolved COs should produce solutions with molar ratios of 1:2 for ca2+ : 

HC03- , M~~~ : HC03' and (ca2 ++ M ~ ~ ~ )  : HCO,'. Note that the minerals included in the 

above reactions are cornrnon rock-forming minerals that represent six of the top nine 

readily soluble minerals (Table 4.5 in Berner and Berner, 1996). The range of ca2+ : 

HC03' and (caZC + M ~ ~ + )  : HC03- ratios in the Indus River Basin and rivers draining 

rnonolithological basins in France (Meybek, 1986) are shown in Table 5.1. It is clear that 

the range of ionic ratios in the Indus River Basin cannot be expiained solely on the basis 

of above reaction pathways and sources of ions. The differences rnay be accounted for 

by: 1) Heterogeneity in natural systerns. For example, weathering of plagioclase is 

commonly represented by the pure Ca-end member, but plagioclase is a solid solution 

series between the Na and Ca end rnembers. Bicarbonate released by weathering of a 

granitic rock rnay be balanced in part by NaC and Kt as well as M ~ ~ + ,  leading to lower 

C ~ ~ + W C O ~ '  ratios than that expected from weathering of anorthite alone; 2) Accessory 

minerals in rocks can weather preferentially and influence the ionic ratios; and 3) The 

source of acidity rnay not be CO2 alone and other sources such as sulfuric acid derived 

from the oxidation of pyrite rnay be important, thereby increasing the ionic ratios. This is 

for example the case for the Sanghar River. 

5.3.2 Sodium, Chloride and Potassium 

Sodium in river water rnay be derived from: 1) cyclic salts; 2) weathering of 

halite; 3)  leaching of salts in marine sediments and saline soils; 4) communal and urban 

discharge and 5) weathering of silicate rocks. While chloride behaves conservatively, 

sodium rnay be influenced by cation exchange with clay minerals. It is not possible to 



evaluate the significance of cation exchange on the basis of the current dataset. 

Assuming that NaCl is the dominant source of sodium in communal and urban discharge 

and in saline soils, al1 the above five sources can be divided into two main categories, 

halite and non halite sources. This allows the distinction based on the stoichiometry of 

dissolution of NaCl. 

NaCl Na' + Cl- (5.7) 

Halite sources release Na' and Cl- in a 1: I molar ratio, Le, al1 the sodium is balanced by 

chloride. 

Table 5.1. ~ a "  /HCO; and ( ~ a "  + M ~ ~ ' )  /HC0< rnolar ratios in the Indus River Basin for th:, 
surnmer season and some monolithological river basins in France (Meybek, 1986). The "Range" 
represents minimum and maximum values, numbers in parentheses are the mean values and n is 
the number of rivers. 

ca2+ 

Range (mean) 

Indus main channel 

Headwater tri butaries 

Lowland tributaries 

Punjab rivers 

Limestone (n=12) 
l 

1 Dolomitic lirnestone (n=l) 

Gypsum (n=4) 

Molasse (n=8) 

Granite (n=25) 
l 

Basalt (n=30) 

Peridotite (n=2) 

(caZ+ + ~ g " ) /  HCO; 

Range (mean) 



The non halite sources yield a higher ratio, the part of the sodium that balances chloride 

is termed "supported" and the residue (Na+ excess = Na+~l,ti~ - Cl-) is called "unsupported 

or excess sodium", and must be derived either from weathering of albite in silicate basins 

or from weathering of carbonates and sulfates of sodium in sedimentary basins. 

In the Indus River Basin about 35 - 45% of the total sodium may be derived from 

halite sources (Table 5.2), but the bulk owes its origin to non halite sources. Some of the 

headwater tributaries, particularly the dilute ones, derive up to 70% of their sodium fmm 

halite sources. This is an upper limit on halite derived sodium because some chloride rnay 

also be derived from fluid inclusions in minerais. These rivers are devoid of any known 

evaporite deposits and are scarcely populated. The halite-derived sodium in these rivers 

and in the upper Indus is therefore likely from cyclic salts, but excess sodium must 

originate from weathering of silicate rocks. 

Among the lowland tributaries, the Kurram river contains about two-thirds, the 

Soan and the Shahur about one-third and the Sanghar River only about one-tenth of its 

sodium from a halite source. The Kurram River, with outcrops of rock salt in the basin 

(Kruseman and Naqavi, 1988), must derive its sodium predominantly from weathering of 

halite. Al1 other lowland rivers derive the bulk of their sodium from non-halite sources. 

Nevert heless, and despite the fact that the lowland tributaries contain sedimentary rocks 

of Himalayan provenance, the high concentration of excess sodium may not be due solely 

to silicate weathering, as indicated by Sr-isotopic constraints (see chapter 6). The middle 

and lower Indus basin contains large areas of waterlogged and saline soils that have high 

exchangeable sodium and carbonates and sulfates of sodium (Ahmad and Kutcher, 1992). 



The high excess sodium in these rivers is therefore likely derived from leaching of saline 

soils. 

The Punjab rivers become progressively saline from their headwaters to their joint 

confluence, Panjnad (Fig. 5.10). The halite-derived sodium shows a similar pattern. It 

increases from headwaters (15-33 %) to the Panjnad (50%), reaching 96% locally in the 

Jhelum River (station 53). The strong increase in the Jhelum River occurs after flowing 

near the Salt Range. The reason for increase in halite-denved sodium in other Punjab 

rivers in the plains is more difficult to assess. There are no known evaporites in this 

stretch, but al1 these rivers are connected by link canals to the Jhelum River and the water 

balance at Panjnad is dominated by the Jhelum River. The increase in halite-derived 

sodium at Panjnad is therefore at least partly due to halite weathering in the Salt Range. 

The excess sodium that constitutes half of the total sodium at Panjnad is apparently 

derived from silicate weathering. 

Table 5.2. Average concentration of Na" and Cl- (in mmolesl") and the percentage of sodium 
derived from halite sources (procedure as described in the text). 

Upper Indus 

Middle Indus 

Lower Indus 

Headwater tributaries 

Lowland tributaries 

Punjab rivers 

Na' Cl- % halite Na+ 



Among the four major cations, potassium is the least abundant constituent of river 

water (Meybeck, 1984). It is derived predorninantly from silicate rninerals, K-feldspars 

and micas, found in igneous, metamorphic and sedimentary rocks. Other sources of 

potassium are rare evaporite deposits of KCI and pollution from K-fertilizers. Potassium 

is an important nutrient and is influenced by biological activities. Meybeck (1984) 

estimates that three fourths of the silicate-derived potassium cornes frorn silicate minerals 

in sedimentary rocks and only the remainder is derived from igneous and metamorphic 

rocks. On a worldwide basis, there is Iittle variation in potassium concentration among 

major rivers, ranging between 0.0 13-0.102 rnmolesl-' (Meybeck, 1 %O), with the highest 

concentrations found in high-TDS rivers frorn arid regions, such as the Nile, Colorado 

and Rio Grande. 

In the Indus River Basin, the highest concentration of K' are found in the lowland 

tributaries (0.074-0.149 mmolesl") that drain the arid sedimentary part of the basin, the 

lowest in the headwaters (0.009-0.093 mmolesl") and intermediate values in the Punjab 

rivers (0.047-0.121 mmolesl"). In the Indus main channel, potassium increases from 

0.056 mmolesl-' in the upper Indus through 0.077 in the rniddle to 0.091 mmolesl-' in 

the lower Indus. Thus, in ternis of K+ abundance, the lowland tributaries are similar to the 

high-TDS arid rivers and most of them entering the Indus in the sedimentary and alluvial 

part of the basin. 

At the Sukkur barrage, the concentration of potassium varies between 0.082-0. Il7 

mmoles~". The discharge-concentration relationship is cornplex, with K+ concentration 

decreasing first between March and June concomitant with the melting of snow in the 

headwaters and dilution of the baseflow. A gradua1 increase in concentration has been 



observed between June and August (rising Iirnb of the hydrograph) followed by a decline 

between August and November (falling Iimb of the hydrograph) and then by a rise to the 

highest concentration during the baseflow. The simultaneous increase in discharge and 

concentration during the summer season apparently reflects leaching of productive soils 

as the river inundates its flood plain. A similar feature has been observed in the Central 

United States, where many streams carry potassium concentrations nearly as high as, or 

higher than, those at low discharge (Hem, 1985). The decline in concentration during the 

fall either indicates vanishing supply in the soils or gradual retreat of the river from its 

flood plain. 

5.3.3 Bicarbonate 

In river water, bicarbonate is derived alrnost entirely from rock weathering. 

Pollution contributes only 2% (Meybeck, 1979) and cyclic salts less than 1% (Berner and 

Berner, 1996). Weathering related chernical reactions leading to bicarbonate formation 

are listed above (equations 5.1 - 5.5). Bicarbonate is intirnately linked with calcium and 

magnesium in weathering reactions and the preceding discussion on the two cations is 

also applicable to its paragenesis. In river water bicarbonate may be grouped into three 

main categories based on the source of carbon. These are, weathering of carbonate 

minerals in which half of the carbon is derived from carbonates and the other half from 

soi1 CO2, and weathering of silicate minerals in which al1 the carbon is derived from soi] 

or atrnospheric COz. These sources of carbon usually have distinct isotope ratios and can 

be used to determine their relative importance (Chapter 6). On average, the contribution 



of soi1 CO2 to the dissolved inorganic carbon in the world rivers is about 67% (Berner et 

al., 1983; Amiotte Suchet and Probst, 1995). 

5.3.4 Sulfate 

Sulfate in river water may be derived from several sources: 1) dissolution of 

gypsum and anhydrite, 2) atmospheric deposition (including acid rain, biogenic sulfur 

gases and cyclic salts), 3) weathering of pyrite in sediments and in igneous and 

metamorphic rocks, and 4) pollution resulting from sulfate fertilizers and industrial and 

municipal wastes. 

Within the Indus River Basin, high concentrations of sulfate are found in the 

lowland tributaries, the Kurram River (1 .go5 mmoles~"),  Shahur River (3.19 1 

mmolesl1) and Sanghar River (6.247 rnrnolesl-'). Possible sources of sulfate in these 

rivers are: 1) The Kurram and Shahur also have high concentrations of Na', K+ and Cl' 

(Fig. 5.9) which may suggest weathering of evaporites, Although this region is known for 

evaporite occurrences, sulfate in these rivers does not seem to be derived from such a 

source. The ca2+ /so~" molar ratio of these rivers is -0.42, with ca2+ less than half of 

that expected from weathering of gypsum or anhydrite (equation 5.6). Ln addition, 

isotopic composition of sulfate precludes such a source (chapter 6).  2) Even if dl the 

chloride in these rivers were derived from cyclic salts, the total contribution of sulfate 

from cyclic salts would be less than 15% for the Kurram and less than 3%, for the Shahur 

and Sanghar. 3) Another, more likely, source rnay be oxidation of pyrite according to the 

following reaction pathway: 



In the absence of H%onsuming reactions, oxidation of pyrite may lower the pH. The 

generated acidity rnay be subsequently neutralized by weathering of silicate or carbonate 

rninerals. The former case can be recognized easily by its low pH, while the latter is 

difficull to ascertain frorn general geochemistry. The pH of the three lowland tributaries 

ranges between 7.99 and 8.21. This, together with isotopic composition of sulfate, 

suggests sulfide weathering in a rnixed terrain. 1 therefore propose that oxidation of pyrite 

in shales, sandstones and carbonates of the West Pakistan Fold Belt is the dominant 

source of sulfate in these rivers. The origin of sulfate in the tributaries and in the Indus 

main channel will be discussed further in chapter 6 .  

5.3.5 Silica 

Dissolved silica in river water is derived essentially from silicate weathering 

(Holland, 1978; Meybeck, 1987). Silicate rninerals are abundant on the surface of the 

earth, but on a worldwide basis only very few rivers (cf. Fig. 5.5 in Berner and Berner, 

1996) have more than 20% dissolved silica (relative to HCO,', soa2-, and Cl- on 

equivalent basis). This is apparently due to high solubility of carbonate rocks that 

overshadows silica released by silicate weathering. 



An interesting feature of the major ion chernistry of the Indus River Basin is the 

relatively low concentration of dissolved silica in al1 the rivers, even in the headwater 

silicate bains. (Figs. 5.6 and 5.8 to 5.10). While the lower proportions of silica in the 

lowland tributaries could be due to the dominance of sedirnent weathering, those in the 

headwaters are most likely due to incomplete weathering. The type of weathering 

products (clays) resulting from silicate weathering depends on lithology and drainage. In 

general, gibbsite forms due to intense weathering (rernoving al1 the cations and silica) in 

areas of high rainfall and good drainage. Kaolinite forms in regions with less rainfdl and 

adequate drainage (enough to remove al1 the cations but retain some silica). Low runoff 

and a hot, dry clirnate with high evaporation (little removal of cations and silica) favors 

smectite formation. If volcanic glass is abundant, srnectite can form also in humid 

tropical areas, such as the Amazon (Stallard, 1985). 

Information on clay mineralogy in the Indus River Basin is lacking, but stability 

relations for common clay minerals in equilibrium with water can be used to decipher the 

nature of the weathering regime. On a log a~4~i04 VS. log (aK JaH+ ), water samples from 

the Indus River Basin straddle the boundary between muscovite (proxy for illite) and 

kaolinite (Fig. 5.1 1). The climatic and geomorphic controls on the stability of illites are 

not clear, but the illite occurs in argillaceous sediments and forms during weathering of 

feldspars. In sediments the illites may be detrital (silicate weathering) as well as 

diagenetic (Deer et al., 1982). nlite is found in almost ail rivers. In the Danube River it 

accounts for 75% (of the total clay minerals in  the < 2 pm fraction) (Müller and Stoffers, 

1974), in the Mackenzie River 66%, and in the Yukon River 41% (Naidu and Mowatt, 

1983). Lower concentrations are found in the Amazon and Orinoco River at 20 to 25% 



(Irion, 1991) and the Mississippi at 24% (Potter et al., 1975). No illite has been detected 

in rivers draining the volcano-rich island of Java and in tropical lowland rivers in the 

Amazon region (Irion, 1987). Relief and climate apparently control the low concentration 

of silica in the Indus River Basin. In this region. weathering does not proceed to 

completion due to high rates of exposure of fresh surfaces by strong uplift and erosion. 

Microcline : 

5.0 

h + = 4.0 : Microcline + Amorphous silica 

Fig. 5.11. Stability diagram for some minerals in the system K20-Al2O3-SiO2-H2O. The position 
of field boundaries varies in the literature due to different thermodynamic constants used. 



5.4 Temporal variations in major ion chemistry 

Another aspect of major ion chernistry of the Indus River at Sukkur barrage is the 

discharge-concentration relationship. In generai, solute concentrations during lean 

discharge are high, decreasing with increasing discharge due to dilution of baseflow by 

surface runoff. All the Indus tributaries show higher concentrations in the winter and fa11 

compared to the summer season. This is the cornrnonly observed "dilution trend". 

However, in the Indus main channel at Sukkur barrage, solute concentrations first 

decrease, concomitant with the melting of snow in the headwaters, increasing 

subsequently while still on the rising limb of the hydrograph. At peak discharge, solute 

concentrations are several orders of magnitude higher than those expected from dilution 

by "pure water" (Fig. 5.12). The dilution mode] assumes conservative behavior of solutes 

in river water and that the surface runoff is pure raidmelt water. The largest discrepancy 

is shown by K* that is -20 times, followed by ca2+ and HC03' that are about 15 tirnes 

higher than expected from dilution. The minimum (x5) departure from the dilution trend 

is shown by chloride. Al1 other ions faIl between these extrernes. 

Two processes apparently cause the departure from classical dilution trend at peak 

discharge in the Indus River: 1) Leaching of solutes from the flood plain. In the summer 

season, large areas of the Indus Plains are frequently inundated by floodwater. Surface 

soils accumulate salts and organic rnatter during the dry seasons that are leached by the 

encroaching river during floods; 2) High concentration of solutes build up in soils and 

groundwater during the dry season that may be flushed out during the rainy season, 

leading to elevated concentration of solutes at higher discharge, the process known as 

hysteresis (Schlesinger, 1991). Based on the summer and winter sampling, none of the 
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Fig. 5.12. Dischargedoncentration relationship of dissolved ions in the Indus main channel at 
Sukkur barragc The curves represent theoretical mixtures of base flow diluted by increasing 
volumes of "pl;;-:- water". 

Indus tributaries had solute concentrations at high discharge equal to or higher than those 

observed at lean discharge. In addition, hydrologic conditions favorable to hysteresis 

(such as thick soils and shallow aquifers discharging into rivers) are rarely met in the 

headwaters. Thus leaching of solutes from the flood plains seems to have been the most 

likely process controlling the higher concentrations at peak discharge. 



5.5 Fluxes of dissolved ions 

The Indus River Basin has a total area of 863,508 km2 with an average annual 

precipitation of -460 mm (both estimates obtained in this study, chapters 1 and 7). This 

yields an annual precipitation flux of 398 km3. Based on average chemical data on 

precipitation (Sequeira and Kelkar, 1978; Nijampurkar et al., 1993) in the headwaters of 

the Punjab rivers, the calculated flux of TDS to the Indus River Basin from precipitation 

is -844,400 tons year-' (Table 5.3). The riverine TDS flux at Sukkur barrage, based on 

mean annual discharge for the post-dam era (1963-84), is -18 million tons per year. This 

value is expected to be sirnilar to the pre-dam flux at the mouth of the Indus (Fig. 1.5). 

The calculated precipitation flux of TDS is therefore -5% of the riverine flux. 

Based on the above estimates a chemical denudation rate of 21 tons km'* year-l is 

obtained. Assuming a value of 9.7 for the ratio of mechanical to chemical denudation for 

Asia (Garrels and Mackenzie, 1971), the total annual denudation rate of the Indus River 

Basin is about 200 tons km". This cenainly represents a lower limit on denudation since 

discharge of the Indus River has decreased considerably due to withdrawal of water for 

irrigation during the past few decades. 



Table 5.3. Major ion concentration in precipitation from the headwaters of the Punjab rivers, 
Gulmarg, (Sequeira and Kelkar, 1978) and Spitti (Nijampurkar et al., 1993). Concentrations at 
Sukkur barrage are discharge-weighted averages based on this study. Precipitation flux is based 
on area weighted average precipitation data (DAAC-GSFC, 1996). Water discharge of the Indus 
River is from Jorgensen et al. (1993). 

Gulmarg (pmoles~-') 

Spitti (pmolesL-') 

Average (prnoles~')  

Sukkur (mmolesL-') 

Annual precipitation 
flux (x 1 o3 tons) 

Annual riverine flux 
(x 10' tons) 



Chapter 6 

Isotope Geochemistry 

6.1 The carbon cycle and aqueous carbonate system 

Rivers transport products of erosion and terrestrial primary production to the 

oceans and represent a major Iink in the global carbon cycle (Kempe, 1979). The riverine 

carbon cycle begins with the formation of carbonic acid in the atmosphere but the direct 

impact commences in the soi1 zone. The generated acidity is neutralized by chernical 

reactions in the weathering zone with an attendant release of ions into solution. Products 

of continental weathering are transported to the oceans where carbon is partly removed 

by precipitation of carbonates and the remainder retums to the atmosphere in the form of 

CO2. Rock weathering, silicate lithologies in particular, may constitute an important sink 

for atmospheric CO2 and it has been postulated that intense weathering of the Himalayas 

during the Cenozoic have been responsible for global climatic cooling (Raymo et al., 

1988). It is therefore instructive to characterize the present day weathering regime in the 

Himalayas and evaluate the relative importance of silicate and carbonate weathering in 

major rivers draining this region. 

Another important aspect of the carbon cycle is its dominant control on acid-base 

reactions in aquatic systems. Carbon is a nutrient and microbiological activities play an 

important role in redox conditions. It determines the pH and therefore speciation of 

elements and state of mineral saturation. The source of carbon in natural waters is carbon 

dioxide and weathering of carbonate minerais. The dissolution of CO2 in water continues 

until equilibriurn is reached. At equilibrium, the activity (or concentration since the two 



are equal in dilute waters) of dissolved CO2 is proportional to the partial pressure of CO2 

in the gas phase. The aqueous carbonate system is govemed by equilibrium reactions, 

listed below with dissociation constants at 25" C: 

CO2(,, + H 2 0  H2C03 

&oz = H2C03 
pco2 

& . C o 3  H H+ + HC03- 

Ki = H' . HCO;?' 
H2C03 

HCOi  o HC + ~ 0 3 ~ -  

Ki = H+ . ~ 0 ~ ~ -  
HCO3- 

The formation of carbonic acid from COz gas involves an intermediate step in which 

CO2(,.,> is hydrated to form dissolved CO2 (denoted by  CO2(,,), which in turn transforms 

into H2C03. Conventionally, however, COzcaql and H2C03 are both referred to as H2C03 

and an overall equilibrium constant is used. The sum of concentration of the three 

aqueous carbonate speices, H2CO3, HCOi and  CO^" make up the dissolved inorganic 

carbon (DIC). The relative proportions of these species are controlled by pH and can be 

calculated using the above equations. Carbonic acid dominates at low, HC03- at higher 

pH and coa2- under highly alkaline conditions. In the Indus waters, over 95% of the DIC 

is in the form of HC03'. 

The I3c/ l2c  isotope ratios can be used to trace the evolution of DIC and sources 

of carbon in water. The dissolution of CO2 in water and redistribution of aqueous 



carbonate species is accompanied by different isotope fractionation factors. These are 

temperature dependent and are given by the following relationships: 

~02(aq) - ~ 0 2 ( g )  = (0.0049 0.001 5) T (OC) - (1.3 1 i 0.05) 

~ ~ 0 3  - ~ 0 2 ( g )  = -(o. 114 * 0.003) T (OC) + (10 f 0.04) 

~ 0 3  - co~(g) = -(0.052 M.021) T (OC) + (7.22 zk 0.38) 

(after Zhang et al., 1995) 

6.2 Sources of carbon in the Indus River Basin 

In the Indus River Basin possible sources of carbon are: 1) atmospheric carbon 

dioxide, 2 )  vegetation and soi1 carbon dioxide, and 3) carbonate rocks. 

Atmospheric CO2 dissolves in rainwater to form DIC. The concentration of DIC 

in rainwater depends on the partial pressure of CO2 and ambient air temperature 

(equation 6.1). The partial pressure of CO2 decreases with increasing altitude, represented 

by the following relationship: 

PZ = Po exp(-WH) (6.1 O) 

where PZ is pressure at altitude z, Po the pressure at sea level and H, the scale height (-8.4 

km in the lower troposphere). As a result, atmospheric pCOz in the upper Indus area at a 

mean altitude of 4.2 km would be -10-~.' atmosphere or 218 ppmv. Assuming maximum 

air temperature of 0° C and p H  of 5 for precipitation (Mayewski et al., 1983; Mayewski 

et al,, 1984; Wake et al., 1992), rain water in equilibrium with atmospheric CO2 in the 

upper Indus would have DIC (over 97% in the form of H 2 C q )  concentration of - 1 0 - ' . ~  

mmolesl-', close to the range (lu2 - 5 x 1 ~ ~ )  comrnonly observed in rain water (Stumm 



and Morgan, 1996). It implies that despite lower pC02, comparable DIC concentrations 

may be attained even in high altitude basins. Temperature has the overriding effect. 

Calculated DIC in rain water for the same altitude at 25" C is less than one half of that 

estimated above. 

Assuming a 6I3c of -7.6%0 (Zhang, et al., 1995) for atmospheric CO2 and a 1.2%0 

depletion in 613c due to conversion of COÎ(gsl to C02(8q1, the isotopic composition of 

DIC in unaltered rainwater would be about -8 .8%~~ The acidity rnay be neutralized by 

weathering reactions with a concomitant rise in DIC and a redistribution of aqueous 

carbonate species. Low concentrations (0.15 - 0.40 rnmoles~") of DIC are found in the 

dilute headwater tributaries (Fig. 6.1). These concentrations are about 10 to 25 times 

higher than that of rainwater. In addition, their pH values (7.6-7.9) are higher and 6 " ~  

more enriched compared to rain water (i.e. -8.8%0). Al1 this suggests that rainwater is not 

the direct source and that rock weathering plays an important role in pH buffering and 

generation of DIC. 

6.2.1 Weathering of silicate rocks 

In silicate basins the source of DIC in river water may be soi1 CO2 andor 

atmospheric CO2, the former referred to as biogenic COz. In areas where soils are poorly 

developed, such as steep hi11 slopes, atmospheric CO2 is the dominant source of DIC and 

the isotopic composition of resulting DIC is a function of pH (controls the proportions of 

aqueous carbonate species) and temperature. Since HC03- is the dominant species in al1 

sampIes and mean water temperatures in the headwaters is -15" C ,  DIC in river water 

will be enriched by -9%0 relative to atmospheric CO2. Thus the headwaters weathering 



silicate iithologies under atmospheric CO2 should have a 613c around 1.4%0. The arnount 

of DIC formed is a function of the residence time of water in the watershed as well as the 

Punjab 

Fig. 6.1. Bicarbonate concentration and its isotopic composition for the Indus tributaries during 
the sumrner season. The key to the tributaries (26-66) as in Fig. 3.1. 

type of silicate lithology. The latter influences resistance to weathering. The Kial River 

(38) draining mafic-ultramafic rocks, has the lowest concentration of HC03- arnong al1 

the Indus basin samples, has 6I3c of -1.7%0 (Fig. 6.1) and has pCOl half of that expected 

from atmospheric equilibrium. The Stak River (29), on the other hand, drains 

predominantly volcanic rocks and minor granite gneisses, derives 77% of its calcium and 

magnesium and 88% of its sodium and potassium from silicate weathering (see section 

6.7), has pC02 close to atmospheric equilibriurn (after correction for altitude), HCOi 

concentration 0.5 mrnolesl-' and has 613c WOO. Both rivers are undersaturated with 

respect to carbonate minerals (Fig. 5.4). Although, the Kial River shows some biogenic 



influence, these two rivers broadly reflect weathering of silicate rocks under atmospheric 

conditions. 

In regions with well developed soils, biogenic CO2 constitutes the largest pool of 

D E .  The isotopic composition of CO2 is similar to that of the decaying organics that in 

turns depends on the type of vegetation. NaturaI vegetation in temperate and high latitude 

regions is almost entirely C3. Included in this group are most crops such as wheat, rye and 

Cotton, with 6I3c ranging from -24 to -30%0, with an average of -27%0. Although rare, C4 

plants dominate in hot open ecosystems, such as tropical and temperate grasslands 

(Ehleringer et al., 1991) and also includes agricultural plants, such as sugar cane and 

corn, with 6')~ ranging between -10 and -l6%0 and an average of -12.5%0 (Vogel, 1993). 

The exact ratio of C3 to C4 in the Indus basin is not known. The vegetation is 

considered "mixed" throughout the basin except in the Himalayan foothills where it is 

dominantly C4 (Quade et al., 1989; Cerling and Quade, 1993). Assuming a 1: 1 ratio in the 

headwaters, DIC resulting from weathering of silicates by soil COz will have 6'" of 

about -1 l%o, Depleted isotopic compositions resembling this end member do not occur in 

any of the headwater silicate basins. However, perennial strearns in the sarne area with 

analogous lithology, range between -8 and -9.6%0. This implies that weathering of silicate 

rocks by soil CO2 is important only locally where groundwater passes a considerable 

distance through the organic-rich soi1 zone and that the occurrence of such waters is 

limited due to climatic and geomorphic factors, such as 1) low precipitation 2) sparsely 

developed soils and therefore 3) scanty vegetation. 



6.2.2 Weathering of carbonate rocks 

Weathering of carbonates rocks may occur by carbonic acid as well as by sulfuric 

acid derived from oxidation of sulfide rninerals. The S O ~ ~ - / H C O ~ -  molar ratio of d l  

samples within the Indus River Basin is -0.3, except for the lowlands where it ranges 

between < 0.1 for the Soan to -17 for the Sanghar River, with the Kurrarn and Shahur 

rivers falling in between. This implies that although ~ 0 ~ ' -  in the Indus River Basin is 

derived mainly from oxidation of sulfidel:. (see section 6.4), CO2 remains the largest 

source of acidity in al1 but some of the lowland rivers. The isotopic composition of DIC 

derived from carbonate weathering wiil therefore depend also on the relative contribution 

of carbonic versus sulfuric acid. The Sanghar River, with low concentration of HC03' 

(0.4 mmolesl-'), pC02 below atmospheric equilibrium, pH of 8.0, saturation state below 

equilibriurn with carbonate rninerals, low C ~ + ~ / S O ~ ~ -  (0.5) and high S O ~ ~ - H C O ~ '  molar 

ratios, together with isotopic composition of S O ~ ~ - ,  reflects 'carbonate weathering by 

sulfuric acid. 

Like silicate weathering, CO2 during carbonate weathering may be derived from 

the soil as well as from the atmosphere. The latter may, however, be constrained by 

kinetic processes that limits HC03- concentration up to -0.20 mmoiesl" (Fairchild et al., 

1994) and its isotopic composition to 0.7%0, assuming a 613c of O%O for marine 

carbonates and isotope enrichment factor of 9%0 at 15" C. 

Weathering of carbonate rocks is most pronounced in calcareous terrains overlain 

by thick soils. Although, the 6I3c of the final DIC may be influenced by the degree of 

"openness" of the system to soil COz, at saturation it can account for up to 3%0 variation 

in 6I3c for the pC02 range (Clark and Fritz, 199'7) observed in the lowland basins. Since 



these rivers are calcite saturated at relatively lower pH, their pC02 and DIC 

concentrations require that dissolution of limestone be under open system conditions. 

Again, it is the 6I3c of decaying vegetation that exerts the dominant influence. 

Dissolution of carbonates under soi1 respired C3 and C4 vegetation will release DIC with 

613c -10 and -2.8%0 respectively. Among the lowland rivers the Soan River has the 

highest concentration of DIC (3.0 mmolesl-'), 6I3c -6%0, is oversaturated with respect to 

carbonate minerals, pCOz -4 times higher than atmospheric equilibrium and low 

S O ~ ~ / H C O ~ -  (0.1) molar ratio. These chernical and isotopic characteristics suggest: (1) 

sulfuric acid weathering plays a subordinate role in acid generation, (2) carbonate 

weathering proceeds under biogenic CO2, and (3) the somewhat enriched 613c reflects 

contribution of Cq vegetation. 

6.2.3. End members and mixing relationships 

The lowland rivers thus range from typical carbonate weathering under biogenic 

CO2 (Soan River) to those undergoing sulfuric acid weathering (Sanghar River). Other 

lowland rivers represent varying mixtures of these two end members (Fig. 6.1). 

Therefore, at the scale of the entire Indus River Basin, two silicate end members (Kial 

and Stak rivers) and two carbonate end members (Soan and Sanghar rivers) can be 

identified. Using these constraints, the sources of DIC in the Indus main channel can be 

assessed. 

The middle and lower Indus plot along mixing lines that join Kial-Stak-Soan end 

members (Fig. 6.2).  Weathering of carbonates by sulfuric acid can be important locally, 

but remains unsubstantial in the Indus main channel. The distribution of data points 



clearly demonstrates the downstrearn evolution of the Indus with increasing importance 

of carbonate weathering by biogenic COz. 

The upper Indus, however, falls outside the mixing domain. Possible reasons for 

this includes: 

1) Photosynthetic enrichment in  6I3c, although this process is an unlikely 

explanation because no living plant, such as algae or other aquatic plants, were seen on 

filtered residue or in clear waters. Turbulent flow, low nutrients and moderate turbidity 

apparently limit aquatic flora; 
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Fig.6.2. Bicarbonate concentration and its isotopic composition for the Indus main channel in the 
summer season. The curves represent two-component mixtures of the two silicate end members 
(38 and 29) and a carbonate end mernber (45) shown in Fig. 6.1. 

2) Exchange with atmospheric CO2. Enriched 613c, up to 0.7%~ have been 

reported from the Great Lakes basin (Yang et al., 1993; 1996). These have been 



attributed to atrnospheric equilibration due to long residence time of water in the lakes. In 

the upper Lndus, although the residence time of water is expected to be very short due to 

steep topography (and therefore hydraulic gradient), physical conditions such as turbulent 

flow and low temperature would be conducive to dissolution of atmospheric gases. This 

is demonstrated in the upper Indus by dissolved oxygen supersaturation (Fig. 6.3A) and 

pCOz levels close to or slightly higher than atmospheric equilibrium during the sumrner 

season (Fig. 6.3B). 

3) Fontes et al. (1996) reported isotope data on closed lakes and inflowing 

tributaries of the Bangong system, Shyok basin. These range in 6 " ~  from -4.28 to 

-14.99%0, localIy reaching 2.7%0, and the amount of DIC is between 1.6 and 5.6 

mrnolesl-'. The lake surface water had DIC with -67 and 49% modem carbon. These 

isotopic characteristics were attributed to influx along fauits of CO2 of deep crustal 

origin. 613c values up to 3%0 occur locally in parts of the Ganges-Brahmaputra basin 

(Galy and France-Lanord, submitted). These occur in the vicinity of thermal springs that 

contain HC03- concentrations up to 30 mmolesl-' with 6 ' ) ~  13.5%0, and their origin is 

ascribed to metamorphic decarbonation at depth. 

Thermal springs are known along the hdus  Suture with somewhat greater 

concentration in the Nanga Parbat region (between stations 5 and 35, Fig. 3.1) and in the 

lower Indus, -300 km north of its mouth (Shuja, 1986). The Tata Pani hot spring, Nanga 

Parbat, was sampled during this study and gave HC03- concentration of 3.8 rnrno~es l -~  

and S ' ~ C  0.6%0. Contributions from such a source (minor, as can be viewed graphically) 

could explain departure of the upper Indus from the niixing trend on Figure 6.2. If so, this 

would irnply a greater role of weathering of silicates by atmospheric CO2 (points shifted 



diagonally). On the other hand, if exchange with atmospheric COz caused the observed 

shift it would indicate a greater role of carbonate weathering by biogenic CO2 (points 

shifted dong the y-axis). 

1 a ~urnmer ( 

Kilometers from source 

Fig. 6.3. (A) Dissolved oxygen saturation along the length of the Indus main channel. Saturation 
values take into account altitude of sampie locations, explained in the text. (B) pC02 in 
equilibrium with the DIC, the curve represents pCOl of the atmosphere at given altitudes. 



Seasonally, the Indus main channel at Sukkur barrage varies between -3.63 and 

-5.88%0 for 613c and 1.12 and 2.17 mmolesl" for HC03- (Fig. 6.4A), with discharge 

weighted averages of 1.4 rnmolesl-' and -5.3%0 respectively. In terms of end members 

and mixing, bulk of the data plots along rnixing curves defined by the three end members 

(Fig. 6.4B). Samples collected during the base flow depart from the rnixing trend due to 

higher HC03' concentrations and enriched 613c. This c m  occur under the following 

scenarios. 

1) The difference in 6I3c between base flow and Peak discharge is -2%0. 

Theoretically, lower water temperatures during baseflow could account for up to l%o 

enrichment in 613c (Eq. 6.8) as well as for enhanced solubility of carbonates and 

therefore higher concentration of HC03-. 

2) Exchange with the atmosphere may occur due to long residence time (-1 year) 

of water in reservoirs. Large water bodies require about two rnonths for establishment of 

equilibria with the atmosphere (Mook, 1970). At Sukkur barrage, pC02 levels are mostly 

higher than atmospheric equilibrium. Exchange of carbon may occur by molecular or 

eddy diffusion, albeit the net flux of CO2 is from the river to the atmosphere (Fontes et 

al., 1996). 

3) While the higher concentration of HC03' dunng base flow is a common 

feature, groundwater should impart a more depleted (rather than the observed enriched) 

isotopic signature, provided that the source of biogenic COz throughout the hydrograph 

remains the same. The data suggest that this Iast condition is not met and that there is 

greater contribution of C4 vegetation during the baseflow. This period in the Indus basin 



coincides.with the harvesting of corn and sugarcane 00th belonging to the C4 vegetation) 

during the fa11 and winter seasons respectively. 
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Fig. 6.4. (A). Bicarbonate concentration and its isotopic composition for the time series on the 
Indus main channel at Sukkur barrage. (B) Two-component mixing curves based on HCO,' and 
6I3c. End members as in Figures 6.1 and 6.2. 



6.3 Biogeochemistry 

Respiration and photosynthesis are the key biogeochernical processes in aquatic 

systems that control water chemistry. Al1 photosynthetic plants absorb CO2 (or HC03-) 

and water that are transforrned into organic matter in the presence of sunlight. 

CO2 + H20 + CHÎO + O2 (6.11) 

CH20 is the generalized formula for carbohydrate organic matter. In water bodies 

dorninated by photosynthesis, this process leads to draw down of pCOz in the water 

column, decline in nutrient concentration. enrichment of "C in the residual DIC due to 

preferential uptake of I2c, and oxygen supersaturation. Respiration on the other hand 

drives equation ( 1  1) in the opposite direction leading to inversion of chernical and 

isotopic trends. 

6.3.1 Carbon dioxide and oxygen 

Figure 6.3B shows pCOz variations dong the length of the Indus main channel. 

On average, the highest levels occur in the lower Indus during the summer season 

followed by intermediate values in the middle reaches. In the upper Indus, pCO2 levels 

are close to or slightly above atmospheric equilibrium and more so during the winter 

season. Dissolved oxygen is close to saturation in the upper and rniddle Indus during the 

winter season but supersaturated during the sumrner (Fig. 6.3A), declining rapidly to 

undersaturation in the lower Indus, irrespective of the season. The tributaries from 

headwaters to the rnouth of the Indus roughly define similar trends. 

In addition to biological processes, altitude and temperature influence dissolved 

oxygen in water. Partial pressure of oxygen in the atmosphere at a given altitude is given 



by equation (6.10). Available topographic data had insufficient resolution, therefore 

altitude at sarnple locations were ex trapolated from hypsographic curve (Fig. 6.5). 

The Henry's law gives equilibrium concentration of oxygen in water. The 

temperature dependence of Henry's law constant is given by: 

KH=Ho . e x p [ - m  . ( lm-  l/To)] (6.12) 

Where KH is Henry's law constant, Ho=1.3E-3 moles atm", AHR=1500K (Wilhelm et 

al., 1977; Lide and Frederikse, 1995), T= temperature in OK, T,= 298.15. Regression of 

KH and temperature (OC) gives 

1-2: Altitude = -5.3 Km + 2802.5 
R2 = 0.96 

2-3: Altitude = -0.3 Km + 599.2 
R2 = 0.96 

Kilometers from source 

Fig.6.5. Hypsographic curve,for the Indus River. Source of data is DMA (1995) for locations 
between 1 and 3 and NGDC (1988) for locations beyond 3. Polynornial fit  for al1 the data points 
gave unrealistic values at the lower and upper end of the curve, therefore two linear fits were 
employed between 1 - 2 and 2 - 3. Beyond location 3, altitude at sample location were available 
and used for calculations. 



Thus dissolved oxygen levels in the upper and rniddle Indus are higher than those 

predicted by equilibrium relationships and must be therefore controlled by kinetic 

processes. Most likely, physical entrapment of atmospheric oxygen due to turbulent flow 

is responsible. Photosynthesis could lead to oxygen supersaturation (Pawellek and 

Veizer, 1992; Flintrop et al., 1996) but this is not likely the case for reasons discussed 

above. As a whole, pCO-, tends to covary negatively with dissolved oxygen (Fig. 6.6A). 

The Punjab, the lowlands and the lower Indus have CO2 overpressures and dissolved 

oxygen deficit. This reflects consumption of oxygen by respiration (of organics) and 

concomitant release of free CO2. 

6.3.2 Carbon isotopes 

The ' 3 ~ / ' 2 ~  ratio together with pCOr and dissolved oxygen c m  be used to asses 

qualitatively the prevalence of photosynthesis/respiration. In the Indus River Basin, like 

other rivers (Amazon, Rhine, and Danube), declines with rising pCOi (Fig. 6.6B). 

The Punjab rivers during the winter season, the lowlands and the lower Indus have high 

pC02 and depleted 6 " ~  cornpared to the headwaters. During the summer season, the 

middle reaches of the Punjab rivers, however, have enriched 6I3c as well as high pC02 

The high pC02 are a consequence of low pH (Fig. 6.7) caused by acid rain or direct 

release from industries. Sulfur isotope data (see below) fa11 within the range of 

atmospheric or industrial sources. 



O Indus (winter) + Tributaries (winter) Punjab (winter) 
Indus (summer) + Headwaters (sum m er) O Lowlands (sum mer) 
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Fig.6.6. Percent oxygen sat&tion'(A) and 6')~ of DIC (B) versus $Ol for the Indus River 
Basin. 



Fig. 6.7. pCOz versus pH for the Punjab nvers sampIed during the summer season. 

6.3.3 Ammonia, Nitrate and Phosphate 

Ammonia concentrations in the Indus main channel during both seasons were 

below detection lirnits, with measureable concentrations only during the winter season in 

the Swat and Kurram rivers (3 pmoles~-'), and in the Punjab rivers. The latter range 

between 4 and 83 po lesL" ,  reaching 395 pmoles~-' in the Ravi River (station 63). 

Nitrate concentrations are lower in the headwaters than they are in the lowlands 

and in the Punjab. In the Indus main channel during the winter it rises in the downstream 

direction and peaks just before the confluence with the Panjnad (Fig. 6.8). However, no 

systernatic trend was observed during the summer season. As a whole, the relationship of 

nitrate with pC02 (Fig. 6.9A) and with dissolved oxygen is cornplex (Fig. 6.9B). 

Nonetheless, in the tributaries during the summer season nitrate tends to increase with 

oxygen undersaturation and with rising pCOz, reflecting respiration of organic matter. 



This is in contrast to rivers of the North Rhine-Westphalia, where nitrate concentrations 

decrease with rising pC02 and with declining oxygen, both trends caused by nitrate 

reduction (Flintrop et al., 1996). The Punjab rivers during the surnrner season appear to 

Panjnad 
0.00 1 a - - I fi 
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Kilometers from source 

Fig.6.8. Nitrate concentrations along the length of the Indus main channel. 

conform t o  such a trend but the geographic location of sarnples does not agree with 

denitrification or nitrate reduction (i.e. the decrease in concentration of nitrate and 

oxygen undersaturation are not in the downstream direction). Mixing of different water 

masses (by link canals) and release of nitrate from point sources is more likely t o  cause 

this trend. 
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Fig. 6.9. pC02 (A) and percent oxygen saturation (B) versus nitrate concentration for the Indus 
River Basin. 

The distribution of phosphorous concentration in the lndus River Basin has a 

sirnilar pattern as the other nutrients. The Punjab, the lowlands and the rniddle and lower 

Indus have higher concentrations than the headwaters and more so during the summer 

compared to the winter (Fig. 6.10 and Appendix B). However. in the Indus River at 

Sukkur barrage, no clear trends related to discharge or other nutrients are discemible. A 



similar behavior of phosphorous was observed in the Amazon basin by Devol et ai. 
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Fig. 6.10. Dissolved phosphorous concentration in the Indus main channel. 

In surnrnary, the Indus River Basin has two major ecosystems, the headwaters 

dominated by geogenjc, and the lowlands and the Punjab region by biogenic sources. 

Scarcity of soils and sparse vegetation combined with aridity and lower temperatures 

support only lirnited biological activity in the headwaters. On the other hand, the plains 

contain thick soils and supports natural vegetation as well as crops. These areas also host 

the bulk of the population in the basin. Biological decay of organics in these regions 

plays an important role in modifying water chernistry. The Indus River integrates the two 

ecosystems and forms a continuum from its source to the mouth. 



6.4. The sulfur cycle and sulfur isotope 

Sulfur is widely distributed in the lithosphere, biosphere, hydrosphere, and 

atmosphere. It is a major constituent of sea water as well as marine sediments and is an 

important nutrient for plants. The biological cycle of sulfur is in part characterized by the 

activity of sulfur oxidizing and reducing bacteria which together account for the bulk of 

contemporary turnover rates in the biosphere (Baas-Becking, 1925; Postgate, 1959; 

Alexander, 1971). in  addition to natural sources, s.ulfur may enter the atrnosphere from 

anthropogenic sources, such as fossil fuel burning, fertilizers and mining and minera1 

processing. It is actively exchanged between these reservoirs and defines the Global 

Sulfur Cycle. Rivers annually transport 213x10" g S (Schlesinger, 1991) to the world 

oceans. This is almost double the amount in the preindustrial age (Ivanov et al., 1983). 

Similady, Berner and Berner (1996) estirnated that 54% of the riverine sulfate is due to 

pollution and the remainder frorn natural sources including rock weathering. Thus it is of 

interest to examine sulfur in surface waters and in precipitation and to evduate its 

sources. 

Sources of ~ 0 ~ ~ -  in river water include: 1) dissolution of gypsum, 2) oxidation of 

igneous sulfide minerals, 3) oxidation of sedimentary sulfides, 4) atmospheric deposition 

as dimethyl sulfide, 5) atmospheric deposition of sea spray, and 6) Iocd atmospheric 

precipitation from biogeniclanthropogenic polIution sources. These alternative sources 

are usually characterized by different S (and oxygen) isotopic composition, a property 

that enables their differentiation. The 6 3 4 ~  of source (1) depends on its age of formation 

and has varied during the Phanerozoic between - +10 and +3(%0 (Claypool et al., 1980). 



The source (2) is characterized by 6 3 4 ~  of O I 3%0 if mantle-derived (Chaussidon and 

Lorand, 1990), -O to +8%0 for island arc basalts and andesites, and - -7 to +11 if granite 

derived (Rollinson, 1993), with an average for al1 igneous rocks of WOO (Thode, 1991). 

The a3*s of sulfate from oxidation of sulfides is mostly only marginally depleted from the 

original sulfide (Clark and Fritz, 1997), but for biologically-mediated oxidation of 

base-metal sulfides. the sulfate is depleted in 6 3 4 ~  by 2 to 5%0 (Toran and Harris, 1989). 

The source (3), oxidation of sedimentary sulfides yields usually negative 6 3 4 ~  values and 

is due to the major isotope fractionation in the sedimentary cycle that accompanies 

bacterial reduction of sea water sulfate to H2S and subsequent fixation as FeS and FeS2. 

The sulfide minerals may be depleted in "S relative to sea water by up to 70%0 (SCOPE 

19, 1983). The source (4), atmospheric deposition as dimethyl sulfide, has S ~ ~ S  of 15.6 

*3.1%0 (Calhoun et al., 1991). The source (S), atmospheric deposition of sea spray has 

6 3 4 ~  similar to that of modern sea water (+21%0; Rees, 1978). Finally, the source (61, 

precipitation from biogenic anthropogenic sources is influenced strongly by local 

sources, but has 6"s mostly between +4 and +6%0 (Caron et al., 1986; Mcardle and Liss, 

1995; Wadleigh et al., 1996). 

6.4.1 Sources of sulfate in the Indus River Basin: the tributaries 

In the Indus River Basin, sulfate concentrations in al1 the headwater tributaries are 

delimited by the Stak and Shahbatot rivers that contain 0.77 and 0.125 rnmolesl-l 

respectively (Fig 6.11). Their 6 3 4 ~  lies roughly in the range of O to +IWOO, except for the 

Shingo and Hunza rivers that have negative values. The lowlands on the other hand reach 

6.25 rnrnoles~" and @'s of about - 5 . 5 % ~ ~  Among the Punjab Rvers the Sutlej has the 



lowest and the Panjnad the highest concentration of sulfate, but al1 have unifonn isotopic 

compositions (+5 I l%o). Based on combined field, geochemical and isotopic data the 

following origin(s) are suggested for sulfate in the Indus River Basin. 

1) The headwaters with 6 3 4 ~  in excess of O %O derive their ~ 0 4 ~ -  from oxidation of 

igneous sulfides. The range of values in S ~ ~ S  apparently reflects natural variations in the 

oxidizing sulfide minerals, since some of the headwaters with 6 3 4 ~  around +10 %O do not 

have any known evagorite deposits, such as gypsum. Their lithologies, comprised entirely 

of igneous and metamorphic rocks, however, may harbour traces of evaporite minerals, 

and this is seerningly supported by high concentration of ~ 0 ~ ~ -  and 6 3 4 ~  in the Stak River 

(Fig. 6.1 1, station 29). Some of the headwater rivers appear to plot dong a line with 

negative slope terminating at Jaglot and Kabul rivers (samples 35 and 44) at the lower 

end. This line intersects the S 3 4 ~  axis at - +14%c, giving an impression of rnixing from an 

evaporite end mernber (at +14%0) and an average igneous sulfide (O %O). On the other 

hand, the Shahbatot River (station 30) that has only slightly lower 6 3 4 ~ ,  has ~ 0 4 ~ -  

concentration six times lower than the Stak River. This clearly suggests that variations in 

the amount and isotopic composition of sulfate are due to heterogeneities in the 

weathered rocks, a proposition supported by the below discussed oxygen isotopes. 

2) The Sanghar, Shahur, and Kurram rivers in the lowlands, and the Shingo (and 

possibly Hunza) river among the headwaters, derive their ~ 0 4 ~ '  from oxidation of 

reduced sedimentary sulfides, such as pyrite in shales and carbonate rocks. Major ion 

chemistry and carbon isotopes support the role of sulfuric acid in weathering of 

carbonates in these lowland tributaries. In the lowlands, marine carbonates and shales 



crop out in the West Pakistan Fold Belt in the headwaters in the Indus Suture Zone and in 

the Tethyan sequence. 

3) The Punjab rivers with their low ~ 0 ~ ~ -  and 6 3 4 ~  between +4 and +6%0 load on 

the biogenic anthropogenic factor (see chapter 7) and most Iikely denve their sulfur from 

atmospheric or industrial sources, such as those listed under (6) above. 

O Lawlind river8 

Punjab rivtrs 

Fig. 6.11. Scatter diagram of 6"s vs the reciprocal of concentration of sulfate for the tributaries 
of the Indus River, sampled during the sumrner season. The key to the tributaries (26-66) as in 
Fig. 3.1. 

A narrow belt of Late Proterozoic to Early Cambrian evaporites, salt and gypsum, 

can be traced from northwestem Iran through Pakistan into India (Strauss, 1993). In 



Pakistan, the Salt Range crops out on the eastern bank of the Jhelum River, extending 

westwards into the West Pakistan Fold Belt (Gansser, 1964). The 6 3 4 ~  of gypsum and 

anhydrite from southern lran ranges between +21 and +32%0 (Houghton, 1980; Strauss, 

1993). Enriched isotopic compositions resembling these values are not found in any 

rivers in the vicinity of the Salt Range. The absence of such an isotopic signature in the 

middle and lower Indus basin is apparently due to arid dimate of the region and to 

interna1 drainage. Apparently, the discharge from these areas does not reach major rivers. 

6.4.2 Sulfate in the Indus main channel 

Figure (6.12) shows the variation of ~ 0 ~ ~ -  and its isotopic composition along the 

downstream profile of the Indus main channel. Analogous to most of the tributaries, both 

concentration and 6 3 4 ~  are higher in the winter compared to the summer season. The 

higher 6 3 4 ~  during the baseflow are apparently due to contribution from residual sulfates 

in soils, undergoing bacterial sulfate reduction. The nascent Indus has isotopic signature 

sirnilar to oxidation of sedimentary sulfides in shales and carbonates, the latter cornrnon 

in the Indus suture zone and the Tethyan sequence. During both seasons. S ~ ~ S  nses 

sharply in the upper Indus and is accompanied by decline in sulfate concentration, 

particularly pronounced during the summer season. These together reflect subsequent 

inputs from weathering of igneous and metamorphic rocks. 

In the middle Indus, sulfate concentration rises while the 6 3 4 ~  is more or less 

unifom during the winter season. In the same stretch during the summer season, the 

pattern of 6 3 4 ~  is erratic. Nonetheless, the major peak in concentration coincides with the 

trough in 6 3 4 ~ .  The two spikes in at the same locations are also noticeable in 6180, a 



feature attributed to incomplete mixing with tributary and "old" water in the reservoirs 

(see chapter 4). 
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Fig. 6.12. Sulfate concentration (A) and its sulfur isotopic composition (B) for the Indus River 
along its longitudinal profile. 



In the lower Indus during the baseflow, ~ 0 ~ ~ -  continues to rise with increasing 

6 3 4 ~ .  This is the driest part of the basin where no perennial tributary joins the Indus. The 

increase in concentration is from -0.5 to 0.6 mmolesl" accompanied by a shift in 6 3 4 ~  

from +2 to &%O. An isotopic rnass balance calculation reveals that the unknown source 

has a 6 3 4 ~  of +13.8%0. This clearly rules out sea spray, as a cause (see pp. 119-120). 

Shallow ground waters may cause the observed trend by contributing high concentration 

of residual sulfate enriched in 3 4 ~ .  

6.4.3 Environmen t of sulfate formation: oxygen isotopes in sulfate 

Oxygen isotopes are uniquely applicable to the study of mechanism of formation 

of sulfate. This information together with sulfur isotopes can be used to identify the 

sources of sulfate. The basis for its application as tracer are: 1) once formed, the rate of 

oxygen isotope exchange between sulfate and environmental water under typical 

temperature and pH of rain, surface and ground waters is extremely low (Lloyd, 1967; 

Kusakabe and Robinson, 1977; Chiba and Sakai, 1985). For example, at pH 4.0 the half- 

time of oxygen exchange between sulfate and water is of the order of 1000 years (Lloyd, 

1967) and at normal groundwater temperatures about 10 million years (Chiba and Sakai, 

1985); 2) The 6180 of sulfate is not appreciably affected during analytical procedures 

(Holt et al., 1978); and 3) Large difference in 6180 of atmospheric oxygen (+23%0; 

Horibe et al., 1973) and that of surface/groundwater (function of geogrqhic location but 

mostly negative values) and sea water (varied between +9 and +23%0 in the past with a 

present day value of +9.5%0; Claypool et al., 1980; Fritz et al., 1988; Longinelli, 1989), 

allows discrimination between these sources. 



In aqueous systems, however, the 6180 of sulfate formed by oxidation of suIfide is 

complicated due to contribution of oxygen from both the atmosphere and the water 

molecule. The relative proportion of the two sources of oxygen varies according to the 

enzymes involved in the biologicd pathway (Clark and Fritz, 1997). The incorporation of 

oxygen frorn each of these sources involves fractionation effects (Krouse 1980; 

Longinelli, 1989; Toran and Harris, 1989). The r180S04.02 during oxidation by ~ e ' +  

reduction range between -8.7%0 (Lloyd, 1967) and -11.4%0 (Taylor et al., 1984). On the 

other hand. E ~ ~ o ~ ~ ~ - ~ ~ ~  is about +2 to +4%0 (Toran and Harris, 1989). With these 

constraints it is possible to reconstruct the 6180 of sulfate formed by oxidation of sulfide 

under different proportions of atmospheric and water derived oxygen. 

Table 6.1 lists 6180 of water and 6 3 4 ~  together with 6180 of sulfate of selected 

samples from the Indus River Basin. The Stak River with the highest 6 3 4 ~  in the basin, 

has 6180 of sulfate +2.4%0, much depleted compared to 6180 of sulfate of marine origin. 

The tributaries become progressively enriched in "0 of sulfate as river water 6180 rises 

(Fig. 6.13). Two sarnples from the Indus main channel collected near the source and its 

mouth follow the same trend. Such a trend clearly reflects the involvement of ambient 

river or precipitation water in the formation of sulfate. Isotopic mass balance calculations 

show that -40 to 60% of oxygen in  sulfate is being derived from the ambient river water 

and the remaining from the atmosphere (Fig. 6.13). The close correspondence between 

6180 of sulfate and 6180 of river water therefore provides an indirect evidence of the 

source of sulfates and supports the conclusions based on sulfur isotopes and major ion 

chemistry. 



Table 6.1. lsotopic composition of sulfate and water for selected sarnples of the Indus River 
Basin. The location numbers refer to Fig. 3.1. 

Shyok 
Stak 
Gilgit 
Gonar 
Khan 
Sanghar 
Panj nad 
Indus (source) 
Indus (mouth) 

Fig. 6.13. Oxygen isotopic composition of dissolved sulfate and 6180 of river water of selected 
samples from the Indus River Basin. The curves are based on isotopic mass balance calculations, 
assurning a 4.1 %O fractionation of SI80 between sulfate and water and -8.7960 between sulfate and 
atmospheric oxygen. The key to the sample numbers as in Fig. 3.1. 



6.5 Strontium isotopes 

6.5.1 Why strontium isotopes in rivers? 

Rivers provide the major flux of strontium to the oceans and, therefore, play a 

major role in defîning the marine 8 7 ~ r / 8 6 ~ r  (Palmer and Edmond, 1992). Modem sea 

water has 8 7 ~ r / 8 6 ~ r  = 0.709 (Faure, 1986). This ratio has varied throughout the 

Phanerozoic and reflects the relative contributions of strontium to the ocean from 

continental weathering and from hydrothermal activity dong mid ocean ridges (Veizer, 

1989). Old crustal rocks are characterized by high " ~ r / ' ~ ~ r  ratios (> 0.71) while marine 

carbonates (0.706 - 0.709) and young volcanics by still lower ratios, the latter depending 

on their age and Rb/Sr ratios. Of partjcular interest in variations of Phanerozoic sea water 

8 7 ~ r / 8 6 ~ r  is its steady increase during the last 40 Ma, which coincides with the uplift of 

the Himalayas and with the global climatic cooling. This pardlelism led to the hypothesis 

that intense weathering of silicate rocks in the Himalayas caused the late Cenozoic 

drawdown of atmospheric carbon dioxide and global climatic cooling (Raymo et al., 

1988). Thus it is instructive to examine water chemistry and strontium isotopes of the 

major rivers draining the Himalayas to elucidate their role in carbon dioxide 

consumption. 

The discharge weighted average river water has been estimated as 8 7 ~ r l B 6 ~ r  = 

0.7101 or 0.71 17; Sr = 708 or 923 nmolesl" (Wadleigh et al.. 1985; Goldstein and 

Jacobsen, 1987; Palmer and Edmond, 1989). On a global scale, mixing of strontium from 

two distinct reservoirs controls the isotope systematics of river water (Fig. 6.14). One 

with high concentration of strontium and low " ~ r / ~ ~ s r  is defined by marine carbonates 

and evaporites and the other with low strontium concentration but high " ~ r / ~ ~ ~ r  ratios 



represented by old igneous and metamorphic rocks. Departures from a linear trend arise 

due to rivers draining young island arcs and continental margin materiais, such as Japan. 

Philippines, and Ausirdia. Particularly striking however, are rivers draining the 

Himalayas. They have high concentrations of strontium as well as high "~rS6Sr, an 

observation confinned by other studies (Pande et al., 1994; Trivedi et al., 1995; Harris et 

al., 1998; Singh et al., 1998). 
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Fig. 6.14. Scatter diagram of reciprocal of strontium concentration versus "~r/%r for major 
world rivers. Data sources: major world rivers and the world average, Palmer and Edmond 
(1989), Himalayan rivers, Blum et al. (1998). Hanis et al. (1998). Pande et al. (1994), Singh et al. 
(1998), Tnvedi et al. (1995). 

6.5.2 Sources of strontium in Himalayan rivers 

The source of highly radiogenic strontium in Hirnalayan rivers remains equivocal. 

1) Palmer and Edmond (1992) suggested that it is being derived from carbonates within 

the High Himalayan Crystalline Series that have been enriched in radiogenic strontium 



during metamorphism, or 2) Metamorphism of silicate lithologies redistributed strontium 

with high 8 7 ~ r / 8 6 ~ r  ratios from Rb-rich silicate minerais into more readily weatherable 

silicates such as plagioclase. 3) Alternatively, weathering of rnetasedimentary silicates 

with high proportions of easily weathered radiogenic biotite was the source (Harris, 

1995). 

The first direct support for Palmer and Edmond's hypothesis came from Sarkar et 

al. (1996), who reported strontium isotope data from -2 km thick carbonate-argillite 

sequence at the Precambrian-Cambrian boundary, exposed dong the southern margin of 

the Hirnalayas. The 8 7 ~ r / 8 6 ~ r  ranged between 0.70976 and 0.72918, much more 

radiogenic compared to the coeval sea water (Veizer, 1989). Fossil shells, paleosol and 

detrjtal carbonates from ancestral Himalayan river sediments also show strong similarity 

and have 8 7 ~ r / 8 6 ~ r  between 0.7083 and 0.755 (Quade et al., 1997). Singh et al. (1998). 

analyzed Precambrian carbonates from the Lesser Himalayas and the headwaters of the 

Ganges. Ghaghara and a tributary of the Indus River and reported still higher 8 7 ~ r / 8 6 ~ r  for 

the carbonates (0.7064 and 0.8935). They estimated an upper limit for carbonate derived 

Sr, based on Sr/Ca ratio in river water, to be between 6 and 43%. However, based on 

CaiNa, SrMa ratios and 8 7 ~ r / 8 6 ~ r ,  they predicted 33 to 894 of Sr in most of the rivers to 

be derived from silicate rocks. From these observations, Singh et al. concluded that 

"although some of the carbonates of the Lesser Himalayas can serve as a source for high 

radiogenic Sr to the streams on regional scaIe, on average they are unlikely to be a major 

contributor to the high 8 7 ~ r / 8 6 ~ r  of the source waters on a basinwide scale". Contrasting 

results were obtained by Harris et al. (1998) on Bhote Kosi, a small tributary (-120 km 

long) of the Ganges River in the Higher Himaiayas. They attributed less than 10% of the 



dissolved strontium to be denved from silicate rocks, with 8 7 ~ r / 8 6 ~ r  between 0.75 and 1 .O. 

and the remainder from carbonates with 8 7 ~ r / 8 6 ~ r  up to 0.8. Blum et al. (1998). analyzed 

carbonate and silicate fractions of rocks and nverbed sand of a smail îributary (200 km2) 

of the Indus in the Higher Himalayas. The average 8 7 ~ r / 8 6 ~ r  of the carbonate and silicate 

fractions of the riverbed sand are respectively 0.73 and 0.86. Based on stoichiometry of 

weathenng of some silicate rninerals, they calculated 82% of the bicarbonate flux to be 

derived from weathering of carbonate and the rest from silicate weathering. 

6.6 Strontium in the Indus River Basin 

6.6.1 Tributaries and end member compositions 

Strontium concentration and its isotopic composition for the Indus River, 

tributaries and the monthly monitoring station are given in Appendix B. The headwater 

tributaries range between 109 and 2135 nmolesl-' for strontium and between 0.7083 and 

0.8224 for 8 7 ~ r / 8 6 ~ r .  The lowlands, on the other hand, have higher concentrations of 

strontium, in the range of 5291 and 44528 nmolesl-', with a rather restricted range of 

8 7 ~ d 8 6 ~ r  between 0.7082 and 0.7096. Among the Punjab nvers the Jhelum River has the 

highest concentration but least radiogenic strontium, 2062 nmolesl-' and 0.7 127 

respectively. The Ravi River is the other extreme with 1326 nmolesl" strontium and 

87~r /F?  i of 0.7291, other Punjab rivers having intermediate values. 

Figure 6.15 shows the 8 7 ~ r / 8 6 ~ r  versus the reciprocal of strontium concentration 

for al1 the tributaries sampled during this study and those reported in Pande et al. (1 994). 

Both data sets cover the summer season. At Ieast three end member compositions are 

required to explain the pattern of strontium and 8 7 ~ r / 8 6 ~ r  distribution. These are: 



1) weathering of old silicate (silicic) rocks represented by rivers draining the 

Precambrian high grade rnetamorphic rocks of the Nanga Parbat-Haramosh massif and 

the "Central Crystallines" of the Higher Himaiayas, with the Shahbatot River having the 

highest *'sr/'%r (0.8224) ratios of dl the tributaries. The isotopic composition of this end 

member is within the range (0.82-0.89) reported for the Nanga Parbat gneisses and their 

constituent minerals (Gazis et al., 1995). 

Headwaters 
O Louiands 

0 Pande e t  ai., (1994) 

Fig. 6.15. Scatter diagram of reciprocal of strontium concentration versus " ~ d " ~ r  for tributaries 
of the Lndus River sampled during the surnmer. Note that data for the tributaries in Pande et al. 
(1994) is for the same season as the present study. Out of eighteen tributary samples in Pande et 
al, (1994), fifteen are from upper reaches of four tributaries. In the present study, these were 
sampled only at their mouths. The key to the sample numbers as in Fig. 3.1. 



2) Young silicate (mafic) rocks with low ' '~r /"~r  ratios and low strontium 

concentrations. The Kial River with 8 7 ~ r / 8 6 ~ r  ratio of 0.7089, draining equal proportions 

of mafic-ultramafic Jijal Complex and Kamila Amphibolites of the Kohistan-Ladakh 

arcs, is an example. The present-day 8 7 ~ r / 8 6 ~ r  ratios for the Kohistan-Ladakh rocks range 

between 0.7037 and 0.7068 (Sano et al., 1996; Khan et al., 1997). The slightiy higher 

values for the Kial River are apparently due to minor contributions from glacial materials 

derived from rocks discussed under 1. 

3) The lowland tributaries with the highest concentrations of strontium and lower 

8 7 ~ r / 8 6 ~ r  represent weathering of sedimentary carbonates. Note that the measurements 

reported in Pande et ai. (1994) lie approximately within a mixing triangle defined by 

samples from the present study. 

6.6.2 Mixing relationship of end members in the Indus main channel 

Figure 6.16 illustrates the 8 7 ~ r / 8 6 ~ r  vs reciprocal of strontium concentration for the 

Indus main channel. The upper Indus evolves dong a steep slope to higher 8 7 ~ r / " ~ r  due 

to inputs from weathering of silicate rocks represented by end member 1. Unfortunately, 

mixing relations are complicated due to the fact that rnost of the small headwater 

tributaries used in delineating end member compositions were sampled only during the 

summer season and enough water for isotope analysis for the main channel was available 

only from samples collected during the winter season. Nonetheless, based on chernical 

and isotopic data for three headwater tributaries, the relative importance of end members 

can be ascertained. The Shyok, Shigar and Hunza rivers contain 1.5 to 2.0 times higher Sr 

concentrations during the winter, but their ' '~r/ '~sr differ by only up to 0.0005 (in 



absolute values). Assuming that al1 other tributaries behaved in the sarne way, the 

concentration of strontium for a given season can be calculated. Assuming an average 

concentration factor of 1.7 for the Shahbatot River (end member l), its rnixing with the 

first sample on the Indus is shown in Figure 6.17. The Nascent Indus (Sr concentration 

data recalculated from Pande et al., 1994) and sarnples downstream from Chilas require 

some input from the end member 2, represented by the Kial River (station 38). In these 

parts of the river, where it flows through the Kohistan-Ladakh island arc, the rise in 

86 87~r/ Sr and decline in strontium concentration is dong a much shallower dope 

compared to samples from upstrearn of Chilas (Fig. 6.16, station 7), reflecting mixing of 

water from the Kohistan-Ladakh arc and the Higher Himalayas. 
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Fig. 6.16. Scatier diagram of reciprocal of strontium concentration versus " ~ r / ' ~ ~ r  for the Indus main 
channel. The key IO the sample numbers as in Fie. 3.1 



Ln the middle Indus (Fig. 6.16) strontium concentrations increase downriver with 

an attendant slight decrease in 8 7 ~ r / 8 6 ~ r  and reflects inputs from weathering of carbonates 

in the West Pakistan Fold Belt. Strontium continues to increase in the Iower Indus, but 

the 8 7 ~ r / 8 6 ~ r  increases. This is a feature of some of the Punjab rivers, The Ravi River in 

particular. The lower Indus hosts three irrigation reservoirs that retain increasing 

proportions (towards its mouth) of "old water" and could explain the observed trend. 

Uppci Indus 

Kial River 

Fig. 6.17. Strontium concentration versus ' ' ~ r / ~ ~ ~ r  for the nascent and the upper Indus. The curve 
represents conservative mixing of the silicate end rnember (station 30. off scale at ' ' ~ r / * ~ ~ r  = 
0.82) with the Indus River (station 2). Data for the nascent Indus from Pande et al. (1994). 
Strontium concentration for the nascent indus and for the silicate end member recalculated to 
their equivalent concentration during the winter by a procedure described in the text. The key to 
the sarnple numbers as in Fig. 3.1. 



The discharge-weighted average concentration of strontium in the Indus main 

channel at Sukkur barrage is 2670 nrnolesl" with " ~ r / ~ % r  of 0.71 18. The isotopic 

composition is similar to the global average river water and to the e-ier measurements 

on the hdus  River (0.7 1 12, Goldstein and Jacobsen, 1987; 0.7 1 1 1 ,  Pande et al., 1994). 

6.7 Carbonate versus silicate weathering 

It is clear from the foregoing discussion that two major lithologies, sedimentary 

carbonates and igneous and metarnorphic rocks control the strontium isotope systernatics 

of the Indus River Basin. The influence of evaporite deposits, although present as isolated 

outcrops in the middle Indus, on water chernistry of the tributaries or the Indus main 

channel is not supported by major ions and isotopes of sulfate. This reduces one major 

uncenainty in constraining the relative role of silicate versus carbonate weathering in 

releasing major cations, permitting the use of simple charge balance equations. Al1 the 

"supported" alkalies are atrributed to a halite source (includes cyclic salts, halite crystals 

and brines trapped in sediments) and the remainder to silicate weathering, (Na*+Kt)sii. 

The proportions of ca2' and M ~ ~ +  derived from carbonate weathering are equal to the 

concentration (on equivalent basis) of HC03-. The remainder is attnbuted to silicate 

weathering, ( c ~ ~ ~ + M ~ ~ + ) ~ ~ ~ .  

In the upper Lndus (Na++K+)sil reaches about three-fourth of their total 

concentrations and is accornpanied by a sharp increase in 8 7 ~ r 1 8 6 ~ r  ratios (Fig. 6.18). This 

trend is inverted in the middle Indus, where contribution of (Na'+h')sil reduces to less 

than 40%. Finally, in the lower Indus both, the 8 7 ~ r / 8 6 ~ r  and the silicate-derived alkalies 



Source Mouth 

Fig. 6.18. Percent silicate denved N a  + K' and 8 7 ~ d a 6 ~ r  (top), percent silicate denved ca2' + 
M~'' and "srlg6~r (bottom) for the Indus main channel during the winter. The arrow points in the 
direction of the flow of Indus. 

rise due to mixing with Panjnad and to increasing proportions of "old water" in 

reservoin. In contrast, most of the ca2+ and M$ are derived from carbonate weathering. 

Contribution of the latter is, on average, about two-thirds in the upper Indus, increasing in 



the downstream direction to about three-fourth in the lower Indus (Fig.6.18). Since ca2+ 

and ~ ~ ~ ~ c o n s t i t u t e  bulk of the dissolved cations, it is not surprising to note that the Indus 

River at its mouth is dominated by carbonate weathering. 

Chernical and Sr-isotope variation of the tributaries are cornplex, but not 

unexpected. The silicate-derived alkalies tend to increase with rising 8 7 ~ r / 8 6 ~ r  with a 

considerable scatter towards higher values (Fig. 6.19). This evidently refiects 

heterogeneity of the silicate end member, for example rnafic versus silicic and for the 

latter younger versus older rocks. Variations of ( c ~ ~ ' + M ~ ~ ' ) ~ ~ ~  with 8 7 ~ r / 8 6 ~ r  have a 

slightly forked pattern (Fig. 6.20). Variable mixtures of the three end members (cf. Fig. 

6.15) could account for these variations. The only exceptions are the Ravi River (station 

58). and Beas and Samdoh rivers of Pande et al. (1994), al1 draining variable mixtures of 

rocks of the Higher and Lesser Himalayas. Their low ( c ~ ~ ~ + M ~ ~ + ) ~ ~ ~  characterizes them 

as typical carbonate rivers, but their 8 7 ~ r / 8 6 ~ ~  ratios are much higher, a feature not 

uncommon for some previously studied Himalayan rivers (p. 130). 

In surnmary, major ion chemistry and strontium isotopes suggest that in the 

headwaters of the Indus River, alkalies are derived primarily from weathering of silicate 

rocks. In contrast, calcium and magnesium, results mainly from weathering of 

sedimentary carbonates. Conformable with the geology of the basin, the passage from the 

headwaters to the lowlands is accompanied by increase in proportions of cations derived 

from weathering of sediments. Overall, silicate weathering may dominate in some 

tributaries, carbonate weathering, however, overshadows its importance to the total ion 

budget in the Indus main channei. 



i Punjab 

Fig. 6.19. Scatter plot of (Na' + K')sii versus ' ' ~ r / ~ ~ s r  for the headwater tributaries and the Punjab 
rivers of the Indus River Basin during the surnmer. Note that only the lower order headwater 
tributaries in Pande et al. (1994), not sampled during the present study, are shown. 

Fig. 6.20. Scatter plot of (ca2' + M ~ ~ ~ ) ~ ~ ~  versus ' ' ~ d ' ~ ~ r  for the headwater tributaries and the 
Punjab rivers of the Indus River Basin during the sumrner. Note that only the Iower order 
headwater tnbutaries in Pande et al. (1 994). no& sampled during the present study, are shown. In 
the former study, two sarnples with negative charge balance have been excluded. The key to  the 
samples a s  in Fig. 6.19. 



Chapter 7 

Controls on water chemistry 

In the preceding chapters it was dernonstrated how physicd and chemical 

processes influenced individual chemical and isotopic parameters. For exarnple, 

topographic, climatic and geographic controls play a key role in deterrnining oxygen and 

deuterium isotope variations. Rock weathering influences the amount as well as the type 

of solutes in water. Equally important are biological controls on the availability of 

nutrients and on dissolved oxygen. It is therefore of interest to summarize the dominant 

controls and illustrate how they are distributed within the Indus River Basin. In order to 

accomplish this a three-step procedure was adopted. The first step involves area analysis 

of some of the environmental parameters (see for example Gibbs, 1967; Telmer, 1996 ) 

of the watershed. Secondly, variables in the geochemical database are reduced to a 

smaller number of variables using factor analysis. Finally, the environmental and 

geochemical databases are merged together and relationships between the two studied by 

perfoming a second factor anal ysis. 

7.1 The Environmental database 

The following maps, unless otherwise stated, were digitized manually from 

published maps. Digitizing was done in TYDIG (TYDAC Technologies Inc., 1995) and 

the files imported into SPANS Geographic Information Systerns (TYDAC Research Inc., 

1997) where they were reclassified and spatial analysis performed. 



7.1.1 Watershed boundaries 

The watershed boundary (Fig. 7.1) for each tributary was delineated by joining 

the first order strearns by a smooth line. The southem boundary of the Punjab rivers was 

taken half a kilometer upstream from the link canals. The mean latitudes and longitudes 

of the tributaries were determined from a "geometnc centroid" in each of the basins. The 

total area of the Indus River basin cornputed dunng this study is 863,508 km2 and that for 

each tributary is given in Appendix C .  The area estimated for the Indus basin reported in 

the Iiterature is 970,000 km2 (Meybeck, 1979; Berner and Berner 1996), and apparently 

includes deserts and endoeric basins in the lower Indus. 

7.1.2 Bedrock Geology 

The bedrock geology (Fig. 7.2) for the Indus River Basin was digitized and 

sirnplified mainly from Gansser (1964) and Kazrni et al. (1982). The purpose of 

simplifying original detailed maps was to avoid local correlations. A detail of the rock 

types is given in chapter 2. The exact lithology of parts of the Kabul River basin in 

Afghanistan and that of the nascent Indus in Tibet is not known. The lack of data from 

these two areas have little or no influence on the overall conclusions since the Kabul 

River was excluded from the factor analysis for al1 the geological variables. For the 

nascent Indus area none of the sarnpled rivers lie in this region. 

7.1.3 Land Use and Population Density 

Land use and population density maps (Fig. 7.3 and 7.4) were digitized and 

simpiified from United States Central Intelligence Agency (1973). Although these rnaps 



are old and considering that Pakistan has a present day population of about 130 million, 

with population growth rate one of the highest in the region at 2.7%. it is assumed that 

the relative distribution of population density bas ftmained more or less uniform. 

Similarly. most of the croplands an in the Punjab and in the lowcr Indus, where 

apiculture developed aftcr the completion of major canals in tbc latc 60's (Ahmed and 

Chaudhq, 1990). 

Ng. 7.1. Tributary basins of the Indus River. The southwestern watenhed boundaries of the 
Punjab rivers have been modifiecl to rcctify the influence of csnals that link ail these nvers. 



Fig.7.2. Geological map of the indus River Basin. 1, Granites; 2, Metasediments; 3, Metabasalts; 
4, Sedimentary carbonates; 5, Mafic-ultrdsc complexes; 6, Sandstones and siltstones; 7, 
Shales; 8, Reccnt dluvium; 9, No data. 
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Fig. 73. Natural vegetation and croplands within the Indus River Basin. 
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Fïg. 7.4. Population density map for the Indus River Basin. 

7.1.4 Topography 

The topograpbic map for Indus River Basin is shown in Figure 7.5. mean 

altitude for each tributary 

physiographic features is 

minute-latitude/longitudc 

Geophysical Data Center. 

basin is presented in Appendix C. and a detailed description of 

given in chapter 1. The contours werc generated from a 0.5- 

global digital dcvation database published by National 

NGDC (1988). Mean altitude rcprcsents ma-weightcd average 

altitude based on a 2û-class topographie contour map. 



Fig. 7.5. Topographie rnap for the Indus River Basin. 

7.1.5 Precipitation 

Mean Annual precipitation map of the Indus River Basin (Fig. 7.6) was created 

from digital global precipitation data released by Distributed Active Archive Center at 

Goddard Space Flight Center, DAAC-GSFC (1996). The precipitation data is based on 

traditional gauge measurements spanning the period from 1920 to 1980, corrected for 

systematic errors (caused by wind, wetting on the intenor walls of the gauge and 

evaporation from the gauge) before interpolation to a 0.5-minute-latitudehgitude grid. 



The mean annual water flux to the Indus River Basin is calculated to be 398 km3. 

This estimate is based on total area of 863,508 km2 of the Indus River Basin and average 

precipitation depth of 461 mm yr-'. Note that the precipitation depth is area-weighted 

average precipitation depth calculated from a 15-class precipitation map. 

Fig. 7.6. Mean annual precipitation map for the Indus River Basin. 



73 Area Analysis 

The percentage of each environmental class or spatial entity (e.g. rock-type, land 

use and population density classes) in each tributary basin was obtained in SPANS by 

performing area-cross tabulation. Conceptually, it means superirnposing the watershed 

boundaries map on each of the environmental parameters maps and measuring the areas 

of the latter occupying the former. Results of this analysis together with average altitude, 

mean latitude and longitude are given in Appendix C. Due to the fact that oxygen and 

deuterium in water behave in a predictable manner only the former was selected, and 

since it depends strongly on geographic factors such as altitude and latitude, it. was 

included in the environmental data set. The environmental data was then appended to the 

geochemical database such that row represent sarnples and columns the variables. 

7.3 Factor Analysis 

Large geochemical data sets may be difficult to analyze for major trends or 

clusters. For example, in the present study, relationship between individual chernical 

species themselves and between environmental parameters are difficult to comprehend 

from cross-plots alone. Furthemore, variations of trace elements, not addressed in the 

previous chapters, add further complexity for disceming overall trends. Statistical 

methods such as factor analysis are helpful in surnmarizing major trends in a large 

muhivariate data set. Details of factor analysis are given in Joreskog et al. (1976) and 

Davis (1986). It can be sjmply regarded as a technique for reducing the number of 

variables into a new srnaller number of uncorrelated variables. The new variables called 

components (or factors), are a linear combination of the original ones such that they 



contain the same amount of information. In the present study factors are interpreted as 

indicating a common source or a similar concentration process for solutes within the 

Indus River Basin. 

Factor analysis was perfomed using the software package SYSTAT (SYSTAT 

Inc., 1993) on 26 tributary samples collected during the summer season. This subset of 

the database is best suited for performing factor analysis for the following reasons: 1) it 

represents the larges? number of tributary samples with contrasting chemistry; 2) al1 these 

samples were collected during maximum discharge; and therefore 3 )  provides an average 

chernical signal frorn the whole watershed as opposed to the winter season where water 

chemistry may be influenced by local sources. 

Due to the fact that most of the major and trace elements have a rnarkedly skewed 

distribution, al1 the data except pH and isotope ratios were transformed into log values. A 

correlation matrix was factored and the reference axes rotated using a varimax method. 

The results of factor analysis are shown in Table 7.1. A three factor mode1 explains -66% 

of the total variance for the 29 chernical and isoropic variables, with additional factors 

yielding no funher insights. 

7.3.1 Weathering of sedimentary rocks 

About 28% of the total variance is characterized by factor 1, with high to 

moderate positive loadings for S O ~ ~ . ,  TDS, M~~~~ s?+, ca2', Na+, Li, Kf, Cl'. low for Ba 

and SiOz and lou- negative ones for 6 3 4 ~  and dissolved oxygen. The lowland tributaries, 

jncluding the Kurram, Shahur and Sanghar score high on this factor (Fig. 7.7). The origin 

of al1 these chernical and isotopic parameters, except Li and Ba, has been discussed in 



Chapters 5 and 6. Compared to Na+ and K+, Li is a rare alkali element, found in Li- 

bearing minerals in pegmatites as well as in evaporites and brines (Hem, 1985). The 

lowland tributaries with high concentration of Li can thus be a reflection of the presence 

of saline waters in their basins. The hydrochernical and environmental associations 

enables this factor to be interpreted as geogenic, resulting from weathering of 

sedimentary rocks such as sedimentary carbonates and shales. These lithologies crop out 

in the West Pakistan Fold Belt, drained by the lowland tributaries. 

In generaf, factor 1 reflects a trend from weathering of igneous and metamorphjc 

rocks at high altitude to weathering of sediments in lowland basins, the latter contributing 

the greatest weight to this factor. It is therefore not surprising that environmental or 

spatial variables such as the mean elevation, latitude, and 6180 and the abundance of 

carbonates and shales also load on this factor. Moving down Indus, elevation and latitude 

decline, precipitation becomes more enriched in the heavy isotope of oxygen and 

sediments dominate the geology. 

7.3.2 Weathering of igneous and metamorphic rocks 

The second factor, of alrnost equal statistical importance as the first one, and with 

high positive loadings for Al, F, Ti, Fe, and U, moderate for Mn, Rb, Ni and As, low for 

Cr, Li and 6 3 4 ~  and a low negative one for NOa' (Table 7.1), is interpreted as geogenic, 

caused by weathering of igneous and metamorphic rocks. Eight headwater tributaries, 

five of them highly, score positive on this factor (Fig. 7.7). The factor loadings include 

trace elements that are derived from weathering of both silicic rocks and mafic, al1 

abundantly represented in differing proportions in the headwater catchments (cf. 



Appendix C). This factor coincides with the distribution of granites but conflicts with that 

of mafic-ultramafic rocks, the latter cannot be explained unequivocally. 

Since, in contrast to factor 1, this type of environment is predominant in the 

elevated mountainous regions, it is not unexpected that environmental variables load on 

this factor with opposing signs as well. Thus rnean elevation increases northward, while 

at the same time population density declines and precipitation becomes depleted in "O. 

Detailed discussion on the behavior of trace elernents in river water is given in 

Goldstein and Jacobsen (1988), Elderfield et al. (1990), Sholkovitz (1995), Dupré et al. 

(1996) and Gaillardet et al. (1997). Conclusions from some of these studies are that 

dissolved load is a mixture of tme  dissolved fraction and a colloidal fraction ( ~ 0 . 2  or 

cO.5pm). The latter is closely associated with dissolved organic carbon (DOC) and is 

believed to enhance the solubility of trace elements. It is not possible to evaluate the role 

of colloids on trace element concentrations in the headwaters of the Indus River based on 

the present data. Nevertheless, it is clear that trace element data complements conclusions 

based on major ions and isotopes, discussed in the previous chapters. 

7.3.3 Biogenic and anthropogenic impact 

The last major factor, that explains about 14% of the total variance, is marked by 

positive loadings for Ba, Sb, HC03', NOs-, pH and negative ones for dissolved oxygen 

and 6I3c (Table 7.1). It is interpreted to be of biogenic and anthropogenic origin, because 

the population density and land use load highly on this factor. In addition, drainage area 

loads positive, which could be related to the residence time of water in the watershed. 

These processes dorninate the lowland "alluvial" tributaries, including the Soan, Kurram, 



Ravi, Sutlej and Panjnad rivers (Fig. 7.7). The parameters loading on this factor (except 

Sb and Si) are linked together by the riverine carbon and nitrogen cycles, 

....O -.... Weathering of sedîmentary rocks 

Weathering of igneous and metamorphic rocks 

Fig. 7.7. Factor score plot for the tributaries of the Indus River. The arrow points in the direction 
of the flow of the Indus River, from source to its mouth. The key to the tributaries as in Figure 
3.1. 

perturbed to varying degrees by pollution from urban discharge as exemplified by some 

Gerrnan rivers (Pawellek and Veizer, 1994; Flintrop et al., 1996). 

Only two Ba minerais, barite (BaS04) and witherite (BaC03) can control the Ba 

content of natural waters (Puchelt, 1972). The former is the least soluble but the most 

abundant Ba mineral in the earth's cmst. The solubility of witherite depends largely on 



pCOz of the atmosphere. At 25" C and 1 atm. pressure of CO2, the dissociation constant 

for witherite is 10-8.64 (Garrels et al., 1960). The lowland and Punjab rivers contain, on 

average, -400 nmolesl-' Ba compared to 85 nmolesl-' in the headwaters, perhaps 

reflecting the high pCOz of these waters. 

Although some of the chernical traits of Sb are similar to those of As, antimony 

appears to be only one-tenth as abundant in rocks (Hem, 1985). The headwaters contain, 

on average, 0.7 nmolesl-', about twice as much in the lowlands, with the highest 

concentration (up to 4.0 n m o l e s ~ ' )  in the Punjab rivers. The behavior of Sb during 

weathering processes is not well known, but Sb is apparently concentrated in soils and 

shales compared to igneous rocks (Onishi, 1969). This is consistent with the Sb 

concentrations observed within the Indus River Basin where most of it enters surface 

waters from the sedimentary and alluvial parts of the basin. 

In summary, the Indus River Basin exhibits large areas of immense environmental 

diversity. The headwaters and the lowlands are mirror images for their geomorphological, 

lithological, and hydrochernical aspects. The Indus main channel combines these two 

environments and is reflected in its chernistry dong its longitudinal profile. Rock 

weathering exerts the predorninant control on the arnount and nature of solutes while 

biogenic and anthropogenic processes influence nutrients and dissolved oxygen. 

Topography and geographic location determines the oxygen and deuterium isotopic 

composition of precipitation within the Indus River Basin in a way similar to the global 

pattern. 



Table 7.1. Factor loadings for the tributaries of the Indus River Basin. Loadings for the 
environmental variables are from a second factor analysis explained in the text. 

Weathering of Weathering of  Biogenic andor 
Variables sed. rocks ipn. and met. rocks anthropogenic 

~04'. 

TDS 
hdg2* 
s? 
ca2* 
Na* 
Li 
K 
Cl- 
Al 
F 
Ti 
Fe 
U 
Mn 
Rb 
Ni 
As 
NOJ' 
Cr 
Ba 
Sb 
D.O. 
HC09 

Percent of total 
variance explained 

Spatial variables 
Mean elevation 
Mean latitude 
6"0 
Drainage area 

Geology 
Mafic-ultramafic rocks 
Carbonates 
Shales 
Granites 
Alluvium 
Sandstones 8 siltstones 
Metabasalts 

Land use and vegetation 
Deserts 
Cropiands 
Forests 

Population density (personç/km2) 
Very Low (0-1) 
Medium (50-200) 
Hig h (200-400) 



Chapter 8 

Conclusions 

8.1 Hydrology 

The mean annual water flux from precipitation to the Indus river Basin is 398 km3. 

The mean annual discharge of the Indus River at its mouth before and after the 

completion of two major barrages are respectively 100 and 53 km3. Therefore, bulk of 

the rainwater leaves the system by groundwater storage and evapotranspiration and 

only about one-fourth to one-eighth of the volume of rainwater flows as surface 

runoff. 

Seasonal variations in the diacharge result from interplay of two distinct hydrologie 

regimes, particularly pronounced during the low flow. In the headwaters, discharge 

declines abruptly due to temperature drop, dwindling of snow.cover and scarcity of 

shallow aquifers. In contrast, in the lowland tributaries, sporadic winter precipitation 

and groundwater discharge from shallow dluvial aquifers sustain discharge. 

8.2 Oxygen and deuterium isotopes 

Oxygen and deuterium isotopes in the Indus River Basin are linearly related and have 

dope similar to that of the Global Meteoric Water Line. The only exceptions are the 

lowland tributaries and the lower Indus that depart from this trend due to secondary 

evaporation. 

The water budget of the Indus River is dominated by melting of snow and ice in the 

western Himalayas and the Karakoram mountains. The lowland tributaries play a 

subordinate roIe in the water budget of the Lndus. 



Two distinct regions source water vapor for precipitation in the Indus River Basin. 

One that originates in the Mediterranean or other inland seas constitutes about 80% of 

the volume of water in the Indus River, with the remainder derived from the Indian 

rnonsoon originating in the Bay of Bengal or in the Arabian Sea. 

8.3 Hydrochemistry 

Major ion chemistry of the Indus River Basin is dominated by ca2+ > M ~ * '  > 

(N~'+K+) and HCOi  > (so~~-+c~- )  > Si. In the lowland tributaries and some of the 

Punjab rivers, however, (Na'+K+) and (so~"+cI-) predominate. 

Cyclic salts constitute only up to 6% (of which sodium constitutes -20 to 40%) of the 

total ion budget of the Indus River. 

The mean annual precipitation TDS flux to the Indus basin is -844,400 tons and that 

of the Indus River at Sukkur barrage is -18x10~ tons. The annual denudation rate is 

2 1 tons 

Major ion concentrations in the Indus River at Sukkur barrage during peak discharge 

are 5 to 20 times higher than those expected from dilution of baseflow. Leaching of 

solutes from the flood plain causes this discrepancy. 

8.4 Isotope geochemistry 

Dissolved inorganic carbon in the Indus River js derived from weathering of 

carbonate and silicate rocks under atmospheric and biogenic carbon dioxide. 

Turbulent flow and 1ow air temperature in the upper Indus facilitate mixing of 



atmospheric gases causing supersaturation of dissolved oxygen and equilibration of 

carbon isotopes. 

Sulfate is derived exclusively from oxidation of sulfide minerals in igneous, 

metamorphic and sedimentary rocks. 

Strontium in the Indus River Basin is controlled by three end member compositions. 

These are weathering of old silicic rocks, young mafic rocks and sedimentary 

carbonates. Discharge weighted average concentration of Sr and its isotopic 

composition, respectively 2670 nmolesl-' and 0.7118 are similar to the global 

average river water. 

Weathering of silicate rocks is important locally. At the mouth of the Indus however, 

sediment weathering predominates. In the headwaters over half of the ca2" and M ~ ~ +  

is derived from sedimentary carbonates, rising to about 80% at the mouth of the 

Indus. Zn contrast, about 75% of the total alkalies in the upper Indus are derived from 

silicate weathering, their contribution declining to less than half at the mouth. 

8.5 Controls on water chemistry 

Weathering of sedimentary rocks in the lowland tributaries explains about 28% of the 

total variance and controls the distribution of SO~'-,  TDS, M~*+, sr2+, ca2+, ~ a + ,  Li, 

K", Cl', sulfur isotopes, dissolved oxygen, Si and Ba .  

Weathering of igneous and metamorphic rocks in some of the headwater tributaries 

is of sirnilar statistical significance as that of sediment weathering. Trace elements 

such as Al, F, Ti, Fe, U, Mn, Rb, Ni, As, NO3' and Cr, together with sulfur isotopes 

characterizes this factor. 



Biogenic and anthropogenic processes in the lowlands explains about 14% of the total 

variance and control the distribution of Ba, Sb, HCOs', NO3-, pH, dissolved oxygen 

and isotopes of carbon. 
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Appendix A 

Discharge data 



Table A l .  Discharge of the Indus River at Kotri and Sukkur barrages. 

Kotri Sukkur 
Year ~m~~ r-' 

Kotri Sukkur 
Year ~ m ' ~ r - '  

Sukkur 
m3s-' 

Marc h-94 
April-94 
May-94 
June-94 
July-94 
August-94 
September-94 
October-94 
November-94 
December-94 
January-95 
February-95 



Appendix B 

Chemical and isotope data 



Table R 1. Chemical analyses for the Indus River and iis tributarics. No. rcfers io sample localions on Fig. 3.1, and CB to ionic charge balance. 

River No. Season T pH TUS D . 0  HCOi SO," 

"C I mgL" I 

Indus 1 Summer 11.8 8.21 188 9.15 1.234 0.453 
Indus 2 Surnmer 11.8 8.29 150 9.08 1.031 0.375 
Indus 4 Summer 11.5 8.23 165 8.59 1.139 0.320 
Indus 5 Summer 13.4 8.21 165 10.99 1.239 0.320 
Indus 6 Summer 13.9 8.21 158 11.54 1.060 0.313 
Indus 7 Summer 14.2 8.06 150 10.50 1.065 0.310 
Indus 8 Summer 19.4 8.24 143 1 1.09 1.037 0.297 
Indus 9 Summer 16.4 8.26 135 10.74 0.939 0.254 
Indus 10 Summer 20.5 8.42 113 10.01 0.759 0.159 
Indus I I  Summer 21.0 8.15 120 10.20 1.029 0.171 
Indus 12 Sumrner 22.8 8.35 83 9.69 1.219 0.158 

c. Indus 13 Sumrner 21.0 8.45 113 - 0.795 O. 150 
OQ 
O Indus 14 Summer 22.1 8.24 128 9.28 1.095 0.145 

Indus 15 Summer 27.3 8.25 150 8.79 1.447 0.077 
Indus 16 Surnmer 25.5 7.98 139 - 1.159 0.255 
Indus 17 Surnmer 29.4 8.26 158 6.83 1.359 0.189 
Indus 18 Summer 29.1 8.13 158 7.04 1.239 0.205 
Indus 19 Sommer 30.9 8.17 !65 7.19 1.298 0.211 
Indus 20 Summer 31.4 8.09 169 6.87 1.529 0.182 
Indus 21 Summcr 30.6 7.80 180 4.77 1.724 0.190 
Indus 22 Summer 32.3 8.08 188 6.65 1.449 0.217 
Indus 23 Summer 32.6 8.08 188 5.92 1.662 0.220 
Indus 24 Summer 30.9 7.88 256 - 1.834 0.225 
Indus 25 Surnmer 30.0 8.14 210 6.17 1.747 0.312 
Tribuiary 26 Summer 9.9 8.06 113 9.66 0.835 0.191 
Tributary 27 Summcr 11.5 8.23 180 9.48 1.195 0.354 
Tributary 28 Summer 10.1 8.24 158 9.80 1.078 0.360 

Cl. PO: NO< Si caZ+ M ~ "  Na' K+ CB 
mmolest" I 5% 



TabIc B 1 .  Chemical analyses for the Indus River and its tributaries. 

River No. Season T pH TDS D.0  HCOJ' SO; CI- 
OC I nEL" I 

Si ca2' M$ Na' K' CB 
I % 

Tributary 
Tributary 
Tributary 
Tribulary 
Tri butary 
Tributary 
Tributary 
Tributary 
Tribuiary 
Tributary 
Tributary - Tributary 

2 Tributary 
Tributary 
Tributary 
Tributary 
Tri b u t q  
Tri bu lary 
Tri bu tary 
Tributary 
Tribuiary 
Tributary 
Tributary 
Tributary 
Tributary 
Tributary 
Triburary 

Summer 
Summer 
Summer 
Summer 
Surnmer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summcr 
Summer 
Summer 



Table B 1. Chemical analyses for the Indus River and its tributarics. No. for thc springs rcfer [O thc ciosest location of river sarnple on Fig. 3.1. 

River No. Season T pH TDS D.0 HCO; SO~' CI- ~ 0 4 ~  NOj  Si caZ' M$' Na' K' CB 
"C I mgL" I mmolesl" I % 

- - 

Tributary 
Tributary 
Tri bu tary 

Tri bu tary 

Tri bu iary 
Tributary 
Tributary 
Tributary 
Tributary 
Tri hu tary 
Tributary - Tnbutary 

00 
Tributary 
Spring 
Spring 
Hot Spring 
Spring 
Spring 
lndus 

lndus 
Indus 

indus 
lndus 
Indus 
Indus 
lndus 
lndus 

Summer 30.2 8.33 
Summer 26 8.33 
Summer 28.5 8.01 
Summer 28 8.08 
Summer 28 8.28 
Summer 23.2 8.13 
Summer 26.2 7.80 
Summer 32.1 7.99 
Summer 3 1.2 8.02 
Summer 25 8.13 
Summer 25 7.56 
Summer 26 8.09 
Summer 29.4 8.12 
Sumrner 10.8 7.58 
Summer 12.6 8.20 
Summer 54.5 8.73 
Summer 18.1 7.97 
Summcr 21.7 8.41 

Winter 1.3 8.14 
Winter 1.9 8.57 
Winier 3.5 8.18 
Winter 5.6 8.22 
Winter 8 7.91 
Winter 6.7 8.24 
Winter 7.5 7.95 
Winter 11.6 8.24 
Winter 11.4 8.14 



Tablc B 1.  Chcmical analyses for the Indus River and its tributaries. 

River No. Season T pH TDS D.0 HCO; 
"C 1 mgL" I 

s04~ CI' ~ 0 4 %  NOJ' Si caZ' M$ Na' K' CB 

mmolesl" I .% 

lndus 
Indus 
Indus 
lndus 
lndus 
lndus 
lndus 
lndus 
lndus 
lndus 
lndus 

w 
00 

lndus 
rJ Tributary 

Tri butary 
Tributary 
Tributary 
Tribuiary 
Tributary 
Tributary 
Tribuiary 
Tributary 
Tributary 
Tri bu tary 
Tributary 
Tri bu tary 
Tri butary 
Tri b u t q  

Winier 12.3 7.91 
Winier 13 8.17 
Winter 12.2 8.09 
Winter 12.4 8.48 
Winter 14.9 8.47 
Winter 16.9 8.28 
Winter 17.9 8.31 

Winier 19.1 8.42 
Winter 18.2 8.57 
Winier 19.6 8.4 
Winier 23.9 8.44 
Winter 21.5 8.48 
Winter 2.9 8.48 
Winter 1.8 8.24 

Winter 5.8 8.31 
Winier 6.4 8.34 

Winter 14.9 8.31 
Wintcr 13 8.21 
Winter 15.6 8.15 
Winier 15.6 8.67 
Winter 12.6 8.58 
Winier 17.3 8.6 
Winter 17.3 7.97 
Winier 22.4 8.23 
Winier 22.4 8.26 
Winter 31.2 8.43 
Winier 20.7 8.3 



Table B 1. Cheniical analyses for the Indus River and ils tributaries. 

River No. Season/ T pH TDS D.0 HCO; SO? CI-  PO^^ NO; Si cab M ~ "  Na* K' CB 

Tri but ary 
Tribuiary 
Tributary 
Tribuiary 
Tri bu tary 
Tributary 

Tributary 
lndus 
lndus 
lndus 
lndus 

r Indus 
00 

lndus 
lndus 
lndus 
lndus 
lndus 
lndus 
Indus 

Winter 23.7 7.44 

Winter 20.6 7.48 
Winter 23.2 8.33 
Wintcr 24.4 8.53 
Wintcr 25.6 8.48 
Winter 23.5 7.81 
Winter 31 8.14 
Mar-94 19.6 8.40 
Apr-94 29.1 7.80 
May-94 29.5 8.38 
Jun-94 3 1.1 7.66 
Jul-94 20 7.56 

Aug-94 32.3 8.08 
Sep-94 31.6 8.02 
Oct-94 28.7 8.16 
NOV-94 22.5 8.22 
Dec-94 16.2 7.78 
Jan-95 16.3 8.40 
Feb-95 17 8-49 

* - not measured 



Table B2. saturat ion indices, pCOz, and  oxygen saturation for  the Indus River Basin. 

River No. Season Calcite Aragonite Dolomite Bante Anhydrite Withente Magnesite Gypsum pCOz OI sat  

Indus 
Indus 
lndus 
lndus 
lndus 
lndus 
lndus 
lndus 
lndus 
Indus 
lndus 

r lndus 
QJ 

Indus 
lndus 
Indus 
lndus 
lndus 
lndus 
lndus 
lndus 
lndus 
Indus 
Indus 
lndus 
Tributary 
Tributary 
Tributary 
Tri bu tary 

1 Summer 
2 Summer 
4 Summer 
5 Surnmer 
6 Surnrner 
7 Summer 
8 Summer 
9 Summer 

10 Summer 
1 I Surnrner 
12 Summer 
13 Summer 
14  Summer 
15 Summer 
16 Summer 
17 Summer 
18 Surnmer 
19 Sumrner 
20 Summer 
21 Summer 
22 Summer 
23 Summer 
24 Sumrner 
25 Summer 
26 Surnmer 
27 Summer 
28 Summer 
29 Sumrner 



Table B2. Saturation indices, pCOz, and oxygen saturation for the Indus River Basin. 

River No. Season Calcite Aragonite Dolomite Barite Anhydrite Witherite Magnesite Gypsum pC02 O2 sat. 

PPmv % 

Tributary 
Tri botary 
Tributary 
Tributary 
Tri but ary 
Tributary 
Tributary 
Tri bu tary 
Tributary 
Tributary 
Tributary 
Tributary 

00 
o\ Tributary 

Tri bu tary 
Tributary 
Tnbutary 
Tributary 
Tributary 
Tnbu tary 
Tributary 
Tribuiary 
Tributary 
Tri but ary 
Tri bu tary 
Tributary 
Tributary 
Tributary 
Tributary 

30 Summer 
31 Summer 
32 Summer 
33 Summer 
34 Summer 
35 Summer 
36 Summer 
37 Summer 
38 Summer 
39 Sumrner 
40 Summer 
41 Summer 
44 Summer 
45 Summer 
46 Summer 
47 Summer 
48 Summer 
49 Summer 
49 Summer 
50 Summer 
51 Sumrner 
52 Summer 
53 Summer 
54 Summer 
55 Summer 
56 Summer 

57 Summer 
58 Sumrncr 



Table B2. Saturation indices, pCOz, and oxygen saturation for the Indus River Basin. 

It i ~ e r  No. Season Calcite Aragonite Dolomite Uarite Anhydrite Witherite Magnesite Gypsum pCOz Oz sat. 

PPmv % 

Tnbutary 
Tributary 
Tributary 
Tri buiary 
Tributary 
Tnbutary 
Tributary 
Tributary 
Tri butary 
Tri bu tary 
Tributary 

Cr. Indus 
00 
-4 Indus 

lndus 
Indus 

lndus 
lndus 
lndus 
lndus 
Indus 
lndus 
lndus 
lndus 
Indus 
lndus 
lndus 
lndus 
Indus 

59 Surnrner 
60 Summcr 
61 Surnmer 
62 Summcr 
63 Summer 
64 Summcr 
6 5  Summcr 
66 Summer 
67 Surnmer 
68 Summer 
69 Sumrncr 

2 Winter 
3 Winter 
4 Winter 
6 Winter 

7 Winter 
8 Winter 
9 Winter 

10  Winter 
I I Winier 
13 Winter 
14 Winter 
15 Winter 
16 Winter 
17 Winter 
18 Winter 
19 Winter 
20 Winter 



Table B2. Saturation indices, pCOz, and oxygen saluration for the Indus River Basin. 

River No. Season Calcite Aragonite Dolomite Barite Anhydrite Witherite Magnesite Gypsum pC02 Oz sat. 

PPm" 9L 

Indus 
lndus 
lndus 
lndus 
Tributary 
Tri bu tary 
Tributary 
Tributary 
Tributary 
Tributary 
Tributary - Tributary 

00 
Tributary 
Tri b utary 
Tributary 
Tnbutary 
Tri bu tary 
Tributary 
Tributary 
Tributary 
Tributary 
Tributary 
Tribu tary 
Tributary 
Tributary 
Tributary 

21 Winter 
22 Winter 
23 Winter 
24 Winter 
27 Winter 
28 Winter 
33 Winter 
34 Winier 
43 Winrer 
42 Winter 
44 Winier 
45 Winter 
46 Winter 
49 Winter 
50 Winter 
52 Winter 
54 Winter 
57 Winter 
58 Winter 
60 Winter 
61 Winter 
63 Winter 
65 Winter 
66 Winter 
67 Winter 
68 Winter 



Table B2. Saturakion indices, pC02, and oxygen saturation for the Indus River Basin. 

River No. Month Calcite Aragonite Dolomite Uante Anhydrite Witherite Magnesite Gypsum pCOt Otsat. 

PPm" 9% 

indus 
lndus 
Indus 
Indus 
Indus 
Indus 
lndus 
lndus 
Indus 
Indus - Indus 
lndus 





T a b l e  83. Trace  clcriicnt chernistry for the Indus Rivcr  Basin. 

River No. Season t i F Al Fe Ti Cr Mn Ni As Rb Sr Sb Ba Pb U 

Tribuiary 
Tributary 
Tributary 
Tributary 
Tribuiary 
Tribuiary 
Tribuiary 
Tri bu tary 
Tribulary 
Tributary 
Tri buiary - Tributary 
Tributary 
Tri bu tary 
Tributary 
Tributary 
Tribuiary 
Tri butary 
Tributary 
Tnbutary 
Tribuiary 
Tributary 
Tnbutary 
Tributary 
Tributary 
Tributaq 

Summer 
Surnmer 
Summer 
Summer 
Summcr 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Sumrner 



Table B3. Trace clemcnt cheniistry for the Indus Rivcr Basin. No. for llic springs rcfcr to the closest river sample on Fig. 3.1. 

River No. Season Li F Al  Fe Ti Cr Mn Ni As Rb Sr Sb Ba P b  Ü 

Tribulary 55 
Tributary 56 
Tributary 53 
Tributary 58 
Tributary 59 
Tri butary 60 
Tributary 61 
Tributary 62 
Tributary 63 
Tributary 64 
Tributary 65 - Tributary 66 

\O 
N Tribulary 67 

Tributary 68 
Tributary 69 
Spring G1 
Spring G4 
Hot Spring G36 

Spring G7 
Spn'ng G9 
indus 2 
indus 3 
Indus 4 
Indus 6 
Indus 7 
Indus 8 

Summer 0.393 
Summer 0.443 
Sunimer 0.507 
Summer 0.263 
Summcr 0.290 
Summer 0.330 
Summer 0.346 
Summer 0.399 
Summcr 0.430 
Sunimer 0.503 
Sunimer 0.481 
Summer 0.524 
Summer 0.560 
Summer 0.695 
Summer 0.762 
Summer 0.000 
Summer 0.396 
Summcr 109.350 
Summer 0.461 
Summer 3.284 

Winter 3.958 
Winter 4.737 
Winter 4.339 
Winter 4.400 
Winter 3.410 
Winter 3.255 



Table B3. Trace elcment chemistry for the Indus River Basin. 

River No. Season Li F A l  Fe Ti Cr Mn Ni As Rb Sr Sb Ba Pb U 

I LL rnolesl-' I nmolesl" I 

lndus 
lndus 
Indus 
lndus 
lndus 
lndus 
lndus 
lndus 
lndus 
lndus 
lndus 

L 

\O 
lndus 

w Indus 

Indus 
lndus 
Tri but ary 
Tributary 
Tributary 
Tributary 
Tributary 
Tribu tary 
Tributary 
Tributary 
Tri butary 

Tnbuiary 
Tributary 

Winter 
Winter 
Winter 
Winter 
Wintcr 
Winter 
Winter 
Wintcr 
Winler 
Winter 
Winter 
Winier 
Winler 
Winter 
Winter 
Winter 
Winler 
Winter 
Winter 
Winter 
Wintcr 
Wintcr 
Winter 
Winter 

Winter 
Winter 



Table B3. Trace element chemistry for the Indus River Basin. 

Tribuiary 
Tributary 
Tributary 
Tnbutary 
Tributary 
Tri bu tary 
Tri bu tary 
Tri butary 
Tributary 
Tributary 
Tributary 

CL 

rg 
lndus 

P Indus 

lndus 
lndus 
lndus 
lndus 
indus 
Indus 
lndus 
lndus 
Indus 
Indus 

Wintcr 
Wintcr 
Winter 
Winter 
Wintcr 
Winter 
Winlcr 
Wintcr 
Winlcr 
Winter 
Wintcr 
M ar-94 
Apr-94 
May-94 
Jun-94 
JuI-94 

Aug-94 
Sep-94 
Oct-94 
NOV-94 
Dec-94 
Jan-95 
Fcb-95 



Table B4. Isotope chernistry for the Indus River Basin. No. rcfers 10 sample locations on Fig. 3.1, d is deuterium excess. 

River d 8 7 ~ r p ~ r  

lndus 
lndus 
lndus 

lndus 
lndus 
lndus 
lndus 
lndus 

lndus 
lndus 
lndus 
lndus 
lndus 
lndus 
Indus 
lndus 
lndus 

lndus 

Indus 

lndus 
lndus 

Indiis 
lndus 

Indus 
Tributary 
Tributary 
Tributary 
Tri butary 

Summer 

Summer 
Summcr 

Summer 
Summcr 
Summer 
Summer 
Summer 

Summcr 
Summer 
Summer 
Summer 
Summer 
Summer 
Sumrner 
Summer 
Summer 
Summer 

Summer 

Summer 
Summer 

Summer 
Summer 

Summer 

Summer 
Sum me r 
Summer 
Surnmer 









Table B4. Isotope chemistry for the lndus River Basin. 

River No. Season. 6I3c 6?i 6% 8D d R7~r$%r 
month %O I 

Tribuiary 
Tribuiary 
Tributary 
Tributary 
Tri butary 
Tributary 
Tributary 
Indus 
lndus 
lndus 
Indus 
lndus 
lndus 
lndus 
lndus 
lndus 
Indus 
lndus 
Indus 

Winler 
Winter 
Winter 
Winter 
Wintcr 
Winter 
Winter 
Mar-94 
Apr-94 

May-94 
Jun-94 
h l - 9 4  

Aug-94 
Sep-94 
Oct-94 

NOV-94 
Dec-94 
Jan-95 
Fcb-95 



Appendix C 

Spatial data 



Table Cl .  Geographic location, mcan altitude, drainage arca and perccntage of rock types exposed in cach trihuiary basin. No. refers io sample location on Fig. 

No. Mean Mean Elevation Arca Granites Meiase- Mafic-ultra- Mctabasalts Alluvium Sedirnentary Molasse Shales 
latitude longitude (m) (km2) diments mafic rocks carbonates sediments 



Table C2. Perccntagc o f  land use and population density classcs in each tributary basin. No. refers to sample locations on Fig. 3.1. 

Land use Population density 
No. ( Deseri Cropland Forest Very Low Low Medium High 




