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Abstract 

X watershed-scale approach was employed to assess the dynamics of erosion and 

sediment transport in the Phewa Ta1 Watershed, as well as rates and processes of 

sedimentation within Phewa Tal, a reservoir located in the Middle Mountain Region of 

Nepal. 

Monitoring of the mainstem river (the Harpan Khola) and the Iake water column 

indicated that the monsoon season is a tirne of peak geomorphic activity in the watershed. 

Sediment loads to the reservoir at this time were over two orders of magnitude çreater 

than during the dry season. Significant erosional events were observed both during the 

pre-monsoon and monsoon seasons, with transported sediment distributed throughout 

much of the reservoir via interflows and underflows. The highly seasonal sediment yield of 

the watershed produces varved deposits in the reservoir which contain distinct monsoon 

and dry season layers. T hese allowed the calculation of annual rates of sedimentation in 

parts of the reservoir, as well as the development of a mode1 of sediment distribution 

throughout Phewa Ta1 based on rates and patterns of accumulation. 

The sedimentary environment of Phewa Ta1 is complicated by substantial 

anthropogenic activity within its watershed, and the construction and failure of numerous 

dams at the outlet of the reservoir; both of which have hindered the developrnent of a 

high-resolution, basin-wide chronology based on the sedimentary record. Inter-core 

correlation was possible, however, through the use of profiles of rnagnetic susceptibility, 

grain size and organic matter content which revealed changes in patterns of sediment 

delivery from the watershed and dispersai and accumulation throughout the reservoir. 



-4naiyses of cored sediments indicated that the widespread clearance of forest 

cover using slash and bum techniques in the early- to rnid- 1900's resulted in the erosion of 

well-developed soils from the watershed. The intensification of agricultural activity since 

this time has resulted in the exposure and erosion of poorly developed sub-soils, which 

presently dominate the annual sediment load to Phewa Tai. The sedimentary record also 

reveals multiple sediment sources within the watershed, and indicates increased rates of 

pre-monsoon and monsoon season erosion from the 1950's to the late 1970's resulting 

from the expansion and intensification of agriculture during this tirne. 

This study of the sedimentary environment of the Phewa Ta1 Watershed illustrates 

the potential of monsoonal lacustrine sedirnents to enhance current research regarding 

reservoir siltation and watershed-scale geomorphic processes, as well as  that focused on 

paleoclimatic or paieoecological reconstnictions in this region. By providing a much 

needed historical context, such studies allow a better understanding of the idluences of 

major clirnatic events, anthropogenic activity and site-specific factors on upland erosion 

and subsequent do wnstream sediment dis persal and accumulation. 

Note: The original data used in this thesis are available on diskette from Dr. Robert 

Gilbert, Department of Geography, Queen's University, Kingston, ON K7L 3x6. 
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Chanter 1 - Introduction 

1.1 Background 

The Middle ~Mountain Region of Nepal is a very dynamic environment in terms of 

geomorphological processes. Naturally high rates of sediment erosion, transport and 

deposition in this area are the result of sieep topography, structurally weak bedrock and a 

monsoonal precipitation regime. The hydrological and sedimentological environments of 

the Middle Mountains are also strongly influenced by a recent expansion of human 

population and the resulting increased demand on Nepal's already iimited natural 

esources. The intensitication of agricuiture in Nepal is presently greatesr in the Middle 

Mountain Region of the country, resulting in the clearing of large areas of land for 

agriculture and the expansion of this activity onto increasingly marginal lands in areas 

where population pressures are greatest. This manipulation of the natural landscape has 

resulted in highly altered hydrological and sediment-transport dynamics in this region. 

This region of Nepal is also very rich in water resources. In the face of a rapidly 

çrowing population, the utility of such resources in the form of hydropower generation 

and irrigation has been recognised, and a number of reservoirs desiçned ro provide these 

amenities have been constnicted. Recently, however, the economic viability of such 

projects has been brought into question, as the extremely energetic fluvial regimes 

combined with naturally high sediment loads of rivers in this region have been observed to 

cause widespread damage to a number of engineering structures. Rapid sedimentation in 

irrigation and hydropower reservoirs also threatens the expected life of such projects. 



In recent years many researchers working in the Middle ~Mountain Region have 

focused their work on obtaining a better understanding of its geomorphological, 

hydrologicai and agricultural systems. Much work has been done to determine the impacts 

of land clearance and agncultural practices on hydrology and sediment transfer regimes at 

a number of spatial and temporal scales. This work has focused on the erosion and 

subsequent transportation of material throughout individual watersheds, however, and 

little attention has been paid to the subsequent delivery of such material to downstream 

water bodies. As a result, little is known about the processes of sediment distribution and 

deposition within reservoirs of the Middle Mountains. 

1.2 Research context 

The problem of rapid reservoir siltation threatens many hydropower projects in 

Nepal. Studies carried out by Leminen (199 l), Sthapit and Leminen (1  992) and the 

Research and Soil Conservation Section (1994a. 1994b, 1994~) have attempted to quanti@ 

annual rates of sedimentation in a number of reservoirs (Phewa Tal, Kulekhane, Rupa Tal) 

through annual bathymetric surveys. Such surveys, carried out along set transects within 

these water bodies, provide an estimate ofreservoir volumes based on interpolations of 

depth readings between transects. An annual comparison of reservoir volumes theoretically 

yields the loss of storage capacity in a reservoir for a given year due to sedimentation. 

Resul ts from t hese surveys provide generalised estimates of reservoir sedimentat ion rates 

but are oflen inconsistent from year to year (see Research and Soil Conservation Section, 

1993b). These inconsistencies are essentially the result of errors associated with 



bathyrnetnc surveying. Transects were generally mn in manually powered boats which 

were navigated using line-of-sight markers on opposite shores (ropes anchored to 

surveyed benchmarks were used in narrower regions of the reservoir). It is therefore 

extremely difficult to follow a transect precisely, and even more difficult to follow the 

same transect fiom year to year. 

Inconsistencies also arise from the fact that annuat rates of sedimentation within 

these reservoirs are likely, in some areas, to be less than the error of the echo sounding 

devices used (accuracy as stated by Lerninen (199 1) is between 25-40 cm depending on 

depth). As a result, such studies cannot provide an accurate, high-resolution record of 

spatial patterns of sediment accumulation. 

Anothe: limitation of such studies is that they provide no historic context for 

sedimentation rates beyond those years when bathymetric surveys have been carried out. 

Given the high variability in annual rainfall and changing land use patterns observed within 

the Middle Mountain Region, it is dificult to accurately predict reservoir life expectancies 

based on 2-4 years of data. 

In order to obtain a better understanding of reservoir sedimentation in the Middle 

~Mountain Region of Nepal, i t  is necessary to study spatial and temporal patterns of 

sediment input and distribution within these water bodies. This requires an assessrnent of 

monsoonal versus dry season sediment input, as well as an understanding of seasonal 

stratification and circulation patterns within a given reservoir. An assessrnent of the effect 

of large storms or mass wasting events within the watershed on circulation patterns and 

sediment delivery is also essential, as it is during these times that the çreatest amount of 



sediment is dclivered to these reservoirs. To provide the nrcessary historical contest for 

such a study. sediment cores retrirved fiom the lake floor c m  be usrd to determine past 

rates and patterns of sedirnentation within a reservoir. Although this practice has bern 

suggested (Ruud. 1986) it has yet to be cmied out in a Middle Mountain reservoir. 

The sediments of Middle Mountain lakes are also potential records of changes in 

annual Asian blonsoon intensity. Due to the seasonal nature of h>*drologic and erosional 

activity in this region. it is possible that these deposits record amual sedimentation in the 

form of vanses as seen in many glaciolacustrine environrncnts (cf: Gilbert rr cri.. 1 997). In 

ordrr to asscss the viability of rhsse sediments as tools in paieohydrologic and 

paleoclimate rrconstructions however. i t  is nccessary to obtaiii a better iindtrstandinp of 

modem srdimentary procrsses in this region. 

1.3 Research questions 

Field \vork \vas carried out in the Phewa Ta1 Watershed during the dry season 

(September-December. 1995) and the pre-monsoon~monsoon season (Juns-July. 1996) to 

detemine the sffects of seasonal sediment input. a monsoonal cliniate. land ~ise. 

anthropogenic activity and large storm svents on processes. patterns and rates of rrsrrvoir 

sedimsntation. To assrss the relative importance of a variety of factors in the sediment 

budget of the catchment, a watershed-scale approach to the above-mentioned problems 

was taken. In order to address these issues. the following research questions were 

proposed: 



How is sediment delivery to the Phewa Ta1 Reservoir affected by a 
monsoonal precipitation regirne? 

a) How is sedirnent delivery to the Phewa Ta1 Reservoir affected by 
agricultural activity? 
b) How have recent changes in land use within its watershed 
affected processes of erosion, sediment transpon and deposition? 

How is sediment distributed in the reservoir? 

a) What are the stratification and circulation pattems of Phewa Tal? 
b) How do they influence sediment dispersal and deposition within 
the reservoir? 

a) How are the pattems of stratification and circulation in Phewa 
Ta1 affected by large storms and/or mass wasting events? 
b) Do these events have any effect on pattems of sediment 
dispersal? 

a) Are the sediments of Phewa Ta1 varved? 
b) If so, can they be used to assess the effects of changing land use 
patterns on the geornorphic systerns of the watershed? 
c) Can these sediments be used as proxy indicators of climate 
change? 

a) What are the average rates of sediment accumulation within 
Phewa Tal? 
b) Based on these rates, what is the projected life expectancy of the 
reservoir? 
c) How does this compare with previous estimates? 

The remainder of this thesis is divided into 5 chapters. Chapter 2 is a review of 

previous work pertaining to the hydroloçy, limnology, sediment dynamics and agricultural 

activities of the Middle Mountain Region. Chapter 3 describes laboratory and field 

methods used throughout the research period for this thesis. In Chapter 4, the physical and 

historical context for the watershed are provided, and are followed by a description of the 

hydrological and sedimentological regimes of the basin based on research during the two 



field seasons. Chapter 5 focuses on the reservoir itself and involves a discussion of the 

morphometry of the lake floor based on bathyrnetnc surveying, and of the lirnnology of 

Phewa Tal, including the circulation and stratification patterns of the lake. Chapter 6 deals 

with sediment dispersal and deposition patterns within the reservoir, and the lake's 

sedimentary record. Chapter 7 concludes the thesis with a discussion of the implications of 

this research and recommendations for fiiture work. 



Chapter 2 - Literature Review 

2.1 Introduction 

The Middle Mountain Region of Nepal provides an excellent opponunity for the 

study of geomorphic and biological phenornena as it is naturally a very dynamic 

environment. The recent recognition of the pressures of hurnan expansion on the 

sustainable development of this environment have led to a substantial amount of research 

in this region. The necessity of this work arises from the recognition that application of 

theones and ideas derived fkom research in other geographical areas is not possible in the 

unique environment of the Himalaya. Nowhere else on earth is such a combination of 

unstable and dynamic physical environments, lirnited natural resources and growing 

population pressures observed at such a large scale. The rationale behind such research has 

been that, in order to sustainably develop resources to support the growing populations of 

this region, a better understanding of the interaction between the physical environment and 

its inhabitants is needed. 

To provide this much needed understanding, a number of research projects 

(supported by the Govemment of Nepal, national and international aid asencies. non- 

govemment organisations and individual universities) have been undertaken over the past 

20-30 years. The following is a review of this work as it applies to the research questions 

outlined above. This begins with a brief description of the geological context of the ;Middle 

Mountain Region. This is followed by a consideration of land use in the Middle Mountains, 

and how it has changed over the past 200 years. A discussion of the hydrology and 

sediment transpon dynamics of this region is next with references to past and current 



research. Special attention is given to recent, long-term, watershed-scale studies in the 

Jhikhu Khola and Likhu Khola Watersheds ("khola" is Nepaii for "river"). Following this is 

a discussion of the limnologicai characteristics of Middle Mountain lakes. Finally, the 

chapter is concluded with a brief review of processes of reservoir sedimentation, and a 

discussion of the problems of siltation in Nepalese reservoirs. 

2.2 Geological context 

The Nepal Himalaya have generally been divided into 5 physiographic zones based 

primaniy on elevation (Fig. 2.1). These are, From south to nonh: the Terai, the Siwaliks. 

the Middle Mountains, the High Mountains, and the High Himalaya (Mountain 

Environment and Naîural Resources Information Service (MENRIS), 19%). The Terai, in 

the northern region of the Indo-Gangetic Plains, is the lowest, most fertile land in Nepal, 

with elevations not exceeding 300 m. The Siwaliks (300-700 m) are comprised of low 

river valleys and relatively dense forests. The Middle Mountain Reçion is similar to the 

Siwalik region, but elevations and relief are generally greater (700-2000 m). Further to the 

nonh, the High ;Mountains are found. This region is characterised by bush-type vegetation 

and elevations between 2000-2500 m. Finally, the High Himalaya include al1 regions above 

2500 m, including the highest point on eanh, Sagarmatha (Mt. Everest), at 8548 m. 

Geologically, the Middle Mountain Region is dorninated by metarnorphosed 

granites and carbonate and clastic sedimentary rocks (which are comrnonly very weak 

structurally), associated with deposition in a foreland basin. This basin developed as the 

result of the continental collision of the Cirnmeriân Microcontinents and then India with 
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Fig. 2.1 - Physiographic regions of Nepal (modified frorn MENRIS, 1996). 



Eurasia near the Cretaceous-Tertiary boundary (Liu and Einsele, 1994). With the 

propssion of the Himalayan orogeny, these manne deposits have been thmst southward 

ont0 the Indian plate to their present position. 

2.3 Land use in the Middle Rlountains 

Land use in the ~Middle Mountains of Nepal is dominated by subsistence 

agriculture, and to a lesser extent, animal husbandry. With 95% of the more than 20 

million people of Nepal involved in subsistence agriculture (Schreier et al., 1994) the 

pressures on the limited resource base of the country are significant. To support resident 

populations, much of the steep landscape of the region has been cleared and transformed 

into terraced farmland. Cropping intensity on these tenaces has increased in recent years 

with 2-3 crops grown per year (Schreier et ni., 1994). 

The land use and land tenure systems of Nepal have been most directly influenced 

by the need for subsistence of growinç populations and changinç government policy. 

Mahat et al. ( 1  986a) describe how government policy once encouraged land clearance and 

food production in Nepal by providing tâu incentives to local farmers. The state 

traditionally collected up to 50% of a farmer's total produce as land tax, except on newiy 

cleared land which was typically given a 3 year tau-exempt status. Land grants to mcmbers 

of Nepal's civil service and nobility were common, and were also tax exempt. The rnajonty 

of Nepal's population was not eligible for such grants, however, and the only way to avoid 

the substantial land tax was to continuously clear land. Such policies, which led to 

widespread agncultural expansion from at least 1769, were abandoned by 1950. 



In 1957, the Private Forest Nationalisation Act brought ail forested land under the 

control of the government of Nepal. The aim of this project was to implement 

conservation strategies for forest resources while allowing controiled use by the people 

(Mahat et al., 1986a). A lack of resources in the Forest Department and poor 

communication with cornmon citizens, however, lead to incomplete irnplementation of the 

act. and a feeling ofalienation arnong local people who believed they were being denied 

access to a much needed resource. This act also had the adverse effect of encouraging the 

clearance of forested areas by people wanting to prevent the acquisition and control of 

potential agricultural lands by the government (Rowbotham, 1995). Subsequent forest- 

acts have tended towards more comrnunity involvernent in the developrnent and 

maintenance of forest resources (Le. the First Amendment of the Forest Act, 1977). A 

more comprehensive discussion of the impacts of population growth and government 

policy on land clearance and forest resources of the Middle ~Mountains is provided in a 

senes of papers by Mahat et al. (1 986a, 1986b. 1987a and 1987b) and Griffin e t  01. 

( 1  988). 

Agricultural activity in al1 areas of Nepal, aside from the low-lying plains of the 

Terai in the south, is predominantly camed out on terraced fields (Fig. 7.7). Shah ( 1  993) 

offers an extensive review of indiçenous classification systems for terraced agricultural 

land. Such lands can essentially be divided into irrigated tenaces (khel), which are 

generally used for rice cuitivation, and rain-fed terraces (bnri) used for the cultivation of 

crops such as rnaize, millet and wheat. By nature of their design, khel lands generally act as 

stabilizing features and areas of net sediment accumulation on mountain slopes. In order to 



Fig. 2.2 - Terraced agricultural (khet) fields along the Harpan Khola after fa11 hamest 
(photo: R. Gilbert). 



maintain constant soil saturation these tenaces are bordered bu raised edges and are 

commonly angled slightly upward. Such irrigated terraces are found in valley bottoms and 

Ion-land areas and may e'ctend up to an elevation of 2000 rn in areas xhere imgation is 

possible (Mahat et al.. 1987a). Crops on khet lands generally consist of rice during the 

summsr (planted once soils have become saturated ~ i t h  pre-monsoon rains). and wheat 

and potatoss during the winter. 

Bari terraces. on the other hand. ofien angle down and away from the slope and 

have no bordering edgss. .As ri result. soil Iosses tiom these lands can be signiticant. The 

ciilti\.ation of crasslands - in the Middle Mountains for the production of rhatching material 

and animal fodder is also comrnon. These lands. when poorly managed or estensivsly 

orazed. are vcry susceptible to srosion by rainsplash and ovsrland flow. 
b 

2.4 Hyirologu and sediment transport dynamics 

-4s noted by Ramsay (1956) much çeoscientific research in the Himalaya has been 

focussd on the geology and orogenic dcvelopment of the Himalaya (Ganser .  1964: 

Kloot~\-ijk C I  di.. 1985: Searle et cil.. 1987: Gactani and Gmanti. 1 99 1 : Sajman er cil. .  

1993: Liu and Einseir. 1994: Garzanti et ci/ . .  1996). and on the Quattrnar) geology of the 

region ( Gurung, 1970 and Yamanaka et al., 1982). Early geomorphic rsssarch in the 

Middle Mountain Region focused on assessing the inhersntly dynamic nature of its 

physical environrnents . 

In order to quanti fy the rrlationships between anthropogenic activi ty, hydrology 

and sediment transport mechanisms in the Middle Mountains, studies in a number of 



watcrsheds diroughout this region have been conducted (Fig. 2.3). Man! of thsse projscts 

have bren based on erosion plot and Stream suspended sediment studies. both of which 

provide valuable information pertaining to the relative impacts of land use. precipiration 

and surficial cover on erosion and sediment transport. 

It is important to note that rates of erosion in the Middle Mountain Region are 

naturally high for reasons mentioned above. Early resrarch in this region commonly cited 

upstrearn defortstation as a causal factor for \vide-spread denudation of upland areas. and 

subscqiient catastrophic sedimentation in downstream regions. As indicated by Ives and 

Messsrli ( 1989). howevrr. such claims were comrnonly basrd on very few quantitative 

data. Ives and \lsssrrli ( 1989) notc tliat. ai the micro-scale. anthropogenic intlusnce is 

likely a prinian control on erosion: however. at the scale of highland-lowiand 

iiitsrrtctions. it  is the inherent instability of this region which is the prirnary influence on 

crosional processes. Rrcent resrarch (i.e.. Carson. 1985: Overseas De\-élopmént Agsnc~.  

(0D.-1). 1995: Can-sr. 1997) has further illustratrd that. although hunian acti\-it!. ma! 

alter erosioncll processes 011 a site-specific basis to (t certain degrec. the "anthropogenic 

contribution" to the scdimrnt budget of a watrrshsd is commonly low compared to natiiral 

sources (such 3s slope IàiIurss). 

Due to thsir inherent instability, Middle klountain \vatersheds are hiphly 

susceptible to mnss wastinç. .4s a result. much research into niountain hazards and their 

rrlationships with anthropogenic activity has been carried out. Such work in the Phewa 

Tal h tershcd by Ranisay ( 1985) f'ocused on identifying dominant forms and processes 

of niass wristing and sediment sources throughout the catchment. Ramsay ( 1  985) noted 

tliat landslide dcnsity within the watershed \ras 1.6 siides.krn". with 95% of thesr beinp 
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Fig. 2.3 - Locations o f  three watersheds in the Middle Mountain Region that have been 
sites of considerable research regarding land use dynamics, mass wasting 
processes, erosion and sediment transport. Watersheds are not drawn to scale. 



shallow translational slides occumng in mid-dope positions. Less frequent, larger 

translational and rotational failures have aIso been obsemed within this watershed. The 

mnoff associated with these events usually leads to rapid intesration of the eroded material 

into the drainage network. These flows tend to supply the majority of the sediment ro 

fluvial systems in the iMiddle Mountain Region as the matenal eventually reaches the river 

either directly or is remobilised by fluvial action froni its position in a slope-base fan. These 

types of sedirnent mobilisation and transponation processes lcad to pulses in sediment 

supply to major rivers which ofien coincide with major rain rvcnts (Ramsay, 1987). 

Surface erosion, when compared to such point sources of sedinient at the watershed scals. 

appczrs to contribute a small prrcentage of the totai transponsd niaterial within kliddle 

Mountain watersheds (Carson, 1953). 

Studies of mountain hazards and the role of cataclysniic natural evrnts (estrcnic 

weather, mass wastinç, etc.) in geoniorphological processes in the Xhddle Mounrains Iiavs 

indicated that these processes far outweigh the role of human activity in terms oftheir 

contribution to erosion and sedirnenr transport in this reçion (Carson, 1 985). Galay cr d 

( 1  995)  studied the effect of an estrerne rainfall event on erosion in the Kulekhani 

Warershed in 1993. This storni triggerrd numerous landsiides a n d  resulted in the 

niovement of over 4.0 s 10"tonnes of sediment through the watershed and into the 

Kulekhani resemoir. This equates to a 4s-hour sedinient yield that more than doubled the 

total sedimenr yield from the watershed during the previous 12 years. Dhital el al. (1993) 

conducted a field assessrnent of the damages of this same storm event and noted 



substantial darnage to engineering structures and villages, loss of large areas of arable land 

and crops to mass wasting, and a considerable loss of human life. 

Rowbotham (1995) camed rnountain hazards research one step fùnher by using a 

GIS database to develop a model to predict dope stability in the Phewa Ta1 ca t chen t  

based on information collected fiom field reconnaissance, maps, aerial photographs and 

previous work in the region. The results of this research indicate the enormous potential 

for the use of GIS's and digital elevation models (DEM's) in the monitoring and predicting 

of geomorphological hazards in the Middle Mountain region. The use of GIS's by the 

iLIE;uRIS (1996) fûrther illustrates the potential for such analyses in the monitoring of 

changes in land use, resource extraction and dernographics, in the management of 

development in this region. 

Early work by Fleming (1978) in the Phewa Ta1 Watershed concentrated on an 

inventory of the physical characteristics of the watershed and resulted in its classification 

as the second highest priority (among 36 watersheds surveyed) with respect to potential 

erosion hazards and problems stemming frorn poor land management. This ranking was 

based on an assessrnent of five variables within the watershed (precipitation, geological 

stability, forest cover, grazing pressure and the presence of gullies and landslides). 

Monsoonal rainfall in the Phewa Tal Watershed is exceptionally high due to the ability of 

the Annapurna Massif (Fig. 2.3) to trap rnonsoonal air masses in this region. This 

combined with the generally weak structural integrity of the low- to rnid-grade 

metamorphic bedrock of this region and the relatively high population pressure in the 



Phewa Ta1 Watershed Ied to the ranking of this catchment as a high prionr~ in terms of soi1 

conservation and management. 

.A similar project (Anonyrnous, 1980) essentially provided an inventory of the 

phyjical and biological environments of the watershed, and the relationsi-ips between these 

environments and local residents. Cnder the auspices of the Integrated li'atershed 

Management Project ( I J W  - a project desiged to address issues of land management in 

Middle Mountain watersheds), a management plan for the sustainable dei-elopment of the 

natural resources and tourism industry of the Phewa Ta1 Watershed was proposed 

lmpat (19s 1)  conducted an assessrnent of erosion and sediment x n s p o n  in the 

Phev.-a Tal Watershed and noted patterns in soi1 loss relating to land use On overgrazed 

grassiand, I m p a  (198 1) noted that rates ofsoil loss varied froni 7.73-1 1 36 t-ha", while 

lossrs from areas under forest rangrd from 1 .O 1 - 1 .O2 t-ha-' (for lune-Ocï~ber. 1979). 

Thesé values are Iower than those obsewed in the sanle watershed by Mslder (197S, as 

seen in Inipat, 19s 1) whicli reached 34.7 t.ha".a'l for overçrazcd grasslz:.d and 

9.1 t.ha-'-a'' for Pasture In the Likhu Khola Watershed, ODA (1995) noxd similar 

- 1  - 1  patterns with losses ranging from O. 1 t-ha .a under forest to over 20 1-hii.a'l on bare 

land and under degraded forest (forest thzr has been harvested for fodder and fuelwood) 

Carson ( 1  985) also provides estirnates of soi1 loss as a result of rainfall urder different 

types of land use which range from 5 t-ha".a" to 200 t-ha"-a*' foi- kher laxi and degraded 

range land, respectively. 

Kienholz ri nl (19S4) undenook a project to map the stability of mountain slopes 

in the Kakani area (9 km northwest of Kathmandu) of the Middle blountrins and noted 



that. duc to naniral factors (as outlined above). their entire research area was 

"conditionally unstable". .~gricultural activities were noted as potentially negatiw 

influences on slope stability escept in areas where cultivated terraces were well 

rnaintainsd. The authors also noted that due to their greater cconomic value. irrigated 

terracss wrre cornmonly much better maintained than bnri lands. and that once failures 

occurred on non-irrigated tenace slopes. little or no effort n-as made to repair the damage. 

leaving thsse slopes susceptible 10 further rrosion. 

Othrr rrsearch projects airned at assessing changes in land use partems and the 

associnrsd rffccts on soi1 crosion have bsen canied out in different regions of the Nepal 

and Indian Himalaya (Schroeder. 1985: Ramsay, 1986: Narayana. 1987: Eriksson. 198% 

Loshali Cr u/..  1990: Sniadja. 1992: Raa-ai an3 Rawat. 1994a and 199Jb~.  Thcse studies 

liai-r providsd tlir foundation for present and future reséarch regardin y natural erosional 

processes in l o w r  Himalayan watersheds and the impacts of changing land use patterns 

iipon t h m .  

.At present. limvever. few long-teml data penaining to hydrology and sediment 

transport dynamics are available. The lack of such resources has hindered the 

quantification of hydrological and geornorphological processes in the Hinialayan region 

and. as mrntioned above' has ofien led to generalised statements regarding the impacts of 

land use on soi1 srosion. Projects in the Jhikhu Khola and Likhu Khola Watersheds have 

focused on intense coverage of geomorphological processes over a rangs of temporal and 

spatial scales in order to better quantify these processes and the roles of anthropogenic 

activity in the problem of land degradation. 



2.4.1 Long-term, watershed-scate studies 

Both the Likhu Khola and Jhikhu Khola Watersheds (Fig. 2.3) have been sites of 

extensive research into land use and its effects on watershed hydrology, erosion and 

sediment transport. These projects have expanded on previous work by improving spatial 

and temporal coverage of these processes. In 1989 an intense, watershed-scale study of the 

Jhikhu Khola Watershed was initiated as one of the first attempts at establishing a Iong- 

term study focusing on the relationships between socioeconomic conditions (Le.,. high rates 

of population growth), agricultural intensification, climatic conditions, sediment transport 

and soi1 fertility (Shah and Schreier, 1995). Of panicular interest is the collection of high- 

resolution precipitation data combined with erosion-plot data, strearn-discharge 

measurements and suspended sediment concentrations at a variety of spatial and temporal 

scales over a period of six years. Research at the Likhu Khola Watershed (ODA, 1995) 

focused on the monitoring of precipitation, discharge, Stream water chemistry and soi1 

losses from erosion plots and gullies for 5 sub-catchrnents of the watershed. 

Both projects included high-resolution monitoring of spatial variability in rainfall 

patterns within their respective watersheds. In the Phewa Tal Watershed, a stronç positive 

correlation between elevation and total annual rainfall has been noted (Ramsay, 1985; 

Rowbotham, 1995). An analysis of variations in rainfall with elevation in the Jhikhu Khola 

Watershed (Carver, 1997) indicates a similar relationship from June-September; however, 

at one hillslope, June-September rainfall actually declined with elevation. The cornples 

variability in measured rainfall intensity and amounts has been attributed to the 

combination of a nurnber of factors including elevation, local topographic relief. prevailinç 



meteorological patterns, and rain gauge performance, as affected by wind speed (Carver. 

1997). Similar monitoring at the Likhu Khola Watershed revealed less spatial vanability in 

total rainfall, although local effects (Le, topography) were noted to result in rnarkedly 

different precipitation amounts over shon time periods (ODA 1995). 

The response of the fluvial systems of Middle Mountain watersheds to rainfall 

events is of prime importance when considenng rnatters of sediment erosion and transport. 

As mentioned above, lmpat (198 1) measured discharge and suspended sediment 

concentrations of the Harpan Khola in the Phewa Ta1 Watershed. These data provided 

useful information regarding mean monthly discharge and sediment loads but lacked the 

event-scale resolution necessary to develop relationships between rainfall and sediment 

transport. Rowbotham (1 995) noted qualitatively, the rapid response of the fluvial system 

of the Phewa Ta1 Watershed to rainfall events, citing a 24 hour rainfall intensity of 80 mm 

as the minimum needed to generate a notable (visual) increase in Stream suspended 

sediment. Carver ( 1  997) observed a minimum intensity of 30 mm-hr-' needed to generate 

surficial erosion during the pre-monsoon and transition (from pre-monsoon to monsoon) 

seasons in the Jhikhu Khola Watershed. On a seasonal scale, overland flow as a percentage 

of rainfall has been observed to increase throughout the monsoon in the Likhu Khola 

Watershed, reflecting the diminishing storage capacity of soils within the catchnient as they 

reach saturation (ODA, 1995). 

Changes in vegetative cover as a result of harvesting and crop rotations play a 

major role in sediment mobility on açricultural land. Carson (1985) observed a seasonality 

to the susceptibility of soils to suficial erosion based on typical annual crop rotation 



patterns of the Middle Mountain region (Fig. 2.4)- During the pre-monsoon, vegetative 

cover is at a minimum due to the harvesting of spnng crops. ..At this point, soil moisture 

and cohesiveness are extremely low due to the prolonged dry period associated with the 

winter months. With the onset of pre-monsoon rains in May and June surficial soi1 losses 

are extremely high, ofien accounting for the majonty of the annual sediment budget in 

agricultural areas. As a vegetative cover develops on agncultural lands throughout the 

spring and early summer, and as sediment availability decreases, suficial soil losses 

decrease during the monsoon proper, even though significantly more rain falls dunng this 

time. 

This seasonal hysteretic behavior has been observed by a number of researchers 

working in Nepal (Impat, 198 1; Carson, 1985; ODA, 1995; Carver, 1997). A more 

detailed analysis of this behavior by ODA (1995) revealed that erosion during the pre- 

monsoon season can account for more than 50% of annual soi1 losses on hari terraces, 

with over 2 t-ha" being rernoved during individual rainfall events. Carver and Nakarmi 

(1995) noted that erosion durinç the pre-monsoon season can. in some cases, account for 

90% of total annual erosion. Using a network of hydrometric stations and rain gauçes thzy 

derived sediment rating curves for the Andheri and Kukhuri basins which drain 540 ha and 

72 ha, respectively, within the Jhikhu Khola Watershed. In both cases, a strong seasonal 

stratification of Stream suspended sedirnent concent ration i w m s  discharge measuremenrs 

between the pre-monsoon and monsoon seasons was observed (with Stream suspended 

sediment concentrations being much higher for a given discharge dunng the pre-monsoon). 

Changes in vegetative cover are given as the primary reasons for the observed 
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Fig. 2.1 - Seasonal patterns of rainfall erosivity and stability of surficial soils due to 
vegetative cover. Note maximum susceptibility of soils to erosion during the 
pre-monsoon (modified from Carson, 1985). 



stratification, as rainfall intensities do not change appreciably fiom the pre-monsoon to the 

monsoon (Carver and Nakami, 1995). Carver (1997) provides a comprehensive review of 

hysteresis theory and a detailed assessrnent of the spatial and temporal variability in 

hysteretic behavior in the Jhikhu Khola Watershed. It is noted in this study that the 

development of watershed-scale models of sediment erosion and transpon in Middle 

Mountain watersheds is complicated by the superposition of event- and plot-scale 

hysteretic behavior over larger-scale (temporal and spatial) hysteretic trends. 

Spatial variations in erosion are the result of differences in site-specitic factors and 

land use. As noted above, the human influence on the hydrological regirnes and sedirnent 

transport dynamics of a watershed are significant at srnail scales. ODA ( 1995) provides 

soil loss estimates for the 1993 pre-monsoon and monsoon seasons accordinç to land-use 

type and the level of degradation of different plots within the Likhu Khola Watershed. 

These results indicate that soil losses generally increase with decreases in vegetative cover 

under al1 types of land use, and that severely degraded, bare land yields the greatest soil 

loss during both seasons. The percentage contribution of sediment from degraded lands to 

watershed sediment budgets is therefore significant. Carver ri al. ( 1  9 9 9 ,  throuçh a study 

of the effects of land use on surficial erosion at four scales within the Jhikhu Khoia 

Watershed, noted the effect of degraded land on Stream suspended sedirnent loads 

throughout the pre-monsoon and monsoon seasons. The Dhap and Andheri sub- 

watersheds are similar in size (558 ha and 540 ha, respectivelyl but the h d h e r i  Khola 

basin is generally much steeper than the Dhap basin. Although higher rates of erosion in 

the hdhe r i  Basin would be expecied, this was not the case. Suspended sedimenr values 



were higher in the Dhap basin for both the pre-monsoon and monsoon seasons, with rating 

curves merging at higher flows. This is attributed to the fact that the Dhap basln contains a 

higher percentage of degraded land (defined as extensively rilled or gullied land with less 

than 25% surface cover) than the Andheri basin (14% and 5%. respectively). It was also 

noted that smail to medium-scale events generated greater suficial erosion on degraded 

land, while large s tom events tended to result in similar erosive losses throughout both 

sub-watersheds. The higher percentage of degraded land in the Dhap sub-watershed and 

the inherent inability of this land to support stable vegetative cover resulted in higher levels 

of erosion and sediment transport within this basin throughout the pre-monsoon and 

monsoon seasons, even though on the basis of topography this basin should be less 

susceptible to erosion. This esample açain emphasises the role of vegetative cover and 

surficial conditions on sediment dynamics in this region, as well as the importance of 

relatively srna11 percentages of degraded land with respect to overall basin sediment 

output. 

Aside from land use and vegetative cover, site-specific pedological characteristics 

have also been noted to influence susceptibility to erosion. A study by Carver (1997) of 5 

erosion plots of similar composition and under similar management practices in the Jhikhu 

Khola Watershed, revealed tremendous variability in erosion rates due to variations in soi1 

propenies. Carver (1997) noted a strong influence of soi1 texture on rates of infiltration 

and therefore surface mnoff Erosion from plots dominated by fine-grained soifs was more 

than an order of magnitude greater than from those plots with relatively coarser grained 



soils, due to the higher mnoff generated on soils aith poor iniiltrability. Greater aggregate 

stability was also observed to reduce suficial soil losses (Carver, 1997). 

The above examples illustrate relationships between ropography. land use and 

pedological characteristics in processes of soil detachment and transpon at srnaIl scales. 

These data illustrate that surficial erosion and sedirnznt transport are primarily influenced 

by rainfall intensity (as demonstrated by a stron; positive correlation between discharge 

and stream suspended sediment concentrations). Surface conditions appear to be the 

secondary control on temporal variations in soil erodibility with the development of a 

vegetative cover during the monsoon season leadin, to a decrease in sediment mobilisation 

and rransport, even t h o u ~ h  surface mnoff is obsewsd to increase at this tirne. .At small 

(sub-watershed) scales rherefore. ir would appear ihat these t x o  factors play ihz largest 

roles in the erosion and transpon of suficial sedirnents. I n  order to understand overall 

basin sedimenr dynamics however, it  is essential to oetermine how t hese relationships 

function at different spatial and temporal scales. 

In order to determine which factors control overall basin sedimenr output, Carver 

and Schreier (l995a) constructed sediment and nurrient budgets at different scales within 

the Jhikhu Khola Watershed for three heavy rainfall events. rhe first durinç the pre- 

monsoon, the second during the transition period, and the third during the monsoon. The 

event associated with the transition period was of the longest duration and second highesi 

(to the pre-monsoon event) in rainfall intensity. Sediment and nutrient (phosphonis) 

budgets were calculated froni erosion plots for an upland teriace (70 rn'), a mini- 



watershed (72 ha), a sub-watershed (540 ha) and the entire Jhikhu Khola Watershed (1 1 

141 ha). 

Results from this study indicated that different erosional processes were dominant 

at different temporal and spatial scales. Table 2.1 provides summary sediment and nutnent 

budget data for the four scales studied. It c m  be seen that erosion is greatest at the terrace 

scale during the pre-monsoon, and that as scale increases, erosion in tomesha decreases. 

This peak in terrace erosion suggests that the primary sediment source dunng the pre- 

monsoon in this case is the surficiai erosion of  upland terraces. The decrease in tenace 

erosion during the monsoon event indicated that a stable vegetative cover had been 

established. 

Table 2.1 - Erosion in tonnes per hectare at a vanety of scales and during three separate 
storms in the fiikhu Khola Watershed (modified from Carver and Schreier, 
1995a). 

Scale Erosion 
(t-ha*') 

Pre-monsoon Transition Monsoon 
Terrace (70 m') 20 1 O O. 02 

Mini-watershed (72 ha) 5 7 0.8 
Sub-watershed (540 ha) 2 40 0.4 
Watershed (1 1 14 1 ha) O. 1 2 O. 1 

As scale increases, contributions from other sources overshadow those from the 

surficial erosion of upland terraces. At the mini-watershed scale (72 ha) the difference 

between pre-monsoon and monsoon erosion is smaller due to the increasing contributions 

from mass wasting processes such as terrace slumping and strearnbank erosion which are 

more prevalent dunng the constant heavy rains of the monsoon season. As rainfall duration 



and intensity were both high for the transition period event, erosion at the mini-watershed 

scale actually peaked at this time. 

At the sub-watershed scale actual erosion in tonnes per hectare can be seen to be 

decreasing, likely due to decreased sediment production downstream or storage of 

rnobilised material in upstream areas (Carver and Schreier, 1995a). The extreme event of 

the transition pei-iod had the greatest impact on erosion at the sub-watershed scale. This 

longduration, high intensity storm resulted in extreme swelling of the sub-watershed 

drainage system (Andheri Khola) and erosion of the river bed, producing the observed 

peak in sediment production at this tirne. 

Finally, at the watershed scale, erosion values decreased drastically. There is no 

longer a gap between the pre-rnonsoon and monsoon events, and the extrerne event of the 

transition period seerns to have had only a minor impact at the watershed scale. The rains 

of the transition period event were geographically limited to the Andheri Khola sub- 

watershed where they overwhelmed the Andheri Khola. This event was accomrnodated by 

the larger Jhikhu Khola channei, however, and although erosion was highest at this time at 

the watershed scale, estimates of erosion are extremely low when compared to the pre- 

monsoon and transition period events at smaller scales. Mthough these results are taken 

from only three events, they suggest spatial and temporal patterns in sediment movement 

throughout the Jhikhu Khola Watershed which must be accounted for when developing 

models of erosion and sediment yield. Such data are also of prime importance when 

relating plot-scale soi1 loss estimates to sediment delivery to downstrearn reservoirs and 

lakes. 



ODA (1995) camed out extensive monitoring of stream hydrochernistry to assess 

the impacts of increased fertiliser use and increasingly acidic precipitation on water quality. 

Rainfall events were observed to result in a rapid decrease in base ion concentration, and 

an increase in those ions derived from fertilisers. This caused a drop in stream pH; 

however, the presence of calcium, sodium and bicarbonate (derived fkorn the weathering of 

bedrock) was observed to buffer this increase in acidity. Acidification of stream waters 

was also seen to result from the deposition of acidic precipitation. Although chemical 

imbalances appear to be at tolerable levels at the present time, it is likely that nutrient 

loading and acidification of streams and lakes will increase with the inevitable increasing 

use of fertiliser and growth in the industrial sector of Nepal. 

2.5 Limnology of !Middle Mountain lakes 

The above exarnples illustraie the development of a comprehensive understandine 

of many aspects of the erosional systems of the Middle Mountains. Althouçh processes of 

sediment mobilisation and transport are understood at a variety of scales, research into 

sediment delivery, dispersal and deposition in downstream water bodies in this region is 

still in its infancy. In order to address this issue, it is necessary to understand the 

lirnnological characteristics of lakes in the Middle Mountains. 

The monsoon strongly influences the physical, biological and chemical processes of 

lakes in Nepal. Mixing processes and stratification patterns are affected by the seasonal 

peak in river discharge and heavy rains associated with the monsoon, which bring with 

them increased sediment loads. As a result, a cornparison of the pre- and post-monsoon 



conditions of these lakes shows a marked difference. Such differences are described below 

with reference to studies in Nepal, and at Phewa Ta1 in particular. 

Lakes and reservoirs of the Pokhara and Kathmandu valleys in Nepal have received 

considerable attention relative to other water bodies in the Nepal Himalaya (Hickel, 1973; 

Lohman et al, 1988; Jones et ai., 1989; Rana, 1990; Leminen, 199 1 ; Sthapit and Leminen, 

1991; Science Applications International Corporation (SAIC), 1993; Research and Soi1 

Conservation Sections, 1994a, 1994b. 1994~; Sthapit, 1995; Galay et al., 1995; Davis ef 

ni., in press). Phewa Ta1 has been studied most intensely with respect to monsoon- 

influenced physical, biological and chemical processes (see Fig. 2.3 for location of Phewa 

Tal Watershed). Vertical temperature pronies obtained by Hickel ( 1  973) revealed that 

Phewa Tal is a sub-tropical monomictic lake, experiencing turnover in December. 

Progressive warming in the spring and summer result in the developrnent of a metalimnion 

between 3 - 1 0 rn that becomes more pronounced as air temperature increases (Hickel, 

1973; Lohman et ai., 1988). By the time the monsoon is well undeway in mid-surnrner, 

themal stratification of the reservoir is firmly established. Heavy rains d u n n g  the monsoon 

season lead to elevated fluvial input to the reservoir. The subsequent turbulent mixing of 

cooler river water within the lacustrine water column, combined with significant 

atmospheric water input can alter stratification patterns and result in epilimnetic and 

metalimnetic cooling and dilution. This has been noted to result in a breakdown of 

stratification for short periods of time durinç the sumrner months (Davis et al., in press). 

The possibility of rnid-summer turnover events has implications not only for 

biological and chemical processes, but for inflow dispersal mechanisms as well. A 



breakdown in stratification patterns associated with heavy rains may work to prevent the 

degree to whkh isolated flows develop as river discharge and suspended sediment loads 

increase. Unless intlowing water is considerably denser than water at any level in the water 

colurnn, a destratified, freely circulating water column could result in homopycnal rnixing 

and lirnited spatial distribution of sediment-laden river water. This would result in higher 

levels of sedimentation in delta proximal regions than would be observed if througMows 

were able to develop (Smith and Ashley, 1985). 

Analyses of phytoplankton populations of lakes within the Kathmandu and Pokhara 

valleys reveal interesting spatial and temporal trends in population composition and size 

which are related to mixing patterns and monsoonal dilution. Hickel (1973) noted that the 

phytoplankton population of Phewa Tal was dominated by diatom species (Melosira 

ishzdico forma spiralis, and Diatorna e lo t i ga~n)  wit h numerous species of desmids 

being sub-dominant. Hickel(l973) also observed a seasonal difference in the abundance of 

phytoplankton communities in Phewa Tal, with populations reaching maximum levels 

during the winter months. Vertical profiles of both diatom and desmid populations have 

revealed subsurface peaks, generally between 2-7 m (Hickel, 1973; Lohman et al., 1988; 

Davis et nl., in press). Although Lohman et al. (1 988) noted that these populations rnay 

persist until turnover, observations by Swar (198 1, as seen in Davis el al., in press) 

indicate that dilution of the water column by monsoon rains leads to decreases in 

zooplankton populations throughout the water column. 

A cornparison of pre-and post-monsoon phytoplankton populations by Lohman rr 

al. (1 988) indicated that Melosira gramlata was the dominant dry-season species, while 



Diororna eiongnrirrn. :\.lelosira granulafa. and Llofhri-r sobrilissirnn were most common in 

the post monsoon. The dominance of .l.(elosirn grandara in more recent studi:~ may 

indicate the progressive eutrophication of Phewa Ta1 as a result of nutrient-rich discharge 

from the city of Pokhara. SAIC ( 1  993) provides an extensive revie~v of water quality 

problems in the Phewa Ta1 Watershed. citing the growth of the city of Pokhara and the 

lakeside tourist region as major sources of contarninants. 

An assessrnent of ionic concentrations in ]&es of the Pokhara Valley by Lohman 

el c d .  ( 1988) indicated the presence of a flushing and dilution effect as a result of the 

annual monsoon. as post-rnonsoon salinity values wrre noted to have decreased between 

34-46% conipared to those prior to the monsoon. Warmer hypolirnnetic temperatures and 

dilution of cations throughout the water column in the post-monsoon season suggest rhat 

mising of the sntire watsr column rnay have taken place during the monsoon. This has 

nlso been suggssted by Rana (1990). An increase in the proponion of sodium to calcium 

was also noted in the post-monsoon szason and was attributed to minor dissolution of 

nirtainorphic rocks by overiand flow. 

In general. slectrolyte concentrations in the Iakes of the Pokhara vallqr have been 

observrd to be rslativrly low (conductivity G O  @cm) by both Hickel ( 1973) and 

Lohman rr cil. ( 1  988). Previous assrssments of nutrient and chlorophyll-a concentrations 

indicate that Phewa Ta1 is mesotrophic (Lohman el ni., 1988), although Rana ( 1  990) 

suggested that the lake is eutrophic. Anoxic conditions in bottom waters of Phewa Ta1 

have been obsrrved (Hickel, 1973; L o h a n  et al.. 1988; Rana, 1990. J. Jones, persona1 

communication. 1995) with increased hypolirnnetic osygen levels obsrned at the timr of 



turnover (Rana. 1990). Values of pH in Phewa Ta1 and other M e s  of the Pokhara vallsy 

tend to fluctuate between 6.5 and 8.5 (Hickel, 1973: Rana. IWO). 

2.6 Reservoir sedirnentation 

The use of resenroirs to generate hydroelectric power and to providr n-ater for 

irrigation is prevalent worldwide. The cornmon h e a t  to such projrcts is that of siltation. 

or the reduction of live storage capacity (that volume of the resemoir above the lowest 

outflow used for power generation) to a point where the resen-oir is no longer usehl. This 

threat to the economic viability of such projects has necessitated research into patterns 

and rates of reservoir siltation and into the predictive modeling of such processes. 

Resennoir sedirnentation studies generally focus on an assessrnent of annual 

sediment yield from a givçn wûtershed. and the determination of variations in  rates of 

sedirnentation throughout a resenoir through bathymetric surveying and!or sedimrnt 

sampl ing. A cornprehrnsive understanding of watershed geology . local clirnate. human 

activity, processes of sediment erosion and transport. watcrshed hydrology and sedimrnr 

distribution and deposition patterns is essential when predicting resenoir li fe espectanc!. 

(see for esample. Jansson and Rodriguez. 1992). 

Sediment yield can be assessed in a number of waps (Laronne. 1987). including 

empirical measurement of fluvial sediment loads. erosion plot studirs and modeling of 

surficial erosion (e-g. usinç the Universal Soi1 Loss Equation. USLE). The developmeni 

of strearn discharge and suspended sediment rating cunres ovrr a wide range of conditions 

also allows estimation of sediment yield usinç strearn discharge data (see Rao et al.. 

1 989; Aselsson. I993b; Jansson, l992b). 



The actud rate of sediment accumulation in a reservoir depends on the sediment 

yield of a watershed and the trap efficiency of the reservoir itself. Watershed sediment 

yield values are often less than estimates of erosion from plots and suspended sediment 

sampling due to the storage of transported material within the ca tchent  (cf. Hsueh-Chun, 

1995). The difference between erosion and sediment production tends to increase with 

watershed size (Bmne, 1 953). Furthermore, rates of sediment accumulation are ofien less 

than sediment yield estimates due to the loss of some material to outflow from the 

reservoir. Brune (1 953) notes a number of factors, including the ratio of storage capacity 

to inflow, reservoir age, basin shape, type of dam and sedimentological characteristics, 

which influence the trap efficiency of reservoirs. A comprehensive study of 3 1 reservoirs in 

the United States revealed trap efficiencies ranging from O-100%, although the majority of 

resemoirs generally have trap eficiencies above 80% (Brune, 195 3) .  

The actuaI measurement of sedirnent accumulation in reservoirs is often carried out 

through repeated bathyrnetric surveys. The measurement of the loss in total storage 

volume between annual surveys provides an estimate of sediment accumulation rates but, 

due to the inherent limitations of such methods (as discussed in Section 1 . I ) ,  this method 

is susceptible to significant error. A second and generally more reliable method of 

determining rates of sedimentation is through the analysis of accumulated sediment (Le. 

sediment cores, or pits excavated in reservoir sediments during periods of drawdown). 

Laronne (1987) studied a profile of reservoir deposits of the Yatir Reservoir, 

located in the southern Hebron Mountains. A dam failure on 14 April, 197 1 resulted in the 

incision of reservoir deposits which exposed a 3 m long profile. Within this profile, a 2.3 rn 



sequence of reservoir deposits, representing only 3 years of sedimentation, was observed. 

The sequence contained over 40 sand-sildclay couplets representing individual storm 

events. The capability to measure sediment accumulation on an event basis in this case 

allowed for a highly detailed assessment of sediment yield over a shon period of tirne. 

Such a high resolution record is not observed in many reservoirs. More commonly, 

annual rhythmites (varves) are used to assess annual rates of sediment accumulation. 

kvelsson (1992b) used Xradiographic imaging to analyse core samples retrieved from the 

Nam Ngum Reservoir in Laos. Easily identifiable couplets, which recorded discemible 

monsoon and dry season deposits, were observed in the retrieved sediments. This analysis 

demonstrated the effectiveness of Xradiography in identification and inter-core correlation 

of these couplets. Assessment of annual rates of sedimentation based on couplet 

thicknesses, cornbined with correlative analyses of cores spaced throughout the reservoir, 

allowed for the identification of spatial and temporal trends in sediment accumulation. 

Mean annual rates of sedimentation were highest in delta-proximal areas and alonç the 

former river channels (due to t h e  prevalence of turbidity currents as sediment dispersa1 

mechanisms), and ranged from 1 - 129 mm-a-' (Axelsson, 1992b). 

A watershed-scale survey within the Reventazon River Basin in Costa Rica 

employed a wide range of techniques to assess processes of sediment production and 

transport, sediment delivery, trap efficiency and sedimentation in the Cachi Reservoir, the 

results of which have been compiled into a single volume (Jansson and Rodriguez, 1992). 

In this study the physical characteristics and development of the watershed were 



considered (Ramirez et al., 1992: Ramirez and Rodriguez. 1992) and related to sediment 

production and transport within the basin (Jansson. 1992a: 1992b). 

Aselsson (1  9 E a )  used Xradiography to identi& structures in sediment cores 

rctrieved from the Cachi Resen*oir floor. These images allowed for the identification of 

altemating indurated cmsts and softer. more organic layers which represented the cyclic 

subaerial exposure of the sediments as a result of reservoir drawdown. Calculations of 

void ratios using Xradiographic images also allowed determination of erodibility of Cachi 

Reservoir sediments. with indurated (low void ratio) layers being much more resistant to 

watherin; during low water lrvels or flushing events than the more organic (high void 

ratio) materials. 

Sedimsntoloçical studies in the Cachi Reservoir wrre complimrntrd by side-scan 

sonar and sub-bottom profiling of the reservoir sedirnents. Erlingsson ( 1992) used scho 

soundings to calculate the amount of sediment eroded from the reservoir as the result of a 

planned flushing. This study also revealed that the pre-resewoir river channel was the 

zone of greatest erosion as the result of the flushing, and that erosion from pre-resenoir 

tenaces kvas inconsistent (although local scouring of up to 1 .O m was obsrrvrd). Dztai1e.d 

analyses of suspendcd sediment oiittlow from the reservoir throughout al1 stages of the 

tlushing procedurs (slow rvacuation. rapid evacuation and frce flow) provided a ch& on 

the erosion cstimates from the echo sounding surveys, as well as an idra of the relative 

erosional force of each stage of the flushing operation (Jansson, 1992~). 

Finally, Sundborg ( 1  992) proposed a cornputer mode1 of reservoir trap efficiency. 

sedimentation and grain size distribution for the Cachi Reservoir, al1 of which showed 



good correlation with measured values. Such a mode1 may be used, along with empirkal 

observations to predict fbture rates and processes of reservoir sedirnentat ion. 

The Cachi Reservoir sedimentation study is an example of a multi-disciplinary 

approach which incorporated a number of research methodologies to assess the problem of 

reservoir sedimentation in the Reventazon Basin. This project dernonstrates the benefits of 

such an approach (when sufficient logistical and financial support is available) as it 

provides a more comprehensive understanding of the physical processes of sediment 

erosion, transport, deposition, and flushing, as well as providing multiple checks on the 

results of each study. 

2.6.1 Reservoir sedirnentation in Nepal 

The problem of reservoir sedimentation in Nepal is unique due to the monsoonal 

clirnate, population pressures and inherent geological instability mentioned above. Nepal is 

favoured with tremendous hydropower potential available from the large number of rivers 

dissecting high-relief terrain. Aithough the potential for hydropower generation is great, 

reservoirs are presently showing signs of rapid siltation which is resulting in the loss of 

reservoir storage capacity and, therefore, hydropower generating potential. Recent studies 

in Nepal (under the direction of the Integrated Watershed Management Project ( IWW))  

by Leminen (1991), Sthapit and Leminen (1992) and the Department of Soi1 Conservation 

(1994a, 1994b, 1994c) have been aimed at assessing reservoir siltation rates usinç a 

variety of monitoring techniques in the Phewa Tal, Rupa Ta1 and Kulekhani reservoirs. 

These studies and others (Sthapit, 1995; Galay et al., 1995) have shown that episodic, 



storm-induced events are responsible for the majority of sedirnent delivered to these 

reservoirs. 

Siltation surveys of Phewa Ta1 have been camed out annually from 1990 to 1993, 

excluding 1993 (Leminen, 199 1; Sthapit and Leminen, 1992; Research and Soi1 

Conservation Sections, 1994b). They have involved the use of bathymetric survey 

techniques in order to determine the change in depth across transects in the reservoir as 

compared to a fixed reference datum, Each year the calculated reservoir volume is 

compared to that of the previous year to determine the annual sediment load delivered to 

the reservoir. Echo sounding lines were established between surveyed benchmarks. Where 

possible, survey lines were followed by anchoring a rope to these benchmarks at each end 

of a survey line and using this rope as a guide. In areas where the survey line was too long 

to allow use of a rope, navigation was accomplished using easily visible features aiong the 

shore. Results from the surveys of Phewa l'al indicate that annual sediment delivery to the 

reservoir has ranged from 175 000-225 000 m3, with a majonty of the rnaterial (90 000- 

120 000 m3) being deposited in the delta-proximal area (Sthapit, 1995). Based on a 

reservoir volume calculated in 1994 to be 37.76 million m" and the fact that the reservoir 

will lose al1 hydropower generating capacity once 80% of the water volume is lost, Sthapit 

(1993) suggests that the reservoir has a 125- 175 year life expectancy. Again, these 

measurements are only approximations of actual sedimentation rates in the reservoir, due 

to the inherent inaccuracies of bathymetric surveying. 

A similar monitoring program has been established for the Kulekhani reservoir, 

located approximately 30 km southwest of the capital city of Kathmandu. This reservoir 



was constructed at a cost of approxirnately 1 billion rupees (CAD S25 million) and 

generates 45% of the total electncaCsystem capacity of Nepal (Galay et al., 1 995). It is an 

extremely important source of energy during the dry season, as most other hydroelectric 

stations in this region experience reduced flow at this tirne. 

Bathymetnc monitoring of sedimentation began in March of 1993. On 19-20 July, 

1993 a large rainstom hit south-central Nepal resulting in major erosion and sediment 

transport to the Kulekhani reservoir. During this storm a peak rainfall intensity of 70 

mmhr was observed. with the 24 hour maximum rainfall reaching 540 mm within the 

Kulekhani Watershed. Landsiides within the watershed were noted to occur within the 300 

m d d a y  isohyet indicating that this was a threshold for spontaneous mass movement 

events. 

A reconnaissance of the watershed after the storm (Galay et al., 1995) revealed 

that sorne of the landslides were confined and did not reach the mainstem river (Kulekhani 

Khola) while others flowed directly into the main river, resulting in massive downstream 

movement of rnatenal. This reconnaissance was aimed at determining the sediment yield 

resulting fiom this massive storrn event, assessing total damage to the Bagmati Watershed 

(within which is located the Kulekhani Reservoir) and determining the total IOSS of storage 

capacity within the reservoir. A variety of sediment-yield equations were used to determine 

the total amount of material produced from the event with results ranging from 5.85-6.14 

x 106 m3. 

A second bathymetric survey was conducted in December of 1993 to determine the 

amount of sediment that actually reached the reservoir as well as the amount of dead and 



live srorage volume lost as a resuit of the rainstorm. The results from this survey are 

shown in Table 2.2. 

Table 1.2 - Total, live and dead storage volumes of the Kulekhani Rescrvoir from the 
date of establishment (1 98 1): before the major storm event (Mar.). and afier 
the major storm event (Dec.) (from Galay et al., 1995) 

Year Dead Storage (106 m3) Live Storage (106 m3) Total Storage (106 
In3) 

1981 
1993 (Mar.) 
1993 (Dec.) 

-4lthough other large storm events occurrsd within this catc hmrnt throughout the 

1993 monsoon season (most notably on August 10). i t  is thought that ths  majority of ths 

4.8 s 10" m' of material dcposited within the resenoir was transported during the 19-20 

July events (Galay et cd.. 1995). It is estimated that 83% of the sediment was generated 

froni landslides which were concentrated within the 300 mm isohyet. Upon comparison 

with srdimentation over the 12 years of operation of the resenfoir it can br secn that this 

ewnt. which spamed w o  days' resdted in the loss of ovcr twicr as much storage volume 

ris had been lost since the oprning of the resenqoir in 198 1 .  In other words. almost 6% of 

the total resen-oir storage was lost in 2 days. while over the last 12 years. a total oTonly 

2.6% of total capacity was lost. Although the rains associated with this event have a 

return period of between 80- 150 years, their importance in watcrshed and resenoir 

management is significant. It should be noted that return periods are only estimates sincr 

clirnatic records in this region date back only 18-29 years (Dhitai et ai.. 1993). 



Although the majority of deposition during this and other storm events is limited 

to delta-proximal areas. remobilisation of these matenals is cornmon dur to resen-oir 

drawdown during the dry season. Post-monsoon draw-down results in a lowering of base 

lsvd and rejuvenation and incision of the drainage network. Subsequent erosion of 

prsviously dcposited material dong the river profile and at the delta results in 

redistribution of this material throughout the resenoir. This redistribution will br 

snhancrd during d~ season storm events, which. although rare. do occur. 

From the abovr case studies it can be seen that the greatest threat to the longevit- 

of rrservoirs in the Middle blountain Region is catastrophic. evsnt-derived sedimentation. 

Althougli watershed management policies may be irnplemented to reducs the arnoiint of 

srosion occurring annually. it would bc: much more difticult to reduce the amount of 

sediment niobilisrd in the form of landslides. and transportrd via tributaries and mainstrm 

rivrrs during such lar, w storm s\'snts. 



Chapter 3 - Methods 

3.1 Introduction 

The following is a description of rnethods used both in the field and in the 

laboratory throughout this study. Methods used during the first and second field seasons 

(September-December, 1995 and June-July, 1996, respectively) are described first, 

followed by a review of laboratory analysis techniques. 

3.2 Field rnethods 

3.2.1 Stream gauging 

Measurement of stream discharge and stage were carried out sir rimes during the 

second field season (on 12 and 26 June, and 3,  7, 9 and 12 My). A stream cross-section 

was established at Pame, approximately 3.9 km from the rnouth of the Harpan Khola (Fig. 

X I ) .  This site was chosen as it was the closest point to the river mouth at which the 

Harpan Khola could consistently be crossed. Discharge was rneasured by obtaining 

velocity measurements using an Ott current meter with a 4 cm diarneter propeiler. Vertical 

velocity profiles were obtained at 1 rn intervals as marked on a tag line attached to metal 

rods anchored at each end of the cross-section. Velocities were measured at two-tenths 

and eight-tenths depth, with the profile velocity taken as the average of these two values. 

Velocity values were then multiplied by the area represented by each respective vertical, 

and then surnrned to obtain a discharge value for the stream at Pame (after Gordon et al., 

1992). 



Fig. 3.1 - Location of the sûeam gauging station (Pame) within the Phewa Ta1 Watershed. 



Stage was to be continuaily recorded using a digital data logger as described by 

Reedyk et ai. (1997); however, placement of a stilling well in the Harpan Khola proved 

difficult due to the wide range in discharge observed dunng the monsoon season. The well 

was first placed near the edge of the river. This allowed for the recording of rising, peak 

and falling sections of the hydrograph, but during dry periods, stage dropped below the 

bottom of the stilling well. The well was subsequentfy moved fùrther into the Stream to 

allow for the recording of the entire range of flow conditions. It was buned approximately 

1 m into the river bed and anchored to 4 metal rods which were each buried to a depth of 

1.5 m. The system was destroyed, however, as the result of a major rain event on 16 June. 

Subsequent to this event, stage was manually recorded at least twice and often three times 

daily (by Deepak, a resident of Pame) from an installed staff gauge. 

3.2.2 Temperature, conductivity and turbidity profiles 

Throughout both field seasons, measurements of a variety of parameters 

throughout the water column in Phewa Ta1 were obtained at a number of fised stations 

(Fig. 3.2). Stations were placed throughout the lake to provide suficient spatial coverage 

of changes in measured parameters and were consistently located by visually aligning fised 

reference points on two shores. Temperature and conductivity profile data were collected 

during the first field season using a thermistor probe (constmcted in-house) and a Conrnet 

1 Mode1 HL 3280 Portable Conductivity Probe, respectively. Conductivity at depth was 

measured from water samples collected using a Van Dorn-type water sarnpler. Data were 



Fig. 3.2 - 

Pokhara 
'3 

Locations of profile stations in Phewa Ta1 (contour interval = 5 rn). Modified 
from Leminen ( 199 1 ). 



obtained at 1 m intervals, except when higher resolution was needed (Le, at the 

therrnocline). 

Dunng the second season, a Hydrolab Datasonde 3 Multiprobe Logger was used 

to measure temperature, conductivity and turbidity at each of the stations. The data Iogger 

was programmed to measure these parameters every 6 seconds, lowered into the water, 

and stopped at 1 m intervals for 60-120 seconds to allow for at least 10 readings. Al1 

collected data were subsequently downloaded ont0 a lap-top computer for analysis. 

3.2.3 Suspended sedirnent sampling 

Suspended sediment concentrations were also measured throughout both field 

seasons in the reservoir and the river by filtering 500 ml water samples through pre- 

weighed filters. Samples in the Harpan Khola were collected within 10 cm of the surface 

using 500 ml plastic bottles. Durhg the dry season, these samples were obtained from the 

centre of the channel at the mouth of the river. Dunng the monsoon, they were obtained 

from the Parne cross-section and at the river mouth. In the reservoir, samples were 

collected at many of the profile stations (Fig. 3.2) using a Van-Dom type water bottle. 

Water was sampled a! discrete depths; comrnonly at Z., Z / î  and Z,,, (where Z = depth). 

although effons were made to collect samples at the depths of interflows when they were 

observed. Upon retrieval, the bottle was vigorously shaken to ensure even disbursement of 

the sample before it was transferred to a 500 ml container. Samples were then filtered 

using a hand-operated vacuum pump. 



Water samples were passed through 0.45 pm MiIlipore filters (exceptionally turbid 

samples were first filtered through 8.0 pm filters) which were subsequently sealed in 

individual envelopes and placed in an air-tight plastic bag containing desiccant. Pnor to 

filtering, the filters were oven dried at 70" C for 24 hours, and then weighed to 5 decimal 

places. Upon amval at Queen's University, they were once again oven dried and weighed 

(as before), and the Munsell colour of the filtrate coliected on each was noted. The 

difference between the pre-sample and post-sample weights was taken as the suspended 

sediment concentration for a given 500 ml sample. 

3.2.4 Sediment coring 

Cores were collected from Phewa Tal durinç both field seasons using a niodified 

percussion corer and a modified gravity corer. Coring sites were spaced throughout the 

reservoir in order to determine spatial patterns of sediment accumuiation (Fig. 3 3). As 

with the profile stations discussed in the previous section, coring sites were located with 

reference to fixed points on two shores. 

During the first field season, six long sediment cores (95C 1 -95C6. rançinç from 

102-253 cm) were retneved using a modified percussion corer (after Gilbert and Glew, 

1985). The design involved a metal collar that was fixed to the top of a 3 m long piece of 

PVC pipe (7.3 cm outside diameter) using through bolts arranged perpendicular to one 

another. One of the through bolts was threaded through an eye which was spliced into 

steel cable. A braided nylon rope was fastened to the cable, and used to control the core 

tube from the boat. The core tube was lowered into the water until it touched the lake 



Fig. 3 . 3  - Locations of coring sites within Phewa Tai. 



floor. at which point a ccnter-bored. 9 kg steel hammer. aaached to a second rope. was 

lowered do\in the first rope (which passed through the hole in the hammer). \\hile the 

core tube \vas held steady with one hand. the second rope was used to repeatedly Mt and 

drop the hamrner onto the collar. until repeated hammenngs resulted in no funher 

prnetration. The core tube was then retrieved. cut to drain escsss water and sealed. Once 

returned to shore. core tubes were placcd upright and Irfi open to allow the cores to d n  

for at lrast two wecks prior to shipping. 

A seventh long core (96C 1 - 184 cm) was retrieved in 1996 with a slight 

modiiication to the abo\.c-mentioned design. hlany of the laminar of the long corcs 

collsctttd in 199j showed esccssivr boxinç as a result of the coring procrss. To addrcss 

this problrm a piston \vas added to the coring device. Constructed frorn 4 round 

aluniinum discs attached to a bolt with an eyelrt. the piston was designed to prwent 

dist~irbançe of rhe srdinicnts b!. confining the tipwrd pressure placsd on the cored 

sediriients rtt the sediment-water interface. while the core tube was hamrnsrsd do\{-n 

(similar in principle to a Livingston corer). This design resultcd in signiticantly less 

disturbance of sedirnentary structures. 

A portable gravit). corer \vas constructed for the 1996 field srason. and was used 

to retrievr multiple shorter cores (42.1-8 1 .l cm). The corer \vas designed with removnblr 

stabilizing fins to hcilitate transport. Before being used. the fins were simply reanached 

to the main body o l  the corer using pipe clamps. To avoid the nrcessity of two coring 

wights. the gravity corer was rnodified to accept the 9 kg hammer frorn the percussion 

corer. To collsct a shon core. a 1 rn long. 3.7 cm diarneter core tube \vas attached to the 
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gravity corer using a throughbolt. Due to the weight of the harnmer, the corer could be 

lowered into the sediment rather than dropped, which resulted in minimal disturbance of 

the cored materials. 

In both the percussion and gravity coring tubes core catchers (made from sheet 

metal and plastic, respectively) were used to prevent loss of sediment from the bottom of 

the tube dunng retrieval. 

3.2.5 Bathymetric survey 

X bathymetric survey of Phecva Tal was carried out during the 1995 fiel( 1 season 

using a Ray Jefferson MX-2550 echo sounder, which provided a hard copy output of each 

profile. As motor boats are banned from Phewa Tal, a locally constructed boat with a 

single paddle was used to cany out the survey. The transducer of the echo sounder was 

attached to the side of the boat using a rnetal rod and a "C-clamp". Survey iines were 

spaced throughout the reservoir to provide an accurate representation of the morphometv 

of the lake floor (Fiç. 3.4), and were followed using fixed reference points on opposite 

shores. Due to the difficulty of maintaining constant speed and the inherent error of Iine- 

of-sight navigation in a manually powered boat, the survey is used only as a qualitative 

tool in assessing the complex shape of the floor of the Phewa Tal reservoir. 



Pokhara 

Fiç. 3.1 - Locations of echo sounding survey lines within Phewa T'al 



3.3 Laboratory analyses of sediment cores 

3.3.1 Xradiography 

Xradiographs of each core were obtained using a Pickard Industnai X-ray unit. 

Sealed core tubes were exposed for 4-6 minutes at 80 kV. Xradiographs reveal differences 

in the bulk density of sediments and in this case, were useful in delineating monsoon versus 

non-monsoon deposits. 

3.3.2 Magnetic susceptibility 

Magnetic susceptibility is the ratio of the induced niagnetic field in a sample to the 

intensity of the magnetising field. The resulting value (K- when measured on a volume 

basis) is dimensionless. iMagnetic susceptibility was measured at 3 cm intervals for each 

core using a Sapphire Instruments S12B with a 95 mm external coil. Sealed core tubes 

were placed in the coil at successively greater depths to produce a profile of magnetic 

susceptibiiity for the length of the core. Sheet rnetal core catchers were observed to 

strongly affect rnagnetic susceptibility readings within 10 cm of the bottom of the core, and 

for this reason, al1 values in this range were discarded. 

3.3.3 Analysis of cored sedirnents 

Once al1 non-destructive analyses were complete, each core was split by running a 

circular saw down opposite sides of the tube which was held in place by a wooden frame. 

Once cut, the two halves of the core tube were slowly pulled apart, starting at the top. 

while a razor blade was used to separate the sediments inside. One half of each core 



(archive half) was then wrapped in cellophane and alurninurn foil, placed inside a plastic 

sheath and stored in a cold room (4' C), while the other half (working halo was 

p hotographed and allowed to slowly air dry. 

The differential drying of matenal in the working half of the core enhanced the 

contrast between layers and allowed for the detailed analysis of sedimentary stmctures. 

Once the working half of the core reached the point where contrast was greatest, it was 

periodically sprayed wit h distilled water to maintain a relatively constant rno- isture content. 

The working half was then cleaned using a razor blade, and photographed once again. A 

detailed log was then made, including a description of sedimentary structures, textures and 

Munsell colours. 

3.3.4 Thin sections 

In order to allow for microscopie examination of sedimentary structures, thin 

sections were prepared from selected sections of some cores. Subsamples were removed 

frorn the core, dehydrated through repeated exchanges of acetone, and impregnated with 

e p o q  resin following procedures outlined by Lamoureux (1994). Rather than carry out 

eight resin replacements as described by Lamoureux (l994), it was discovered that one 

resin impregnation provided excellent results, and was rnuch more cost effective. Prior to 

impregnation with the resin, paper labels indicating the core number, depth and sample 

orientation were placed on top of each sample. Upon curing, each of the labels was firmiy 

affixed to its appropriate sample by the resin. Samples were shaved and mounted ont0 4.6 

x 2.7 cm glass slides at the Department of Geography at the University of Toronto. 



3.3.5 " " ~ b  dating 

In order to establish a reliable chronoiogy for the sediment cores. subsamples were 

retrieved from core 95Cj  and d a r d  using U OP^. Twelvi: subsarnples. cowring the length 

of the cors. wsrc collected and weighed to four decimal places. The? were then placed in 

a fumace at 105" C for 24 hours. Upon removal from the fumace. sarnples were weighed 

once more and the water content \ a s  recorded. The desiccated sarnplrs were then ground 

using a mortar and pestle. placed in labeled vials. and sent to Mycore Inc. for analysis. 

3.3.6 Grain size analysis 

Cores 95C 1 -95C6 \vert: subsamplrd at 5 cm or I O  cm intervals for analysis of 

grain sizr distributions. SufCicient sanipls was obtained to rnsure that 1 .O g (dry wigh t )  

of material was available for analysis. Each siibsarnplr was p lxed  in a prs-n-siphed 50 i i i I  

beaksr to which \vas added 4 ml of hydrogrn peroxide (30%). 2 in1 of asçric acid and 10 

ml of distillsd \vater. The beaker was thcn agitated. covrred and lcft to sit ovcmight to 

ensure coniplstr digestion of organic matter. ..\fier the rsmoml of organic matter. each 

beakrr was placed in a furnace at 1 O j 0  C overnight to emporate the solution. The dry 

wight  of rach sarnpls \vas thrn obtained by weighing the beakers a fe r  the- w r e  

remowd froni the o w n .  

1'0 sach bcakcr 2.5 ni1 of Calgon (NaPo,) and anothsr 25 ni1 of distilled water 

were added. Each sample was then açitated for 1 hour on a magnetic stirring platform to 

disperse individual grains. 



Once samples were prepared for analysis. the. were passrd through a 62 um siew 

to rrmove sand-size particles. The grain size distribution of each sieved simple was 

analysed using a Sedigraph 5 100. The prrcentage sand content of each sample \vas 

caiculatrd bu obtaining the dry weight of the material removed by the sisw and dividing 

it by the total dry weight of the sample. The portion of the sample that u-as coarser than 

62 um was then passed through numerous sieves in order to obtain the grain size 

distribution of the sand fiaction. 

3.3.7 Organic matter and carbonate content 

Siibsamplcs from cores 95C 1 - 9 3 3  and 96C I were retrieved at 1 O cm intervals in 

order to mensure organic rnatter and carbonate content by loss on ignition foilowing 

proccilurcs iiiodi Lied from Dean ( 1 974). Konrad er c d .  ( 1 970) dsmonstrared. using Iake 

sedinients. that complrte combustion oforganic rnatter occiirs by 600" C. and that the 

libcration of CO: from carbonates occun betwren 670-950 O C. For this rsason. sarnplss 

w r e  placed in a furnace at 650" C (rather than at 550. C as suggested by Dean. ( 1 974)) 

for 1 h o u  in order to rnsure complrte osidation of organic carbon to CO:. Combustion of 

carbonate ccrbon was carried out at 1000" C. Percentage contents of organic and 

carbonate carbon were obtainrd by comparing the dry weight (weighed to 4 decimal 

places) of each sample to its weight after combustion at these two temperatures. 



C h a ~ t e r  4 - Hydrologv and Sediment Transport Dvnamics of 
the Phewa Tal Watershed 

4.1 Introduction 

The Phewa Ta1 Watershed (Fig. 4. l), located in the Middle Mountains of Nepal, is 

in many ways typical of watersheds found in this region. One significant difference, 

however, is that this watershed has experienced more growth and development in recent 

years than any other in the country (except the Kathmandu Valley). This growth has 

infiuenced geornorphic processes as a result of the major anthropogenic infiuence upon the 

natural landscape. 

The following is a description of the Phewa Ta1 Watershed and the factors which 

influence processes of erosion and sediment transport within it. This includes a brief 

discussion of the monsoonal climate of Nepal, and more specifically, the Phewa Ta1 

Watershed. This is followed by a description of watershed geoloçy and soils. A 

consideration of the history of the watershed is next, focusing first on the natural 

formation of Phewa Tal, and then on the more recent history of human expansion within 

the basin. Following this is a discussion of current land-use patterns in the watershed with 

emphasis given to those aspects of land management which affect erosional processes. 

Finally, the hydrology and sediment transport dynamics of the watershed, as studied during 

the two field seasons of this project, are discussed. The aim of this chapter is to provide 

the physical context for results discussed in subsequent chapters. 





4.2 Climate 

4.2.1 The Asian Monsoon 

Monsoon climates are characterised by seasonai changes in the wind regime. iMajor 

monsoon areas such as Asia experience reversals in the prevailing wind direction twice 

amually. The annual Asiatic summer monsoon is the result of a cornplex interaction 

benveen orographie relief, the relative distribution of land and water masses, and tropical 

and mid-latitude circulations. 

During the winter months, the Himalaya lie just nonh of the avis of the sub-tropical 

westerly jet stream. Disturbances are controlled by this system and, as a result, move 

eastward across the Himalayan region. At the same time, a high pressure system exists 

over the Tibetan Plateau. The Indian Ocean on the other hand is dominated by the 

equatorial low pressure trough associated with the Intertropical Convergence Zone 

(ITCZ). The resulting pressure gradient drives cold, dry air down from the Asian interior. 

over the Himalaya and across India. 

As the Indian and Asian land masses are warmed in the sprinç, a surface low 

pressure system develops over them. A higher elevation, high pressure system associated 

with the zona1 subtropical high pressure belt also forms over Tibet. At the same tirne the 

equatorial low pressure trough associated with the ITCZ moves nonhward over India. 

This produces a north-south pressure and temperature gradient which, when combined, 

leads to the development of an easterly jet stream at a height of approsimately 15 km. 

Also, as these circulation zones move northward, the zone of prevailing westerlies passes 

over the High Himalaya, resulting in a complete reversal of t he jet stream. The newly 



dominant easterly jet strearn, which extends from the South China Sea, across southeast 

Asia, central India and into the southeastern Sahara of Africa, influences surface weather 

patterns dramatically, with increased precipitation associated with areas to the north of i ts 

main axis (Henderson-Sellers and Robinson, 1986). 

In autumn, the temperature, and therefore pressure, gradients existing between the 

land masses and water bodies begin to break down, causing a weakening of the circulation 

system. Prevailing westerlies of the mid-latitudes also start to migrate southward and 

eventually pass over the Himalaya, resulting in a disruption of sumrner circulation patterns 

and eventual replacement of the summer easterly jet strearn by strong westerly winds. .A 

high pressure system once again begins to forn over Siberia, and the winter circulation 

patterns are re-established, bringing with t hem a cooler, drier clirnate. 

4.2.2 Climate o f  the Phewa Ta1 Watershed 

The climate in the Middle Mountains is dominantly humid sub-tropical to humid 

temperate. The climate and erosional systems of the Phewa Ta1 Watershed are dominated 

by the annual monsoon. In this case the monsoon is considered to mn from iMay- 

September; this includes the period from May to the end of June that is technically referred 

to as the pre-rnonsoon (Carver, 1997). Fig. 4.2 illustrates rnean rnonthly temperature and 

minimum, maximum and mean monthly rainfall for this period. Mean annual precipitation 

at Pokhara airport for the period 1970-1995 is 3858 mm with a maximum of 4842 mm 

observed in 1995 (al1 precipitation falls as rain; the watershed is not affected by snow). For 



Fig. 4.2 - Mean monthly temperature and minimum, maximum and mean monthly rainfall 
at Pokhara  Airport, 1970- 1995 (frorn meteorological records, Pokhara Airport' 
Station X0804). 



the same penod, monsoon rains have accounted for an average of 88 % of total annual 

precipitation. Annual 24 hour maximums have averaged 178 mm. 

RaidaIl in and around the Phewa Ta1 Watershed is arnong the highest in Nepai, 

with annual totals at Lumle (Station $08 14 located 5 km nonhwest of the watershed at 

1740 m) the highest recorded in the country mamsay, 1985). This has been attributed to 

the lack of high relief to the south of the region which allows monsoonal air masses to 

reach this area where they are then trapped by the Annapuma Massif to the nonh. As has 

been noted in a number of Middle Mountain catchments, rainfall is highly variable within 

the Phewa Ta1 Watershed and in surrounding areas. Analysis of rneteorologicai data from 

Lumle Agriculturai Centre from 1970- 1994 reveals much higher average annual rainfall 

than at Pokhara Airport, at an elevation of 827 m (5224 mm compared to 3858 mm, 

respectively). Although the monsoon accounts for a similar percentage of total annual 

rainfall a? Lumle (91%) total annual rainfall and rainfall intensity are rnuch greater at this 

higher elevation. The discrepancy between the two stations reflects the strong positive 

correlation between elevation and rainfall noted previously (Ramsay, 1985; Rowbotham, 

1995). This spatial inconsistency in rainfall patterns complicates watershed-scale rnodels 

which attempt to relate rainfall to hydrological and/or erosional processes within the 

watershed. 

4.3 Physical setting 

Located in the Middle Mountain Region of Nepal (Fig. 2. l ) ,  the Phewa Ta1 

Watershed covers an area of approximately 120 km'. The basin is drained by the Harpan 



Khola which enters the reservoir through a prograding finger delta. The Sidhane Khola and 

the Andheri Khola are the two major tributanes to the tmnk river, draining the 

southeastern and northeastern portion of the watershed, respectively (Fig. 4.1). Elevations 

within the catchment range from 793 m (normal operating level for the reservoir) to 250s 

m at Panchase at the western end of the watershed. 

4.3.1 Watershed geology and soils 

The geology of the watershed is dominated by various types of low-rnid-grade, 

weakly bedded phyllitic schists, that strike approximately east-west (Fig. 4.3). The 

southern half of the watershed is predominantly underlain by red phyllitic schists. Quartzite 

schists, interbedded with grey phyllitic schists are found in the southwestern portion of the 

catchment, while çrey phyllitic schists dominate the nonhern half of the watershed. The 

eastem region of the basin, near the city of Pokhara, is underlain by carbonaceous 

conglomerate (Impat, 1980) derived from the Annapuma Massif (Yamanaka ef al., 1982). 

The soils of the watershed have been described as brown clay loams with weakly to 

rnoderately developed sub-angular structure (Mulder, 1978 as seen in Rowbotham, 1995). 

Rowbotham (1 995) noted that the nonhern half of the watershed is dominated by 

yellowish brown to very dark greyish clay loams in areas with sood soi1 development, 

while in areas of limited soi1 development, grey to pale brown loam soils predominate. The 

soils of the southern slopes of the basin reflect variations in parent matenal, with the 

eastern half (underlain by red phyllitic schists) dominated by reddish brown to red clay 

loams, and the western half (underlain by quartzite interbedded with grey phyllitic schists) 



1 Carbonaceous conglomerate 

Grey phyllitic schists (with smali quartz derivations) 

a Quartzite schist interbedded with grey phyllitic schist 

. . Talc-rich, red phyllitic schist 
. - 

Colluvial/alluvial deposits 

Fig. 4.3 - Geology of the Phewa Ta1 Watershed (modified from Impat. 1980). 



characterised by yellowish brown to brown clay loams (Rowbotham, 1995). Soi1 

development and depth are predorninantly controlled by dope gradient, land use and soi1 

erosion. 

The pH of soils in the watershed generally ranges fiorn 5.1-5.5 (Impat (1980) as 

seen in Ramsay, 1985). with lower values (pH of 4) found on the valley floor where 

ammonium-sulphate fertilisers have been used (Shah ( 1  980) citing Van de Putte (1979) as 

seen in Ramsay, 1985). 

4.4 Watershed history 

4 - 4 1  Formation of Phewa Ta1 

The Pokhara Valley, located at the base of the Annapurna Massif, contains 

numerous lakes which are found in small tributary valleys of the mainstem river (the Seti 

Khola). Phewa, Begnas and Rupa are the largest of these lakes. The origin of these water 

bodies is currently disputed, with some researchers insisting that they are remnants of a 

rnuch larger "paleo-Pokhara Lake" which occupied the entire Pokhara Valley (Hagen, 

1979 and Sharma et a/., 1978 as seen in Yamanaka et al., 1982). Others point to a lack of 

widespread lacustrine deposits within the Pokhara Basin as evidence that no such lake 

existed (Gurung, 1970; Yamanaka et al., 1982). 

Yamanaka et al. (1982) attribute the original formation ofthese lakes to the 

damming of the tributary valleys of the Pokhara Basin by gravels (Ghachok Formation) 

derived from the Annapurna Massif, possibiy during the late Pleistocene. The subsequent 

incision of these deposits by the Seti Khola led to the development of a number of terraces 



dong its banks. The second natural damming of these tnbutary valleys is believed to have 

occurred between 1 100-600 BP (Yamanaka et al., 1982) when a jokulhiaup in the 

Annapuma Range resulted in the catastrophic deposition of over 5.5 h3 of rnaterial 

(Pokhara Formation) in the Pokhara Valley (Carson, 1985). 

Since these natural dammings, the outlet of the watershed has been dammed 

repeatedly by humans. Gurung (1970) noted records of repairs to a dam at the outlet of 

Phewa Ta1 as early as 182 1. There are conflicting reports of dam failures and constructions 

since this time (Shama, 1980; Ramsay, 1985; SAIC, 1993). The following chronology is 

based on these reports and on information obtained through informai interviews in 

Pokhara. In 193 3 ,  a Stone and mortar dam was constructed, only to be replaced by a 

rockfill dam in 1942 ( S N C ,  1993). This dam subsequently failed in the 1960's. In 1967 the 

first concrete dam was constmcted; it failed in 1975 and was replaced by another which 

becarne operational in 1 982 (Ramsay, 1985). 

4.4.2 Recent history 

For the last three hundred years, the Phewa Tal Watershed has been inhabited by 

communi t ies carrying out su bsistence-level agriculture. Since the late 1 700fs, agricultural 

expansion at the expense of forests has been common throughout the Middle Mountains 

(as described in Section 2.3). By the early-mid 1900's the spatial expansion of agriculture 

in the Phewa Ta1 Watershed had essentially peaked. Since this time, agricultural 

intensification, rather than expansion has been occumng. Where possible, famers 

currently triple-crop fields that, only 50 years ago, were single cropped (Schroeder, I9S5). 



Schroeder (1 985) also notes a trend in the watershed towards more labour-intensive crops 

and agncultural practices, such as inter-cropping (usually maize planted with beans) and 

relay planting (dry rice or millet seedlings planted in standing maize). 

In the latter half of the twentieth century, growth has been enhanced by the 

construction of the Pokhara Airport in 195 1. The construction of irrigation canals 

associated with the darnming of Phewa Ta1 in the 1950's and 1960's provided a source of 

water for irrigation in the lowlands of the watershed, particularly in its eastern end. The 

constmction of highways connecting Pokhara to Kathmandu (Prithvi Rajmarg) and to 

Sunauli (Sidhartha Rajmarg) in the early 1970's also led to increased trzfic, commerce and 

erowth in the watershed (Sharma, 1980). In 1972, the city of Pokhara was named the * 

administrative centre of the Western Development Region of Nepal. This brought with it 

the econornic development associated with the amival of numerous govemment offices 

( S A I C ,  1993). 

In the last twenty years rnuch of the economic growth in the city of Pokhara has 

been associated with the expansion of the tourism industry. The nurnber of visitors arrivinç 

in Pokhara annually has increased from 6 179 in 1962 (Rana, 1990). to 292 995 in 199 1 

(SAiC, 1993). This figure does not include the substantial nurnber of Indian tourists 

visiting Pokhara which may equal the nurnber of non-Indian tourists ( SAIC ,  1993). This 

has brought considerable economic development to the city, and has also placed major 

demands on the already limited resource base of the watershed. For more information 

regardinç population growth and socioeconomic conditions in the Phewa Tal Watershed 

the reader is referred to SAIC (1993). 



4.5 Current land use 

Rowbotham (1995) established that nearly 50% of the Phewa Tal Watershed is 

under agriculture. Almost al1 of the rernaining 50% is forested although crown densities 

range considerably due to harvesting for tùelwood and fodder. The remaining area (aside 

from Phewa Ta1 and the city of Pokhara) is equally divided between grazing, Pasture and 

shmb lands. A survey by the lntegrated Watershed Management Program (IWMP, 1992 as 

seen in SAIC, 1993) indicated that grazing/grassland and shmb lands constituted 3% and 

2.8% of the area of the watershed, respectively. 

As noted in Section 2.3, agricultural activity in Nepal is primarily at a subsistence 

level with the majority being carried out on irrigated khrf tenaces and rainfed bar? 

terraces. The same pattern is found in the Phewa Tal Watershed where the most common 

crops include rice. maize, millet, wheat, barley, potato, mustard and soybean (Rowbotham, 

1995). The substantial expansion ofagriculture (since the early 1900's) has been 

concentrated on the south-facing slopes in the northern half of the catchment. As the 

population, and therefore demand for food, has continued to çrow, agricultural activity has 

spread to marginal lands, which are inherently more unstable and less productive than 

those areas with a well developed, stable surficial soi1 cover. Cropping intensity within the 

basin is high with two or three crops grown annuaily. 

As discussed in Section 2.3.1 the timing of crop rotations in Middle Mountain 

watersheds often influences rates and processes of erosion. The removal of a surficial 

vegetative cover during the spring harvest in the Phewa Tal Watershed exposes a 

desiccated suficial soi1 that is easily eroded by the rains of the pre-monsoon. Those lands 



used to cultivate paddy rice are left bare after the spring harvest until they become 

saturated by pre-monsoon rains, which facilitates the planting of the rice crop. The lack of 

vegetative cover dunng this period, combined with the susceptibility of these desiccated 

soils to erosion leads to major surficial soi1 losses during the pre-monsoon (cf Fig. 2.4). 

Animal husbandry is also common with cattle, water buffalo, goats, pigs, sheep and 

poultry raised to provide dairy and meat products. Shah (1980, as seen in Rowbotham, 

1995) noted that the Phewa Ta1 catchment has the highest livestock density per hectare of 

grazing land of a total of six watersheds surveyed, and that livestock numbers are highly 

correlated with human populations. Livestock densities in the northem half of the 

watershed were noted by Shah (1980, as seen in Rowbotham, 1995) to be three and a half 

times higher than in the southern half This has significant implications for soi1 erosion as 

livestock are responsible for removing a substantial amount of vegetative cover (and 

therefore support) from grazing and agricultural lands, as well as breakinç down the soi1 

cover through constant trampling. The removal of crop residue and grasses by livestock 

also leads to a loss of potential nutrient input to these lands, which in turn contributes to a 

drop in soi1 fertility and crop production per unit area. 

4.6 Watershed hydrology 

With the exception of the recent studies discussed above, reliable hydrological data 

from Middle Mountain watersheds are rare. Hydrological records for the streams of the 

Phewa Ta1 Watershed are of limited use due to poor temporal coverage and general 

inconsistency. Measurernents of discharge of the Harpan Khola (at Chankapur, Fiç. 4.1) by 



the Hydrology Section of the Goverrunent of Nepal (unpublished data) range £Yom <1 - 

1 1.9 m3-s'l over both the monsoon and dry seasons from 1974- 1982 (1144). Ramsay 

(1985) estimated bankfull discharge of the Harpan Khoia based on measurements of 

channel geometry and mean velocity to be 389.6 m ' d  in May, 1983. Ruud (1986) reports 

average annual discharge at the outlet of the lake to be 9.2 1 rn3-s". Impat (198 1) provides 

"calculated mean daily discharge" data by month for the Harpan Khola at Chankapur in 

1979 which range From 0.70 - 22.66 m3-s" (although he does not describe the method used 

to calculate these values). 

In order to obtain consistent discharge data for this study, water level and 

discharge characteristics of the Harpan Khola were measured during June-July, 1996 (see 

Section 3.2.1). The gauging station was located at Pame (Fiç. 4.4) which is approximately 

3.9 km from the river rnouth (Fig. 3. l), as this was the closest point to the lake at which 

the river could be crossed. The average width of the Harpan Khola at this cross section 

was 35 rn, with an average depth (over the six days of measurement) of 78 cm (range: 72- 

93 cm). 

1t1m zsoor Seosoi 1 

Discharge values were determined for six days in June and July, 1996 and ranged 

from 7.0-23.0 m3-s". A rating curve (Fig. 4.5) was obtained by fitting a linear regression 

equation to five data points. The first value (detennined on 12 June) could not be used as 

the destruction of the gauging station by a Storm on 16 June necessitated replacement of 



Fig. 4.4 - Water velocity measurernents at the Pame cross-section (for location see Fig. 
4.1). 
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Fig. 1.5 - Rating curve for the Harpan Khola at Pame 



the staffgauge. This changed the stage-discharge relationship as the position of the old 

staff gauge could not be replicated. Athough collection of a larger data set would have 

been desirable, logistical constraints prevented this. Bovee and Milhous (1978, as seen in 

Gordon et al., 1992) reported that developing a rating curve using 3 data points yielded 

more reliable results than the use of Manning's equation and that the addition of more data 

points generally improves the relationship only slightly. 

Based on this relationship and water level records for the rnonths of June and July, 

the average discharge for the Harpan Khola at Pame for these two months was 25.1 m%' 

(range: 9.7-36.9 m3.s*'). This average value is higher t han the maximum measured 

discharge due to the fact that the latter was obtained at the highest stage at which the river 

could be crossed, and that due to frequent storms, stage ofien rose above this level. As 

Parne is approximately 3.9 km from the river mouth, this value is less than the total 

discharge entering Phewa Tal. Total discharge was estimated by using a GIS (MapInfo) to 

calculate the area of the watershed above Pame to determine the percentage of total 

discharge accounted for by this station. Results indicated that approximately 63% of the 

catchment is drained by the Harpan Khola above Pame. Using this value. an estimate of 

average discharge at the river mouth for June  and July is 39.8 m'-s" (ranee: 15.4-58.6 

m 3 d ) .  Note, however, that a significant portion of the flow is difised through paddy 

fields and rninor channels in the lower reaches of the Harpan Khola. 

As illustrated in Fiç. 4.6, Harpan Khola discharge and daily rainfall totals for 

Pokhara airport are generally well related; however, it appears as if one large rainfall evenr 

(88.5 mm on 6 July) was isolated to the eastern region of the watershed as no major 
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Fig. 4.6 - Daily rainfall totals (Pokhara Airport) W. discharge at the mouth of the Harpan 
Khola. Data obtained prior to 22 June are not included as the destruction of the 
gauging station by a major storm on 16 June necessitated replacement of the 
stafFgauge and recalculation of the rating curve. 



response of the Harpan Khola was noted. Discrepancies between discharge and rainfall as 

recorded at Pokhara Airport are the result of natural variance in rainfall patterns within the 

watershed (as discussed above) and the fact that rainfall values are daily totals whereas 

water levels were recorded twice or three times daily. 

Field observations and previous work (cf. Rowbotham, 1995) indicate that the 

response of the fluvial system in the Phewa Ta1 Watershed to rainfall events during the 

monsoon is rapid. This is due to the steep topography of the watershed, combined with 

clay-rich soils which, during the monsoon become saturated and therefore encourage 

overland flow. A high drainage density, particularly in degraded sub-basins also 

contributes to the rapid response of the fluvial system to rainfall events (Rowbotham, 

1995). As the exact time, location and duration of each rainfall event is not known, it is 

not possible to gauge the exact response of the river to individual recorded precipitation 

events. In areas of highly variable rainfall, land use and soi1 types such as the Phewa Tai 

Watershed, a high-resolution çrid of meteoroloçical stations coupled with an 

intense Stream monitoring program (as seen in the Jhikhu Khola and Likhu Khola 

Watersheds) is essentiai for a better understanding of precipitation-streamflow 

relationships, and is a potential area of future research in this re~ion.  

Dry S1ecrson 

Discharge of the Harpan Khola was not measured during the autumn of 1995, 

althouçh çauging by SAIC (1993) on 20 November (1992) yielded a flow of 2.2 m k '  

(after 27 days with no precipitation). Impat ( 1  98 1 )  calculated mean daily discharge for 



September, October, November and December of 1979 to be 14.00, 1 1 .O9, 3.70 and 2.08 

rnj-s-'. respectively, providing an average for the autumn of 7.7 m3-s-'. Averaged autumn 

discharge data frorn the Hydrology Section of the Government of Nepal (unpublished 

data) yield a value of 6.8 m%' (n=9). Although these data were taken fiom a number of 

sources it would appear that average discharge for autumn does not exceed 10 m5-8. 

4.7 Suspended sediment transport 

The following describes sedirnent delivery to the reservoir over both field seasons 

based on suspended sediment and discharge measurements. This is done in an attempt to 

provide an approximation of relative sediment loads to the reservoir during the monsoon 

and dry season. It  should be noted that the data sets for these calculations are iimited to 

post-stom conditions, and the results should be treated only as estimates of sediment yield 

at these times. These calculations, although crude. are presented because they illustrate the 

strong seasonality of sediment delivery to Phewa Tal. In order to provide a more accurate 

measure of seasonal sediment delivery to the reservoir, much greater temporal coverage of 

suspended sediment concentrations and discharge of the Harpan Khola would be required. 

hforlsoorr Sensor1 

Suspended sediment values at the Pame cross-section averaged 50.4 rng -~ - '  (range: 

8.3-157.8 r n g ~ - '  on 9 July and 17 June, respectively). Peak values on 17 June followed a 

night of intense rain in the upper watershed (rainfall at Pokhara airport was only 3 1 .S mni) 

and, based on high water marks along the river, a rise in stage of at least 1 m. The highest 



measured concentrations are similar to rneasurements made by Jones (unpublished data) of 

176 r n g - ~ - '  and 99 mg-L-' on 18 July 1990 and 15 July, 199 1, respectively, and mean daily 

suspended sediment concentrations of 107.4 r n g - ~ - '  for June 1979 calculated by Impat 

(1 98 1). 

Although suspended sediment values tended to increase with discharge throughout 

the penod of measurement, exceptions were noted. A minimum discharse value of 

7.0 m '4 '  was observed on 12 June. Athough this was the lowest obsemed discharge for 

June and July, 1996, the third highest suspended sediment concentration (95.0  mg^-') \vas 

recorded on this day. This anomaly reflects the influences of changing vegetative surface 

cover and seasonal hysteretic behavior on erosion (as discussed above). 

This phenornenon has been noted by others in the Phewa Tal catchment (Impat, 

198 1), and in other Middle Mountain watersheds by Carson ( 1  985) and Carver ( 1997). 

This long-term hysteretic pattern, (generally represent ed by a seasonal shi ft in the 

suspended sediment ratinç curve) cornplicates stage-suspended sediment concentration 

relationships, especially when its interaction with shorter-terrn (event scale) hysteretic 

behavior is considered. As noted by Carver (1997) in the Jhikhu Khola Watershed, the 

type of event-scale hysteresis depends very much on site-specific conditions (Le. 

topography, land use, sediment supply) and the scale of the basin observed. In terpretation 

of watershed-scale relationships between discharge and suspended sediment transport is 

therefore dificult without extensive data sets that cover a range of spatial and temporal 

scales. Therefore, the following extrapolations for discharge and sediment supply are 



provided oniy as an indication of sediment delivery by the Harpan Khola during June-July, 

1996, and limitations should be noted. 

Based on suspended sediment and discharge data it is possible to estimate average 

daily sediment load at Pame for June and July using the following equation: 

where Q, = suspended sediment discharge (tonneslday), QI, = average daily discharge 

(mj-s-') and c, = average daily suspended sedirnent concentration (mg-L"). Based on this 

equation, daily suspended sediment loads at Pame ranged from 13-84 t-d-' for those days 

when both discharge and suspended sediment concentration data are available. This does 

not include 17 June (when suspended sediment concentrations were highest) as discharge 

values could not be obtained. I t  is necessary to use the average June-Jufy discharge to 

estimate sediment loads on this day. Caiculations yield a result of342 t-d". although it is 

reasonable to assume that, during the Storm, values for discharge peaked well above the  

average of -5.1 m3-s*', and that suspended sediment values likely reached a maximum 

concentration higher than 157.8 r n g ~ - ' .  This would indicate that although this provides an 

estimate of the amount of sedirnent transported, i t  is likely an underestimation of total 

suspended sediment load on 17 June. 

When these values are scaled to account for the entire watershed (as was done with 

discharge values above), daily suspended sediment load ranges from 2 1-547 t-d*'. Given 

the limitatioiis of these calculations (discussed above) it can be said that the suspended 



sedimenr load of the Harpan Khola at Pame ranged from less than 20 t-d-' to more than 

500 t-d-' (a difference of more than one order of magnitude in post-storm suspendrd 

sediment loads). These data provide an indication of sediment transport during June and 

July. 1996. but should not be used as sstimates of monsoon season sedimsnt load as the!. 

only represent conditions on the falling limb of the storm hydrograph. 

To use this rquation to calculate suspended ssdiment transport throughout Junc 

and July based on calculatsd discharge ivould not be valid due to the niimerous factors 

(hystsresis. random wents) that affect spatial and temporal trends in erosion and ssdiment 

transport. and the lack of daily suspended sediment concentration data. 

DI-. Siwson 

Suspended ssdiment transport during autumn. measured at the mouth of the 

tlarpan Kliola. ranged froni 0.7-3.8 n i g - ~ - '  (the highest measurement was obtainsd on 1 1 

Sownber.  1995. aftrlr an unusual 2 days of heavy rains totaling 30.8 mm at Pokhara 

.-lirport). Using the avcraged values of discharge obtainrd for this time of year by 

previous workers. i t is reasonabie to assume that discharge does not cornnion1 y esceed 1 0 

m ' d  during the fall. If this value is usrd with the highest obsen-cd suspended sediment 

concentration obsen-ed in the hl1 of 1995 at the mourh of the Harpan Mola. a daily 

sedinient yield of slightly greater than 3 t-d-' is obtained. Again. the limitations of these 

calculations are rrcognised; hoivever, thcse values still emphasize the importance of the 

irionsoon in the dsliven of sediment to the ressnsoir. It should be noted that Impat ( 1  98 1 )  

observed niuch highrr mean daily values of suspended sediment concentra~ions for 



autumn. Values of 390.4, 168.9, 49.0, and 58.7 r n g - ~ "  were recorded for September, 

October, November and December, respectively. Jones (unpublished data) on the other 

hand observed concentrations of 1.8, 4.2, 2.3 and 2.8 rng-~ ' '  for 29 October, 7 Novernber, 

7 December and 3 1 December, 1992, respectively. These values are much closer to those 

obtained by the author suggesting that Impat's values were likeiy obtained during 

exceptionally high flows. 

Increased rainfall intensity, runoff and Stream discharge during the monsoon make 

this a period of peak geomorphoiogical activity within the watershed as illustrated in Table 

4.1. It can be seen from this table that discharge, suspended sediment concentrations and 

sediment delivery to the reservoir are often up to an order of magnitude greater dunng the 

monsoon than in the dry season. Due to the fact that suspended sediment concentration 

was measured far more frequently in the reservoir than in the Harpan Khola, values in 

Table 4.1 are higher for the former. This does not reflect another major sediment supply to 

the Iake. 



Table 4.1 - Cornparison of d n  season W. monsoon season rainfall. discharge and 
suspended sediment concentrations in the Phswa Ta1 Watershed (precipitation 
totals from meteorological records. Pokhara Airport: al1 other data retrieved 
during fieldwork rscept whrre noted). 

- - 

Dry Season (0ct.-April) Monsoon (May-Sept.) 
Rainfall i. 1970- 1995) (mm. 416 /' 56 1 3411 4351 

mean'mas.) 
Discharge at mouth of Harpan Khola 
I rn'.s-'. msan rnax. - monsoon only) (approsimate) < 10"' ' 5.4 39.5 53.6 
Suspended Sediment - Hapan Khola 

(mg-L". meadmas.) 2.1 .' 3.5 50.4 / 157.5 
Suspended Sediment - P h e w  Ta1 (mg-L* 

'. mean/max) 4.0 i 17.1 56.5 / ~ 0 2 ' ~ '  
Ssdiment Delivery (t/d. approsimate -. 

2 203 j'i' 
mas.) 

n - Estimate based on Impat (198 1). SAIC (1993) and unpublished data from the HydroIogy Section 
of the Government of Nepal. 
b - CafcuIated from a turbidity reading of 1000 NTU (upper  limit of scnsor) from the H ~ d r o l a b  
Da tasonde 3 (equation described in Section 5.3.3). 
c - Based on maximum o b s e n e d  discliargc at  Pame and suspended sedimcnt concentration in the 
rcscn.oir off the moutli of the Harpan KhoIa, 

.-Iltliough the above cstiniatcs arc useflil. thsy 1iav.c inany constraints. First of all. a 

1iniirt.d data set was 1ist.d in these cnlciilations. Thsss data w r c  lin-iited both in number 

(only 7 days of data) and in their temporal coverage. Neithcr discharge nor susprnded 

sediment concentrations ivere measured during peak tlows. In niost cases. rain events had 

bsen over for s s w d  hours before measurements wsre taken. Thess u luss  thsret'ore tend 

to reprrscnr conditions on the falling limb of the hydrograph onl). and are under- 

estimations of the po tsntial dail y suspended sediment load of the 1-larpan Khola. :\no ther 

liniitation of this equation is the fact ttiat i t  is nssumrd that suspendrd srdiment values 

tliroughoiit the da' do not tluctuate widely . These calculations are use fui in proiidinp 

estiniates of daily suspendrd sediment loads but are limited as rhsy do not cover 



a wide range of conditions, and are based on average values of discharge and suspended 

sediment concentrations. 

4.8 Conclusions 

It can be seen that this catchment is sirnilar to many others in the :Middle Mountain 

Region in tems of its geological instability, climate and land use patterns. The growth in 

the population and the economy of the watershed and the subsequent expansion and 

intensification of agricultural activity have placed a considerable amount of stress on the 

resources of this region, and have significantly influenced natural processes of erosion and 

sediment transport by alterinç vegetative cover and the susceptibility of soils to erosion. 

The results of this influence on sediment delivery to Phewa Ta1 are discussed in greater 

detail in Chapter 6 .  



Chapter 5 - Morphometrv and Lirnnologv of Phewa Ta1 

5.1 Introduction 

Lake bottom morphometry and pattems of circulation within a lake strongly 

influence sediment dispersal pattems. Sub-aqueous charnels may influence the movement 

of turbidity currents, while lake circulation and stratification patterns can enhance or 

hinder the movement of these currents. The following is a description of the physical 

characteristics of Phewa Tai, with special reference to the morphometry of the lake floor. 

This is followed by a discussion of the biological and physical lirnnology of the lake based 

on measurements obtained at fised stations (Fig. 3 2)  over both field seasons. 

5.2 Phewa Tal 

Phewa Ta1 (Fig. 5.1) is a reservoir with a volume of 57.76 x 1 o6 m3 (Sthapit, 

1995), an area of approximately 435 ha, and a maximum depth of 22.5 m. I t  was 

constructed for the purposes of hydropower generation and for the irrigation of 320 ha of 

farmland in the eastern region of the watershed. For reference purposes, Leminen ( 199 1 )  

divided the lake into 3 separate regions. This original division of the reservoir into the Silt 

Trap, Main Reservoir, and River Channel, has been modified by the author to include Silt 

Trap 1 and Silt Trap II (Fig. 5.1). 

There are many inputs to Phewa Ta1 (Fig. 5.1); the most important in terms of 

sediment delivery are the Harpan Khola, the Seti Canal, and the Phirke Khola. The Harpan 

Khola, the mainstem river of the watershed, presently enters the lake through a prograding 

finger delta. Recent photographs and maps (Leminen, 1991) indicate that the river once 
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F i .  5. i - Division of Phewa Ta1 into Silt Traps 1 and II, the -Main Reservoir and the River 
Channel. Note position of paleo-river channel and paleo-fioodplain. 



flowed into Silt Trap 1 rather than the Main Reservoir (as it does now). Although the date 

is unknown, the finger delta has since been reoccupied by the Harpan Khola, and has 

advanced considerably, almost to the point of separating the Silt Traps from the Main 

Reservoir entirel y. 

There are numerous other ephemeral inputs to the lake. Of great importance in 

terms of water quality, are the many drains which flow into the lake from the city of 

Pokhara. As discussed below, these drains, combined with the contamination of the Seti 

Canal and the Phirke Khola (which receive a significant amount of trash and human waste 

as they flow through Pokhara), are presently arecting the chernistry and trophic status of 

Phewa Tal. 

A bathymetric map (Fig. 5.1) and echo soundinç surveys (Fig. 5.2) of Phewa Tal 

reveal a unique shape to the floor of the lake. Aiong the southern margin of the reservoir is 

a steep-sided channel which represents the original path of the Harpan Khola (referred to 

as the paleo-river channel, not to be confûsed with the River Channel region of the 

reservoir). .Mer a short, steep rise to the nonh of the channel, the lake floor levels off at a 

depth of 1 0- i 5 rn (shallower in the eastern portion of the reservoir). This broad, çently 

sloping portion of the lake floor is referred to as the paleo-floodplain, and represents areas 

that were likely sub-aerially exposed prior to the darnming of the river. As discussed in 

Chapter 6, the unique morphometry of the floor of Phewa Tal influences patterns of 

sediment distribution and accumulation within the lake. 





5.3 Biological and physical limnology of Phewa Ta1 

5.3.1 Temperature 

Dry Sensotz 

Fig. 5.3 illustrates the general pattern for water temperature profiles from October 

to December, 1995. Declining air temperatures Ied to steadily decreasing water 

temperatures and loss of thermal stratification by 29 November. Decreasing temperatures 

afier this date resulted in continued cooling of the water column until the last day of 

measurement (6 December). Well-established therrnai stratification was seen during 

October for Stations 3 ,4 ,  S and 9 and was observed to break down in November as 

epilimnetic water temperatures decreased. On 9 November, the water column became 

isothermal at Stations 4,5 and 6 and stratification was broken down completely (Fig. 5.4a). 

This corresponds with a decrease in mean daily temperatures from S- 10 Xovember as seen 

in Fig. 5.4b. Weak stratification was subsequently re-established after this drop in mean 

daily temperatures but homothermal conditions were seen again by the end of November. 

Temperature profiles throughout the reservoir were fairly similar with one 

exception. Station 1 located in Silt Trap 1 showed consistently lower water temperatures 

than the rest of the reservoir frorn October to December. Temperatures were observed to 

be up to 1 S0 C cooler in this area than in other areas of Phewa Tal. A detailed survey of 

water temperatures at three sites within Silt Trap 1 revealed that temperatures are lowest in 

the southwestern corner where a srnaIl river enters this part of the lake. Groundwater 

sources in this part of the reservoir may also act to lower water temperatures in Silt Trap 1. 
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Fig. 5.3 - Temperature profiles at Station 3 (see Fig. 3.2 for location) illustrating 
breakdown in thermal stratification from October to December. 1995. 
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Fig. 5.4 - a) Temperature profiles at Station 4 showing loss of thermal stratification due 
to a short-duration drop in mean daily temperatures Frorn 8-10 November: and 
b) mean daily temperatures at Pokhara Airport (September-November. 1995). 



Thermal stratification was not observed in Silt Trap I from October to December. 

Mmtsoor z 

Temperature profiles obtained dunng the monsoon season of 1996 (Fig. 5 .5 )  

showed well developed thermal stratification throughout most of the reservoir due to 

warmer mean daily temperatures throughout the summer months. As during the previous 

auturnn, water temperatures at Station 1 were lower than elsewhere in the lake. 

During June and July, 1996, water temperatures remained fairly constant, althoujh 

surface temperatures varied due to daily changes in air temperatures and coolinç resulting 

from almost daily rainfall events (Fig. 5 . 5 ) .  The consistent stratification observed 

throughout rnuch of June and July is seen to break down panially on 19 July. This 

significant drop in water temperatures and the loss of stratification resulted from a Storm 

that brought 136 mm of rainfall from 17-19 July to Pokhara Airport. A tremendous 

amount of material was transpoc-ted to the reservoir during this time, (as discussed beiow), 

indicating that total precipitation over this period was likely much higher in the upper 

watershed. A similar breakdown in thermal stratification was noted by (Davis el rd., in 

press), on 19 July, 1990. This indicates that intense rainfall events can have significant 

impacts on sediment distribution patterns by influencing circulation and mixing patterns 

within the reservoir. 



Fig. 5.5 - Temperature profiles ai Station 4 for June-July, 1996. Note partial breakdown 
of thermal stratification on 19 July. 



5.3.2 Conductivity 

DQ Season 

Surface conducti\ity measurements from each of  the stations from Octobsr to 

Dscsrnbrtr rangcd from 17 US-cm-' at the mouth of the Harpan Khola on 29 Novrmber to 

11 1 -5  pS-cm-' at Station 4 on 13 November. 

Fig. 5.6 shows changes in conductivity with time from October ro December for 

Station 10. It can be sren that conductivity generally increases with drpth in the early 

autumn. -4s stratification wrakrns this pattem is lost and conductivity t+aliies are 

esssntially constant with deptli. Throughout the hl1 of 1995. conductivity values were 

obserwd to incrzase nvith distance from the river moiith for reasons disciissed belou.. 

.\ lor~suot? .'%trso~t 

Condiictivity showed a consistent pattern during the monsoon. incrrasing with 

drpth at ali srarions (Fig. 5.7a). Conductivity profiles mirrored temperature protilrs witli 

values at (t minimum in the epilimnion. increasing through the metalininion and then 

Isveling off or increasin; sliglitly throughoiit the hypolimnion. This indicatrs the stability 

of thermal stratification within the resen~oir at this timr. as i t  preventsd mixing of the 

niuch dilutrd epilimnetic watrr with the hypolimnion. even during periods ofsignificant 

iliivial and aiiiiosplieric water input. I t  should be noted. however. ihat the conduciiviry of 

the entire w t c r  colurnn was lowered as a result of the major rain events froni 1 7- 19 July 

(Fig. j.7b). 



Fig. 5.6 - Conductivity profiles at Station 10 for selected dates in November and 
December. 1995. 
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Fig. 5.7 - a) Conductivity profiles at Station 3 illustrating changes in conductivity 
throughout the water column with the progression of the monsoon (note 
minima between 2-5 m); b) Conductivity profiles at Station 4 showing dilution 
and destratification effects of heavy monsoon rains ( 19 July). 



Epilirnnetic conductivity values were generally seen to be l o w r  during the 

monsoon than the d n  season due to dilution by heavy monsoon rains as noted previous1~- 

at Phelva Ta1 by L o h a n  er cil. ( 1  988) .  Continual dilution of the epilimnion resulted in n 

consistent decrease in conductivity values as the monsoon progresssd (Fig. 5.7a). 

Conductivity minima were noted in the epilimnion for much of Juns. 19% (Fig. j.7a. b). 

but were not observed in July. Hypolimnetic conductivity values on the other hand were 

O bssrvrd to increase throughout the monsoon. 

These conductivity patterns are thought to be controlled in part by biological 

factors. Wetzcl ( 1  983) States that calcium is an essenrial micronutrient of green algae. 

Conductkity minima in the epilimnion may therefore reflcct biotic consiimption by alpal 

masses. The dcpths of these minima ( seen at Stations 3 and 4 bstwcsn 1-5 rn from i 3 June 

to 25 June). correspond to pliytoplankton ptiaks observed by Hickt.1 ( 1973) and by Dai-is 

et ri/.  (in press) who noted that the dsptli of subsurface algal prliks is variable. I t  is 

therstore possible that the sliif ing depths of thrse conductivity minima retlect the 

changing depths of algal populations and associated increased biological consumption of 

Ca--. The lack of such mininia in July nt an!. of the stations could br due to lowsr algal 

and invertebrîte productivity rssulting from dilution of the water colurnn. A decline in 

zooplankton abundance durinç the monsoon which ma' be attributable to a decline in 

food aiailability has bcen noted by Swar ( 198 1. as seen in Davis et cd . .  in press). I t  has 

also been suggested that these conductivity minima are associatrd with intertlou-s froni 

the Harpan Khola (J. Jones, personal communication. 1997). Although these minima do 

match t~irbidity peaks at these depths on some days. interflows do not appear to be solely 



responsible for their presence for the following reasons: 1) conductivity minima and 

turbidity peaks are not aiways observed concurrently, 2) conductivity minima are not 

associated with greater turbidity peaks at lower depths and 3)  conductivity minima are not 

observed throughout Iuly while peaks in turbidity are. The consistent increase in 

hypolimnetic conductivity throughout the monsoon is likely due to the continued release o i  

Ca-' as a result of algal decomposition at depth, and the lack of circulation of hypolimnetic 

waters with relatively Ca---poor waters above. 

As observed during the autumn of 1995, conductivity values increased with 

distance from the river mouth. This increase in conductivity toward the eastern regions of 

the reservoir is panly due to the dissolution of carbonaceous conglomerate (Pokhara 

Formation) in the eastern end of the catchment by groundwater, overland flow and streams 

entering Phewa Tal. Aso, increased concentrations of dissolved matter from biologically 

contaminated effluent (from the city of Pokhara) and detergent-rich water (frorn clothes 

washing stations on the lake) as observed by SAIC (1993) likely contribute to higher 

conductivity values near the city. Finally, input from the Seti Canal (Fig. 5.1) which divens 

water from the Seti Khola, and enters the lake in the northeastern corner of the main 

reservoir, may influence conductivity values. SAiC (1993) noted that conductivity in the 

Seti Canal ranged from 204-26 1 p~-cm- '  in late 1992 and early 1 993. These relatively high 

values are likely due to the dissolution of Ca- and Mg-rich bedrock in the Seti Khola 

Watershed, and the fact that the canal passes through the city oPPokhara where it receives 

a considerable amount of garbaçe and human waste before reaching Phewa Tal. 



These data support previous reports that Phewa Ta1 is a monomictic resen-oir. 

espcriencing turnover in late November or carly December (Hickel. 1973: Rana 1990: J. 

Jones. persona1 communication. 1995). The loss of thermal stratification in a resemoir is 

oficn significant in terms of the distribution of incorning sediment. as it p lay  an 

important role in the formation (or lack thereof) and movement of densin- currents. 

Ho\\-ever. srdiment input to the resenoir is relatively low at this time of the yrar (as 

esplained in Section 4.7) and the loss of stratification is thereforr assumsd to be of little 

conssquence to the patterns of sediment distribution in Phewa Tal. 

5.3.3 Turbidih and suspendcd sedirnent 

The following discussion of sediment dispersal patterns is based iin tiirbidity and 

suspended sedinient concentration data collrctcd througliout June and July. 1996. Datn 

tiom the dry srason are not presrnted becausc sddimrnt delivery to the rsservoir ar tliis 

timr is rstrrmely limitrd (as lias bern outlined aiready in Chapter 4). 

.A regression of turbidity values against susprnded sedinient concentrations 

iiisasurcd tliroupliout the rcssrvoir and dong the Harpan Khola (Fig. 5.8) indicatsd rliat 

the latter could be sstiniatrd usiiip the following cquation: 

C = OAOOT - 1.93 (r' = 0.969, n=47) 

Where C = suspendrd srdirnent concentration (mg-L") and T = turbidity in NTU. 

Thereforr. turbidi ty values measured throuçhout the rescnvoir are good indicators of 

suspended sediment concentrations. Gil ben et al. ( 1 997) also notrd a strong correlation 

be twen  thesr two variables (C = 0.756T - 1.83. i = 0.983) using the samc Hydrolab 
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Fig. 5.8 - Regression of suspended sediment concentration against turbidity as recorded 
by a Hydrolab Datasonde 3 at Phewa Ta1 by the author (solid line). and at 
Bowser Lake by Gilbert er al. ( 1  997) (dashed line. data points not show) .  



Datasonde 3, and similar techniques for measunng suspended sediment concentration 

(Section 3-23).  The equation defining the relationship was different however (Fig. 58), 

likely due to a difference in dominant particle shape and size between the two 

environrnents, and a greater concentration of dispersed organic matter in Phewa Tal as 

compared to Bowser Lake. Organic matter absorbs more light per unit mass than inorganic 

detntus, which commonly dominates the sediment load of pro-glacial lakes. For this 

reason, these equations cannot be transferred between the two environments. More data 

are needed to determine if these equations can be used for different lakes in similar 

environments. 

Suspended sediment profiles derived from turbidity readings obtained throughout 

the monsoon season yielded much information regardinç the distribution of sediment upon 

entering the reservoir (Fig. 5.9). I t  is apparent from these data that interflows were the 

most common means of sediment dispersal throughout Phewa Tal. Two peaks could ofien 

be seen in suspended sediment profiles, at 4-6 rn (bottom of the epilimnion) and 8-12 rn 

(bottom of the metalimnion), although the latter were the rnost common and pronounced. 

.An undertlow was also observed at Stations 10 and 1 1 on 18 July. 

During June and July, 1996 two major events were observed to produce hiçher 

than average suspended sediment concentrations throughout the reservoir. These events 

proved extremely usehl in assessing sediment distribution patterns in the reservoir after 

episodes of major sediment input. The first event took place on 13 June. No rain was 

recorded at Pokhara Airport on 12 or 13 June; however, elevated turbidity values in the 
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Fig. 5.9 - Suspended sediment concentration vs. depth at Stations 3.4 and 10 iilustrating 
two interflows observed throughout the reservoir on 13 June. 1996. 



lake and Harpan Khola suggest that storms in the upper watershed occurred. Profiles on 

13 June revealed above average suspended sediment concentrations throughout the lake 

and noticeable interflows at Stations 3, 4 and IO (Fig. 5.9). Surface concentrations 

decreased with distance from the river mouth, and with distance from the southern shore 

of the lake. At Station 4 two suspended sediment concentration maxima were observed at 

5 and I O  m. Similar peaks were observed at 6 and 9 m at Station 3 .  Station I O  showed 

almost identical suspended sediment concentrations to those measured at Station 3 with 

peaks at 6 and 10 m. 

Below the lower of the two peaks, values once again dropped to near those at the 

surface at each station. The close correlation between Stations 3 and I O  in both magnitude 

and depth of suspended sediment concentration reveals that much of the suspended load 

entering the reservoir at this time was distributed both down the paieo-river channel and 

over much of the paleo-floodplain, (14 m depth at Station 10). Values above 6 m. 

however, were observed to be higher at Station 3 ,  likely reflecting the trend of fine-çrained 

paniculate matter to follow the southern shore of the lake (due partly to the location of the 

river rnouth, and partly to the Coriolis force). 

Similar peaks observed at Station 4 indicate that interflows remained coherent up 

to 2.0 km from the river mouth, although lower concentrations suggest that a considerable 

amount of settling from suspension had occurred, as would be expected. 

The next significant event in terms of sediment delivery occurred on 18 July 

(associated with the heavy rains and the breakdown in thermal stratification discussed 

above) and was Far more substantial than that of 13 lune. Rains on 17 and 18 July resulted 



in thc transpon of a significant amount of material to the lake. Masses of vegetation were 

floating through the river and lake, likely derived from one or more rainfail-induced rnass 

wasting svents. Material entenng Phewa Ta1 at the river mourh rither flowed into Silt 

Trap I I  where it collectrd in a clockwisr circulating gyre or tlowed along the southem 

shore of the Main Rsservoir. 

Fig. 5.1 O shows suspended srdiment concentration profiles for Stations 1.1. 10 

and I l .  Rcadings at Station 1 in Silr Trap 1 were estrernely high. Values at O and 1 m 

were 

189.5 and 298.6 r n g ~ - ' .  respectively. while al1 values below 1 m (2-1.55 m) rrachrd 1000 

NTC (at lsast 402 mg-L-'). which is the iipper limit of the sensor. These values rrtlect the 

rclaiivdy large influs of scdimcnt from surrounding u-etlands and upstrsam agricultural 

sources I Fig. 5.1 1 ). This sedinient input appears to be at lsast partially limiird to Silt Trap 

1 as relativel? less turbid water was observed betwern i t  and Silt T n p  I I .  Similar values 

w r c  observed at Station 2. which receiïes the majority of its ssdiment load from the 

Hnrpm Khola. .-\ surface reading of 194.0 mg-L-' in Silt Trap I I  gave \va? to readinqs of 

1000 XTCi tioni 1-5 m. These were the highest suspended sedirnent concentrations 

obssn-ed throughout both field srasons. 

.At Station 1 1. a general increase in suspended sediment concentrations with dcpth 

indicarsd the formation of an undrrflow (Fiç. 5.10). In the iipper 2 m. concentrations \vers 

lsss than 47 n i g - ~ " .  Below this. howewr. values generally increased to a maximum of 

238.2 r n g ~ - '  at 1 1.7 m. By the tirne the plume had reached Station 10 an underflow had 

deidopcd (Fig. 5.10). These data again indicate that density currents derivcd from storms 

and associated niass wasting cvents arc dispersed throughout much of the resenoir. and 



Suspended sediment concentration c mg.^-') 

Fig. 5-10 - Profiles of suspended sediment concentrations at Stations 1,2,10 and I 1 on 1 S 
luly, 1996. Note very high concentrations in delta-proximal areas and 
formation of an underflow at Stations 10 and 1 1. 



Fig. 5.11 - Photograph o f  Silt Traps 1 and II and delta fiom Sarangkot on 15 June, 1996 
(see Fig. 4.1 for location). Note major input to Silt Trap 1 from surrounding 
wetlands and u p - d e y  agricultural fields. 



are not confined to the paleo-river chamet. However, much of the suspended load appears 

to have been lost by the time the current reached Station 10, as illustrated by lower 

suspended sediment concentrations as compared to Station 1 1. 

This large influx of sediment and water to the reservoir resulted in the disruption of 

thermal stratification on 18 and 19 July. Theoretically, in a freely circulating water column, 

sediment dispersal via density currents is disrupted, resulting in homopycnal 

rnixing (Smith and Ashley, 1985). This would lirnit the range of sediment dispersa1 by 

turbidity currents throughout Phewa Tal. However, profiles frorn this day indicate that 

suspended sediment concentrations show a dramatic increase rvith depth, rhus illustrating 

that these currents are maintaining iheir structure throughout much of the lake (Le. in the 

river channel and on the paleo-floodplain). This indicates that, althouçh stratification has 

weakened, the entire water column is likely not mixinç to a degree that would disrupt 

densiry currents. 

By 19 July, the extreme turbidity of the Silt Traps and of delta-prosimal areas in 

the main reservoir could be seen at Station 1. Secchi depth at Station 4 was recorded as 

0.5 m (Prem Nepali, personal communication, July, 1996). Suspended sediment 

concentrations reached 29.0, 49.9 and 54.8 r n g ~ - '  at 0, 7 and 1 1 m. respectively. These 

values are at least 4 times greater than concentrations observed previously at this station 

during the monsoon season of 1996. Values at depth of -50  mg^-' are more than I O  tirnes 

the average of dry season concentrations (4.1  mg-^-[), and 5 times greater than the peak 

value observed in the dry season (9.8  mg^" ). These values reflect the significance of this 

storm in terrns of erosion in the upper watershed and delivery of sediment to the reservoir. 



5.4 Conclusions 

This investigation into the lirnnological pro perties of Phewa Tai has revealed 

numerous patterns in chernical properties. stratification patterns and sediment dispersal 

rnechanisms. A cornpanson of monsoon verszis dry season characteristics of the lake water 

column reveals marked differences as a result of the annual rains. Most imponantly (in 

tems of t he sedimentary record of the reservoir), turbidity currents do not seem to be 

lirnited to the paleo-river chamel as evidenced by their presence at profile stations located 

on the paleo-fl oodpiain. During times of partial breakdown in stratification, these currents 

rnaintain their structure rather rhan being disrupted by a freely circulating water colurnn. In 

Chapter 6, these data. cornbined with evidence from a number of sedimsnt cores. are used 

to provide a more detailed assessrnent of sediment dispersal patterns and rates of 

accumulation within the reservoir. 



C h a ~ t e r  6 - Sedimentation in the Phewa Ta1 Reservoir. Middle 
Mountains, Nepal: The Effects of Anthropogenic Activity and 

Monsoon Rains on Sediment Yield and Accumulation 

Jamie Ross and Robert Gilbert 

Abstract 

A \ratershed-scalr approach to the sedimentary environment of the Phem Ta1 
\Vatershed is used to assess rates and patterns of sediment accumulation within the P h e m  
Tai Ressnoir. Research carried out during both the dn; and monsoon seasons reveakd 
that sediment delivery to the reservoir is at least two orders of magnitude higher during 
the latter. Hydrometric monitoring of the mainstem river of the watershed (the Harpan 
Khola) indicated that the susceptibility of surficial materials to rrosion and transportation 
is highrst in tlis pre-monsoon season. but that major erosional evsnts during the rnonsoon 
propsr can contributr significantly to the amual sediment budget. .Llcasuremrnts of 
suspsnded ssdiment concentrations throughout the watrr column within the resenpoir 
rsvcaled that intrrflows at 4-6 rn and 8- I Z  n-i drpth were the niost comnion foms  of 
ssdimcnt dispersal. Basrd on an analysis of cored reservoir sedinicnts and an assessrnent 
of sediment distribution patterns. the Phewa Ta1 Reservoir can bs divided into four 
ssdimentary rnvironments. The deltaic environment. which rsceivcs ssdimènt from the 
Harpan Khola and up-valley wetlands and açricultural fields. rrperiencss the highrst rates 
of scdinientation (up to 1 m-a"). Rates of deposition in the delta-prosimal environment. as 
recordcd in van-cd sediments. averages 2.35 cm-a-'. The distal sedimcnrary environment 
rscsives no input from the above-mrntioned intertlows. and is characterisrd by deposition 
from suspension, although actual annual rates of accumulation are not known. 
Sedimentation in the dam-proximal snvironment is limitsd dus to the llushing rffect of 
the discharge of water through the sluiccs of the Pardi Dam diiriny the monsoon. The 
sedinientar). record reveals n-iuitiple sedin-ient sources ~vithin [hr' watershed as welI as the 
contribution of intensif>.ing rigricultural activity to increased pre-nionsoon and monsoon 
scason crosion sincr the 1950's. The lire espcctancy of the resr.r\.oir based on 
ssdimentation rates in the delta-prosimal environment is npprosiiiiatcl~ 360 ?.cars. 

6.1 introduction 

The use of lacustrine sediments as reliable indicators of clinlatic. hydrologie and 

geomorphic change has been demonstratrd in a variety of environnients from tropical to 

polar. In particular, the utility of sedimentary records which contain distinct annual 

deposits has been recognised due to the ease with which they can be measured and dated. 



Varved glaciolacustnne sediments have been used extensively to monitor both long- and 

short-tem changes in sediment delivery in glacierised catchments (Pickrell and Invin, 

1983; Leonard, 1986a; Gilbert ei al., 1997). Such deposits provide records of sediment 

delivery as influenced by factors on a number of levels ranging from watershed, to 

regional, to global scales. 

Lacustrine deposition in a sub-tropical, monsoonal environment such as the Middle 

Mountains of the Himalaya, is in many ways analogous to that in glacial lakes. First, rates 

of erosion and sediment delivery to lakes in both environments are extremely high. Second, 

there is a strong seasonaiity to sedirnent delivery in these environments with heavy 

monsoon rains (Middle Mountains) or summer melt (glacierised catchments) responsible 

for contributing the majority of the annual sediment load to downstream water bodies. 

Deposits in lakes and reservoirs of the Middle Mountains provide a record of the cornples 

interactions between local climatic variability, natural erosional processes and 

anthropogenic activity on a watershed scale. 

Until recently very little was known about the physical processes of mountain 

watersheds in the Middle Mountain region of Nepal. Research in the Jhikhu Khola 

Watershed (Schreier et al., 1994; Carver, 1997). the Likhu Khola Watershed (Overseas 

Development Agency (ODA), 1995)- the upper Pokhara Valley (Thapa and Weber, 1995) 

and the Phewa Tai Watershed (Lohman r f  al., 1988; Rowbotharn, 1995) has led to a better 

understanding of the hydrologie and sedimentary systems of rnountain catchrnents in this 

region and (in the case of the Phewa Ta1 Watershed) the physical and biological limnology 

of the lakes within them. 



With over 6000 rivers and a range in elevation from 60-8848 m. Sepal has more 

than 2.7% of the world's potential hydropower resources. and is considered second richest 

only to Brazil in this respect (Shankar. 199 1 ). In certain regions of the country. this 

potential has been harnessed through the construction of large rrsenfoirs. including the 

Kulekhani Rzsemoir. located 30 h southwest of Kathmandu. and the Phewa Ta1 

Resen-oir. located at Pokhara. Recently. concems have been espressed regarding the 

1-iability of these rcsen-oirs due to estremely high rates of sedimsntation. Research by 

Leniinen ( 199 1 ). Sthapit and Leminen ( 1992). Soi1 Research and Conservation Sections 

( 1994a. 1994b) and Sthapit ( 1995) has focused on assessing rates of ssdirnsntntion in 

thrss and otlier ressrvoirs through annual bathyrnrtric sunreys. These srudies have 

indicated significant annual rates of sedimentation: for esample. up to I rn-a" was 

obssr\.t.d by Sthapit and Lemirien ( 1992) in delta-prosimal arcas of the Phewa Ta1 

resènuir. .Although thsse surveys have provided useful estimates of ressn-oir 

sedimentation. they do liitlr to relate these rates to clinlatic trends or changes in land use 

pattsrns within the catcfimsnrs of thess watt-r bodies. These studies have concentrated on 

assessing rates of sedimsntation with little or no attention paid to obtaining a brtrsr 

understanding of processes and patterns of sediment dslivsry. dispersal and accumulation. 

-4 niore dstailsd undsrstanding of erosional and depositional processes at xatershcd 

scales is essential whrn addressinç the problem of reservoir siltation. 

The purpose of this study is to determine the influences of expanding agriculture 

and other human activity. and major climatic evcnts in the Phrwa Ta1 \Vatershed ("tal" is 

Xcpali for "lake") (Fis. 6.1 ) on processes and rates of sedinient erosion. transport and 



A . Perciissioii cores (CI 

- Gravity cores (SC) 

- Profile stations 
Pokhara 

Silt Trap I 

Harpan Khola I 
Main Reserv 

' Kalhmandu 

loir 

Seti 

Pokhara 

Canal 

- 

95C5 & 96SC7 

23 
River Channel 

4 

I 

Paleo-river channel 

Pardi Dam 

Khola 

, . 
Fig. 6.1 - 1 Iic I'liewii 'I'aI Rcservoii ai I>okliera. Ncpil. Notc haitiyriictry aiid locotioiis ol'coriiig sites iiiid prdiliiiy shtioiis. 



deposition. This is accomplished by examining sedirnent transport dynarnics in the Phewa 

Ta1 watershed as they Vary between the dry and monsoon seasons. This includes a 

preliminary assessment of the discharge and suspended sediment transport characteristics 

of the Harpan Khola ("khola" is Nepali for "river"). This is followed by an analysis of 

patterns of stratification and circulation within Phewa Tal and a discussion of sediment 

dispersal mechanisms based on suspended sediment profiles collected afier major storrn 

events. The sedimentary record of Phewa Ta1 is also analysed, and a mode1 of sediment 

distribution patterns and rates of accumulation is proposed. The varved nature of the 

deposits observed in some regions of the reservoir is established through a detailed 

analysis of structure and sedimentology. The record is then used to reconstnict the  

evolution of the erosional and sedimentary environment of the Phewa Tal Watershed, and 

to determine the life expectancy of the reservoir based on recent rates of sediment 

accumulation. 

Rather than simply estimating rates of sedimenration within the reservoir. the 

following is a watershed-scale approach to the assessment of the sedirnentary environnien t 

of the Phewa Tal catchment. This review of sediment dispersal mechanisms and patterns of 

accumulation ailows a better understanding of processes of reservoir siltation in this region 

and may be applicable to similar reservoirs throughout the Middle Mountains. 

6.2 Methods 

Research was carried out in the Phewa Tai Watershed during a portion of the dry 

season (September-December) of 1995, and the monsoon season (June-July) of 1996 In 



order to obtain a better understanding of processes and rates of sedirnent transponation 

\.ia the trunk strearn in the watrrshed (the Harpan Khola). a stream gauging station was 

installed a< Parne (Fig. 6.1 ) to monitor discharge. stage and suspended ssdiment load 

during June-Jull-. 1996. Discharge \vas rneasured on 5 occasions. while stage was 

recorded 2 or 3 times daily. 

Throughout both field seasons. synoptic water column variables ti-ere rneasured at 

locnrions tliroiighout Phewa Ta1 (Fig. 6.1 ). Trniperatiire and conductiviry prof le data 

n.i.ri. colleçrt.d durino - the dry season using a thermistor probe (construcrsd in-house) and 

a Conniet 1 hlodel HL 3280 Portable Conductitity Probe. respectively. Conducrivity at 

dspth [vas msasursd from water sarnples collectcd usinç a Van Dorn-type water samplsr. 

Ttiroughout June and July of 1996. temperature. conductivity and turbiditl. profile data 

twrs coilccted using a Hydrolab Datasonde 3 Multiprobs Lo,, ~ " e r .  

Suspendcd srdiment concentration was measured throughout borli ticld seasons at 

the iams  star ions tvithin the reservoir and in the Harpan Khola at Parne. Concentrations 

i i m  nieasiird by tïltering 500 ml Kater saniples rhrougli pre-tveighed 0.45 un i  milliporc 

tilters (usin? a hand-operated vacuum pump) and coniparing pre- and posr-sampling 

~vrights. A regession of turbidity (T in NTU) data from the Hydrolab i w m s  susprnded 

sediment concentration (C in mg-L-') allotved an estimation of the latter from the 

rquarion, C = 0.4OOT + 1.93 (?=0.969, n=47). 

Long and short sedimrnt cores were retrieved from the lake floor during both field 

seasons using a niodified percussion corer (Gilbert and Gletv. 1985). and a standard 

grai-ity corer. respscti\'rly (Fig. 6.1). Percussion cores a e r e  obtained using a 7 . k m  



diameter core tube and ranged in length from 102-153 cm upon retrieval. Shorter gravity 

cores, ranging from 42.4-8 1.4 cm in length, were obtained using a 3 -7-cm diameter core 

tube. Upon retuming to Qüeen's University, the sealed core tubes were X-rayed using a 

Pickard Industrial Xray unit. Magnetic susceptibility was then measured using a Sapphire 

Instruments SIZB with a 95 mm extemal c o l  Cores were then split, allowed to dry and 

photographed. Shrinkage was observed upon retneval and upon drying in al1 cores. AI 

measurements below are expressed as wet core lengths. Detailed logs were recorded 

before the cores were sub-sampled for grain-size analysis (carried out by wet-sieving the 

sand fraction of each sarnple and analysis of the remainder using a Sedigraph 5 100). 

Or~anic carbon and carbonate content were also determined (afler Dean, 1974 and Konrad 

et al., 1970) at 1 O-cm intervals in selected cores by determining loss on ignition after 

combustion at 650" C and 1000" C, respectively. 

6.3 Physical setting 

The Phewa Tal Watershed is located in the western pan of the Pokhara Valley in 

the Middle Mountain physiographic region of central Nepai, and contains within it the 

Phewa Tal reservoir (Fig. 6.1). This watershed is tributary to the Seti Khola which drains 

the southem slopes of the Annapurna Massif to the north. The city of Pokhara, which is 

the administrative centre of the Western Development Region, and had a population in 

199 1 of 95 3 1 1 (SAIC, 1993), is partially within the catchment. Elevations within the 

watershed range from 793 m (normal operating level for the reservoir) to 2508 m at 

Panchase at the western end of the catchent .  The watershed covers an area of 



approsirnately 120 km2 and i s  drained by the Harpan Khola. which entrrs the ressn-oir 

through a rapidly prograding finger delta. 

The catchment is underlain by structurall~- weak. low-medium grade Pre-Cambrian - 
to early Cambrian rnetamorphic rocks (.Anonyrnous. 1980). Grey phyllitic schists dominate 

the northem half of the watershed. and talc-rich. red phyllitic schists are found in the 

southem half. The southwestem region of the catchment contains quanzite schist 

intsrbedded ~vith grsy phyllitic schists. while the eastern end is dominatrd by carbonaccous 

conglonirratc ( Inipat. 1980) derived from the Annapurna Massif ( Yamanaka ~ 1 0 1 . .  1982). 

Phru-a Ta1 (Fig. 6.1 ) is a constnicted reservoir with an m a  of approsimatrly 431; ha. 

a rnasinium dcpth of 22.3 rn and a volume (based on recrnt bat1i)mstric surveying) of 3 7.76 

s 1 0' mm' (Rsssarch and Soi1 Conservation Sections. 1994b). The resen~oir was created for 

hydroslectric powrr gencration and for the irrigation of sonle 320 ha of farmland in the 

castem region of the watershsd. .A lakc rit this site is thought to have originall?. fornird in the 

late Pl&tocsne as a result of damming of the outlst of the \vatershed by grawls (Ghachok 

formation) transported froni the .Annapurna range to the nortli via the Ssti Khola ( Yamanaka 

ci (il.. 19S2). The Seti Khola sribsequently incised rhess dcposits as the wpply of yravels 

[vas eshausted. A second natural damming occurred betwsen 1 100-600 BP (Yanianaka et 

cd.. 1952) due to the accumulation of up to 5.5 km2 of niaierial drriwd tiom a jokulhlaup in 

the Annapurna range (Carson, 1983). 

Numerous dams have been constructed at the outlet of Phrwa Ta1 in the last 200 

years. Thcrc are conflicting reports as to the exact dates of dam failures and construction 

(Sliarma. 1980: Ramsay. 1985: SAIC. 1993) durin; this tiriie. The followiny chronology is 



based on these reports and information obtained dunng informal interviews in Pokhara. In 

1933 a stone and mortar dam was constructed by a Nepali engineer (SNC, 1993). This 

was replaced in 1942 by a rockfiIl dam which subsequently failed in the 1960's. In 1967 

when Pokhara became electrified, the first concrete dam was constructed, only to fail in 

1975. The most recent dam became operational in lune, 1982 (Ramsay, 1985). Each dam 

failure exposed a considerable portion of the lake floor although the exact water level 

history of the iake is unknown. 

The morphometry of the lake floor (Fig. 6.1) reflects its history. The depression 

along the southem edge of the lake occupies the paleo-river channei of the watershed 

which likely dates to a tirne before the lake was naturally formed. The steep slope on the 

nonhern side of this depression and the gentler slope above it likely represent the paleo- 

floodplain of this river. For reference purposes, Leminen ( 1  99 1) divided the reservoir into 

three reçions; the Silt Trap, the Main Reservoir, and the River Channel. We funher sub- 

divide the Silt Trap into Silt Traps 1 and II  as illustrated in Fig. 6.1. Note that the River 

Channel region is not to be confused with the paleo-river channel, both of which are 

discussed below. 

The climate of the Phewa Tai watershed is humid sub-tropical to humid temperate, 

with mean monthly temperatures rançing from l2.8-25.7O C. The watershed experiences a 

distinct monsoon season (May-September) during which an average 0188% of total annual 

precipitation falls. Average annual precipitation at Pokhara Airport (elevation 840 m) from 

1970-1995 is 3858 mm, with a maximum of 4843 mm ùbserved in 1995. At Lumle 

Agricultural Centre (located 5 km nonhwest of the watershed, at 1740 m)  seasonal 



partcrns are similar to rhose obsen-ed at Pokhara .Airport with 91?& ofannuai precipitation 

falling during the rnonsoon. However. average total annual rainfall and maximum annual 

rainfrll are much higher, at 5224 mm and 62 19 mm, resprctively. The difierence between 

the ttvo stations reflects the posirivr relationship between total precipitation and elevation 

as noted by Ranisay ( l9S5)  and Rowbotharn (19%). and the natural spatial variability in 

rainfrll in t h e  XIiddle hfountain re$on. and the Himalaya in gcneral. 

The Phewa Tal \vatershed has esperienced rapid population g r o ~ ~ i h  and 

development in the last 70 years d u r  to improved acccssibiliry to healtli a r e .  

transportation and the growth of i h s  city of Pokharn In ternis of land lise. 40-50% of the 

\vatershed is undzr agriculture hlajor crops include rice. niaize, niillet, potato and 

mus;2rd, ~ v i t h  rice doniinating in lowland areas. Xpprosiniatsly 504.b of [he watershed is 

foresred (Rowboiham, 1995). alrliougti crown density varies. significantl!. due  to harvesrins 

for fodder and %cl wood. Espanding rural and urban populations have piaccd growin; 

demands on the natural resources of the Phewa Tal xaiershrd, and as discussed below, 

have  zltered its erosional and depositional environnients significantly 

6.4 Hydrology arid lininolosy 

During lune and July of 1996, discharge at the niout!i of the Harpan Khola ranged 

from 11.1-58.6 m'-s-' Dischargr was not nieasured during the dry season but previous 

reports suggest that average florv rarely r c e e d s  I O  rn%' during this tinie (Inipat, 19s 1; 

SAIC. 1993). Suspendcd sedinient values in  the Harpaii Khola ranyed froni 0 . 7 4  .S n i g ~ - '  

during the dry season and froni S .  3 - 157 S r n ; - ~ - '  during the nionsoori (\tir h nieans of 2.1 



r n g - ~ - '  and 50.4 rng-~- ' ,  respectively), reflecting the strong seasonality of sediment supply 

to the reservoir. The highest suspended sediment concentrations at Pame were measured in 

early June. Discharge on 12 June at Pame was the lowest rneasured during the monsoon 

(7.0 m3-s"). However, the third highest suspended sediment concentration (95.0 r n g - ~ " )  

was measured on this day. This date occurs dunng the pre-monsoon season, which, as 

defined by Carver (1997), describes a period of high surficial soil losses which extends 

fiorn the begiming of the monsoon rains to the end of June. Dunng this time heavy rains 

fa11 on recently cultivated, desiccated fields. Due to the lack of vegetative cover and the 

relatively low cohesion of suficial soils after the dry season, a large percentage of total 

annual surficial erosion occurs during this season. Carver and Nakarmi (1995) noted up to 

90% of annual soil losses occumng dui-ing the two largest events of the pre-rnonsoon 

season on erosion plots in the Jhikhu Khola Watershed. 

Temperature and conductivity profiles from both seasons (Figs. 6.2 and 6.3 ) 

confirmed that Phewa Ta1 is thermally stratified throughout the year until turnover in early 

December, as observed previously (Hickel, 1973; Rana, I W O ) .  During the monsoon, 

hea~y rains and elevated fluvial input were noted to result in a partial breakdown in 

thermal stratification within the reservoir on 19 July (Fig. 6.2b). This phenornenon has also 

been reported by Rana ( 1  990) and Davis et al. (in press). 

Conductivity profiles dunng the monsoon (Fig. 6.3) were observed to mirror those 

of temperature, with minima observed in the epilirnnion and mzxima seen in the 
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Fie. 6.2 - a)  Temperature profiles from Station 3 illustrating loss of thermal stratification 
- 

from October-December. 1995: and b) temperature profiles h m  Station 4 for 
June-July. 1996. Note partial breakdown of thermal-stratif cation due to heavy 
rains on 19 July. 
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Fig. 6.3 - Conductivi ty profiles at Station 3 (June-July, 1996) illustrating changes in 
conductivity throughout the water colurnn with the progression of the rnonsoon. 



hypolimnion. As the rainy season progressed, epilirnnetic conductivity values decreased, 

while a concurrent nse in these values was observed in the hypolimnion. This is thought to 

be related to epilimnetic dilution by monsoon rains, as well as biological activity in the 

water column at this time (Section 5.3.2). Conductivity values were noted to increase with 

distance from the river mouth. This is attributed to the dissolution of carbonaceous 

conglomerates in the eastem region of the watershed, the input of biologically 

contarninated and detergent-rich runoff from the city of Pokhara, and the diversion of 

water (via the Seti Canal) from the relatively carbonate-rich watershed of the Seti Khola, 

into the northeastern corner of the iMain Reservoir (Fig. 6.1). 

Suspended sediment profiles (derived from turbidity values) were used to trace 

patterns of sediment distribution throughout the reservoir afler major rainfall events (Fig. 

6.4). These data indicate that interflows between 4-6 m (bottom of the epilimnion) and 6- 

12 m (bottom of the metalimnion) are the most common means of sediment dispersal 

within Phewa Tal. Peaks in suspended sediment concentration were consistently higher and 

more common between 8- i 2 m. 

Fig. 6.4a shows profiles from 3 stations during a period of elevated suspended 

sediment concentration on 13 June afler a Storm in the upper watershed. It is apparent 

from these profiles that sediment is distributed both down the paleo-river channel (Station 

3 )  and over the paleo-floodplain (Station 10). Suspended sediment concentrations above 6 

rn were slightly higher at Station 3,  however, due to the influence of the position of the 

river mouth and the Coriolis force an the distribution of fine-grained paniculate rnatter at 

these depths. Similar readings at Station 4 indicate that these interflows maintain their 
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Fig. 6.4 - a) Suspended sediment concentration vs. depth illustrating two underfiows 
obsewed throuçhout the reservoir on 13 July, 1996; and b) Profiles of 
suspended sediment concentrations ai Stations 10 and 1 1 on 18 July, 1996. 



structure up to 2.0 km from the river mouth. although loiver concentrations suggesr thar a 

considerable amount of settling from suspension has occurred. 

Heavy nins (109 mm at Pobara Airport) on 17 and 18 of July (associated with 

the brcakdo~vn in thermal stratification discussed above) resulted in the transponation of 

significant amounts of debris to the rcsrrvoir as illustrated in Fig. 6.4b. Suspended 

sedimrnt concentrations reached the highest values obsenfed during both field seasons. 

The turbidity ssnsor on the multiprobe Iogger retumed values of 1000 FTU (at least 403 

n ig  Le' I at Stations 1 and 2 (the upper limit of the sensor). . i l1  of the suspriided particulate 

rnattcr sntsring Silt Trap 1 was derivcd from nearbp wetlands and submerged agricultural 

ticlds locatsd iipstream (Fig. 5.1 1). Much of the material delivcrcd to the rescn-oir by the 

Hnrpan Khola collrcted in Silt Trap I l  in a clock\vise-circulating y!.rr. Pluniss of turbid 

\vatsr could also be seen trawling dong the southern shore of the laks. 

.As illustrated in Fig. 6Ab, suspended sedinient concentrations \vers sufficient to 

gmsratz undertlows in the resenfoir on 18 July. The initial forniation of the turbidity 

currsnt c m  be sccn at Station 1 1. By the tims the tlow reached Station 1 O i t  \vas 

ssssntictlly isolated between 1 1 - 12.5 m. These data again indicate that sedinients derived 

kom storms and associated mass movements in the watershrd are distributsd throughout 

niuch of the rcscwoir. and are not isolatcd to the paleo-river channel. .Al thouph 

suscr.ptibility of surficial soils to erosion is highest during the pre-monsoon. it is evident 

thar nirijor stomls during the monsoon proper can contribute a significant aniount of the 

annual sedimsnt yield to the reservoir. I t  is also evident that much of the suspended 



load is deposited in delta-proximal regions of the lake, as indicated by lower suspended 

sediment concentrations at more distal stations. 

6.5 Sedimentary record 

The seven percussion cores and nine gravity cores recovered throughout the 

reservoir illustrate spatial variations in sediment distribution and accumulation (Fig. 6.1). 

Depending on location, cores retrieved from Phewa Ta1 consist either of well-larninated 

silts and silty clays (with infrequent sandy layers) or massive sediments that show only a 

change in colour from lighter to darker with depth. Based on detailed analyses of the 

spatial distribution of these deposits and visual assessments of sediment distribution 

patterns after significant rainfall events, Phewa Ta1 was divided into four sedirnentary 

environments (Fig. 6.5). Each of these environments is descnbed below with reference to 

cores retrieved within them. 

6.5.1 Deltaic Environment 

The Deltaic Environment receives the majority of the input from upstreani paddy 

fields and the Harpan Khola each year. It includes Silt Traps I and II as well as the pro- 

delta area. Bathymetric surveys by Sthapit and Leminen (1992) revealed rates of sediment 

accumulation in this area reaching 100 cm-a", and an annual sedirnent load to both Silt 

Traps of 105 364 rn3 durinç 1990- 199 1 .  

The delta of the Harpan Khola is rapidly prograding and threatens to isolate Silt 

Traps 1 and I I  from the Main Reservoir. Comparison of its position in a map drawn in 



Throughflow from wetlands 
and agricultural fields 

Deltaic Environment - Extremeiy high rates of 
sedimeritation (w lm-a") due to sediment load 
from upvaltey agricuitural fields and Harpan Khda 

Deh-proximal Envimnment - Average sedimentation rate of 
approximateiy 2 cm-a" Annwl vanies preserved in proximal 
regions. event deposits seen thrwghout 

Distal Environment - low energy environment. not affected by 
density cuttents. Annual rate of sedimentafin unknown. 

- -- 

Dam-proximal Enwonment - High-eneigy. erosional environment ' SedmtdlsDersolpattern 
due to flushing effed of Pardi Dam. 

- -- - - -- -- 

Fig. 6.5 - Division of Phewa Ta1 into four sedimentary environrnents based on rates and 
processes of accumulation. Sedirnent dispersa1 patterns are illustrated by yeliow 
arrows. 



1990 (Leminen, 1991) to photographs taken in June 1996 (Fig. 5.11) reveals that the delta 

has advanced approximately 240 m (i 10 m) in 6 years. In 1990, the Harpan Khola entered 

the reservoir through Silt Trap 1, rather than through the finger delta as it does today. 

.;Uthough the exact date is not known, the river has since reoccupied the finger delta, 

which is presently prograding at a rate of at least 40 m-a-' (based on elapsed time and total 

delta advance since 1990). 

The mean grain size of sub-samples from core 95C 1, retrieved from Silt Trap 1, 

ranged from 9.2-37.8 pm (mean 20.1 pm). As expected, these values are much higher than 

those observed in cores retrieved from more distal regions of the reservoir. The structure 

of the core was almost entirely massive with a few silty layers, which made it impossible to 

correlate rates of sediment accumulation with those of Sthapit and Leminen (1 992). As 

95C 1 was sub-sampled in the field, it was not possible to relate it  to other samples using 

magnetic susceptibility as is done below with other cores. 

6.5.2 Delta-proximal Environment 

The Delta-proximal Environment includes the delta-proximal paleo-floodplain and 

the entire river channel (Fiç. 6.5). This region also receives significant input from the 

Harpan Khola as illustrated in cores 95C3, 95C4, 95C5 and 96C 1, each of which contains 

well-laminated deposits, oflen in the form of consistent couplets (Fiç. 6.6). The lower half 

of these couplets generally consists of multiple (2-12) graded silt beds (generally 5Y 7/1) 

which range from millimetre-scale to 2 cm in thickness, and is normally underlain by a dark 

coloured, fine-grained layer (less than 1 mm thick). Fine-grained clay caps are cornmon 
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and usually overlie the first feu- gradrd beds of these units (Fig. -42. l a  in Appendix 2). 

The upper half of the couplets are comprised of finer-grained. massive deposits (Fig. 

A?. 1 b in ~ p p e n d i s  2 )  

Most of these couplets are thought to be varves. with graded beds representing 

nionsoon ssason deposition. and massive beds representing deposition of suspended fines 

throughout the d- season. Verification of the annual nature of thcsc drposits through 

radionietric dating with "Yb was attsmpted using core 9 3 3 .  Howxcr. due to the very 

high (and variable) rates of srdimentarion in the resenfoir. the " " ~ b  profile was tistremely 

erraiic. and theretors could not be used to estabiish reliable dates. I t  \vas therefore 

necessary to use other mrans to determine if thrse deposits were inderd vanes. as 

discussed belon-. 

The number of graded bsds in rhs l o w r  half of each couplet is about the same 3s 

ihe awragt. of t rn  rainfall wents pcr yrnr with 74 hour totals of80 riini or mors. This 

dail!. total w s  noted by Rowbothani ( 1995) to br the threshold above \vliich noticeable 

increases in tlic turbidity of the Harpan U o l a  w r e  observcd. In the Jhikhu Khola 

[utsrshed. C a n a  and Schreier ( 1  995b) reported that there are typically 15 nieasurable 

erosion rvents per year. Canrer ( 1997) noted that at the erosion plot scalc. rainfall rvents 

w r s  gensrall>. not erosivr unlcss thcy surpassed a threshold of 30 m n ~ k  The graded beds 

in the lower half of each couplet. therefore. are interpreted to represent storm events of a 

certain intensity bclow which there is insufficient energy to erode an3 transport such 

niaterial into the rescn-oir. I'liis intensity would likely Vary duc to sensonal changes in 

srdiment availability and suscepiibility to erosion as discussed abovc. 



The clay caps 1:-pically obserwd overiying the first few graded bsds and the dark 

clay Iayers immsdiately beneath them are thought to represent initial mobilisation of 

organic matter from recentig cleared agricultural fields and river banks by pre-monsoon 

rains. klinimnl rain o w r  the prrvious 7 months. combinrd uith a spring hanest would 

rrsulr in the accumulation of organics and fine-grained material in these areas which would 

be susceptible to rrosion during the pre-monsoon. Ln cases where the l o w r  dark clay layx 

is not obserwd. it is thought that significant pre-monsoon storms rrsulted in mobilisation of 

coarssr-grainsd niaterial and that the thin organic layer is not deposited due to higher 

encrgy Ievels in both the tluvial and lacustrine systerns. In such situations. clay caps are 

usuall>. still prssrnt. 

Tlic coiiplets obssri-sd in thrse cores are siniilar in form to rhose sren by .-\selsson 

( I F C b )  in the Sam Ngum Rcscnvoir in Laos. Xradiographs of cores froni Phewa Ta1 (Fig. 

6.7) reveal alternating light and dark Iayers which werr also obsemrd in cores retriet-sd 

from the Nam Sguni Reservoir. Aselsson ( 1992b) attribursd rhis pattern to the diffrrcncss 

in bulk density betwecn monsoon scason deposits (high) and dry season dsposits (low). and 

deteminsd tliat sac h Iight/dark couplet represented a varve. As the date of construction of 

the rcsenroir rias known. and the pre-rrsrrvoir drposits could be O bsenrd 

in cach core. i r  wns possible to test tliis hypothesis by coniparing the vane count to the 

nuniber of yrars that had passed since the flooding o f  the watershed. 

Further tvidence of the annual nature of Phewa Tai deposits was relraled during 

analyses of grain sizs. oganic carbon content and carbonate content (Table 6.1). Sub- 

samples collrçted frorn the laminlited deposits in each couplet had consistently liigher msan 



Fig. Xradiograph of core 95C5 (74.3-88.4 cm) revealing monsoon and dry seaso 
deposits based on differences in bulk density. This is a positive image in whic 
light areas represent sediments of low bulk density and dark layers represei 
sediments of high buk density. Scale on left is in centimetres. 



grain sizes than those obtained from the massive units above them. which is indicative of 

erosion and transportation in a higher-energy environment (monsoon). These samples also 

had iower organic carbon and higher carbonate contents,suggesting that they represent the 

erosion of minerai soi1 which would be much more common during the heavy rains of the 

monsoon. 

Table 6.1 - Mean grain size, organic carbon content and carbonate content values for 
laminated vs. non-laminated portions of couplets in cores 95C3 and 993. 

These varves are visible in al1 of the cores obtained in the delta-prosimal 

environment. Fig. 6.8 illustrates the results of analyses of grain size distribution, organic 

carbon and carbonate content and magnetic susceptibility for these cores (neither grain size 

nor magnetic susceptibility was measured for core 96C 1). 

Mthough varves could be seen in each core, they were best preserved in cores 

retrieved from the paleo-floodplain region of this environment. Cores 95C3 (Fig. 6.9) and 

96C1 (Fig. 6.6) both contain well-laminated sediments, the upper 50 cm of which could be 

easily correlat ed. 

As illustrated in Fig. 6.10 varve thickness and the relative thickness of monsoon i9s. 

dry season deposits in core 95C3 shows a marked change after 1955. Mean varve 

thickness increases slightly from 1.75 cm to 1.88 cm after 195 5 (not including the three 

Core # 

9SC3 
(n=26) 
95C4 
(n=29) 

Mean Grain size (pn) 

Massive 
5.01 

6.16 

Laminated 
6.50 

7.41 

Mean Organic Carbon 
Content (%) 

Massive 
4.04 

5.30 

Mean Carbonate 
Content (%) 

Larninated 
3.42 

3.78 

Massive 
6.20 

5.32 

Laminated 
6.57 

5.84 







Couplet Thkkness (cm) 
OCû 1W 2Cû 3 0 0  4Cû 5 W  6 0 0  7ûû 8Cû 9 W  

Ratio (monsoon depositdry seasan deposil) 
0 1 2 3 4 5 6 7 3 9  

Fig. 6.10 - Varve thickness vs. depth for pan of core 95C3; and b) ratio of monsoon 
season deposit thickness to dry season deposit thickness for part of core 95C3. 
Note that the period from 1975-1980 is accounted for by the deposit 
representing the failure of the Pardi Dam (26.9-34.6 cm). 



anomalous1~- thick units found at 16.8. 34.6 and 68.2 cm). The ratio of monsoon season to 

dry season deposit thickness (Fig. 6.10b) also shows a marked increass at this rime. and a 

subssqurnt decrease in the late 1970's. 

In both 9jC3 and 96C 1 ssceptionally thick "event" deposits can be seen at 26.9- 

X . 6  cm and 27.0-17.5 cm. respectively. In 95C3 (Fig. 6.9). this deposit consists of a 

massive silt bcd ( 1 .  j cm) overlain by a dark. finer grained silty clay layer ( 1  -9 cm). 

Overi!-ing this is a second massive silt bed (0.6 cm) which is again capped by a finer 

erained unit ( 1.4 cm) and 7 graded silt beds (rach on the order of 2 mm thick). The 
b 

prsssnce of this deposit at shallower dcpths in corr 96C 1. combined with rhs fact that i t  is 

1.1 cm thinnrr indicates that rates ofsedimentation are lowrr in this region than in the 

more prosinial environment of 9 3 3 .  Based on varvr counting. these deposits correspond 

u-itli ihc frijlurr. ot'tlir Pardi Dam in 1975 and subsrq~ient srosion and deposition until 

19SO <dam rtxonstruction began in 1978). A second notable deposit in 95CX ~vhich 

contains thrce graded beds. the upper two of which have noticeably thick. dark. fine- 

zrained caps ( 2  mm and 3.5 mm. respectively) c m  b r  seen bettvern 70.1-78.3 cm. Tlicsc - 
units are owrliiin by 10 graded brds (millimetre-centimetre scale). 

Core 96SC3. rrtrieved froni the distal region of the palro-tloodplain within the 

Delta-proximal Environment. contains easily discernible but inconsistenr layering 

suggestinp that rnrrgy levsls are commonly not sufficient to transport coarsrr sediments 

dsriwd from Storm events to this region of the resrrvoir. 

Cores retrirvrd froni more distal reçions of the paleo-river channel ivithin the 

Dslta-prosiinal Environment also contain vanes. However. as with 96SC3. th-.! t h  are not 



as consistent as those seen in other samples. This has precluded the  establishment of year- 

by-year chronologies for each of the cores. Core 95C4, recovered from the paleo-river 

chamel near Barahi Island (Fig. 6. l), was 230.5 cm in length upon retneval. Much of the 

lower 95 cm of the core are well-larninated (Fig. 6.11). The upper 100 cm however, are 

badly disturbed, although some structure is preserved. Two large silt beds (28.5-40.5 cm 

and 7 1 - 100 cm) can be seen but both lie against the side of the core, indicating that they 

were still saturated when the core was placed on its side for shipping. 

Within 95C4 are two sandy beds (104.2-106.8 cm and 170.8-176 cm) and one silty 

unit ( 163.5- 164.2 cm), which are al1 much darker in colour than other graded beds 

observed in these cores ( 1  OYR 4/1 as compared to 5Y 7/1). The 2.6 cm sandy lens at 

104.7 cm is coarser than any other deposits observed in this region, çrading from a mean 

grain size of 19.82 pm to 10.85 pm (Fig. 6 . 8 ~ )  and from a sand content of 26.3% to 

19.7% from bottom to top. This is also significantly coarser than the remainder of the core 

which has a mean grain size and mean sand content of 6.06 pm and 3.5%, respectively. 

halysis of plots of cumulative mass percent finer us. diameter for the two sub-samples 

from this unit indicate poor soning. A similar, poorly sorted sandy lens which is 5.2 cm in 

thickness is seen at 170.8 cm. Mean grain size ranges from 14.49 prn to 7.74 pm from the 

bottom to the top of the unit. The lower half of each sand bed shows decreased organic 

matter and carbonate content (relative to the upper half), while in the upper half, organic 

matter content surpasses average levels, while carbonate content remains low (Fig. 6.8b). 

A thinner bed (7 mm) of similar colour is seen at 163.5 cm. This is overlain by difise, sub- 

millimetre scale graded beds (9 mm), which are in turn overlain by another massive lOYR 





4 1  laver (9 mm). Each of these IOYR 4 1  units is associated with elrvated magnetic 

susceptibility values (Fig. 6.Sd). 

The difference in colour. magnctic susceptibility. organic carbon content and 

carbonate content betrveen these units and other graded beds obsen-rd throughout the cores 

sugo_ests that the- were likely drrived froni slump material on the relativsly steep southem 

shores of the resenoir. rather than froni the uppsr watsrshrd. This is supported by the 

relatively high magnetic susceptibility of these deposits. cornbined with their reddish 

colour. rvhich suggest that this material was derived froni the red (iron rich) soils that are 

found in the south-central region of the a-atrrshed. Althou=h forest cover reaches 70% in 

this area (Rowbothani. 1995). dopes are bstween 20-40" (Ranisay. 1985) indicatins that 

the potential for niass wasting is high. The poor sorring of siib-saniples of tliese dsposits is 

indicative of ctiaotic tlow 3s w0i11d br: exprcted for n i a s  niovement r i t  cnts. Tbc 

reprsssntation of thrise drposiis as peaks in the niagnetic suscspti bili t y  pro fi les of corcs 

from the palso-floodplain (Fig. h.Sd) indicatrs that suspcindsd niaterial ma!. have circulated 

and bcen depositcd throughout the reservoir follouinç tlicss ewnts. 

Core 9 3 3  was recowrrd dong the paleo-river ctiannril to the east of Barahi Island 

(Fig. 6.1 ). and \vas the longcst to be retrievrd from Phelva Tal. nt 253 cm. This core 

contains the annual couplets observed in niany of the othsr c o r n  but the' are cornnionly 

very diffuse and difticult to discern visually. Xndiograpliic imaging aidcd in identification 

of annual couplets in sonie parts of the core (Fig. 6.7). Since this corc is relativcly distal. 

and locritrd soniewhat iipliill from the drrpest basin in the Iake. i t  is possible that man! 



rnonsoon storms that are recorded elsewhere in the iakr may no1 have had sufficient 

energy to transport coarse material to this region. 

Athough annual layers are no t easily discemible throughout core 9 3 3 .  

significant evcnt deposits can be seen. These deposits are generally light coloured silts 

with a mean grain size (from 3 units sampled) of 7.78 Pm. The upper tivo of these units 

(38.3-40.6 cm and 90.2-9 1.5 cm) are associatrd with no major change in magnetic 

susceptibility. lot\- organic matter content. and above average carbonate content (.Fig. 6.8). 

The third deposit. found at 157.6-1 54 cm is rich in carbonates. but has an organic mattsr 

content belon. the average for the core. Based on magnetic susceptibility profiles. this unit 

appears to b r  correlated with a niuch thicker drposit of graded silt beds brtween 1 42.8- 

1-46 cm in 95C4. 

At 108.1 - 109 cni and 185-1 86.3 cm in 9SCj two 1 OYR -1/1 beds are observed 

which arc thought to haïe been derived frorn the samc ewnts as the sirnilar layers nt 

104.2 md  1 70.S cm in 95C-L Tliese deposits are again associated ~vith psaks in magietic 

susceptibi1it)- (Fig. 6.Sd). r\nalysis of the loiver unit revraled a coarser rnsan grain s i x  

(7.41 p i )  and a lowcr organic matter content (2.9%) than the average values for the cors 

r 3.8s prn and -1.9%. respsctiwly) which is consistent with the samr deposits in 9jC-I. 

Dcposits belou approsimately 40 cm in core 9 j C j  are offset from corresponding 

deposits in othrr cores by approsimately 5-1 5 cm (see magnetic susceptibiiity profiles. 

Fig- 6.8d). suggesting a higher rate of deposition in this portion of the reset-voir at the tinir: 

of dcposirion. .As tliis core is located on a rise in the lake floor. it is possible that this area 

acts as 3 trâp for scdinient (dcposited priniarily from suspension. as iridicated by the w a k  

layering). thereby resultinç in higher rates of sediment accumulation. A similar 



phrnomenon of increasing sedimentation rates in distal basin areas \vas notrd by Piclcrell 

and Invin ( 1 983) and Gilbert ( 1975): however. in both cases higher rates of deposition 

were attributed to the slowing of underflows by rises in the basin floor. Above 40 cm. this 

pattern is not observed. possible representing a change in sedimentation patterns due tc 

rhs construction of the Pardi Dam in 1982. 

-A comparison of grain size profiles for cores 95C j  and 95CJ (Fig. 6 . 8 ~ )  reveals 

good correlation betwcen the cores. although mean particle size is much higher in 9 3 3  

(6.06 pm compared to 5-88 pm). This ciifference is a result of the relative prosimity of 

95C-I to the river mouth as well as the location of 95Cj in the middle of the dope at the 

distal end of the paleo-river channel. The range in mean grain size in 95C4 and 95Cj 

P X -  19-52 and 1.67- 10.49 pm. respcictiwly) is rnuch greater tlian that of 9 3 2  (3 .7-7 .8  

p n  ). Al tlioiigli a signi ficant nnioiint of the material del ivered to the rrservoir apprars to 

b r  distributsd over much of the paieo-tloodplain. these values indicate that the coarsest 

portion of the sedimrnt load is continrd to the palro-river channel. 

Organic carboii content of thrse cores ranged frorn 1 .S3-8.26?6. gr.iisra1 

increasing near the bottom of each core (Fig. 6.Sa). especially in 9jC3 and 96CI. both of 

which were recovered from the paleo-floodplain. Although the histop of dam 

construction prior ro 1933 in the watrrshed is not known. it is possible that elemed 

valiies ai the bottom of these corzs ~etlccrs the inundntion OF the palco-tloodplain as a 

result of dam building in the late 1800's or early 1900's. The submergcnce and subsequsnt 

decomposition of vegetation from forested and agricultural lands would have resulted in  



high levels of organic carbon being delivered to lake sediments at this rime. This pattern is 

also seen in more distal deposits as discussed below. 

Xside ffom this trend, ooanic carbon content depends primarily upon whether the 

sediment was deposited in the monsoon or dry season as ouilined in  Table 6.1. 

Measurement of carbonate content w. depth in each core revealed no reservoir-wide trend, 

although in each core, values were obsewed to be higher in graded silt deposits than in 

massive units. Carbonate contents for the above cores ranged from 1.95- 13.95% (Fig. 

6.Sb). 

Magnetic susceptibility profiles for cores 95C3, 95C-i and 95CS are pro\-ided in 

Fis. 6.Sd. Consistent chanses in maçnetic susceptibility w i t h  depth c m  bc seen in each of 

the samples with values increasing from the base of each core to between 76.5 and 8 5 . 5  

cm. Individual peaks in the profiles are also traceable between cores although they are 

ofien not reprrsented visually in the core stratigraphy, with the exception of the mass 

wasting deposits in cores 95C4 and 95C5 (discussed above) These profiies also reflect the 

trend of higher rates of sedirnentation in the distal paleo-river channcl. 

6.5.3 Distal Environnient 

The Distal Environment of the reservoir (Fig. 6.5) is characterised by a lack of 

sedimentary structures, as it defines an area that is not within the range of the interflows 

described above. Cores obtained here show no significant laminarions, although each core 

becomes darker with depth. Core 95C6 was recovered from the River Channel section of 

the reservoir from a depth of approsimately 5 m (Fig. 6. l ) ,  and was the most distal core to 



be retrieved from Phewa Tal. It is essentially massive with the only obsen~able changes 

being in the colour of the sediments. The core is comprised of two distinct units. From O- 

66.8 cm. massive fine silts show a progressive darkening trend from 5Y 4 2  to j Y  3 2 .  

From 66.8 cm to 90 cm. massive. lighter coloured (7.5YR 7 i0 )  silts dominate. Disturbed. 

organic-rich. dark larninae are found in the upper i 1 cm of the lower silt unit. suggesting a 

gradua1 transition between the depositionai environrnents of each unit. 
C 

Organic matter in the core decreases slightly with drpth until 45 cm. at which point 

i t  increases substantially (associated with the darker coloured material) until 66.3 cm, 

ivhcre it drops to lsss than 1 % for the remainder of the core I Fig. 6.12). Carbonate content 

is lrss than jo6 for the iippcr 66.8 cm of the core. In the lower 23.2 cni hows\.er. i t  escsrds 

50% (the highest value obsrrved in any of the corrs by more than 40%). 

$lapetic susceptibility shows a rapid increase from 0-1 9 cm. Below this point. i t  

drcreases substantially to 28 cm. where it  remains fairly constant to 43 cm. I t  then s h o w  a 

considerable drop that coincides with the noticeably darker. organic-rich laycr. Values 

begin to rise again at 66 cm. associated with the lighter. carbonate-rich laver at the bottoni 

of the core. 

'I'liesr: inarked differeiices in sediment type scsm to represent major changes in the 

depositional environment in this part of the lake. The origin of the carbonate-rich sedimcnt 

is unknown. I t  is possible. because this coring site is located near the royal palace (Ratna 

Xlandir). that the sediment is actually construction material that was obtained from the 

banks of the Srti Khola (which drains a more carbonate-rich watershed than the Harpan 

Khola). to be used in the construction of the palace. Persona1 observations confirm that the 
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Fig. 6.12 - Grain size, organic carbon content, carbonate content and magnetic 
susceptibility for core 95C6. 



siits. sands and gravels of the Seti Khola banks are extrnsively used for construction in 

Pokhara. In short. it appears that the l o w r  23.2 cm of this core records inputs to the 

resewoir of anthropogenic origin. 

-4 sirnilar pattern to that seen in the upper 66.8 cm of %C6 is obsen-ed in cores 

96SCj and 96SC8 (Fig. 6.13). No laminations are present: howver. a change in colour 

from light (jY 3 7 )  to dark (5Y 3 1 )  is obsemed. The site from which short core 96SC5 

\\as retrieved is iocated approximately the same distance from the r iwr  mouth as 95CI: 

ho\vc\-rr. no stnicture is obsen+ed in this core. This is duc to its location on the paleo- 

tloodplain. and the fact that it t a s  retrievrd from a drpth of approsirnatsly 5 m. As 

discussed above. most major interflows are obsenxd betwsn 8- 12 ni dspth. with rninor 

intertlows sometimes obsewed between 4-6 m. The Iack of structure in this cors and 

96SCS indicatrs that throughflows from even major events do not rrach this portion of 

the reseneoir. 

The overall darkening trend with depth observed in these corss is similar to that 

srcn in corcs 9SC3 and 96C I .  although thzy occiir at lcssrr depths in the cores from the 

Distal Environment. This reilects the lower rates of sedinirntation in this region. I t  ma!. 

also indicate that these areas on the palro-floodplain were subniergcd niore rccently than 

deeper rrgions of the reservoir. with the recent construction of larger dams at the outlet of 

the lake. 



Fig. 6.13 - Sections of core 96SC8 illustrating the change in colour and common lack of structure in cores retrieved from the Distal 
Environment. 



6.5.4 Dam-proximal Environment 

Attempts to retneve sediment samples from the lake floor near the Pardi Dam 

yielded only loose gravels with minimal mud. Due to the proxirnity of the dam, materials 

deposited in this region under calm conditions in the dry season are Iikely removed during 

periods of high flow during the monsoon when the sluices of the dam are open. Although 

sediment delivery to the reservoir during the monsoon is greatest, the turbulence 

associated with the discharge of water frorn the dam at this time keeps much of the 

transported material in suspension, and therefore limits sedirnent accumulation in this 

region. 

6.6 Evolution of the sedimentary environment of Phewa Tal since 1900 

The poor correlation between sediment cores from Phewa Tal precludes the 

construction of reliable chronologies for each core based on stratigraphy alone. However. 

the chronological control provided by core 95C3 combined with the correlatable magnetic 

susceptibility profiles from these cores (Fig. 6.8d) allows for an assessment of the 

evolution of the erosional and sedimentary environments in this watershed. 

Magnetic susceptibility is the ratio of induced magnetisation of a volume of 

sedirnent to the intensity of the magnetising field. The measurement of this parameter in 

cored lake sediments provides a simple tool for inter-core correlation and is extrernely 

usehl in cases where correlation has proven dificult otherwise (Le. Bloernendal et al., 

1979). It has been noted by Oldfield et ai. (1983) that changes in magnetic profiles of 

cores are not necessanly associated with visual changes in core stratigraphy. In such cases, 



changes in the erosional environment (Le. sediment source) are reflected in different 

magnetic properties of sediments delivered to the lake floor. 

Many authors have also used magnetic susceptibility to calculate rates of 

sedimentation by dating known events that can be identified in the magnetic susceptibility 

profile (Bloemendal et al., 1979; Deanng, 1983). In many cases such work is enhanced 

through cornparisons with fossil diatom or pollen profiles, and radiometric dating. 

Magnetic susceptibility has also been used to trace deposit-source relationships in 

watersheds, based on magnetic properties. In watersheds where there has been extensive 

enhancement of soi1 magnetic properties (Le. through fire and/or pedogenetic 

development) it is possible to distinguish between topsoil and subsoil sediment sources 

(Dearing el  al.. 1985). 

It can be seen from Fig. 6.8d that the same general pattern in magnetic 

susceptibility is observed in each core, with values rising steadily from the bottom of the 

cores to a peak at approximately 76.5-85.5 cm. In each instance, this peak is followed by a 

subsequent overall decrease in magnetic susceptibility values to the top of the core. This 

pattern indicates that from approximately 192 1 (the base of core 95C3) to approximately 

1955. the sediments being transported to the reservoir were progressively richer in 

magnetic minerals than those delivered to the lake previously or afterward. This 

corresponds to a time of agncultural expansion and population growth within the 

watershed. 

As noted by Schroeder (1985) slash and burn techniques were cornmon in the 

Pumdi-Burndi district of the watershed (and likely in other districts as well) prior to World 



War 1, but have not been practiced since 1957. Fires have been noted to enhance the 

magnetic propenies of surficial soils devoid of prirnary femmagnetic minerals due to the 

reduction of non-femmagnetic oxides and oxyhydroxides to ferrimagnetic magnetite at 

extremely high temperatures (Dearing el al., 1985). Such enhancement of the magnetic 

properties of surficial soils likely occurred in the Phewa Ta1 watershed as a result of the 

use of slash and burn techniques at the time of agricultural expansion in the early to mid 

1900's. The deposition of this magnetically enhanced material in the reservoir during this 

time can be seen in the overall nse in magnetic susceptibility described above. Magnetic 

properties of surficial soils can also be enhanced through processes of pedogenetic 

development (Deanng el al., 1 985). The erosion of a well-developed surficial soi1 

subsequent to the removal of forest cover within the watershed and the transportation of 

this material into the reservoir also likely contributed to elevated magnetic susceptibility 

values from the 1920's to the 1960's. Declining values since this tirne reflect the 

transportation of less developed (and therefore less maçnetically enhanced) soils which are 

continually exposed as a result of intense tillage practices. The abandonment of slash and 

bum techniques since 1957 is also reflected in these declining values. 

The high resolution sedimentary record found in 95C3 reveals changes in erosional 

patterns resulting from the expansion of agricultural activity in the watershed (Fig. 6.10). 

Although this annual record cannot be verified against other cores due to coring-induced 

disturbance or the lack of consistent representation of annual layers throughout this time 

period in other cores, the following is proposed as an interpretation of the effects of the 

major agricultural expansion of the early-mid 1900's on patterns of sediment delivery to 



the reservoir. The mean thickness of monsoon season deposits shows a marked increase at 

around 1955, while dry season deposits are slightly thinner on average. The widespread 

removal of vegetative cover, the expansion of agriculture ont0 marginal lands in the early 

to mid 1900ts, and the intensification of farming activity since this time likely resulted in 

enhanced pre-monsoon and monsoon season erosion. Intensification has corne in the form 

of a transition from single- to triple-cropping, and the adoption of more labour-intensive 

crops and agncultural practices (relay cropping and inter-cropping) (Schroeder, 1985). In 

tum, this has led to increased rates of sedimentation in the resewoir during this season. 

The subsequent decrease in the relative thickness of these deposits from the late 1970's 

onward may reflect the stabilizing effect of well-maintained agriculturai tenaces (Fig. 2.2) 

as well as an improvement in land management techniques in recent years. 

6.6.1 Rates of sediment accumulation 

One of the original goals of this research was to determine if the sediments of 

Phewa Ta1 would provide annual records which could be used to calculate rates of 

sedimentation throughout the reservoir in order to determine its life expectancy. 

U~ortunately, although varves were obsewed in many cores, the sedirnentary record of 

this reservoir is too inconsistent to allow such calculations. As well, radiometric dating of 

reservoir sediments yielded inconsistent results which prevented the establishment of 

reliable dates in the absence of annual deposits. At best, an approximation of recent 

sediment accumulation rates can be made for the Main Reservoir region of the lake based 

on the measurernent of individual varves from 95C3 and 96C 1 and the correlation of the 



chronology of 95C3 (through magnetic susceptibility and event deposits) with 95C-I and 

9 j C j  in the paleo-river charnel. 

The a\-rrage annual rate of sedimentation on the delta-prosimal paleo-floodplain 

as rccorded by 9jC3 and 96C 1 from 1955 is 2.20 cm-a". The peak in magnetic 

susceptibility in 95C3 is found at 76.5 cm (Fig. 6.8d). The same peak is observed in 9jC.1 

at 79.5 cm indicating a slightly higher rate of accumulation in this region of the resrrvoir 

(2.34 cm-a-' based on depth and elapsed time). Aithough disturbance of the core is noted 

at this depth. the offset of the magnetic susceptibility profiles of both corss is consistent 

with deptli. suggesting that this is a reasonable correlation. In 95C5. the same peak is 

obsm-ed at 85.5 cm. u-hich indicates a sédiment accumulation rate of 2.5 1 cm-a". This is 

consistent with the location of rvent deposits sliglitly deeper in this core than in 95C3. 

95C4 and 96C 1 as discussed above. and supports the idra of higlier rates of sedimentation 

on the lake-floor slopz between Barahi Island and the southsrn shore. 

Using these estimates of annual sedimentation rates. the average annual rate of 

sediment accumulation in the Main Resenroir is 2.35 c m d  which represents a total o f  

75.7 s 10' m'.a" or 107 s 10' t-a" basrd on an average wet bulk drnsity of 1.36 g-cni-l. 

Althouph the metliods used to obtain this average are crude. the result corresponds w 1 I  

with Impat's ( 195 1 ) calculation of 1 17 s 10' t-a'' based on suspendrd ssdiment 

concentrations of the Harpan Khola over a 12 month period. It is also sirnilar to Stliapit's 

( 1995) estimate of sediment delive- to the reservoir of 175-225 s 10' m'-a", n-ith 90- 120 

s 10' rn' deposited in the Silt Traps. and 55-  135 s 10' m' deposited uithin the Main 

Resenpoir. 



The volume of the Main Resenoir is approximately 35.5 x 106 m'. Based on these 

sedimsntation rates. the life expectancy of this portion of the reservoir (the time at which 

80% of storaee capacity is lost) is approrimately 360 years. As the Main Reservoir 

contains 94% of the total volume of Phewa TaI. this estimatc c m  be used as a suide for 

the life sspectancy of the reservoir as a whole. I t  should be noted that rhis approximation 

is bassd on ciment rates and patterns of srdimentation. and that once the storage capacity 

of the Silt Traps is lost (estimated by Sthapit. 1995. to be within 20-25 years). sediment 

load to the Main Resenroir will likely increase considerably. 

6.6.1 .\Iultiple influences on the sedimentary environment 

Fig. 6.14 illustrates the various intlucnces on the sedimentary environment of the 

Phciva Tal Watcrshrd which have resulted in the spatially variable sedimsntary record 

obserwd u.itliin the ressrvoir. This mode1 identifies the allochthonous controls on 

ssdirnrnt accuniulation within Phewa Tal. including events such as dam hilures. which. 

by esposing certain rq ions  of the reservoir to subaerial rrosion. cornplicate rlir.  

sedinirntary record. Naturally high rates of erosion com bincd with niajor cl irnatic or mass 

ivasting evsnts in the Pliewa Ta1 Watershed result in rates of sedimsnt accumulation that 

h r  ssceed those seen in many temperate lacustrine environrnents. For this reason, the 

problem of resrrvoir siltation in the iMiddle Mountain region of  Nepal is esacerbated. A 

berter understanding of sediment transport and accumulation dynamics. as wrll as the 

influences of sspanding agricultural activity on the type and amount of material delivercd 

to the rrserwir (as discussed above) is necrssary when addrcssing this issue. 
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Fig. 6.14 - Factors influeiiçing sediment delivery h m  the watershed, and sediineiit dispersal and accumulation within the reservoir. 



Although these factors complicate the sedimentary record. the- reveal much regarding 

sediment sources and influences on sediment availability within the watershed. This 

mode1 also rscognizes the rolr of the morphomet- of the lake tloor in sediment dispersal 

patterns and. combinsd with an analysis of the four zones drscribcd above. allows a bettrr 

understanding of panems of ssdiment accumulation within the resenoir. 

6.7 Conclusions 

This study illustrates the complesities of sedimentary processes of the Phewa Ta1 

if-atsrshsd and rcssrvoir and yields the following conclusions: 

1 ) Ssdiinsnt dslivery to the Phewa Ta1 rrservoir is highly seasonal. with the psak 

obssn.sd during the pre-monsoon. 

2) Phsua Ta1 is monomictic with turnover in early Decembrr. Trniperature and 

conductivity are strongly affscted by hravy rains during the monsoon which lrad to 

cooling and dilution of the epilininion. and a trmporan breakdown in ttiermal 

stratification. 

3 )  1ntcrflou.s arc the most common means of sedinient dispersal throughoiit Phewa Tal. 

Thrsr interflow deposit sediment over much of the paleo-ttoodplain and throughout the 

paleo-river charnel of the reservoir. Although the coarsest portion of the sediment load is 

confined to the paleo-river cliannel. 



4) Phewa Ta1 can be divided into four sedimentary environrnents based on depositional 

processes and sediment accumulation rates. 

5)  Vanied sedirnents of the delta-proximal region of Phewa Ta1 reveal the impacts of 

changing land use patterns on erosional and depositional processes within the watershcd 

and reservoir. respectively. These deposits suggest greater rates of erosion during the pre- 

rnonsoon and rnonsoon seasons since the period of agricultural expansion in the 

wtershed in the early to mid 1900's. 

6) Correlations of the sedinientary record from different regions of the reservoir based on 

stratigraphy is ditficult. Profiles of niagnetic susceptibility assisted inter-core conelation 

i i i  the absence of consistent annual layering. These data also revealcd changes in the rvpc 

of material de l i~wrd  to the reservoir O\-rr the past 70 pears as a result of espanding 

agricultural activity within the watershed. 

7) .Average nnnual sedimentation rates ivithin the Main Ressrvoir corrslatsd wAl \vit11 

prsvioiis estimates and indicatrd a li fe espectancy for the ressr\.oir of approsimaislp 360 

pears. 

8) Lake sediments have the potential to provide an enormous amount of information 

regarding sediment transport dynamics ivi thin Middle Mountain watersheds. Such studiss 

could be used to augment rrsrarcli into current sedimentary environments by providing a 

much-needrd historical contest. I t  is suggested that other pros' indicators such as pollen 



or diatoms be used to enhance the study of the sedimentary record in order to facilitate 

inter-core correlation and the development of a basin-widr chronology. 



Chapter 7 - Conclusions and Suggestions for Future Research 

7.1 Introduction 

This study has focused on obtaining a better understanding of the sedimentary 

environment of the Phewa Ta1 Watershed through an analysis of hydrological and sediment 

transport dynamics within the basin, and an assessrnent of sediment dispersal and 

accumulation patterns within the Phewa Ta1 Reservoir. Research in the watershed 

identified nurnerous controls on sediment erosion and transport, many of which have been 

outlined by previous authors (Impat, 198 1 ; Carson, 1985; Carver, 1997). The extension of 

this research to cover sedirnent dispersal and accumulation patterns within Phewa Ta1 has 

provided an initiai review of the processes involved in the final stages of the sediment 

transfer process. It has also allowed the recognition of lacustrine sediments in the Middle 

Mountain region as potentially useful indicators of recent geomorphic and hydrologic 

change on a watershed scale and, at greater temporal and spatial scales, perhaps of climatic 

change. The following descnbes the major findings of this study and outlines limitations of 

the research which must be noted. It is concluded with suggestions for future work in this 

field in the Middle Mountains of Nepal. 

7.2 Conclusions 

7.2.1 Erosion and sediment transport 

Erosion and sediment transport in the Phewa Ta1 Watershed are highly seasonal. 

During the dry season, sediment delivery to the reservoir is extremely limited, primarily 

due to a lack of precipitation. Heavy rains during the monsoon result in rates of sediment 



transport that are up to two orders of magnitude higher than in the dry season. Sediment 

transport was observed to peak both during the pre-monsoon and d e r  major rainfall 

events dunng the rnonsoon proper, illustrating that, although surficial materials are most 

susceptible to erosion dunng the pre-monsoon, heavy rains during the monsoon season can 

result in major influxes of sediment from the watershed to the reservoir. 

Suspended sediment loads of greater than 500 t.d" during the rainy season 

illustrate the importance of the monsoon to sediment transport in the watershed when 

compared to the estirnated maximum of the dry season of 3 .2  t-d". The calculation of 

sediment transport in tonnes per day based on measurements of discharge and suspended 

sediment concentrations at Pame provided a good approximation of the sediment load of 

the river at the times of measurement. However, these values almost certainly 

underestirnated peak loads by up to an order of magnitude. 

7.2.2 Limnotogy 

The measurement of synoptic parameters of the water column during both the dry 

and monsoon seasons revealed the effects of the monsoon on the physical and biological 

Limnology of Phewa Tal. It is apparent that the thermal stratification observed throughout 

the year (except during turnover in early December) is strongly affected by heavy rains and 

fluvial input. Although stratification can be temporarily weakened or even lost as a result 

of these rains, it is commonly quickly re-established. 

The effect of the rainy season on chernical properties and biological activity within 

the reservoir was also observed. Epilimnetic dilution was noted in the form of 



progressively decreasing conductivity values throughout the monsoon. Localised 

conductivity minima were observed dunng the pre-monsoon season and were attributed to 

biological consumption of Ca-'. The subsequent disappearance of these minima and the 

progressive increase of hypolirnnetic conductivity values are the result of a decline in 

epilimnetic algal populations due to lower food availability resulting from dilution, and the 

ensuing decomposition of algal biomass in the hypolimnion, respectively. 

7.2.3 Sediment dispersal mechanisms 

Sediment dispersal throughout the reservoir dunng the dry season was limited and 

distinct sediment plumes were not observed at any depth, due to relatively low suspended 

sediment concentrations at this time. During the monsoon, both interflows and underfious 

were observed as the dominant mechanisms of sediment dispersal, although the former 

were most common. These flows were observed to reach the delta-proximal paleo- 

floodplain and paleo-river channel of the reservoir, although lower suspended sediment 

concentrations in distal regions indicated that much of the suspended load is deposited in 

the pro-delta area. 

The Silt Traps receive the majority of the sediment delivered to the reservoir via 

rain-induced throughflow in up-valley agncultural fields and wetlands and from the Harpan 

Khola. Rapid rates of sedimentation combined with the progradation of the delta of the 

Harpan Khola will likely result in the isolation of the Silt Traps from the Main Reservoir 

and the succession of t hese areas to wetlands within decades. 



7.2.4 Patterns of sediment accumulation 

Studies of sediment dispersal were augrnented by analyses of sediment cores 

which revealed distinct patterns of sediment accumulation throughout the resen-oir. The 

analysis of cores rstrieved throughout the rrservoir revealed four distinct sedimenta- 

environments. each with unique depositional processes and sedirnentq forms. The 

strong correlation of the borders of these environments with isobaths reveals the influence 

of u-ater depth on scdiment distribution in Phewa Tai. as intsrtlows and undrrflows only 

occur at depths greater than 5 m. The lack of Iaminated deposits in distal reaches of the 

reservoir is due more to the l o w r  energy cnvironmrnts of thesr regions. 

Varved sediments within the delta-proximal en\%-onnient of Phewa Ta1 indicatcd 

that rates of accuniulation in tliis rsgion range from 1.0-2.5 c n d .  and are highest in the 

distal portion of the paleo-river clianncl d ix  to the trapping sffect of the rise in the lnke 

floor near Barahi Island. Based on these values the life espsctancy of the rcservoir is 

approsimately ;60 years. 

7.2.5 Sedirnentary record 

The discovery of varved sedirnents \\rithin Phewa Ta1 revca1c.d the potential of lalie 

sedirnents in the Middle Mountain region to act as indicators of geomorphic. hydrologie 

and cliniatic cliange. Unfortunately. poor inter-core correlation preventcd the 

dcvelopnicnt of a reliable. lake-wide clironology in this case. -4nthropoçenic intluences in 

the f o m  of agricultural expansion and multiple dam failures and reconstructions, 

combined with the naturally dynamic sedirnentary environment of the Middle Mountains. 

have resuited in a con~ples sedirnentary record within P h e u  Tal. However, the 



correlation of cores through rnagnetic susceptibility profiles allowed the estimation of 

annual rates of sedimentation (when compared to cores with good chronological control). 

It also revealed the impacts of espanding agriculture in the watershed in the early to mid 

1900's on the type and amount of material uansponed to the reservoir. The growth of the 

population of the Phetva Ta1 Watershed has necessitated the expansion of agriculture onto 

progressively more marginal lands. This espansion was followcd by intensification of 

f m i n g  practices and resulted in an incrsase in surficial srosion and sedirnent delivery to 

the ressn-oir during the prs-monsoon and nionsoon seasons from the late 1950's to the 

lare 1970's. as indicated by increascd monsoon season dsposition in cors 9 3 3  The 

subsrqusnt drcrcase in sedimsnt dclivery to the reservoir during the pre-monsoon and 

monsoon séasons may be the result of the stabilization of upland kher and bari tenaces 

afwr years ot'use and maintenance by local farmers. as well as improved land- 

management practices. 

It is apparent that the widespread clearance of forest cover using slash and bum 

techniques also resulted in the crosion of well-drveloped soils from the 1930's to the 

1960's ris illutratcd by rising rnagnetic susceptibility values in each of the cores at this 

tinie. Declining niapnrtic susccpti bi lit- \dues since then reflsct the change in sedimsnt 

source from pedogenetically mature soils to poorty-dsvelopsd sub-soils which are 

continually esposed due to the intense tillage practices of upland farmers. Although this 

change in sedimsnt source has occurred, the relative impacts of agriculture on the amount 

of material delivered to the reservoir seeni to be minimal at present, given the naturally 

high rates of erosion common to the Middle Mountain reçion. 



7.3 Limitations of this study 

A common finding of many studies in the Himalaya is that it is inherently difficult 

to assess physical processes in such a dynamic. high-cnergy environment. The grèat 

L-ariability in metsorological and geomorphic phenomena which are the result of the 

inrsnsr topographie relief of the region. necessitates the implementation of high- 

rrsoiution. long-rem monitoring programs in order to properiy characterise natural 

procssses. 

.-Ilthough this stiidy has reveaied much regarding the sedimentary environment of 

the Plie\va Ta1 b-atrrshsd, i t  was limited. due to logistical constraints. in both its spatial 

and temporal covrrage of modem hydrologie processes and sediment transport dynamics. 

h lack of rneasurerncnis of suspended sediment concentrations in the Harpan Khoia prior 

to and during major rainfall rvents limits the estirnates of sedirnent transpon to gencral 

approsiniations. The interpretation of rainfall-erosion relationships is also limited due to a 

lack of hi$-rcsolution metsorological data from ail rcgions of the watershed. 

Liniitations are also placrd on the interpretation of the sedimentary record dur to 

spatial inconsistsncies. The establishment of a lake-wide chronology proved difficult duc 

to the nunierous allochthonous influences on the sedimentan record of thc reservoir. DUS 

to the con~plss morphometry of the lake floor, each region of the reservoir was affected 

differenrly by rhese influences (such as dam failures at the outlet of  the lake). -4s a resuit, 

trends in sedinirntological properties were commonly not consistent from corc to core. 

..\lthougIi niucli was revealcd about the geornorphic history and sedimentan environment 

of the watershed. sucli a study would br better suited to an environment whers 
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disturbances to the lake (and sediments) are minimal, and the exact nature and dates of 

these disturbances are known. 

7.4 Recommendations for future research 

This study illustrates the utility of lacustnne sediments in the Middle Mountains of 

Nepal as records of the impacts of climatic events and changing land use patterns on the 

sedimentological environments of watersheds in this region. These sediments can be used 

as a tool to obtain a better understanding of watershed-scale geomorphic activity by 

providing the necessary historical context to studies of modem processes. They also have 

the potential to act as records of regional, long-term climate change as has been done 

using laminated marine and lacustnne deposits as outlined by Gilbert et al. (1997). As 

emphasized by Gilbert et al. (1997), however, there is relatively little attention paid to the 

understanding of modern processes in such environments. The same is true in the Middle 

Mountains. Although the understanding of watershed-based geornorphic processes is 

improving, the study of the link between these processes and lacustrine sediments has only 

just begun. The following outlines two potential avenues of future research in lacustrine 

environments of Nepal, both of which are essentially related but work toward separate 

goals. 

7.4.1 Linking watershed-scale geomorphic processes to lacustrine sedimentation 

Research by ODA (1 999, Schreier et ai. (1 994), Carver (1 997) and many others is 

leading to a more comprehensive understanding of watershed-scale geornorphic processes 



in Middle Mountain watersheds. The intense monitoring of physical phenornena and the 

recognition of the role of resident populations in influencing these phenornena has yielded 

much information regarding the hnctioning of geomorphic systems in this region. 

However, there is currently a lack of understanding regarding the link between these well- 

documented physical processes and their representation in the sedimentary record of 

downstream water bodies. 

The relationships between these two enviroments can be assessed by carrying out 

a detailed assessrnent of the sedimentary record of a lake located within a watershed that is 

currently being intensely studied. A high-resolution monitoring program such as that seen 

in the Jhikhu Khola Watershed, combined with a detailed study of sediment dispersal and 

accumulation patterns in a downstream lake would illustrate the cause and effect 

relationship between climatic events, anthropogenic activity and site-specific factors 

(geology, soi1 type, surface cover, degree of degradation) on sediment erosion and 

subsequent delivery to the lake. Modem events in the watershed could be quantitatively 

linked to sedimentary processes within these lakes by measuring sediment loads at 

numerous locations along mainstem and tnbutary rivers and throughout the Iacustnne 

water column. This could be augmented with the use of sediment traps which would 

record total sediment delivery (as well as provide a means of assessing sediment 

provenance and grain size distributions) in different regions of the reservoir. The end 

product would be a mode1 which could be used to identie major sediment sources within 

the watershed, as well as to quantitatively assess the factors which most strongly affect 

erosion and sediment transport ftom these areas. Such information could then be linked to 



the lacustrine sedimentary record. providing a means for estending the record of sediment 

delive- to the lake for hundreds. and possibiy thousands of yrars. 

r\ better understanding of the links brtwern rhesç two environrnents woould benetï t 

studies of modem sedimentation as well as those focuscd on paleoclimatic or 

paleohydrological reconstructions. The historical contra provided by sedimentan, records 

u.ould also improve the understanding of modem processes as it illustrates the impact of 

known historical changes in land use and clirnate on the sedirnentary snvironrnrnt. 

7.1.1 Regional paleoclimatic assessments 

The effectiveness of varvcd lacustrine sediments as prosy indicaiors of climatic 

change has been denionstratrd by nunisrous autliors (e.g. Leonard. 19S6a. 1986b: Leninien 

P I  d.. 198s: Des1ogt's and Gilbert. 199 i j. As vaneed deposits arc sccn in Phewa Tal. and 

likel). in otlisr Middle Mouiitain lakes. there is considerable potcntial for siich work in this 

region. As the monsoon is a regionnl phenornenon. it is likely that a regional signal in 

historical nionsoon intensity ma). be present within the sçdirnentary record of such watcr 

bodies. 

To test this hy pothesis u-ould require extensive sampling from lakcs ihroughout the 

Middle Mountain region. in areas where anthropogenic intlurnce is minimal. or at the very 

Irast. can bs accountrd for. High-elevation. alpine lakes that are not pcrennially frozen may 

be a o o d  source of regional climatic signals. and would be minirnally influenced by 

anthropogenic activity. In order to facilitate inter-regional correlations. stronç 

chronological control, provided by radiometric dating and correlation of fossil pollen and 



diatom stratigraphies, would be necessary. halysis and correlation of rnicrofossil 

stratigraphies would also contnbute to paleoecological and paleoclimatic reconsrmctions 

in the Middle Mountains. 

Such records denved frorn lacustrine sediments could potentially be correlated with 

other proxy indicators of climate change. Recent studies of glaciochemical records in the 

mountains of central Asia (Wake et al., 1993; Wake and Stievenard, 1995) have illustrateci 

the potential for the reconstruction of paleo-monsoon intensity using ice cores. Provided 

that alpine lakes in this region contain a regional climatic signal, such records could 

possibly be correlated with ice cores from the Himalaya. 

Long-term lacustrine sedimentary records and fossil pollen stratigraphies could al50 

be used to reconstmct changes in land use in the iMiddle Mountain region as has been done 

by Iwata et ol. (1996) usinç pollen, daied charcoal and humic rnateriais from soi1 profiles. 

In summary, this study has outlined the sedimentary processes of the Phewa Ta1 

Watershed and Reservoir, and has also demonstrated the potential for future research 

usin; lacustrine sediments in the iviiddle Mountains of Nepal. Although the cause and 

effect relationships between neither watershed-scaie processes nor regional climate change 

and lacustrine sedimentation are fully understood, Future research in these areas could lead 

to the development of an extremely effective tool in watershed resource management, as 

well as regional paleoclimatic and paleoecclogical reconstruction. 



Appendix 1 - Photographs from the Phewa Tal Watershed 

a) 

Fig. Al .  1 - a) Extensive Miet fields overlooking the Andhen Khola; b) extent of land 
clearance on south-facing slopes of the Phewa Ta1 Watershed. 



Fig. A1.2 - a) Expansion of agriculture ont0 steep, north-facing siopes on the southem 
shores of Phewa Tal; b) Annapuma Massif rising behind the northen ndge of the Phewa 
Ta1 Watershed (photo: R. Gilbert). 



Appendix 2 - Microstructure of Varved Deposits 

Fig. A2.1 - a) Graded beds between 90-94 mm in core 95C3 illustrating typical pattern 
observed in monsoon season deposits (magnification = 36X); b) parts of two varves 
showing monsoon beds overlain by a massive dry season unit, and a second monsoon 
deposit (core 95C3,94-107 mm, at 11X rnagnification). Tops of photos are to lefi. 
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