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ABSTRACT 
 

The ongoing collision between India and Asia is producing the world’s highest 

mountain belt on earth. Since collision started several post tectonic events took place to 

shape the present day Himalayas. Early Miocene Dumri Formation and middle Miocene-

Pliocene Siwalik Group fluvial sediments were deposited in the Himalayan foreland 

basin in response to uplift and erosion in the Himalayan fold-thrust belt, preserving a 

record of tectonic events since early Miocene time. Detailed chronostratigraphy of 

Siwalik Groups and Dumri Formation is required to understand tectonic events in 

Himalayas. Owing to the lack of chronostratigraphically significant fossils and tuffaceous 

beds, paleomagnetic work is the only option to establish the chronostratigraphy of these 

sediments. Sparse paleomagnetic work done by previous authors remains controversial, 

mainly because of inappropriate sampling practices.   

Over the past three decades many geologists have mapped the Nepal Himalayan 

fold-thrust belt and published various geological maps and reports. However there is no 

uniformity among them in terms of interpretation of major structures and stratigraphic 

boundaries, lithological nomenclature and structural systems. To synthesize all this 

valuable information there is need of a scientific database development utilizing GIS 

computer software. 

 This dissertation focuses on systematic paleomagnetic work in sub-Himalayan 

region and GIS database development for the Himalayan fold-thrust belt of Nepal to 

address the above problems. 
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Systematic paleomagnetic work along major sections covering the entire NW-SE 

length of the Nepal Himalayas allowed for regional magnetostratigraphic correlation and 

demonstrates that major lithostratigraphic units in the Siwalik Group are diachronous by 

2 Myr of variability. Sediment accumulation rates systematically increase from west to 

east over the time span ~11.1 to ~5.3 Ma; this could be the result of eastward propagation 

of a major thrust system in the Lesser Himalaya, such as the Main Boundary Thrust. 

 GIS based geological and topographical database developed for the Nepal 

Himalaya allowed geological map compilation, query, visualization, and analysis of 

geological data for several geospatial analyses.  
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CHAPTER 1: INTRODUCTION 

 

Statement of the problem 

 The Himalayan orogenic belt is the most dramatic physiographic feature on the 

earth and is best known as the type example of continental collisional orogenesis 

(Coward and Butler 1985). The horizontal shortening produced by continental collision 

between India and Asia is accommodated by major thrust systems to the south of the 

Tibetan plateau, as the Main Central thrust carries Neoproterozoic-lower Paleozoic high-

grade metasedimentary rocks and igneous intrusive phases of Cambro-Ordovician and 

Miocene ages. The Ramgarh thrust and the Main Boundary thrust carry Archean-

Proterozoic metasedimentary, metaplutonic and Eocene to Oligocene fluvial sedimentary 

rocks and the Main Frontal thrust system carries Mio-Pliocene fluvial sedimentary rocks 

(DeCelles et al., 2001). 

Early Miocene sedimentary rocks known as the Dumri Formation in the hanging 

wall of  the Main Boundary thrust and late Miocene-Pliocene sedimentary rocks in the 

hanging wall of Main Frontal thrust were deposited  in the Himalayan foreland basin in 

response to uplift and erosion in the Himalayan fold-thrust belt (DeCelles et al., 1998 

a,b). The post-Oligocene exhumation of the Himalayas is particularly well preserved in 

Dumri Formation and Siwalik Group sediments and Siwalik sediments can be directly 

correlated with the tectonics in the highlands reflecting time of local deformation 

(Burbank et al., 1996). Thus there is a need for detailed and consistent regional scale 

chronostratigraphy of those synorogenic sediments. Owing to the absence of datable 
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fossils and tuffaceous beds in Nepalese Siwalik Groups and Dumri Formation 

magnetostratigraphic study is the only tool to establish a reliable chronostratigraphy. The 

sparse magnetostratigraphic work done by previous authors in Nepalese Siwaliks remains 

very controversial and can not be used for regional scale studies. 

Meanwhile the complex thrust geometry, poor accessibility in the high mountains, 

poor outcrop exposures, dense forests and farming terraces in Himalayas make geological 

mapping a complicated and challenging task. Geological information collected by many 

Nepalese, European, Japanese and American geologists since 1970 is very disorganized 

and misinterpreted and remains of limited value to solve the real life geological problems. 

Several geological maps of Nepal are available published by different authors: 

unfortunately none of the maps is error free; they all contain errors in stratigraphy, 

structural interpretation and geochronology. To make the best use of previously collected 

geological information it is necessary to compile published and unpublished geological 

records in a more scientific database format such as GIS.  

Thus the purpose of this dissertation is to develop a detailed magnetostratigraphy 

of foreland basin sediments and a GIS based geological and topographical database of 

Himalayan fold-thrust belt of Nepal. 

For magnetostratigraphic study Siwalik Group and Dumri Formation sections 

were measured and sampled in detail. Thermal demagnetization experiments 

demonstrated that laminated siltstones yield paleomagnetic data useful for 

magnetostratigraphic and tectonic studies whereas other lithologies like sandstone and 

paleosol yield data of questionable reliability (Ojha et. al., 2000, 2009).  For this study 
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magnetostratigraphically consistent results were obtained from laminated siltstones in the 

Siwalik Group and Dumri Formation. Magnetostratigraphic data acquired from  a 1200 m 

thick section of Dumri Formation at Swat Khola in mid west Nepal correlate with the 

geomagnetic polarity time scale (GPTS) proposed by Lourens et al., (2004) from chrons 

C6n to C5Bn.2n, with time span 19.9 to 15.1 Ma.  Magnetostratigraphic data from a 4200 

m thick Siwalik section at Surai Khola in mid west Nepal correlates with chron C5Ar.1n 

to chron C2r.2n, spanning the time frame from 12.5 Ma to 2.0 Ma. At Tinau Khola in 

west central Nepal data from an1824 m thick Siwalik Group were correlated to chrons 

C5An.1n through C4r.1n equivalent to the time span from 11.8 to 8.1 Ma. At Muksar 

Khola in eastern Nepal magnetostratigraphic results from a 2600 m thick section of 

Siwalik Group define a polarity zonation that correlates with chron C4Ar.2n to C2Br.1r, 

with an age range of 10.0 to 3.5 Ma. 

 Together with previous results from Siwalik Group at Khutia Khola, far west 

Nepal (Ojha et al., 2000) and Bakiya Khola Central Nepal (Harrison et al., 1993), these 

data provided the regional magnetostratigraphic correlation of entire Nepal Himalayas. 

This magnetostratigraphic correlation demonstrates that major lithostratigraphic 

boundaries in Nepal Siwalik sections are diachronous with roughly 2 Myr of age 

variability and can not be used to estimate the timing of paleoclimatic changes associated 

with the Asian Monsoon. This regional magnetostratigraphic correlation allows tracing 

the shift on δ13C in Surai Khola at the base of C3.br with estimated age 7.5 Ma, Bakiya 

Khola at C3.Bn estimated age 7.2 Ma, and Muksar Khola C3.Ar estimated age 7.1 Ma. 

This shift on δ13C indicates the carbon isotopic shift is nearly isochronous. A major 
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increase in sediment accumulation rate is observed progressively in younger times across 

the Nepal from ~11.1 Ma in far west Nepal to ~5.3 Ma in eastern Nepal. This increased 

accumulation rate can be interpreted as the result of lateral propagation of a major thrust 

system in the frontal Lesser Himalaya. Magnetostratigraphic results presented in this 

dissertation represent a synthesis of three new and two previously published sections in 

Siwalik Group and the first section from Dumri Formation. All six magnetostratigraphic 

sections span nearly the entire along-strike length of the Himalayan foreland basin system 

in Nepal part of Himalayas.  

Apart from detailed magnetostratigraphy the other objective of this dissertation 

was to establish a detailed GIS based geological and topographical vector format and 

raster format database for the development of new geological map of Nepal. Over seven 

hundred topographical and geological maps of Nepal were manually digitized in vector 

format using ESRI ArcMap. Manually digitized contour lines were used to develop raster 

format Digital Terrain Model (DTM), slope maps, shaded relief maps and slope aspect 

ratio maps. All available geological maps were geo-rectified to a common projection 

system and digitized as vector format polygons (geological formation), lines (structures), 

and point (dip/strike) features. New geological maps were compiled from synthesizing 

the geological information from various maps of the region. The new geological map was 

draped over a shaded relief map, Digital Terrain Model (DTM), slope map, and slope 

aspect ratio map. This allowed visualizing geological data with topographical data in 3D 

view to perform several geospatial analyses.  This unique, multidisciplinary GIS based 

geological and topographical database developed for Nepal part of the Himalaya will be 
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very useful for better management planning of natural resources and implementation of 

cost effective, sustainable and environmentally friendly engineering projects. Moreover 

this GIS based geological and topographical database is designed to be accessible and 

modified by all researchers working in Nepal. 

 

Dissertation format 

 This dissertation consists of following three separate mauscripts with minor 

overlap in common headings. The first manuscript as chapter two is entitled Magnetic 

polarity stratigraphy of the Neogene foreland basin deposits of Nepal, and is co-authored 

with Drs. R. F. Butler, P. G. DeCelles, and Jay Quade. In this chapter detailed 

magnetostratigraphy of foreland basin synorogenic sediments is presented. 

Paleomagnetic study was done in five Siwalik sections and one Dumri section spanning 

the entire along-strike length of foreland basin system in Nepal. The detailed and first 

integrated magnetostratigraphic data from this region suggest that the diachroneity of 

major lithological boundaries can not be used to estimate the paleoclimatic changes.  

Increased sediment accumulation ~11.1 Ma in far west Nepal and ~5.3 Ma in eastern 

Nepal suggests a lateral propagation of major thrust systems in frontal lesser Himalaya. 

This chapter is published in Basin Research (2009) 21, 61-90, doi: 10,1111/j.1365-

2117.2008.00374.x 

 The third chapter is entitled as GIS database development for new geological 

map of Nepal, and is co-authored by Drs. P. G. DeCelles, P. Kapp, Craig Wissler and Mr. 

Sarbaggya Bajracharya. In this chapter we present the basic methods of GIS data 
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collection, interpretation, analysis and visualization. We combine digital terrain model 

(DTM), shaded relief map, slope angle map, slope aspect map together with a vectorized 

geological map into an integrated model for visualizing the relationship between geology 

and topography  and to perform many other geospatial analyses. This paper will be 

submitted for publication to Journal of Asian Earth Science. 

 The fourth chapter is entitled Role of Geographic Information System (GIS) in 

geological data storage and map making: A case study from far west Nepal, and is co-

authored by Drs. P. G. DeCelles, Craig Wissler and George Gehrels.  In this chapter we 

present a detailed geospatial data model developed for far west Nepal which acts as a 

mobile GIS based geological library. This data model allows easy and efficient data 

query. The tables, geological reports, maps and cross sections are hyperlinked to access 

the detailed geological information of particular site. This data model also allows 

multivariate thematic mapping, editing, enhancing of geological maps and performing 

many other geospatial analyses instantly.  This paper also will be submitted for 

publication to Journal of Asian Earth Science. 
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CHAPTER 2: MAGNETIC POLARITY STRATIGRAPHY OF THE NEOGENE  

SIWALIK GROUP AND DUMRI FORMATION, NEPAL 
 

 
ABSTRACT 
 

The early Miocene Dumri Formation and middle Miocene-Pliocene Siwalik 

Group were deposited in the Himalayan foreland basin in response to uplift and erosion 

in the Himalayan fold-thrust belt. We report magnetostratigraphic data from four sections 

of these rocks in Nepal. Three of these sections are in the Siwalik Group in the hanging 

wall of the Main Frontal thrust, and one section is from the Dumri Formation in the 

hanging wall of the Main Boundary thrust. Thermal demagnetization experiments 

demonstrate that laminated siltstones yield paleomagnetic data useful for tectonic and 

magnetostratigraphic studies whereas other lithofacies yield data of questionable 

reliability. Magnetostratigraphic data have been acquired from 297 sites within a 4200-m 

thick section of Siwalik deposits at Surai Khola. The observed sequence of polarity zones 

correlates with the geomagnetic polarity time scale (GPTS) from chron C5Ar.1n to chron 

C2r.2n, spanning the time frame ca. 12.5-2.0 Ma. At Muksar Khola (eastern Nepal), 111 

paleomagnetic sites from a 2600-m thick section of the Siwalik Group define a polarity 

zonation that correlates with the GPTS from chron C4Ar.2n to chron C2Br.1r, indicating 

an age range of ca. 10.0-3.5 Ma. At Tinau Khola, 121 sites from a 1824 m-thick section 

of the Siwalik Group are correlated to chrons C5An.1n through C4r.1n, equivalent to the 

time span ca. 11.2-8.1 Ma. At Swat Khola, 68 sites within a 1200-m-thick section of 

lower Miocene Dumri Formation are correlated with chrons C6n through C5Bn.2n, 
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covering the time span ca. 19.9-15.1 Ma. Together with previous results from Khutia 

Khola and Bakiya Khola, these data provide the first magnetostratigraphic correlation 

along nearly the entire northwest-southeast length of Nepal. The correlation demonstrates 

that major lithostratigraphic boundaries in the Siwalik Group are highly diachronous, 

with roughly 2 Myr of variability. In turn, this suggests that the major sedimentological 

changes commonly inferred to reflect strengthening of the Asian monsoon are not 

isochronous. Sediment accumulation curves exhibit a 30-50% increase in accumulation 

rate in four of the five sections of the Siwalik Group, but the timing of this increase 

ranges systematically from ~11.1 Ma in western Nepal to ~5.3 Ma in eastern Nepal. If 

this increase in sediment accumulation rate is interpreted as a result of more rapid 

subsidence owing to thrust loading in the Himalaya, then the diachroneity of this increase 

suggests lateral propagation of a major thrust system, perhaps the Main Boundary thrust, 

at a rate of ca. 103 mm/yr across the length of Nepal.  

 

INTRODUCTION 

The Himalayan thrust belt is the type example of an orogenic belt formed by 

intercontinental collision (Argand, 1924; Gansser, 1964; Dewey et al., 1989). Much of 

what is known about the tectonic and paleogeographic histories of the Himalaya is 

constrained by the subsidence history, depositional systems, exhumation history, 

provenance, and structure of Neogene foreland basin deposits that are preserved in the 

frontal part of the thrust belt (Sakai, 1983; Raiverman, 1983; Raynolds and Johnson, 

1985; Harrison et al., 1993; Critelli and Ingersoll, 1994; Quade et al., 1995; Burbank et 
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al., 1996; DeCelles et al., 1998a, 1998b, 2004; Najman and Garzanti, 2000; Huyghe et 

al., 2001, 2005; White et al., 2002; Mugnier et al., 2004; Najman, 2006; Najman et al., 

2004; Szulc et al., 2006; Bernet et al., 2006; van der Beek et al., 2006). In Pakistan and 

parts of northern India, the chronology of deposition in the Neogene synorogenic 

Himalayan record is relatively well known from a combination of paleontology, 

magnetostratigraphy, and radiometric dating of tuffaceous deposits (Opdyke et al., 1979; 

Tauxe and Opdyke, 1982; N.M. Johnson et al., 1982; G.D. Johnson et al., 1983; see 

summaries in Burbank et al., 1996; Gautam and Rösler, 1999). On the other hand, in the 

~800 km long segment of the Himalayan orogenic arc occupied by Nepal (Fig. 1), the 

chronostratigraphy of the Neogene synorogenic sediment record is poorly known, mainly 

owing to a lack of tuffaceous deposits and chronostratigraphically significant fossils (see 

reviews in Gautam and Rösler, 1999; Corvinus and Rimal, 2001). A number of previous 

magnetostratigraphic studies of the Nepalese Siwalik Group have been published (Appel 

et al., 1991; Appel and Rösler, 1994; Gautam and Appel, 1994; Rösler et al., 1997; 

Gautam and Rösler, 1999; Gautam et al., 2000; Gautam and Fujiwara, 2000). However, 

these studies were based on sparse sampling (typically a single sample from a given bed; 

Rösler et al., 1997), generally of lithofacies (sandstones and strongly cemented paleosols; 

e.g., Rösler et al., 1997; Gautam and Fujiwara, 2000) that have been shown to produce 

inconsistent paleomagnetic results (Tauxe and Badgley, 1988; Tauxe et al., 1990; Ojha et 

al., 2000). Moreover, only middle Miocene to Pliocene Siwalik Group strata have been 

sampled for magnetostratigraphic analysis, leaving a large part of the synorogenic record 

undated. In particular, the age of the Dumri (or Suntar) Formation is based only on its 
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stratigraphic position above fossiliferous Eocene marine deposits of the Bhainskati 

Formation (Sakai, 1983) and the presence of detrital muscovite grains that yielded early 

Miocene 40Ar/39Ar ages (DeCelles et al., 1998b). Because a continuous, reliably dated 

stratigraphic section containing both the Dumri Formation and the Siwalik Group is not 

known to exist in surface exposures in Nepal, the younger age limit of the Dumri remains 

conjectural. The lack of precise chronologies for sections of the Siwalik Group and 

Dumri Formation in Nepal hampers efforts to determine the tectonic development of the 

central Himalayan foreland basin system and timing of major thrusting events; the timing 

of climate changes proxied by isotopic and paleobotanical evidence (Harrison et al., 

1993; Quade et al., 1995; Hoorn et al., 2000); and the Sr-isotopic evolution of Himalayan 

paleorivers (Quade et al., 1997, 2003; English et al., 2000). 

The purpose of this paper is to present a synthesis of three new and two 

previously published magnetostratigraphic sections in the Siwalik Group, and the first 

magnetostratigraphic section from the Dumri Formation. The sections span nearly the 

entire along-strike length of the Himalayan foreland basin system in Nepal, and provide 

the first integrated magnetostratigraphic data set from this region.  

 

GEOLOGICAL SETTING 

The synorogenic sediments of the Himalayan foreland basin system fringe the 

Himalayan range from Assam, India, to western Pakistan. In Nepal and northern India, 

the northern deformed edge of this foreland basin is formed by the sub-Himalayan range, 

or the “Siwalik foothills.”  The Siwalik foothills are characterized by southward 
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asymmetric, parallel ridges and valleys, with maximum elevation of ~1500 m. The 

Siwalik Group outcrop belt in Nepal is bounded on the north by the Main Boundary 

thrust (MBT) and on the south by the Main Frontal thrust (MFT) (Fig. 2.1). North of the 

MBT lies the Lesser Himalayan zone, which is composed of a thick succession of 

slightly metamorphosed to unmetamorphosed sedimentary and local intrusive rocks of 

Proterozoic, late Paleozoic, and Cretaceous-Paleocene age, capped by a roughly 1.5 km 

thick package of Eocene (Bhainskati Formation) and early Miocene (Dumri Formation) 

strata that are separated from each other by a disconformity representing a roughly 15 

Myr hiatus (DeCelles et al., 1998b). Because the Bhainskati and Dumri Formations crop 

out only to the north of the MBT in Nepal, no continuous stratigraphic section of Eocene 

through Pliocene rocks is exposed. To the south of the Siwalik foothills lies the Terai 

Plain, which constitutes the active foredeep and wedge-top depozones of the modern 

alluvial foreland basin system between the topographic front of the Himalaya and the 

southern fringe of the Ganges River drainage basin (Fig. 2.1). Subsurface data from the 

Terai Plain indicate that the Tertiary stratigraphic equivalents of the Siwalik Group and 

the Dumri and Bhainskati Formations are up to 6 km thick (Raiverman et al., 1983).  

The geological structure of the Siwalik foothills is a system of mainly south-

southwest verging imbricate thrust faults (Chalaron et al., 1995; Powers et al., 1997; 

Mugnier et al., 1999) that branch upward from a regional décollement that merges 

northward with the Main Himalayan detachment at the base of the Himalayan orogenic 

wedge (Raiverman et al., 1983; Gahalaut and Chander, 1992; Biswas, 1994; Hauck et 

al., 1998; Avouac, 2003).  In far western and midwestern Nepal this décollement occurs 
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below ca. 13 Ma sediments of the Siwalik Group (DeCelles et al., 1998a; Ojha et al., 

2000, 2004). Several north-dipping thrusts repeat sections of the Siwalik Group. The 

system of thrusts called the Main Dun Thrusts (Schelling et al., 1991; Mugnier et al., 

1999) consists of a series of three to four branching, laterally overlapping imbricates that 

tip out in laterally propagating anticlines or lateral transfer zones (Mugnier et al., 1999).   

The Dumri Formation is at least 1200 m thick at Swat Khola and consists of 

fluvial channel sandstones and red overbank mudstone with paleosols. Paleocurrent data 

show a southwestward pattern of paleodrainage, perhaps because the sandstones were 

deposited in a southwestward flowing axial river system (DeCelles et al., 1998b). The 

thickest reported section of the Siwalik Group in Nepal is approximately 5.3 km (Szulc 

et al., 2006). On depth-converted seismic sections, however, maximum thickness may be 

closer to 6 km (Schelling et al., 1991). The Siwalik Group is informally subdivided into 

lower, middle and upper members that form an overall upward coarsening sequence 

(Auden, 1935; Quade et al., 1995; DeCelles et al., 1998a; Szulcz et al., 2006). The lower 

member is characterized by numerous several-meter-thick lenticular channel sandstone 

bodies and associated red floodplain siltstones and calcic paleosols. The middle member 

contains very thick (>20 m) multistory channel sandstones and generally more histic, 

chemically reduced paleosols and organic-rich overbank siltstones. The upper member is 

dominated by conglomeratic fluvial and stream-dominated alluvial fan deposits.  

We place the boundaries between the Siwalik members in the field according to 

the system utilized by geologists from the Nepal Department of Mines and Geology for 

more than 30 years: (1) the lower-middle Siwalik boundary is placed at the transition 
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from generally <10 m thick, single-story channel sandstones and red paleosols/overbank 

deposits, to thick (>20 m) multistory channel sandstones with gray overbank and paleosol 

facies; and (2) the middle-upper Siwalik boundary is placed at the first appearance of 

frequent extraformational conglomerate units more than a meter thick, and where these 

conglomerates begin to dominate the section (Quade et al., 1995). The placement of these 

boundaries is subject to interpretation in the field, but most workers have found this 

scheme practicable. The lower-middle boundary is more clear-cut than is the middle-

upper boundary, mainly because the first conglomeratic deposits may be present more 

than a kilometer below the final middle-to-upper transition as described above.  

Paleocurrent and sedimentological data indicate that the Siwalik Group was 

probably deposited in a system of fluvial megafans similar to those that dominate the 

modern foredeep depozone of the Himalayan foreland basin (Mohindra et al., 1992; 

Sinha and Friend, 1994; Gupta, 1997; DeCelles and Cavazza, 1999; Szulc et al., 2006). 

The time-stratigraphic transition from the Dumri Formation through the Siwalik Group 

may therefore be interpreted simply as the result of southward progradation of a foreland 

depositional mosaic consisting of a distal axial river that was fed by transversely 

oriented fluvial megafans, similar to the modern situation. 

The Dumri Formation and Siwalik Group in Nepal contain few fossils that have 

chronostratigraphic significance. The most thorough collections are reported in the Surai 

Khola section by Corvinus and Rimal (2001) and previous papers that are summarized 

therein. Although these fossils are important for controlling the age of the Surai Khola 

section, comparable collections have not been reported elsewhere in Nepal, and it 
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remains impossible to erect a biostratigraphy for regional age correlations. Therefore 

magnetostratigraphy has proved to be a vital tool for determining the age of the Siwalik 

Group. 

An additional source of age information from the Siwalik Group deposits is 

carbon isotope values (δ13C) from paleosols. These values increased abruptly during the 

late Miocene in response to a dramatic expansion of C4 plants on floodplains across the 

Indian subcontinent. The carbon isotope shift is best documented on the Indian sub-

continent in Pakistan (Quade et al., 1989, 1995b; Behrensmeyer et al., 2007) where it 

commenced at ~7.9 Ma and ended ~5.0 Ma.  The carbon isotope shift is also visible in 

sediments of the Bengal submarine fan at ~6.8 Ma (France-Lanord and Derry, 1994), 

demonstrating that the shift was a late-Miocene (7.9 to 6.8 Ma) continent-wide event. 

Thus, the carbon isotope shift serves as an age anchor for our paleomagnetic sections, 

and should fall anywhere from C4n.2n (7.695-8.108 Ma) to C3Ar (6.733-7.140 Ma). As 

discussed in subsequent sections of this paper, the stratigraphic position of the carbon 

isotope shift (Table 2.1) is incorporated into our correlations of individual 

magnetostratigraphic sections to the GPTS. 

We sampled sections of the Siwalik Group at Surai Khola, Tinau Khola, and 

Muksar Khola in the Siwalik foothills, and the Dumri Formation at Swat Khola in the 

Lesser Himalayan zone (Fig. 1). Our previously published sections from Khutia Khola 

(far western Nepal, Ojha et al., 2000) and Bakiya Khola (east-central Nepal, Harrison et 

al., 1993; Quade et al., 1995) are integrated into this analysis.  
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SAMPLING AND LABORATORY METHODS 

As discussed in Ojha et al. (2000), we targeted laminated siltstone layers that 

typically occur directly below major basal erosional surfaces of channel sandstone 

bodies. The stratigraphic spacing of these layers is generally on the order of 15 m in the 

lower parts of the sections, and increases to 20-30 m in the upper parts. Gautam and 

Rösler (1999) argued that, given the frequency of magnetic reversals during the Neogene 

and the average long-term rate of sediment accumulation in the Siwalik Group, an 

average spacing of 30 m should be sufficient to record most of the major polarity zones. 

The same authors also suggested that a minimum section thickness of 1000 m should be 

sampled in order to provide sufficient reversals for a reasonably good tie to the GPTS. 

All of our sections satisfy these criteria.  

Three to five oriented samples were collected from each sedimentary horizon. 

Most samples were cored in situ with standard drilling equipment and oriented as 

described by Butler (1992). Samples from clay-rich layers too poorly indurated for 

drilling were sampled using an electric rock cutter (Ellwood et al., 1993). After trimming 

to specimen dimensions, all paleomagnetic samples were stored, measured, and thermally 

demagnetized in a magnetically-shielded room with average field intensity < 200 

nannotesla (nT). Natural remanent magnetization (NRM) was measured using a three-

axis cryogenic magnetometer (2G Model 755R). Initial NRM intensities ranged from 10-1 

to 10-3 A/m. Prior research on paleomagnetism of Siwalik Group sedimentary rocks in 

Pakistan and Nepal has established that thermal demagnetization is required for isolation 

of the components of NRM (Tauxe and Opdyke, 1982; N. M. Johnson et al. 1985; Appel 
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et al. 1991; Harrison et al., 1993; Gautam and Appel, 1994; Ojha et al. 2000). After initial 

NRM measurements, samples were subjected to progressive thermal demagnetization. 

Samples were demagnetized at 12 temperature steps to 680°C with six to seven steps 

between 600°C and 680°C. Typical thermal demagnetization behaviors are illustrated in 

Figure 2.2. The high unblocking temperature components are carried by specular 

hematite that acquired a magnetization either as detrital remanent magnetization or 

chemical remanent magnetization soon after deposition (Tauxe and Badgley, 1988; 

Tauxe et al. 1990; Ojha et al. 2000). Our preliminary sampling included collection of 

sandstone, laminated siltstone, and paleosol (i.e., massive, pedoturbated and bioturbated 

siltstone with characteristic micromorphologic features of soils). Results showed that 

paleosols and medium- to coarse-grained sandstones exhibit erratic thermal 

demagnetization behaviors (Ojha et al. 2000). In contrast, samples from laminated 

siltstone and fine sandstone (Fig. 2.2) display coherent demagnetization trajectories; this 

guided our exclusive sampling of laminated siltstones and fine sandstones. 

Principal component analysis of NRM remaining at four to six successive 

temperature steps generally above 600°C was used to determine the ChRM (Kirschvink, 

1980). Samples yielding maximum angular deviation (MAD) >15° were rejected from 

further analysis. Site-mean ChRM directions were determined using methods of Fisher 

(1953) and examined using the test for randomness of Watson (1956). Sites with three or 

more samples yielding ChRM directions that are nonrandom at the 5% significance level 

are the most reliable results and are designated Class A sites. Sites with two or more 

samples with more dispersed ChRM directions but generally unambiguous polarity are 



 

32

designated Class B sites. Class A and B sites are used to construct the magnetic polarity 

columns. Sites yielding only one sample ChRM direction were rejected from further 

analysis. Further analyses of Class A site-mean directions included examination of fold 

and reversal tests following the procedures of Watson and Enkin (1993) and McFadden 

and McElhinny (1990), respectively. Concordance/discordance analyses of section-mean 

directions were done using reference paleomagnetic poles for India (Besse and Courtillot, 

2002) and procedures of Beck (1980) and Demarest (1983). 

 

CARBON ISOTOPE RESULTS FROM SIWALIK GROUP STRATA 

Although a detailed presentation of our extensive carbon isotope data from the 

Siwalik Group in Nepal is beyond the scope of this paper, these data provide an 

independent constraint on the age of the Siwalik Group because of the nearly 

synchronous, continent-wide nature of the shift in δ13C values. The shift in C3 to C4 

biomass, as reflected in the δ13C value of paleosol carbonates and organic matter, is 

visible in all but one of the Siwalik study sections (Table 2.1). The onset of the shift is 

denoted by δ13C values of paleosol carbonate > -8‰ and for organic matter of > -22‰ 

(see Quade et al. (1995a, b) for discussion). For example, δ13C values of paleosol 

carbonates exceeding -8‰ are first found at 1723 m at Surai Khola (Table 1, -6.7‰; 

Quade et al., 1995a) and at 1799 m at Bakiya Khola (-1.5 and -0.8‰) (Quade et al., 

1995a). At Muksar Khola, paleosol carbonate is not present high in the section but 

organic matter is, and the δ13C value of paleosol organic matter increases abruptly at 

1237.5 m (-21.7‰). At Khutia Khola, the carbon isotope shift occurs between 2600 and 
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2842 meters, above the paleomagnetically dated portion of the section, which is no 

younger than about 7.5 Ma (Ojha et al., 2000, 2004). At Tinau Khola the carbon isotope 

shift was not detected; all δ13C values of paleosol carbonates are < -8‰. In this paper we 

use the carbon isotope shift to roughly correlate our sections to the GPTS, assuming that 

the shift occurred sometime between ~7.9 Ma and 6.8 Ma (Quade et al., 1989, 1995b; 

France-Lanord and Derry, 1994; Behrensmeyer et al., 2007). 

 

PALEOMAGNETISM OF SWAT KHOLA DEPOSITS 

At Swat Khola (28.7095°N, 81.5513°E), paleomagnetic samples were collected at 

68 sites within a 1200-m-thick section of Dumri Formation fluvial deposits (cf. DeCelles 

et al., 1998b). Class A site-mean ChRM directions were obtained from 41 sites whereas 

class B site-mean directions were obtained from 22 sites (Table 2.2). Figure 2.3 illustrates 

Class A site-mean directions in geographic and stratigraphic coordinates. Three site-mean 

directions more than two estimated angular standard deviations from the preliminary 

means for normal and reversed polarity groups were not used for reversal and fold tests. 

The mean of seven normal polarity sites is Inc. = 4.5°, Dec. = 13.3°, α95 = 22.5° (k = 8.2) 

whereas the mean of 46 reverse polarity sites is Inc. = -8.1°, Dec. = 197.5°, α95 = 10.8° 

(k = 10.0). The angle between the mean of normal polarity sites and the antipode of the 

mean of the reversed polarity sites is 4.3° whereas the critical angle is 23.9°. However, 

the k values for both polarity groups are low and the reversal test is indeterminate. 

A fold test of Class A site-mean ChRM directions from Swat Khola yields the 

somewhat unexpected result of optimum unfolding at 1.2% with 95% confidence limits 
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of –14.6% and 17.6% unfolding. However, given the limited variation in bedding 

attitudes and low k values (large dispersion), the implications of this fold test are 

uncertain. Comparing the Swat Khola section-mean direction (Inc. = 6.9°, Dec. = 15.9°, 

α95 = 7.8°) in stratigraphic coordinates to the expected 15 Ma direction indicates 

clockwise vertical-axis rotation of 13.1° ± 6.9°, and 35.2° ± 7.1° flattening of inclination 

(Fig. 3). The large flattening of inclination is a common observation in paleomagnetic 

studies of Neogene fluvial and overbank deposits in Pakistan and Nepal (Tauxe and Kent 

1984; Appel et al. 1991; Gautam and Appel 1994; Gautam and Rösler 1999; Gautam and 

Fujiwara 2000; Ojha et al. 2000). This shallowing of paleomagnetic directions is likely 

the result of plate-like detrital hematite particles settling with long-axes sub parallel to 

bedding (Tauxe and Kent 1984; Rösler and Appel 1998; Ojha et al. 2000) or post-

depositional sediment compaction (Kodama, 1997). 

The polarity stratigraphy for the Dumri Formation at Swat Khola is illustrated in 

Figure 2.4b. A maximum age constraint is provided by detrital muscovite 40Ar/39Ar ages 

of ~19 Ma from Dumri exposures ~50 km northwest of Swat Khola (DeCelles et al., 

2001), but a strong minimum age constraint is not available. Most likely the minimum 

age of the Dumri Formation is ~14 Ma, given the maximum age of the Siwalik Group. 

However, the Dumri consists of fluvial lithofacies very similar to those of the lower 

Siwalik Group (DeCelles et al., 1998b) and no continuous Dumri-Siwalik section is 

present in Nepal, leaving open the possibility that an age continuum exists between the 

two units. Although there is some uncertainty in correlating the base of the section to the 

GPTS, magnetic polarity zones D+ through I- show very good correlation (coefficient = 
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0.66) to chrons C5Dn through C5Bn.2n of the GPTS (Lourens et al., 2004). The age 

range of the Dumri Formation deposits at Swat Khola is therefore indicated in the interval 

~19.9 Ma to ~15.1 Ma (Fig. 2.4b). Additional support for the notion that the Dumri 

completely predates the Siwalik Group comes from petrographic and Nd isotopic 

provenance data that show distinct changes between the two units and their equivalents to 

the west in northern India (DeCelles et al., 1998b, 2004; Robinson et al., 2001; Huyghe et 

al., 2001; White et al., 2002; Szulc et al., 2006). 

 

PALEOMAGNETISM OF SURAI KHOLA DEPOSITS 

At Surai Khola (27.7476°N, 82.8449°E), paleomagnetic samples were collected at 

297 sites within a 4200-m-thick section of Siwalik Group. Class A site-mean ChRM 

directions were obtained from 117 sites, and class B site-mean directions were obtained 

from 48 sites (Table 2.3). Figure 2.5 illustrates Class A site-mean directions in 

geographic and stratigraphic coordinates. Sixteen site-mean directions more than two 

estimated angular standard deviations from the preliminary means for normal and 

reversed polarity groups were not used for reversal and fold tests. The mean of 55 normal 

polarity sites is Inc. = 19.6°, Dec. = 358.7°, α95 = 4.8° whereas the mean of 46 reverse 

polarity sites is Inc. = -21.0°, Dec. = 178.7°, α95 = 6.0°. These polarity-mean directions 

pass the reversal test with classification B and are similar to those observed by Appel et 

al. (1991). 

The stratigraphic sequence at Surai Khola is north dipping but with only minor 

variation in bedding attitudes. The fold test of site-mean ChRM directions from Surai 
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Khola shows  only minor variation in grouping of site-mean directions between 

geographic coordinates (k = 14.9) and stratigraphic coordinates (k = 13.7). Applying the 

fold test of Watson and Enkin (1993) yields the somewhat unexpected result of optimum 

unfolding at 37.2% (k=16.3) with 95% confidence limits of 29.9% and 45.7% unfolding. 

However, given the limited variation in grouping of site-mean directions over the full 

range of unfolding, we doubt that these results indicate a synfolding origin for the ChRM. 

Comparing the Surai Khola section-mean direction (Inc. = 20.2°, Dec. = 358.7°, α95 = 

3.9°) in stratigraphic coordinates to the expected 10 Ma direction indicates 

counterclockwise vertical-axis rotation of 4.5° ± 4.4° and 22.4° ± 4.7° flattening of 

inclination (Fig. 2.5).  

A key observation in the Surai Khola magnetic polarity zonation is a thick normal 

polarity zone within the Lower Siwalik part of the section (C+) that correlates with chron 

C5n.1n and C5n.2n (Fig. 6b; see also Rösler et al., 1997). An additional thick normal 

polarity zone spanning the Lower-Middle Siwalik boundary (G+) correlates with chron 

C4n.1n and C4n.2n. Correlations between polarity zones in the Surai Khola section and 

the GPTS are reasonably secure up through zone I+. However, correlations between the 

magnetic polarity sequence in the upper part of the section and the GPTS are tenuous 

because this portion of the section is dominated by conglomerates and was probably 

deposited in the wedge-top part of the foreland basin system (DeCelles et al., 1998a), 

where syndepositional folding could have strongly affected sediment accumulation and 

preservation.  
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An important result is that the carbon isotope transition commences at 1723 m at 

the base of magnetic polarity zone H-. Correlation of zone H- with the base of chron 

C3.Br implies an age of ~7.5 Ma for the transition in the Surai Khola section, which is 

consistent with the 6.8-7.9 Ma age of the transition elsewhere. Detrital apatite fission 

track (AFT) ages reported by van der Beek et al. (2006) provide additional constraints on 

the maximum ages of sampled beds above polarity zone I+ (Fig. 2.6b). These ages are 

from apatites that were not annealed by post-depositional burial (van der Beek et al., 

2006), and therefore they provide a maximum depositional age for each horizon from 

which they were collected. These maximum depositional ages are indicated in Figure 

2.6b. van der Beek et al. (2006) also noted that the detrital AFT ages are consistent with 

our polarity zonation and correlation to the GPTS, whereas most of the mean AFT ages 

are younger than the depositional ages of host beds according to the Gautam & Rösler 

(1999) GPTS correlation.  

Because of its continuous exposure, great thickness, and ease of access along the 

Mahendra highway, the Surai Khola section has acquired reference section status in 

Nepal. The section has been logged and sampled for chronostratigraphy by three studies 

(Appel & Rösler, 1994; Corvinus and Rimal, 2001; and this study). A number of 

distinctive landmarks along the Surai Khola section were noted in the logs of all three 

studies, permitting cross-comparison and consideration of the two biostratigraphic 

constraints on the section relative to the paleomagnetic age estimates.  Corvinus and 

Rimal (2001) reported first appearances at Surai Khola of Hexaprotodon sivalensis at 

3000 m (2600 m in our section) and Elephus planifrons in their “Dobatta Formation”  
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(between about 2900 m and 3400 m in our section). In the well-dated Siwalik sections of 

Pakistan (Barry et al., 1982), these fossils are recorded at <5.9 Ma and <3.6 Ma, 

respectively. Our estimated paleomagnetic ages are 4.9 Ma for the site containing H. 

sivalensis, and 4.2 to 3.4 Ma for the interval (Dobatta Formation) reported to contain E. 

planifrons.  Thus, our paleomagnetic age estimates for this part of the section are in 

agreement with the existing biostratigraphic age estimates. 

 

PALEOMAGNETISM OF TINAU KHOLA DEPOSITS 

At Tinau Khola (27.7203°N, 83.4679°N), paleomagnetic samples were collected 

at 121 sites from an 1824 m-thick stratigraphic section of the Siwalik Group. Sixty sites 

yielded Class A site-mean ChRM directions and 54 sites yielded Class B site-mean 

ChRM directions (Table 2.4, Fig. 2.7).  Seven sites yield MAD >15° and were rejected 

from further analysis. Class A site-mean ChRM directions in geographic coordinates and 

stratigraphic coordinates are illustrated in Figure 2.7. Five Class A site-mean directions 

more than two estimated angular standard deviations from the preliminary means for 

normal and reversed polarity groups were not used for reversal and fold tests (Fig. 2.7). 

The mean of 32 normal polarity sites is Inc. = 8.8°, Dec. = 342.6°, α95 = 6.0° (k = 26.40) 

and the mean of 18 reverse polarity sites is Inc. = -21.2°, Dec. = 154.3°, α95 = 6.2° 

(k = 20.45). The angle between the mean of normal polarity sites and the antipode of the 

mean of the reversed polarity sites is 8.3° whereas the critical angle is 12.2° indicating 

failure of the reversal test. However, the ratio of the k values from the opposing polarity 

groups is >1.3 so the validity of the reversal test is questionable.  



 

39

Variations in bedding attitude within the stratigraphic section at Tinau Khola 

allow application of a fold test. Optimum unfolding occurs at 93.7% with 95% 

confidence limits of 88.2% unfolding and 98.8% unfolding. The implications of the result 

that optimum unfolding occurs at a percent unfolding distinguishable from 100% are 

unclear, in part because of the larger dispersion of normal polarity site-mean directions 

compared with the dispersion of reversed polarity directions. Converting Class A site-

mean directions in stratigraphic coordinates to normal polarity and determining the 

section-mean direction yields: Inc. = 14.8°, Dec. = 343.4°, α95 = 4.6°. Comparing the 

Tinau Khola section-mean direction to the 10 Ma expected direction indicates 

counterclockwise vertical-axis rotation of 19.0° ± 4.7° and 26.7° ± 5.0° flattening of 

inclination (Fig. 2.7). Gautam and Appel (1994) observed comparable flattening of 

inclination and counterclockwise vertical-axis rotation of mean paleomagnetic directions 

at Tinau Khola. 

As in the Surai Khola section, a key observation in the Tinau Khola magnetic 

polarity zonation is a thick normal polarity zone within the lower Siwalik part of the 

section (E+) that correlates with chron C5n.2n (Table 4; Fig. 8b). In addition, thick 

normal polarity zone O+ correlates with chron C4An. The magnetic polarity zonation 

from the Tinau Khola section can be confidently correlated to the GPTS of Lourens et al. 

(2004) (Fig. 2.8b), yielding a nearly linear sediment accumulation curve (see below) and 

an age span for the section of 11.8 Ma to ~8.1 Ma. δ13C values from paleosol carbonates 

from the entire measured section at Tinau Khola are all <-8‰, consistent with the 

paleomagnetic age assignment of >7.9 Ma for the whole section. Unfortunately, most of 
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the detrital apatite fission track ages reported by van der Beek et al. (2006) from the 

Tinau Khola section have been partially annealed by post-depositional burial heating. The 

mean age (11.2±1.8 Ma) for the single unreset sample is from >500 m above magnetic 

polarity zone E+, which is easily correlated with chron C5n.2n. Therefore, although the 

apatite ages are consistent with our correlation to the GPTS, they provide no additional 

constraints on the correlation. 

 

PALEOMAGNETISM OF MUKSAR KHOLA DEPOSITS 

At Muksar Khola (26.8700°N, 86.3800°E), paleomagnetic samples were collected 

at 146 sites from a 2551-m-thick stratigraphic section of the Siwalik Group. Seventy-nine 

sites yielded Class A site-mean ChRM directions and 33 sites yielded Class B site-mean 

ChRM directions (Table 2.5, Fig. 2.9). Class A site-mean ChRM directions in geographic 

(in situ) coordinates and stratigraphic (bedding corrected) coordinates are illustrated in 

Figure 2.9. Two Class A site-mean directions are anomalous and were not used in the 

following stability tests. The mean of 39 normal polarity sites is Inc. = 15.2°, Dec. = 

358.9°, α95 = 4.4°, and the mean of 38 reverse polarity sites is Inc. = -20.0°, Dec. = 

175.5°, α95 = 5.1°. These directions pass the reversal test with classification B. 

The sampled section at Muksar Khola is a north-dipping sequence with sufficient 

variations in bedding attitude to allow application of the fold test. Optimum unfolding 

occurs at 95.4% with 95% confidence limits of 82.8% unfolding and 109.4% unfolding; 

the Class A site-mean ChRM directions thus pass the fold test, consistent with a primary 

origin for the characteristic remanent magnetization. Converting Class A site-mean 
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directions in stratigraphic coordinates to normal polarity and determining the section-

mean direction yields: Inc. = 17.5°, Dec. = 357.2°, α95 = 3.3°. Comparing the Muksar 

Khola section-mean direction to the expected direction indicates counterclockwise 

vertical-axis rotation of 5.4° ± 3.9° and 23.4° ± 4.3° flattening of inclination (Fig. 9). 

Lithostratigraphy and magnetostratigraphy of the Siwalik Group deposits at 

Muksar Khola are illustrated in Figure 2.10b. Site-mean ChRM directions are listed in 

Table 2.5. Almost all polarity zones are determined by more than one paleomagnetic site 

and no major stratigraphic gaps are present between paleomagnetic sites. From 

magnetostratigraphic and geochronologic studies, it is known that a thick normal polarity 

zone correlative with chrons C5n.1n and C5n.2n occurs within Lower Siwalik deposits or 

spanning the lower to middle Siwalik transition (Rösler  & Appel, 1998; Gautam & 

Rösler, 1999; Ojha et al. 2000). The lower ~120 m of the Muksar Khola section has 

normal polarity (zone A+), contains the lower-middle Siwalik boundary, and is probably 

correlative with the upper part of chron C5n.1n at ~9.9 Ma. We correlate the uppermost 

polarity zone S+ with the older portion of chron C2An.3n at ~3.6 Ma. The carbon isotope 

transition in the Muksar Khola section commences at 1237.5 m at the base of a roughly 

400 m thick reverse magnetic polarity zone (J-) (Table 2.1). To honor the timing 

constraints on the carbon isotope shift as discussed previously, we correlate the base of 

zone J- with the base of chron C3.Ar (6.733-7.140 Ma; Fig. 2.10b preferred correlation). 

An alternative correlation shown on the right side in Figure 2.10b equates zone J- with 

chron C3Br.1r. Although this correlation is more attractive in terms of matching the 

overall polarity zonation throughout the late Miocene and Pliocene, it places the carbon 
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isotope shift at ~6 Ma, considerably later than the 7.9-6.8 Ma time frame in which the 

shift normally occurs. At this point we favor the older age (~7.1 to 6.7 Ma) for the start of 

the carbon isotope shift at Muksar Khola because it is consistent with the ~6.8 Ma age the 

shift across the paleo-Gangetic Plain as recorded by the Bengal Fan record (France-

Lanord and Derry, 1995). The lower and upper parts of each correlation are identical, and 

either correlation is reasonable in terms of sediment accumulation history. 

 

DISCUSSION 

Regional Correlations and Lithostratigraphic Patterns 

 Combined with magnetic polarity zonation from previously worked sections at 

Khutia Khola (Ojha et al., 2000) and Bakiya Khola (Harrison et al., 1993), our new data 

allow for a regional correlation in the Siwalik Group across nearly the entire length of 

Nepal (Fig. 2.11). The Siwalik Group correlations are keyed on the presence of the long 

normal polarity zone that correlates with chron C5n.2n at ~10-11.1 Ma, which is present 

in all of the sections. A second key reverse polarity interval C2Br.1r (~3.5-4.2 Ma; 

Lourens et al., 2004) is recorded in the Surai and Muksar Khola sections. Polarity zones 

J-, K+, and L- in Surai Khola, the Y- polarity zone in Bakiya Khola, and the J- polarity 

zone in Muksar Khola correlate with reversed polarity chron C3Br.1r. Dominantly 

reversed polarity zones U- at Khutia Khola, F- at Surai Khola, P- at Tinau Khola, L-, N+, 

and O- at Bakiya Khola, and D- at Muksar Khola are correlated with chron C4r.2r. If our 

correlations of the Dumri Formation and the Siwalik Group at Khutia Khola are correct, a 

temporal gap of ~1 Myr is present between the top of the Dumri and the base of the 
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Siwalik Group. However, we emphasize that this is not evidence for an unconformity 

because the two units are not exposed in a single continuous section; the upper boundary 

of the Dumri Formation in the Swat Khola section is a major thrust fault (Pearson & 

DeCelles, 2005).  

 The regional correlation suggests that the age of the lower to middle Siwalik 

transition is dated at ca. 10.5±0.5 Ma in all sections except Surai Khola, where instead it 

occurs at ~8.0 Ma (Fig. 2.11). The middle to upper Siwalik transition is present in three 

of our sections (Khutia, Surai, and Muksar Kholas) and is more variable in age: at Khutia 

Khola it is not directly dated by magnetic stratigraphy, but extrapolation of a constant 

sedimentation rate would place it at ~4.6 Ma or younger; at Surai Khola the transition is 

dated at ~3.0 Ma; and at Muksar Khola it is dated at ~3.5 Ma. Some of this variability 

could result from the imprecise nature of picking this contact in the field.  

 The Siwalik Group chronostratigraphy presented here allows for assessment of 

regional lithostratigraphic patterns. The variation in the age of the lower-middle Siwalik 

contact may be attributed to several causes. Our sections could be representing slightly 

different across-strike parts of the foreland basin system owing to variable displacement 

and/or erosion along the Main Frontal thrust, or the age difference could reflect a true 

cul-de-sac in the progradational front of middle Siwalik sandy lithofacies. In any case, 

the variation in age of the lower-middle Siwalik boundary poses a challenge to models 

for monsoon intensification based on the increased discharge of fluvial channels as 

manifested in this lithostratigraphic transition. If this lithofacies change is truly a result of 

monsoon intensification, then we would expect it to be a regionally isochronous event. In 
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order to test for regional isochroneity, additional chronostratigraphic data are needed 

from thrust sheets in the Siwalik foothills that are located north of the Main Frontal thrust 

sheet.  

 

Sediment Accumulation History  

 The rates of sediment accumulation in foreland basins provide useful 

information about lithospheric properties, the kinematic history of the thrust belt, and the 

rates of subsidence and flexural wave migration (Jordan et al., 1988). This approach has 

been exploited in the Pakistan and northern Indian part of the Himalayan foreland basin 

by Burbank et al. (1996). The foreland lithosphere migrates through the standing flexural 

wave set up by the load of the adjacent thrust belt (Sinclair & Allen, 1992). Because the 

two-dimensional shape of the flexural profile steepens exponentially toward the thrust 

belt load, the rate of subsidence should generally increase through time as the flexural 

wave migrates past a given locality in the foreland (Angevine et al., 1990). This pattern 

has been demonstrated in many foreland basins (e.g., Angevine et al., 1990; Dorobek et 

al., 1995; DeCelles & Currie, 1996; Tensi et al., 2006).  

Relatively abrupt changes in the slope of a sediment accumulation curve are 

commonly taken to indicate the timing of major thrusting events. Strictly speaking, the 

rate of sediment accumulation is an accurate proxy for subsidence rate only when the 

elevation of the depositional surface is known through time and the rates of sediment 

compaction are calculable (Van Hinte, 1978; Dickinson et al., 1988). In the case of the 

Nepalese Himalayan foreland basin, the depositional environment was exclusively 
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nonmarine, such that the surface elevation through time is unknown. However, carbon 

and oxygen isotopic data from paleosol carbonate in the Siwalik Group provide no 

evidence to suggest that the paleoelevation of the Himalayan foreland basin was 

significantly different from its modern elevation (<200 m above sea level; Quade et al., 

1995). Although the depositional systems recorded in the Dumri Formation and Siwalik 

Group exhibit an obvious upward coarsening in response to increasing proximity to the 

front of the Himalayan thrust belt, the modern elevation gain from the Ganges River to 

the front of the thrust belt is less than 150 m. Therefore, no attempt is made to correct for 

paleoelevation. Although sediment decompaction is a routine process, Burbank et al. 

(1996) argued that decompaction of the Neogene strata of the Himalayan foreland basin 

is compromised by the fact that they were substantially lithified by pedogenic and early 

diagenetic processes before burial. In support of this, Quade and Roe (1999) showed that 

calcite cements and pedogenic carbonates formed pervasively in the Siwalik Group 

within a few meters of the surface. We concur with the view that decompaction is 

unnecessary and could lead to erroneous interpretations (Burbank et al., 1996), and we 

view the curves derived from cross-correlation plots in Figure 2.12 as representative of 

long-term sediment accumulation rates. 

 The rates of sediment accumulation in our paleomagnetic sections are in the 

range typical for foredeep depozones in foreland basin systems (0.1-0.6 mm/yr). All of 

the accumulation rate curves exhibit upward concavity, as expected for increasing 

accumulation rates in response to migration of an upward convex exponential flexural 

profile (Fig. 2.12). At least one abrupt increase in sediment accumulation rate is observed 
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on all but one of the curves (the Tinau Khola curve is linear, but only covers ~3 Myr of 

geologic time). The timing of this increase changes systematically from west to east (Fig. 

2.13): at Khutia Khola an 80% increase occurred at ~11.1 Ma; at Surai Khola, a 27% 

increase took place at ~8.8 Ma; at Bakiya Khola the rate increased by 28% at 7.5 Ma; and 

at Muksar Khola the rate increased by 32% at ~5.3 Ma. Because all of these sections are 

located in the Main Frontal thrust sheet, we may interpret them as more or less 

paleogeographically equivalent sections. In other words, each of these sections represents 

facies that accumulated in a tectonically analogous position within the foreland basin.  

 Meigs et al. (1995) and Burbank et al. (1996) attributed a nearly synchronous 

doubling in the rate of sediment accumulation at ~11 Ma in several sections from 

northern Pakistan to northern India to enhanced loading in the foreland by initial slip on 

the Main Boundary thrust. If this interpretation is correct, and if our data are a further 

reflection of this important tectonic event, then it may be inferred that the MBT was 

emplaced almost simultaneously along a roughly 1000 km long segment of its trace in 

Pakistan and India, and that the thrust propagated approximately 600 km laterally 

eastward from western to eastern Nepal over a time span of ~5.8 Myr at a rate of ~103 

mm/yr. This rate is approximately two times greater than typical rates of lateral 

propagation on thrust systems in the Himalaya (Mugnier et al., 1999; van der Beek et al., 

2002), suggesting that the MBT in Nepal might have originated as a series of 

independent, unlinked local thrusts that eventually merged laterally to form the single 

trace of the MBT. A similar process may be occurring presently on the Main Frontal 

thrust system (Mugnier et al., 1999, 2004). The one exception to the regional trend of 
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eastward younging in the rate change is at Tinau Khola, where our correlation with the 

GPTS indicates a nearly linear sediment accumulation history and that the portion of the 

section that we sampled may completely predate the change in accumulation rate at that 

location (Fig. 2.13).   

 It is also conceivable that, at least in some sections (e.g., Surai Khola), the 

subsidence event was driven by emplacement of thrust sheets farther north than the MBT, 

such as the Ramgarh thrust (Pearson & DeCelles, 2005). The timing of slip on the 

Ramgarh thrust has been dated by 40Ar/39Ar muscovite cooling ages as 11-12 Ma in 

western Nepal north of the Khutia Khola section (Robinson et al., 2006), and ~10 Ma in 

central Nepal (Kohn et al., 2004), but no age data are presently available from eastern 

Nepal. The only independent constraint on the timing of slip on the MBT in Nepal is that 

it cuts upper Miocene deposits in the Siwalik Group, and therefore must have 

experienced at least some significant slip after the end of the Miocene. This would 

preclude neither earlier nor regionally time-transgressive slip on the MBT. 

 A second increase (by 49%) in the rate of sediment accumulation is apparent at 

~4.9 Ma in the Surai Khola section (Fig. 2.12). Rocks of this age and slightly younger are 

only documented in one other section—Muksar Khola—so it is not possible at this point 

to speculate on whether or not this second rate increase reflects a younger thrusting event. 

Similarly, in the Swat Khola section an increase at ~18.8 Ma is evident. This is within the 

range of reported times for the initial emplacement of the Main Central thrust sheet in 

western and central Nepal (Hodges et al., 1996; Copeland et al., 1996; DeCelles et al., 

2001; Robinson et al., 2006).  
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 The rate of sediment accumulation in most of the Swat Khola section of the 

Dumri Formation was ~0.28 mm/yr, on trend with the rates recorded in the lower Siwalik 

Group at nearby Khutia Khola. A composite Dumri-Siwalik section in western Nepal 

exhibits the typical upward concave pattern of sediment accumulation that results from 

the forelandward migration of an elastic flexural wave, with slower rates giving way to 

progressively more rapid rates as the distal foredeep is replaced by the proximal foredeep 

(Fig. 2.12).  

 

CONCLUSIONS 

 Magnetostratigraphically consistent and useful results are obtained from 

laminated siltstones in the Siwalik Group and Dumri Formation. The Dumri Formation 

spans ~19.9 to ~15.1 Ma. The dated portions of the Siwalik Group range in age from 

~13.5 Ma-2.0 Ma. Major lithostratigraphic boundaries in the Siwalik Group exhibit ca. 2 

Myr of diachroneity, and cannot be used simply to estimate the timing of paleoclimatic 

changes associated with the Asian monsoon. Sediment accumulation rates range from 

0.28 to 0.56 mm/yr, generally increasing through time in both the Dumri Formation and 

the Siwalik Group. A major increase in accumulation rate in the Siwalik Group took 

place at progressively younger times across Nepal, from ~11.1 Ma in western Nepal to 

~5.3 Ma in eastern Nepal. Increased accumulation rates suggest lateral propagation of a 

major thrust system in the frontal Lesser Himalaya. Future magnetostratigraphic research 

in the Tertiary of Nepal should focus on sampling laminated siltstones from the Siwalik 
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Group in thrust sheets north of the Main Frontal thrust sheet, as well as additional 

sections of the Dumri Formation.  
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Figure 2.1: Generalized geological map of Nepal modified from DMG Maps with 
nomenclature and description given by DeCelles et al. (1998a; 2001). Paleomagnetic 
sampling locations are shown by stars, and major faults are Main Frontal Thrust (MFT), 
Main Boundary thrust (MBT), Ramgarh thrust (RT), and Main Central thrust (MCT). 
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Figure 2.2: Vector-component diagrams of thermal demagnetization behavior 
(Zijderveld , 1967) for siltstones and fine sandstones within Siwalik deposits of Nepal. 
Diagrams are labeled indicating locality of collection. Open circles are projections onto 
vertical plane and filled circles are projections onto horizontal plane. Numbers adjacent 
to data points indicate temperature in °C.  
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Figure 2.3: Equal-area projections of site-mean ChRM directions from Swat Khola. 
Filled squares are in lower hemisphere and open circles are in upper hemisphere. 
(A) Directions in geographic (in situ) coordinates. (B) Directions in stratigraphic 
coordinates following restoration of bedding to horizontal. Mean of normal-polarity sites 
is shown by filled square surrounded by 95% confidence limits. Mean of reverse-polarity 
sites is shown by open square surrounded by 95% confidence limits. Site-mean directions 
labeled in gray were not used for fold or reversal tests or determination of vertical-axis 
rotation. (C) Comparison of observed section mean direction and the expected direction. 
Implied vertical-axis rotation (R ± ΔR) is clockwise 13.1° ± 6.9°; flattening of inclination 
(F ± ΔF) is 35.2° ± 7.1°.  
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Figure 2.4: Lithostratigraphy and magnetostratigraphy from Swat Khola. In 
magnetostratigraphic plot, solid circles are Class A virtual geomagnetic pole (VGP) 
latitudes and gray circles are class B VGP latitudes. Black intervals in polarity column 
are normal polarity while white intervals are reverse polarity. Polarity zone designations 
are shown at right of polarity column. Correlation of Swat Khola polarity column to the 
GPTS (Lourens et al., 2004) is shown at right. See text for discussion. 
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Figure 2.5:  Equal-area projections of site-mean ChRM directions from Surai Khola. 
(A) Directions in geographic (in situ) coordinates. (B) Directions in stratigraphic 
coordinates following restoration of bedding to horizontal. (C) Comparison of observed 
section mean direction and the expected direction. Implied vertical-axis rotation (R ± ΔR) 
is counterclockwise 4.5° ± 4.4°; flattening of inclination (F ± ΔF) is 22.4° ± 4.7°. 
Symbols as in Figure 3. 
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Figure 2.6 (A): Map showing location of Surai Khola section. For more detailed 
information review 1:25,000 scale topographic maps, sheet no. 2782-04C, 097-11, 
published by Topographical Survey Department, Government of Nepal. 
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Figure 2.6 (B): Lithostratigraphy and magnetostratigraphy from Surai Khola. Correlation 
of Surai Khola polarity column to the GPTS (Lourens et al., 2004) is shown at right. 
Locations of detrial apatite fission track (AFT) ages that provide maximum stratigraphic 
ages are also shown (van der Beek et al., 2006). GPTS, geomagnetic polarity timescale) 
See text for discussion.  
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Figure 2.7:  Equal-area projections of site-mean ChRM directions from Tinau Khola. 
(A) Directions in geographic (in situ) coordinates. (B) Directions in stratigraphic 
coordinates following restoration of bedding to horizontal. (C) Comparison of observed 
section mean direction and the expected direction. Implied vertical-axis rotation (R ± ΔR) 
is counterclockwise 19.0° ± 4.7°; flattening of inclination (F ± ΔF) is 26.7° ± 5.0°. 
Symbols as in Figure 3. 
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Figure 2.8:  Lithostratigraphy and magnetostratigraphy from Tinau Khola. Symbols as in 
Figure 4. Preferred and alternative correlations of Tinau Khola polarity column to the 
GPTS are shown at right.  
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Figure 2.9:  Equal-area projections of site-mean ChRM directions from Muksar Khola.  
(A) Directions in geographic (in situ) coordinates. (B) Directions in stratigraphic 
coordinates following restoration of bedding to horizontal. (C) Comparison of observed 
section mean direction and the expected direction. Implied vertical-axis rotation (R ± ΔR) 
is counterclockwise 5.4° ± 3.9°; flattening of inclination (F ± ΔF) is 23.4° ± 4.3°. 
Symbols as in Figure 3. 
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Figure 2.10: Lithostratigraphy and magnetostratigraphy from Muksar Khola. Symbols as 
in Figure 4. Preferred and alternative correlations of Muksar Khola polarity column to the 
GPTS are shown at right. 
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Figure 2.11:  Regional correlation from west to east across Nepal. Gray areas are 
meant to highlight major correlation intervals, and the section is hung on the top of 
chron C5n.2n. 
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Figure 2.12: Cross-correlation plots showing the derivation of sediment accumulation 
curves.  
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Figure 2.13: Sediment accumulation curves plotted against the GPTS of Lourens et al. 
(2004), and arrayed from east (top) to west (bottom). Thick gray line highlights the 
timing of major kinks in accumulation curves, with and eastward decrease in the age of 
the major increase in accumulation rate.  
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TABLE 2.1: AGE OF CARBON ISOTOPE TRANSITION IN SIWALIK GROUP 
PALEOSOLS 
Section δ13C carbonate 

> 
-8‰ 

δ13C organic 

matter > 
-22‰ 

Stratigraphic 
Level (m) 

Polarity 
interval 

GPTS* Estimated 
Age (Ma) 

Surai Khola -6.7  1723 base of H- base  of 
C3.Br 7.5 

Bakiya 
Khola -1.5  1799 not 

numbered C3Bn 7.2 

Khutia 
Khola -4.2  2842 not 

measured  <7.5 

Muksar 
Khola  -21.7 1237.5 base of J- C3Ar 7.1 

Tinau Khola not detected not detected      >7.9 
 
*Lourens et al. (2004) 
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TABLE 2.2:  SITE-MEAN CHRM DIRECTIONS FOR DUMRI FORMATION AT 
SWAT KHOLA. 
      Geographic  Stratigraphic Coordinates 
 Level,   α95,  I, D,  I, D, Lat, Long,
Site m Class N (°) k (°) (°)  (°) (°) (°N) (°E) 
SW002 2.0 A 3 30.4 17.5 –47.6 107.9  –24.1 191.2 -70.8 46.1 
SW020 20.0 B 3 88.7 3.0 9.8 92.7  –34.0 106.5 -22.9 180.9
SW038 38.0 B 3 * * 48.8 326.0  –5.7 4.4 58.1 253.1
SW160 160.0 B 2 * * –66.5 85.5  –36.1 199.4 -54.6 269.6
SW173 173.0 A 3 43.0 9.3 32.2 0.2  –38.4 357.8 39.6 264.2
SW190 190.0 A 4 11.8 61.2 –59.6 143.3  –10.6 186.6 -65.8 65.3 
SW207 207.0 A 4 13.6 46.4 –31.9 57.8  –77.6 179.2 -52.5 261.0
SW248 248.0 B 2 * * –66.4 115.5  –29.6 189.0 -71.9 59.2 
SW283 283.0 A 9 11.9 14.9 –56.1 109.3  –36.4 190.5 -77.6 47.1 
SW304 304.0 B 2 * * 31.4 94.0  –30.4 93.6 30.6 190.0
SW335 335.0 A 7 3.9 243.4 –17.8 130.9  –12.3 154.2 -56.8 133.7
SW351 351.0 B 6 * * –9.3 39.5  –64.5 0.9 51.8 244.2
SW354 354.0 B 5 89.9 1.7 –42.1 244.3  24.9 243.9 2.7 8.1 
SW366 366.0 A 4 11.7 47.7 –44.7 193.1  –2.5 210.9 -48.9 27.0 
SW371 371.0 B 5 76.1 2.0 –38.4 164.6  –14.4 192.0 -65.8 51.3 
SW378 378.0 B 5 82.7 1.8 24.9 0.5  –10.9 6.4 55.2 250.3
SW387 387.0 A 5 11.0 49.0 –70.6 165.2  –24.2 224.9 -45.4 3.0 
SW452 452.0 A 4 20.4 21.3 –8.7 185.4  61.4 144.4 -11.6 107.5
SW467 467.0 A 3 20.0 39.0 –15.5 193.0  46.6 179.7 -33.4 81.8 
SW473 473.0 A 3 56.6 5.8 –13.4 182.5  40.7 167.9 -36.7 95.4 
SW478 478.0 A 5 9.1 47.2 –14.0 156.9  19.1 153.5 -44.2 117.9
SW497 497.0 A 4 10.1 57.0 –74.2 176.4  –17.1 220.9 -45.1 8.7 
SW501 501.0 A 3 3.2 1442.4 –60.0 146.6  –21.8 199.5 -64.8 31.2 
SW505 505.0 B 2 * * –70.3 341.1  –32.6 254.2 -41.6 355.7
SW509 509.0 A 4 6.6 115.3 –53.2 176.6  –4.3 202.3 -56.2 38.8 
SW515 515.0 B 3 95.8 2.8 23.3 318.6  13.4 340.4 61.3 305.4
SW529 529.0 B 4 * * 47.9 340.6  10.2 11.1 70.0 235.5
SW550 550.0 A 6 55.5 2.4 52.7 354.1  7.8 23.3 56.8 215.4
SW565 565.0 A 8 27.3 5.1 53.4 324.6  27.1 16.1 69.3 212.1
SW592 592.0 B 2 * * 4.8 327.2  –10.0 323.9 45.6 313.2
SW596 596.0 B 2 * * –66.9 149.5  –16.2 200.8 -56.1 22.7 
SW600 600.0 A 4 5.7 139.2 –48.3 165.2  0.6 189.3 -59.2 64.4 
SW608 608.0 A 4 8.4 121.8 –55.8 172.6  –8.3 200.7 -58.5 39.0 
SW618 618.0 B 2 * * –41.9 159.3  –6.3 184.4 -64.1 71.3 
SW628 628.0 A 3 18.1 26.76 –60.9 158.4  –11.5 201.9 -60.9 35.3 
SW635 635.0 A 3 11.0 70.7 –58.9 158.4  –10.5 193.5 -62.1 45.0 
SW649 649.0 A 3 11.1 124.8 –41.7 150.3  –13.2 183.5 -67.7 72.3 
SW672 672.0 A 3 8.0 93.54 –74.7 139.5  –37.2 187.5 -79.4 32.6 
SW677 677.0 A 3 33.5 8.47 –70.0 195.3  –29.3 223.3 -49.6 1.8 
SW695 695.0 A 4 11.3 66.9 –54.1 167.9  –21.7 212.3 -55.2 15.0 
SW712 712.0 B 3 * * –69.7 268.0  –28.3 251.9 -22.8 346.3
SW738 738.0 B 2 * * 35.8 232.7  70.2 19.2 60.9 104.8
SW763 763.0 A 3 31.9 15.9 68.4 249.7  35.5 11.9 75.8 209.0
SW795 795.0 B 2 * * 40.0 330.3  15.6 354.9 68.5 281.7
SW831 831.0 B 2 * * –3.4 303.2  8.9 305.9 51.7 300.2
SW855 855.0 A 4 15.6 25.02 –48.5 196.1  –6.1 192.0 -61.9 59.9 
SW884 884.0 A 4 9.6 40.21 61.8 351.8  –12.9 15.0 53.5 236.9
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SW907 907.0 A 3 12.6 37.73 –34.7 300.2  –16.5 279.1 1.7 339.8
SW922 922.0 B 2 * * –27.7 321.9  –28.0 278.5 0.1 334.4
SW938 938.0 B 3 143.2 1.9 –34.0 229.7  24.3 228.8 -27.2 25.9 
SW980 980.0 A 3 11.9 42.25 –49.4 158.5  –3.5 192.6 -60.3 52.7 
SW983 983.0 A 3 36.8 12.3 –73.5 179.7  –8.3 218.1 -46.4 18.5 
SW997 997.0 A 3 10.2 145.9 –57.7 192.4  –17.3 213.8 -52.5 16.8 
ST012 1012.0 A 3 23.9 13.2 –43.0 173.4  –2.3 187.9 -62.2 57.5 
ST030 1030.0 A 3 16.4 66.3 –51.1 190.2  15.0 206.8 -41.2 39.1 
ST045 1045.0 A 3 12.5 97.7 –49.0 148.6  –11.1 181.5 -66.8 77.8 
ST070 1070.0 A 3 9.8 160.7 –47.8 189.6  10.5 203.7 -49.0 43.8 
ST085 1085.0 A 4 20.8 20.4 –61.1 207.1  –8.0 215.3 -48.4 21.3 
ST092 1092.0 A 4 11.1 69.1 –56.8 146.7  –21.4 185.8 -71.6 63.4 
ST106 1106.0 A 3 9.7 163.2 –31.9 202.6  21.2 204.9 -43.6 46.7 
ST112 1112.0 A 3 30.0 17.9 26.5 1.2  –16.3 5.1 52.7 253.2
ST126 1126.0 B 4 126.8 1.6 –59.8 175.2  –13.3 193.9 -64.4 48.0 
ST150 1150.0 A 3 17.1 52.9 66.7 353.7  26.2 21.4 65.2 203.9

 
Site, identification number for paleomagnetic site; Level, stratigraphic level of  

collecting site in meters; N, number of samples used to determine site–mean direction; k, 
best estimate of Fisher precision parameter; �95, radius of cone of 95% confidence about 
site–mean direction; Geographic, in situ directions of ChRM; Stratigraphic Coordinates, 
ChRM direction after restoring bedding to horizontal; I and D, inclination and  
declination of site–mean direction; Lat and Long, latitude and longitude of the site–mean 
virtual geomagnetic pole (VGP) computed from the stratigraphic directions. 

*Sites that do not permit calculation of statistical parameters but do provide 
unambiguous polarity determinations. 
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TABLE 2.3: SITE-MEAN CHRM DIRECTIONS FOR SIWALIK GROUP AT 
SURAI KHOLA 

        Geographic     Stratigraphic Coordinates 

Site Level Class N α95 k I D  I D Lat. Long. 
 (m)   (°)  (°) (°)  (°) (°) (°N) (°E) 
SK112 0 B 3 * * -26.7 235.6  3.3 224.9 -37.8 19.5 
SK114 8 B 2 * * -69.4 22.6  -55.5 159.9 -71.1 203.7 
SK115 9 A 3 46.0 8.2 71.1 308.0  24.3 340.7 66.5 316.8 
SK119 18 A 3 40.2 10.5 37.5 324.6  -7.3 325.6 44.4 314.8 
SK120 20 A 3 22.8 30.4 72.7 347.4  18.8 345.8 67.5 302.0 
SK121 23 A 3 6.8 330.1 73.2 353.5  14.2 349.6 67.2 290.3 
SK122 25 B 2 * * 69.6 67.4  26.1 5.7 75.0 241.0 
SK123 26 A 3 10.6 136.5 49.7 329.4  -1.4 334.6 52.5 307.6 
SK124 27 A 3 42.7 9.4 78.6 349.2  13.6 346.7 65.6 296.5 
SK125 28 A 3 13.5 84.4 75.6 70.5  14.1 8.4 67.9 240.1 
SK127 35 A 4 12.0 59.9 -83.5 348.4  -34.5 164.5 -73.3 144.3 
SK128 40 A 4 13.0 51.2 -77.9 217.4  -19.1 181.9 -71.9 76.6 
SK129 42 B 2 * * -74.0 154.0  -15.9 169.1 -67.8 112.6 
SK130 45 B 2 * * -76.0 294.7  -37.0 190.2 -78.3 27.8 
SK132 53 A 4 4.6 406.7 76.6 21.7  22.0 0.7 73.6 260.5 
SK133 60 B 2 * * 75.4 33.5  22.4 4.0 73.4 249.1 
SK134 64 B 2 * * -64.0 131.2  -11.6 150.6 -54.5 140.1 
SK135 73 A 3 11.8 110.9 -60.1 134.8  -25.4 129.9 -41.3 166.2 
SK136 88 A 4 27.2 12.4 -51.9 158.0  -14.8 158.0 -61.0 132.7 
SK138 117 A 3 8.8 198.8 -63.2 105.1  -12.7 141.4 -47.7 149.8 
SK140 136 A 3 14.3 75.4 -87.3 286.5  -21.2 172.6 -71.8 106.8 
SK141 147 A 3 5.9 436.1 -75.6 321.8  -26.7 176.3 -75.9 97.6 
SK010 204 A 3 29.1 19.1 -66.3 183.2  2.0 174.1 -61.0 94.8 
SK011 216 A 3 15.9 61.0 76.5 236.2  26.9 336.2 64.2 326.5 
SK012 224 A 3 18.0 47.8 81.8 334.2  22.2 351.0 72.0 292.2 
SK013 236 A 3 54.5 6.2 -59.5 7.2  -55.0 139.9 -55.1 196.1 
SK014 248 B 2 * * -80.9 43.8  -30.9 159.2 -68.0 147.4 
SK015 261 A 3 18.7 44.4 -74.8 261.1  -27.7 178.0 -77.1 91.3 
SK016 273 A 3 52.4 6.6 -62.5 241.8  -20.7 183.8 -72.8 69.6 
SK017 283 B 2 * * -73.2 282.2  -34.5 170.0 -77.5 131.9 
SK018 295 A 3 7.1 302.1 64.8 72.3  21.3 12.2 70.0 225.2 
SK019 305 A 3 14.5 73.5 -62.8 155.5  -1.3 162.3 -58.3 117.8 
SK022 322 A 3 26.2 23.3 58.9 96.0  20.5 23.1 62.5 205.7 
SK024 345 B 2 * * -25.4 287.8  -32.2 254.8 -21.2 343.6 
SK025 351 A 3 34.9 13.6 -61.4 181.1  -9.2 165.7 -63.1 116.0 
SK026 376 B 2 * * 68.8 123.1  35.7 15.5 73.7 198.9 
SK027 380 B 2 * * 60.1 126.5  40.9 24.6 67.4 178.4 
SK028 397 A 3 19.7 40.2 62.1 91.5  29.5 30.4 59.5 189.5 
SK033 415 A 4 8.4 121.9 69.5 47.3  25.2 0.9 75.8 258.7 
SK035 443 A 3 23.0 29.9 84.1 87.4  31.4 348.7 75.2 309.7 
SK036 456 A 3 14.8 70.5 75.9 3.6  22.0 345.3 68.8 306.1 
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SK037 470 A 3 6.6 345.4 78.4 43.3  49.5 331.9 65.3 5.8 
SK038 482 A 4 16.3 32.8 59.1 334.4  24.3 330.3 58.6 330.5 
SK039 497 B 2 * * 80.3 45.9  31.2 340.9 69.4 325.3 
SK040 505 A 3 7.1 305.3 69.7 40.9  30.8 355.8 78.5 283.2 
SK041 518 B 2 * * 67.4 33.2  9.3 4.0 66.9 252.2 
SK042 525 A 4 9.4 95.9 62.4 355.7  0.4 356.4 62.2 270.6 
SK043 534 B 3 110.3 2.4 53.9 357.5  -5.6 353.2 58.7 276.0 
SK044 550 A 3 24.8 25.7 60.0 111.6  46.1 12.6 78.8 171.6 
SK045 595 A 3 5.5 510.0 64.6 25.3  21.0 348.5 70.2 297.8 
SK046 608 A 3 26.1 23.4 60.0 350.6  23.2 337.6 64.0 320.7 
SK051 623 A 4 9.6 93.5 68.2 90.2  41.5 345.0 76.0 341.1 
SK047 624 A 3 4.3 830.6 55.8 16.9  19.1 345.3 67.6 303.4 
SK049 659 B 2 * * 71.0 46.4  31.9 356.3 79.2 281.9 
SK050 685 B 2 * * 80.9 299.0  23.9 333.5 61.0 326.7 
SK052 758 A 3 21.1 35.0 74.8 98.5  6.0 359.0 65.5 264.9 
SK053 788 B 2 * * 67.8 59.9  10.3 4.0 67.4 252.0 
SK054 808 B 3 76.9 3.7 74.8 52.2  31.7 10.0 76.2 218.4 
SK055 817 A 3 23.2 29.4 54.4 5.3  14.8 357.0 69.9 271.1 
SK056 837 A 3 18.2 47.0 63.2 61.9  3.7 32.2 50.0 206.6 
SK057 862 A 3 16.3 58.5 -65.0 197.0  -11.5 184.3 -68.0 71.1 
SK058 874 B 2 * * -41.6 283.4  -29.5 217.3 -53.5 4.0 
SK059 889 A 3 5.9 437.1 -56.1 295.3  -40.3 208.1 -64.2 357.2 
SK061 915 A 3 23.3 28.9 69.9 154.8  33.7 3.2 80.2 244.5 
SK062 928 A 3 23.8 27.9 -55.7 295.3  -37.6 170.6 -79.1 136.7 
SK143 940 B 2 * * -70.3 216.2  -5.7 173.1 -64.2 98.8 
SK144 943 A 3 7.1 301.0 -86.7 263.2  -29.4 168.8 -74.1 126.0 
SK145 948 B 3 65.7 4.6 -72.3 162.2  -11.3 164.2 -63.3 120.0 
SK146 950 B 2 * * -77.4 91.3  -41.2 123.4 -39.3 181.7 
SK147 959 A 4 7.3 159.3 -85.2 110.6  -9.3 162.9 -61.8 121.0 
SK148 969 A 4 12.8 52.9 -60.8 203.0  -0.4 184.3 -62.1 73.7 
SK149 974 A 3 13.2 88.8 -73.5 187.7  -2.1 176.4 -63.0 90.8 
SK150 977 B 2 * * -79.8 212.8  -9.7 182.2 -67.0 77.2 
SK063 985 A 4 21.7 18.9 56.6 20.7  5.1 8.9 63.7 242.1 
SK064 1013 A 4 16.9 30.4 30.1 273.3  11.8 290.6 21.0 348.2 
SK065 1032 A 3 21.3 34.5 -66.5 257.2  -42.2 190.1 -80.5 8.8 
SK067 1065 A 3 29.0 19.2 -45.0 240.4  -1.9 206.7 -53.2 34.0 
SK080 1110 B 3 100.5 2.6 64.6 29.5  5.5 9.1 63.8 241.5 
SK078 1115 A 3 26.6 22.6 72.7 305.1  32.8 347.1 74.8 316.2 
SK081 1119 A 3 21.8 33.1 61.0 29.4  6.7 22.0 58.1 217.6 
SK079 1139 A 3 9.3 175.7 68.6 57.7  22.8 4.6 73.8 246.2 
SK077 1167 A 3 12.0 107.3 -64.4 171.6  -12.7 190.3 -66.8 55.7 
SK076 1185 A 3 17.9 48.7 -45.2 155.7  -4.2 166.5 -61.5 111.8 
SK075 1214 A 3 9.5 170.2 -45.7 215.5  6.7 212.0 -46.4 32.3 
SK074 1244 B 2 * * -74.5 155.5  -39.1 195.3 -75.1 10.1 
SK072 1312 A 3 13.5 84.7 61.2 43.8  53.1 7.4 81.1 126.5 
SK070 1368 B 3 75.2 3.8 -39.2 210.9  -6.1 201.6 -58.1 38.5 
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SK068 1403 A 3 16.4 57.3 82.5 42.1  34.5 3.4 81.0 241.4 
SK082 1479 A 3 17.5 50.6 49.3 39.0  1.4 26.4 53.2 214.7 
SK084 1604 A 3 10.4 140.8 72.8 16.8  30.1 8.3 76.3 226.3 
SK086 1641 A 3 10.4 141.1 -64.5 177.3  1.6 163.8 -57.7 114.0 
SK087 1653 A 3 11.1 123.4 51.5 306.3  10.3 334.1 56.8 315.0 
SK088 1673 A 3 28.9 19.3 61.7 28.8  7.8 26.3 55.6 211.1 
SK089 1695 A 3 14.7 71.5 70.1 3.2  10.3 8.3 66.3 241.5 
SK091 1725 B 2 * * -78.7 358.6  -52.3 177.8 -84.2 243.9 
SK108 2021 B 2 * * -76.7 194.2  -19.9 202.4 -62.8 27.4 
SK109 2048 B 2 * * 70.9 95.4  36.2 18.5 71.6 192.1 
SK110 2064 B 2 * * 70.7 56.6  24.8 15.3 69.6 214.7 
SK151 2139 A 4 7.9 136.8 -61.3 38.9  -42.3 123.5 -39.6 182.8 
SK152 2140 B 2 * * -68.0 27.4  -45.2 134.2 -49.5 182.4 
SK153 2165 A 3 5.8 445.5 40.9 28.0  13.6 16.0 64.2 223.8 
SK154 2255 B 5 74.9 2.0 -81.6 290.1  -33.2 157.5 -67.2 152.5 
SK159 2415 B 2 * * 35.2 273.0  16.8 304.5 34.4 343.9 
SK160 2444 A 5 5.6 186.9 -78.9 49.8  -49.3 173.0 -83.4 195.8 
SK161 2502 A 4 17.9 27.2 -64.5 177.0  -2.9 170.1 -62.0 104.2 
SK162 2504 A 3 11.6 114.9 -62.4 240.5  -18.3 193.2 -67.8 46.2 
SK163 2526 A 8 8.9 39.8 -66.9 106.4  -8.3 159.4 -59.3 126.2 
SK164 2535 A 4 27.0 12.6 71.9 25.6  17.9 11.6 68.4 230.2 
SK165 2570 A 3 40.9 10.1 50.0 9.9  -4.9 8.2 58.8 246.9 
SK166 2580 A 5 8.0 92.3 66.0 349.9  -5.7 344.0 55.7 292.0 
SK168 2618 A 3 18.4 46.0 -56.6 233.8  -2.3 187.7 -62.4 66.1 
SK169 2670 B 2 * * -57.8 32.5  -39.7 119.2 -35.3 182.0 
SK171 2695 A 5 11.5 45.3 85.5 275.9  38.2 352.3 80.6 312.6 
SK172 2720 A 5 7.9 94.9 60.7 347.3  -1.9 352.8 60.5 277.6 
SK173 2738 A 4 78.8 2.4 -27.7 251.8  3.9 237.0 -27.7 11.5 
SK174 2741 A 5 20.7 14.6 82.2 303.8  17.4 352.3 69.8 285.3 
SK175 2775 A 6 12.6 29.4 64.0 18.5  9.6 359.2 67.0 264.9 
SK176 2798 A 4 15.4 36.6 80.3 82.9  23.1 12.4 70.5 223.9 
SK178 2805 A 4 19.5 23.3 65.7 349.0  2.8 351.9 62.5 280.5 
SK177 2808 A 5 10.0 59.6 61.1 295.9  9.8 329.4 53.0 320.3 
SK179 2846 A 3 26.5 22.7 -68.2 212.9  -9.1 196.5 -62.0 45.8 
SK182 2932 A 5 18.0 18.9 -26.2 340.6  -72.6 351.9 4.0 267.1 
SK183 2934 A 3 31.8 16.1 -28.4 337.9  -75.2 289.7 -15.8 290.1 
SK184 2944 A 3 41.3 10.0 -11.1 331.2  -41.8 309.5 18.9 311.0 
 SK185 2954 B 2 * * -62.7 25.5  -52.0 164.7 -76.0 196.8 
SK186 2958 B 2 * * -28.4 335.2  -66.5 264.5 -24.0 308.5 
SK187 2982 A 4 11.6 63.4 34.4 151.8  69.2 78.8 28.4 125.3 
SK188 2988 A 3 19.3 41.9 41.1 189.3  84.0 294.9 32.2 70.1 
SK189 2990 A 3 5.9 434.6 37.1 164.9  76.4 94.8 22.8 110.8 
SK191 3021 A 3 49.5 7.3 -11.8 29.7  -48.8 46.4 17.4 221.6 
SK201 3047 B 3 * * -60.2 238.4  -18.8 185.5 -71.2 65.7 
SK200 3055 A 8 8.9 39.6 -61.7 293.4  -39.5 205.0 -66.8 0.5 
SK199 3060 A 9 9.2 32.2 -79.1 122.1  -33.5 155.3 -65.4 155.5 
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SK198 3062 A 5 9.0 73.3 -75.7 193.1  -3.8 175.6 -63.8 92.9 
SK197 3064 B 2 * * -32.5 333.6  -69.9 238.3 -40.6 304.3 
SK194 3098 A 5 15.8 24.5 58.5 53.1  6.2 14.2 61.9 231.6 
SK193 3103 A 3 13.9 79.3 83.7 284.8  32.8 348.9 75.8 310.9 
SK192 3108 A 4 41.7 5.8 78.6 283.2  34.2 344.6 73.3 323.6 
SK202 3155 A 4 32.3 9.1 -50.6 4.0  -44.2 111.2 -29.4 188.5 
SK203 3170 A 4 21.3 19.5 -73.3 211.7  -5.7 179.5 -65.1 84.1 
SK204 3190 B 5 73.4 2.0 -71.6 187.3  -14.0 179.0 -69.3 85.7 
SK205 3220 A 5 6.9 122.3 -76.9 290.4  -13.0 183.8 -68.5 72.5 
SK206 3240 A 3 24.8 25.8 -67.5 48.1  -20.6 133.1 -42.9 161.1 
SK207 3280 B 2 * * -63.0 86.9  -11.2 144.6 -49.8 146.0 
SK208 3350 A 5 11.5 44.9 -68.8 214.7  0.2 186.9 -61.4 68.2 
SK209 3386 B 2 * * -80.2 124.1  -7.3 156.8 -57.3 129.5 
SK210 3435 A 5 22.1 12.9 -66.7 219.1  -17.4 188.3 -69.6 58.8 
SK212 3525 A 3 37.3 12.0 -54.4 270.2  -16.0 204.3 -59.8 28.7 
SK214 3578 A 4 20.4 21.3 82.3 38.9  9.2 3.1 66.7 255.1 
SK215 3601 A 4 44.3 5.3 43.9 58.7  2.9 30.2 50.9 209.9 
SK216 3620 A 4 28.0 11.7 -59.3 300.4  -54.2 195.5 -75.0 321.4 
SK217 3635 A 5 17.7 19.6 -67.5 260.8  -33.0 195.2 -73.0 24.6 
SK218 3694 A 6 23.9 8.8 -70.8 228.5  -31.1 196.0 -71.6 26.1 
SK219 3707 A 3 44.3 8.8 -70.8 19.9  -63.8 160.2 -66.4 226.4 
SK220 3729 B 3 * * -68.2 25.2  -48.7 180.0 -88.1 262.1 
SK222 3776 A 3 15.3 66.0 27.0 281.5  13.5 300.2 29.9 344.4 
SK223 3790 A 4 5.9 245.4 27.3 241.3  30.8 271.3 8.8 7.0 
SK225 3872 B 2 * * -25.8 300.9  -68.1 252.7 -31.9 307.6 
SK228 3990 B 2 * * 50.2 348.9  0.2 350.4 60.8 282.9 
SK230 4030 B 2 * * -79.9 200.2  -47.4 165.6 -77.3 179.6 
SK232 4052 A 4 65.4 3.0 -77.0 349.5  -64.9 174.8 -70.5 252.2 
SK231 4078 B 3 123.3 2.2 -19.5 182.3  27.1 183.2 -47.8 78.2 
SK233 4108 A 3 22.1 32.3 -58.4 149.6  -27.7 158.9 -66.5 143.4 
SK235 4170 B 2 * * 35.4 170.4  59.2 140.3 -12.8 112.9 
SK236 4220 A 4 21.9 18.5 -61.3 174.3  -22.2 182.9 -73.5 72.7 
 
Notes: Site - identification number for paleomagnetic site; Level - stratigraphic level of 
collecting site in meters; N - number of samples used to determine site-mean direction; k 
– best estimate of Fisher precision parameter; α95 - radius of cone of 95% confidence 
about site-mean direction; Geographic – in situ directions of ChRM; Stratigraphic 
Coordinates – ChRM direction after restoring bedding to horizontal; I and D - inclination 
and declination of site-mean direction; Lat. and Long. - Latitude and longitude of the site-
mean virtual geomagnetic pole (VGP) computed from the stratigraphic directions. * Sites 
that do not permit calculation of statistical parameters but do provide unambiguous 
polarity determinations. 
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TABLE 2.4: SITE-MEAN CHRM DIRECTIONS FOR SIWALIK GROUP AT TINAU 
KHOLA 

Geographic Coordinates Stratigraphic Coordinates 
Site Level 

(m) 
Class N α 95 

(°) 
K 
 

I 
(°) 

D 
(°) 

I 
(°) 

D 
(°) 

Lat. 
(°N) 

Long. 
(°E) 

UT026 3.5 A 3 11.6 113.7 -46.8 186.9 -24.0 167.9 -71.1 121.8 
UT028 34.2 A 3 28.1 20.3 -21.7 131.8 -34.7 154.5 -65.1 157.9 
UT029 47.8 A 3 11.3 120.7 -11.7 334.9 -9.4 324.5 42.9 314.9 
UT030 56.5 B 2 * * 5.3 338.2 -7.5 337.2 51.6 301.3 
UT031 63.0 A 3 13.8 80.3 -13.0 303.4 8.2 301.4 29.5 341.0 
UT032 79.9 B 2 * * 7.2 157.3 32.5 143.8 -32.6 124.7 
UT033 107.9 B 2 * * 17.9 131.9 43.7 133.7 -20.6 127.0 
UT034 123.4 B 2 * * 8.1 138.7 -8.6 138.8 -44.4 149.5 
UT035 133.4 B 2 * * 14.7 120.9 -18.0 128.6 -38.3 162.2 
UT036 174.0 B 2 * * 23.4 42.4 -4.8 41.3 40.2 203.3 
UT037 199.0 B 2 * * -21.8 132.4 -13.9 139.1 -46.2 152.5 
UT038 212.2 B 2 * * -27.1 145.9 -0.3 152.1 -51.6 131.7 
UT039 215.7 A 3 5.3 535.0 -25.2 151.2 -16.3 155.8 -60.0 137.0 
UT040 224.0 A 3 16.8 55.1 -34.7 149.9 -18.0 153.3 -58.8 141.6 
UT041 238.0 B 2 * * -58.1 35.37 -68.3 93.8 -23.6 220.1 
UT001 253.6 A 1 * * -52.3 45.2 40.9 35.2 58.0 171.7 
UT014 264.0 A 3 15.8 62.1 20.9 322.6 9.7 330.4 53.8 319.1 
UT002 266.9 B 2 * * 40.5 315.5 25.4 333.0 61.1 328.8 
UT015 277.0 A 3 19.4 41.5 28.6 328 11.1 336.1 58.3 312.9 
UT003 281.4 B 3 80.8 3.4 69.9 318.33 43.5 349.6 80.4 342.5 
UT016 289.6 B 2 * * 42.5 283.2 36.0 304.3 38.9 356.9 
UT004 291.6 B 1 * * 51.0 23.1 23.9 17.4 67.9 211.7 
UT017 303.7 B 3 77.7 3.6 64.9 10 34.9 8.5 78.4 218.4 
UT005 311.6 A 3 8.5 212.8 39.5 333.1 25.6 350.6 73.5 296.4 
UT018 313.5 B 2 * * 17.3 315.3 5.1 319.9 44.2 326.6 
UT019 322.0 B 3 128.0 2.1 25.6 26.8 3.0 22.4 56.1 219.7 
UT006 337.4 B 2 * * 22.8 304.2 15.1 309.9 38.7 339.6 
UT020 342.4 B 2 * * 30.6 344.4 7.0 347.2 63.1 291.7 
UT007 347.4 A 3 5.2 568.1 17.4 342.8 -8.4 344.2 54.9 290.6 
UT021 351.6 A 3 11.1 123.5 39.1 321.9 17.8 337.0 61.5 316.6 
UT023 382.0 B 2 * * 20.8 328.2 3.5 329.3 51.0 316.6 
UT008 383.0 A 3 20.4 37.7 20.2 320.5 1.9 324.2 46.6 321.0 
UT009 396.0 B 1 * * 40.3 330.53 8.4 23.7 57.6 214.1 
UT010 407.4 A 3 17.7 49.5 32.2 346 16.0 351.4 69.1 287.1 
UT025 412.0 B 2 * * 8.2 313.7 3.1 318.5 42.6 326.6 
UT011 422.6 A 3 6.9 316.7 27.5 345.2 17.3 353.4 70.4 282.4 
UT013 436.2 A 3 46.9 8.0 34.9 276.1 47.0 307.1 43.6 6.4 
UA001 467.0 A 3 14.6 72.8 8.1 332.6 -5.2 333.5 50.6 307.1 
UA030 488.2 A 4 6.4 206.6 26.2 325.5 5.2 331.8 53.2 314.8 
UA002 492.0 B 2 * * 49.3 341.9 23.7 4.4 74.4 246.3 
UA031 503.0 A 3 15.4 64.9 31.1 337.1 12.3 343.8 63.5 301.4 
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UA032 513.5 A 3 19.9 39.3 41.3 331.8 -2.1 348.4 59.2 285.8 
UA033 520.5 A 3 34.9 13.5 45.6 350.6 21.3 1.5 73.2 257.6 
UA003 534.0 B 3 78.4 3.6 72.2 286 60.5 350.5 74.0 55.9 
UA034 546.0 B 2 * * 23.8 315.2 8.9 321.6 46.7 327.4 
UA004 567.0 A 3 13.0 91.4 15.1 343.6 1.2 346.5 60.2 290.5 
UA005 602.0 A 3 6.9 322.8 29.8 334.5 0.1 339.8 56.4 301.2 
UA035 604.1 A 3 36.6 12.4 38.2 331.3 25.7 344.3 69.6 311.7 
UA036 629.0 A 3 24.9 25.6 32.2 316.2 21.3 328.4 56.0 329.7 
UA006 644.0 A 3 9.2 179.4 37.3 341.5 10.9 1.1 68.0 259.5 
UA037 651.0 A 3 16.4 57.9 39.2 340.2 6.2 346.7 62.3 292.4 
UA038 667.0 B 1 * * 1.7 294.08 -1.5 294.1 20.8 340.3 
UA039 687.0 B 1 * * 42.4 352.04 16.9 355.0 70.3 277.6 
UA008 692.0 B 3 13.5 84.6 39.4 315.2 10.3 324.9 49.9 325.3 
UA040 704.0 B 1 * * 4.2 31.32 -22.6 33.6 38.8 218.8 
UA009 724.0 A 3 27.7 20.9 40.3 330.5 11.3 334.3 57.3 315.5 
UA041 730.1 B 3 * * 26.1 46.5 0.3 42.3 41.0 199.8 
UA010 767.0 B 1 * * 27.2 299.83 7.1 306.9 34.1 337.0 
UA042 776.9 B 2 * * 35.2 328.7 16.1 331.6 56.9 322.1 
UA011 784.5 A 3 17.2 52.2 39.3 333.7 18.5 337.8 62.4 316.1 
UA043 794.1 B 2 * * 46.1 331.8 12.9 343.1 63.4 303.0 
UA012 807.4 A 3 2.4 2723.8 43.1 348.1 21.5 345.3 68.6 305.7 
UA044 828.4 A 3 16.4 57.4 31.8 334.5 -5.2 334.6 51.0 305.8 
UA013 832.0 B 2 * * 36.7 314.6 20.1 320.8 49.4 335.4 
UA045 836.7 A 3 11.1 123.4 47.1 5.8 18.7 355.6 71.4 276.7 
UA046 847.0 A 3 40.3 10.4 -2.8 70 -12.1 72.6 12.3 186.6 
UA014 850.0 B 1 * * -12.6 139.22 2.7 140.1 -42.0 142.3 
UA047 867.6 B 2 * * -52.2 108.1 -42.9 130.4 -45.8 181.0 
UA015 887.5 A 3 8.2 227.4 37.3 350.2 -0.6 351.2 61.0 280.9 
UA048 902.0 B 2 * * 41.7 3.5 2.2 0.5 63.4 261.6 
UA049 928.0 B 2 * * 36.6 327.2 -1.2 335.9 53.4 306.1 
UA016 947.3 A 3 19.8 39.9 -47.4 118.7 -32.8 132.9 -45.8 170.3 
UA050 971.0 B 1 * * -26.9 144.4 13.7 148.0 -43.5 129.4 
UA017 987.8 A 3 18.4 46.0 47.3 354.9 12.4 353.4 67.9 280.2 
UA051 994.0 B 2 * * 59.7 358.9 18.9 3.2 71.7 252.8 
UA018 1037.5 A 3 55.8 6.0 -57.2 144.6 -14.5 170.1 -67.8 109.5 
UA052 1057.0 A 4 5.8 254.7 -54.3 149.5 -29.3 149.6 -59.4 155.9 
UA019 1066.0 B 3 8.9 194.6 46.1 331.8 4.0 152.1 -50.1 129.4 
UA020 1096.0 A 3 27.2 21.6 -55.8 159.9 -19.9 162.4 -66.1 129.8 
UA054 1115.0 B 2 * * -28.6 115.6 -19.5 128.2 -38.3 163.3 
UA021 1134.0 A 3 12.7 95.5 3.6 275.1 -3.7 275.1 3.6 348.5 
UA053 1150.0 B 1 * * -42.1 280.74 -24.7 249.5 -24.0 350.4 
UA022 1163.0 A 3 8.7 200.8 48.5 289.4 22.3 300.4 32.2 349.1 
UA055 1179.0 B 2 * * 57.2 301.4 40.2 334.3 66.3 346.9 
UA22R 1199.0 A 3 27.7 20.9 37.0 0.7 -2.4 358.4 61.3 265.9 
UA023 1226.0 A 3 23.1 29.6 -63.7 82.7 -48.2 133.5 -49.3 186.3 
UA056 1234.0 A 3 10.1 150.3 -52.4 115 -29.9 137.4 -49.0 165.4 
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UA057 1250.0 A 3 21.7 33.2 50.8 351 9.8 357.2 67.1 270.1 
UA024 1265.0 B 1 * * -30.5 239.35 7.2 235.2 -28.5 13.7 
UA058 1272.0 A 4 13.9 44.4 -69.5 158.1 -28.1 179.2 -77.2 86.5 
UA025 1281.0 A 3 6.6 354.3 -53.5 146.7 -15.4 158.4 -61.7 132.7 
UA059 1289.0 A 3 9.6 165.1 -46.6 135.7 -9.7 153.1 -55.7 135.9 
UA026 1318.0 A 3 2.9 1791.1 44.5 312.4 14.0 337.1 60.3 313.6 
UA027 1344.0 A 3 8.0 237.2 43.7 344 -3.0 346.2 58.2 289.3 
UA028 1372.0 A 3 18.9 43.8 43.4 317 22.3 336.1 62.6 321.9 
UA060 1383.0 A 3 6.4 369.6 27.7 313.3 -10.8 320.6 39.5 317.8 
UA061 1392.0 A 3 17.1 53.3 57.8 15.9 8.8 16.0 62.2 226.9 
UA062 1406.0 B 2 * * 70.6 316.8 8.3 355.6 66.0 273.8 
UA063 1419.0 B 2 * * 46.2 323.2 9.3 337.1 58.3 310.3 
UA064 1455.0 A 3 16.5 56.8 46.4 138.9 35.1 70.9 25.3 163.3 
UA065 1499.0 A 3 13.1 89.2 -43.9 114.8 -24.1 138.9 -48.8 159.7 
UA066 1504.0 A 3 13.3 86.6 -51.5 160.9 -10.8 175.6 -67.3 94.3 
UA067 1511.0 B 2 * * -39.2 222.2 5.1 215.8 -44.1 28.3 
UA068 1549.0 A 4 6.4 210.1 -50.1 149.8 -0.7 164.7 -58.9 113.6 
UA069 1564.0 B 1 * * -69.0 114 -34.0 169.9 -77.0 130.6 
UA070 1582.9 B 1 * * -21.6 135.1 11.8 139.1 -38.1 138.6 
UA071 1607.5 B 2 * * -59.0 42.7 -56.1 160.0 -70.9 205.8 
UA072 1620.0 A 3 6.5 357.1 -65.0 109.2 -32.8 151.6 -62.1 158.2 
UA073 1648.1 B 1 * * -57.3 117.47 -23.9 148.4 -56.7 151.9 
UA074 1658.0 B 2 * * -57.8 138.1 -13.7 149.1 -54.1 143.2 
UA075 1674.0 B 2 * * -16.6 107 6.0 112.2 -18.0 159.3 
UA077 1720.0 A 3 19.6 40.8 28.5 295.3 -1.9 309.9 34.1 330.6 
UA078 1740.7 B 2 * * -56.3 232.4 -23.0 208.6 -59.0 17.6 
UA079 1761.0 A 3 15.3 66.1 -35.8 140.2 -2.0 147.4 -48.9 137.8 

 
Site, identification number for paleomagnetic site; Level, stratigraphic level of 

collecting site in meters; N, number of samples used to determine site–mean direction; k, 
best estimate of Fisher precision parameter; α95, radius of cone of 95% confidence about 
site–mean direction; Geographic, in situ directions of ChRM; Stratigraphic Coordinates, 
ChRM direction after restoring bedding to horizontal; I and D, inclination and declination 
of site–mean direction; Lat and Long, latitude and longitude of the site–mean virtual 
geomagnetic pole (VGP) computed from the stratigraphic directions. 

*Sites that do not permit calculation of statistical parameters but do provide 
unambiguous polarity determinations. 
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TABLE 2.5:  SITE-MEAN CHRM DIRECTIONS FOR SIWALIK GROUP AT 
MUKSAR KHOLA 
      Geographic  Stratigraphic Coordinates 

Site Level Class N α95 k I D I D Lat. Long. 
 (m)   (°)  (°) (°) (°) (°) (°N) (°E) 
GK002 0.3 A 4 10.4 79.2 31.7 3.3 9.0 0.4 67.7 265.3 
GK003 2.2 A 4 6.1 226.3 26.1 19.8 6.3 15.7 61.9 231.3 
GK004 4.5 A 4 19.9 22.2 33.1 17.1 19.3 11.3 70.0 232.0 
GK005 11.8 A 3 18.0 48.0 14.3 343.1 –3.5 342.8 56.9 299.1 
GK001 39.0 A 4 9.8 88.0 40.8 28.4 20.8 3.2 73.6 255.2 
GK006 55.0 A 4 49.0 4.5 24.0 359.2 1.5 357.3 63.7 272.6 
GK008 68.0 A 4 10.1 84.4 53.8 357.0 34.8 357.0 81.9 286.6 
GK009 86.0 A 3 15.1 67.9 43.0 353.1 8.1 352.8 66.2 284.4 
GK010 91.0 A 4 13.4 47.7 43.7 334.6 4.9 339.4 58.6 308.8 
GK011 98.0 A 4 5.5 285.1 57.8 14.7 16.5 4.3 71.1 253.0 
GK012 102.0 B 4 78.1 2.4 43.5 22.9 6.5 11.7 63.9 239.0 
GK013 111.0 A 4 11.2 67.7 44.2 20.4 7.9 12.8 64.0 236.1 
GK014 223.0 A 3 7.8 250.7 –72.5 170.1 –38.6 173.7 –82.3 135.9 
GK015 276.0 A 4 22.0 18.4 –21.0 84.1 –14.9 103.4 –15.4 177.2 
GK016 280.0 A 3 11.5 116.0 –78.8 126.8 –27.6 168.1 –73.5 130.8 
GK018 285.0 A 3 10.1 148.7 –72.7 215.8 –19.0 188.3 –71.2 60.0 
GK021 386.0 A 3 15.7 62.4 –64.6 166.4 –18.3 175.0 –71.9 102.3 
GK022 487.0 A 3 18.7 44.6 35.0 34.5 –1.9 23.9 53.9 223.0 
GK023 517.0 A 3 21.1 35.3 64.2 345.6 10.5 350.9 66.7 290.0 
GK024 542.0 A 3 24.6 26.3 63.4 349.4 13.3 6.4 69.0 248.3 
GK025 563.0 A 4 10.7 74.8 –45.5 137.9 –11.5 152.6 –56.5 142.4 
GK026 576.0 A 3 4.1 893.8 –61.0 163.1 –13.0 162.5 –63.8 128.8 
GK027 650.0 A 3 14.1 77.7 –67.4 169.4 –9.4 169.2 –65.6 113.3 
GK028 654.0 A 3 14.6 72.4 –56.8 176.4 1.0 173.1 –61.8 101.2 
GK029 673.0 A 3 7.9 245.2 62.6 354.6 11.9 359.6 69.2 267.4 
GK030 690.0 A 3 44.5 8.7 82.6 29.6 26.0 357.9 76.7 275.4 
GK031 706.0 A 3 16.2 59.0 67.5 15.7 20.8 9.4 71.6 235.9 
GK032 751.0 A 3 6.7 343.1 53.1 348.5 11.4 352.2 67.6 287.1 
GK033 825.0 A 3 24.1 27.2 74.5 260.9 38.9 344.5 75.1 340.6 
GK034 835.0 A 3 11.7 111.6 64.7 312.3 23.9 339.7 66.2 323.3 
GK035 852.0 B 2 * * –64.4 189.6 –19.8 183.3 –73.0 75.2 
GK036 908.0 B 3 74.8 3.8 –47.4 267.7 –32.2 235.8 –37.8 354.5 
GK037 915.0 B 3 68.9 4.3 48.1 336.5 2.1 343.8 59.9 300.1 
GK038 990.0 A 3 9.1 185.7 52.3 4.0 3.8 359.7 65.0 267.0 
GK039 1023.0 A 3 14.5 73.7 –86.5 87.1 –51.2 176.4 –84.1 234.8 
GK040 1046.0 A 3 7.1 301.9 –67.8 163.8 –18.0 176.8 –72.1 96.8 
GK041 1078.0 A 3 8.7 200.9 –11.3 98.5 2.2 102.4 –10.6 169.7 
GK042 1086.0 B 4 142.3 1.5 –50.6 163.0 –3.2 167.4 –62.0 114.0 
GK045 1131.0 B 2 * * 61.6 355.2 19.6 356.6 73.0 277.8 
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GK047 1161.0 B 2 * * 81.5 6.8 34.6 2.9 81.7 247.3 
GK048 1162.0 A 3 13.7 82.3 64.7 347.9 18.3 355.7 72.1 280.2 
GK049 1164.0 A 3 10.2 146.4 55.8 25.6 14.7 10.8 68.1 236.6 
GK050 1170.0 B 2 * * 20.4 317.2 –17.4 317.9 35.8 321.1 
GK051 1182.0 A 3 14.2 76.5 62.1 0.5 19.1 359.2 73.0 269.0 
GK056 1238.0 B 2 * * –58.4 110.8 –28.0 136.2 –47.6 169.0 
GK057 1254.0 B 2 * * –71.7 249.3 –34.1 199.1 –70.6 17.3 
GK060 1277.0 A 3 9.2 179.6 –65.0 188.2 –14.8 179.0 –70.6 89.3 
GK064 1373.0 A 4 10.4 78.5 –61.1 129.0 –5.4 152.0 –53.9 139.1 
GK065 1377.0 B 2 * * –82.4 303.2 –33.0 177.7 –80.9 100.1 
GK067 1512.0 A 4 54.2 3.9 –74.8 82.5 –35.8 151.2 –62.7 167.7 
GK069 1559.0 A 3 8.1 234.7 –87.2 178.1 –26.2 179.9 –76.9 86.8 
GK070 1564.0 A 4 10.0 86.1 –67.8 147.7 –22.4 174.1 –73.8 107.7 
GK073 1612.0 B 2 * * –74.7 143.8 –12.0 162.4 –63.3 128.4 
GK074 1651.0 B 3 122.4 2.2 –75.2 181.6 –4.2 180.4 –65.2 85.4 
GK076 1669.0 A 3 23.8 27.8 73.2 39.8 21.3 12.9 70.0 226.4 
GK077 1671.0 B 3 64.3 4.8 75.8 219.8 45.6 349.6 80.7 359.9 
GK079 1675.0 B 2 * * 69.5 298.0 24.3 341.8 67.9 320.3 
GK080 1698.0 B 4 61.3 3.2 35.5 315.9 –11.4 322.5 41.2 320.0 
GK081 1704.0 A 3 37.1 12.1 –56.8 146.3 –5.1 157.7 –57.7 131.4 
GK082 1709.0 A 4 8.5 117.8 83.3 317.8 24.7 352.3 74.3 295.2 
GK083 1717.0 A 3 17.6 49.8 76.8 352.5 22.0 1.2 74.5 262.0 
GK084 1719.0 A 4 6.5 202.4 51.6 43.1 7.8 17.2 61.8 227.8 
GK085 1746.0 A 3 28.2 20.2 –73.3 151.6 –12.4 167.5 –66.2 118.5 
GK086 1752.0 A 3 11.1 124.8 –67.9 206.6 –6.6 187.1 –65.5 69.0 
GK089 1782.0 B 2 * * 84.1 119.8 36.6 356.7 82.8 291.9 
GK087 1784.0 A 3 6.8 327.7 85.6 53.6 30.2 350.7 76.3 307.3 
GK090 1795.0 A 3 53.6 6.4 77.1 77.3 30.5 5.0 78.6 241.4 
GK091 1809.0 B 2 * * 49.6 309.9 9.7 328.2 52.5 326.0 
GK092 1811.0 A 3 26.9 22.1 67.0 8.0 10.1 3.8 68.0 256.4 
GK095 1849.0 A 4 5.1 325.0 –60.6 190.4 –9.7 187.7 –66.8 66.6 
GK096 1862.0 A 4 16.2 33.0 –67.2 177.4 –12.2 175.3 –68.8 99.3 
GK097 1886.0 B 2 * * –24.5 103.8 2.5 115.9 –22.3 162.8 
GK099 1894.0 B 2 * * 4.0 190.1 55.1 202.0 –24.1 66.9 
GK100 1897.0 A 3 16.6 56.5 65.1 326.0 6.3 345.0 62.3 300.1 
GK102 1911.0 A 3 56.4 5.9 75.2 228.0 36.8 343.9 73.9 336.4 
GK103 1929.0 A 3 16.4 57.7 69.6 320.2 7.4 341.3 60.8 307.2 
GK104 1932.0 A 3 16.5 56.9 65.7 7.5 1.4 358.3 63.8 270.1 
GK105 1954.0 A 4 26.9 12.6 59.0 23.7 3.0 9.8 62.9 244.3 
GK107 1958.0 B 3 * * 62.7 347.6 14.2 354.2 69.6 283.1 
GK106 1980.0 B 3 * * –53.5 141.6 –10.1 157.9 –59.7 134.3 
GK109 1985.0 B 3 * * –82.9 121.4 –19.0 162.5 –66.3 133.6 
GK110 1990.0 A 3 17.8 48.8 –74.6 174.5 –27.9 166.4 –72.5 135.5 
GK108 2002.0 B 2 * * 45.8 32.3 7.8 21.0 59.5 221.6 
GK112 2019.0 B 2 * * 0.2 146.9 37.6 135.4 –25.5 132.9 
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GK113 2023.0 A 3 38.4 11.4 –63.3 272.9 –37.1 216.3 –56.3 359.0 
GK114 2052.0 A 4 16.6 31.4 –66.4 248.2 –25.2 200.9 –66.2 27.1 
GK115 2075.0 B 2 * * –80.8 44.2 –38.6 174.1 –82.6 133.9 
GK118 2112.0 A 3 5.2 559.0 55.1 340.6 3.1 352.7 63.8 283.1 
GK119 2136.0 A 3 27.7 20.9 71.5 344.4 15.0 353.6 69.8 285.1 
GK121 2160.0 B 2 * * –12.1 196.3 45.0 201.5 –32.7 63.4 
GK123 2170.0 A 3 20.2 38.1 –62.9 171.9 –15.5 178.9 –71.0 89.8 
GK128 2182.0 A 3 25.1 25.2 –60.3 155.2 –9.1 166.8 –64.4 118.2 
GK125 2190.0 A 3 18.1 47.6 –85.5 217.4 –34.9 174.1 –80.6 124.3 
GK127 2211.0 A 4 33.5 8.5 –79.2 223.4 –29.1 186.8 –77.0 55.9 
GK126 2246.0 A 3 15.7 62.9 –73.3 154.4 –21.5 170.9 –72.1 116.7 
GK129 2266.0 A 3 21.7 33.3 –75.5 150.6 –23.9 170.8 –73.2 119.3 
GK130 2280.0 B 2 * * –61.6 156.8 –8.4 169.1 –65.1 113.0 
GK131 2303.0 A 3 33.7 14.4 –63.5 135.1 –14.6 152.9 –57.8 144.3 
GK132 2310.0 A 4 17.7 27.9 –84.2 194.8 –32.8 170.2 –77.3 133.5 
GK133 2342.0 A 4 10.7 74.9 –65.1 221.1 –12.8 192.4 –66.5 54.0 
GK134 2374.0 A 4 18.1 26.9 –76.2 212.5 –14.9 190.0 –68.5 58.5 
GK136 2383.0 A 3 15.3 66.2 –65.9 217.4 –6.2 197.7 –60.8 47.9 
GK137 2396.0 A 4 25.1 14.4 –78.4 144.2 –16.9 176.3 –71.5 98.0 
GK138 2406.0 B 2 * * –61.8 168.7 1.3 176.8 –62.3 93.2 
GK139 2422.0 A 3 23.1 29.6 –69.1 157.9 –15.2 159.2 –62.5 136.0 
GK140 2444.0 A 3 13.8 80.4 –67.7 202.4 –15.8 189.9 –69.0 58.0 
GK141 2451.0 B 3 67.4 4.4 –79.9 3.0 –47.1 181.8 –87.9 313.7 
GK142 2462.0 A 3 14.3 75.1 –81.2 223.7 –30.3 188.7 –76.7 47.2 
GK144 2530.0 B 3 94.7 2.8 70.0 358.7 20.1 3.3 73.2 254.9 
GK145 2548.0 A 4 4.6 403.3 71.6 332.7 27.2 355.5 76.8 286.0 
GK146 2551.0 B 2 * * 61.2 22.8 15.0 14.8 66.2 227.6 

 
Site, identification number for paleomagnetic site; Level, stratigraphic level of 

collecting site in meters; N, number of samples used to determine site–mean 
direction; k, best estimate of Fisher precision parameter; α95, radius of cone of 95% 
confidence about site–mean direction; Geographic, in situ directions of ChRM; 
Stratigraphic Coordinates, ChRM direction after restoring bedding to horizontal; I 
and D, inclination and declination of site–mean direction; Lat and Long, latitude 
and longitude of the site–mean virtual geomagnetic pole (VGP) computed from the 
stratigraphic directions. 

*Sites that do not permit calculation of statistical parameters but do provide 
unambiguous polarity determinations. 
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CHAPTER 3: GIS DATABASE DEVELOPMENT FOR NEW 

GEOLOGICAL MAP OF NEPAL 

 

ABSTRACT 

 Geographic Information System is a computer-based technology that can be used 

for relating, representing and storing spatial data within a spatial coordinate system and 

displaying these data in order to visualize their interrelationships. The spatial properties 

of geological features, such as XY coordinates (latitude and longitude) and attributes 

such as elevation, and date of observation, make GIS an essential tool for geological 

mapping, mineral exploration, petroleum exploration, and geo-environmental studies.  

This chapter describes a GIS-based study of the country of Nepal, with emphasis on 

regional geology, land use, and geological hazards. The study area lies in the central 

sector of the Himalayan Range, covering all of Nepal. Intense cultivation on sloping 

terraces by the dense human population of Nepal creates severe soil loss problems, local 

oversteepening of slopes, and ultimately leads to landslides and erosional gulleying. 

Engineering activity in Himalayas is also responsible for lethal hazards. Thus, to help 

mitigate such natural and anthropogenic disasters in the Himalaya there is a need for a 

GIS-based multidisciplinary spatial database. Development of the GIS database for Nepal 

involved scanning and manual digitization of more than 700 topographic and geological 

maps using ESRI ArcMap. A Digital Terrain Model (DTM) was developed from the 

digitized topographic data. Based on the DTM, hill shades, slope angle maps, slope 

direction maps, and view shade maps were created. Geological maps were visualized as 
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2D orthographic views in ArcMap, and draped onto 3D perspective views of hillshades 

and slope maps in ArcScene. The DTM is also used as the base layer to visualize 

orthophotos in 3D perspective using ArcScene.  3D and 2D visualization of geological 

and topographic data in the same frame is helpful for understanding relationships 

between geology and topography. This database will be extremely helpful to geologists, 

engineers, and land-use planners in managing resources and engineering activities in the 

Himalaya. Researchers from all over the world working in the Himalaya may use this 

database for their research benefit, and more significantly, individual workers may 

augment the database and enhance the data quality. 

 

INTRODUCTION 

GIS integrates and incorporates powerful computing tools for capturing, storing, 

retrieving, transforming, analyzing, and displaying geographically referenced information 

(Burrogh 1986). GIS allows planners, managers, and scientists to understand, interpret, 

and visualize spatial information from the real world in the form of maps, reports, tables, 

charts, and 3D objects (Saha et al., 2002). The ability of GIS to relate spatial information 

from different sources makes it very useful for visualizing and mapping geological 

features. The fundamental properties of geological features--the two horizontal 

dimensions (X-Y coordinates), the third dimension (Z height), and the fourth dimension 

(time)--makes GIS an essential application tool with potentially far-reaching applications 

in the field of geological science. 
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During the late 1970s and 1980s, GIS was visualized as little more than a graphic 

tool with limited spatial analysis capabilities. During those initial years, GIS was used 

mainly to address needs of the geographic community, and geological applications were 

scarce. By the mid-1990s GIS software availability in desktop computers with advanced 

components like 3D visualization, analysis, geo-statistical modules, etc., along with 

decreased cost, resulted in an explosion in the popularity of GIS utilization among 

geologists. Now GIS is used routinely in the fields of geological mapping, ground water 

exploration, mineral and petroleum exploration, landslide hazard zoning, earthquake 

studies, and river basin studies, among others.  

 The main purpose of this study is to develop a GIS-based geological and 

topographical database for the Himalayan nation of Nepal. The Himalaya is the type 

example of an active orogen produced by continent-continent collision and the most 

dramatic physiographic features on the earth (Coward and Butler 1985). The range 

extends for over 2500 km in a northwest-southeast trending arc from Bhutan to 

Afghanistan. To the north they are bounded by Indus-Yalu suture zone and to the south 

by Himalayan Frontal thrust (Gansser, 1964; Hodges, 2000). The lower elevation regions 

of the Himalaya are densely populated; because of rural poverty the population over 

exploits the natural resources, in particular removing forest cover and tilling terraces on 

steep mountain sides. Over exploitation of forests degrades watersheds and causes rapid 

erosion and landslides. Engineers also trigger huge landslides and mass movements in the 

process of building roads, irrigation canals, water ponds, dams, and other projects.  

Catastrophic landslides and avalanches, as well as floods resulting from bursting 
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landslide and avalanche dams, take an annual toll of many hundreds of human lives and 

huge losses in property and livestock in Nepal (Acharya et al., 2006, Regmi et al., 2005, 

Pathak et al., 2007).  In a mountainous region like the Himalaya, GIS technology helps 

not only by identifying areas of landslide hazards and related phenomena, but also 

provides a tool for implementing engineering projects. In this tectonically active and 

mountainous region, thorough study of geological hazards is necessary to evaluate and 

minimize risks for road and canal alignment, tunneling, hydropower dam construction, 

and many other civil engineering projects. In GIS 3D images like digital elevation model 

and orthophotos, contour maps, land use maps, geological maps, trails, roads etc. can be 

viewed on top of each other in one data frame and risk analysis can be preformed faster 

and more accurately. Viewing geology and topography in 3D would allow the engineers 

to make important decisions more accurately. For example, GIS data could assist in 

feasibility plans for supplying drinking water to large cities such as Kathmandu via 

tunneling vs. surface canalization; GIS data could help in the decision to build a cable car 

or a new road; and such information would be useful in evaluating river diversion vs. 

high dam building for hydropower generation. GIS also helps to integrate thematic map 

data, high resolution DEMs, and orthophotos for the detection of lineaments, faults, 

geology, landslides, etc. In areas of topographic complexity and poor accessibility, GIS 

helps to map the geological formation boundaries and structures correctly (Bardinet and 

Bournay 1999). 

  In Nepal, 70% of the human population lives on rural hill slopes and relies almost 

exclusively on natural resources as the only source of income and survival. In such 
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conditions people have over exploited the forests, in turn degrading the natural watershed 

hydrology. The natural and man made processes which lead to the degradation of 

watersheds include landslides, surface soil erosion, floods, biodiversity changes, 

unsustainable water extraction, unscientific farming practices, and road construction 

activities, among others. This results in the loss of soil fertility, drying up of springs and 

depletion of water tables, melting of glaciers, desertification, and sedimentation 

problems, all of which eventually create higher poverty and further environmental 

problems.  This demands a management planning system to fix problems in hundreds of 

watersheds throughout Nepal. A powerful analysis and assessment tool like GIS proved 

very efficient and effective in watershed management planning (Poudel 2001, Poudel 

2003; Sharma 1999).  

 

STUDY AREA 

 The study area comprises the entire country of Nepal, which is in the central part 

of the Himalaya and contains eight of the world’s 16 peaks with elevations of at least 

8,000 m, including the world’s highest summit, Mount Everest (8,850 m). The country 

has an average length in a northwest-southeast direction of 885 km and average width 

193 km (Fig. 3.1). The whole study area is located between 80000’00” and 88015’00” East 

longitudes and 26015’00” and 29030’00” North latitudes, with a total area of 147,181 km2, 

of which 80% is covered by mountains.  The country is drained by large rivers such as 

the Mahakali, Karnali, Kali Gandaki, and Saptakosi, which originate in the southern 

Tibetan plateau and cut across the high Himalaya making the deepest gorges (some 
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>7,000 m deep) in the world. To the north the study area is bordered by Tibetan China, 

consisting of a high elevation plateau. To the south the study area is bordered by Indian 

plains of Ganges basin with minimum elevation of 72 meters from MSL. The southern 

fringe of the country is occupied by the Terai plain, which is the northern extension of the 

Gangetic basin. This basin is the active foreland basin forming in response to the 

topographic load of the Himalayan thrust belt (Lyon-Caen and Molnar, 1985). 

 

OBJECTIVES 

  The main objective of this study was to establish a digital GIS-based geological 

and topographical database of Nepal for the development of a new geological map of the 

country. Because of poor accessibility in the high mountains and poor outcrop exposures 

due to dense forest and vegetal cover as well as farming terraces, geological mapping in 

Nepal is a challenging task. Several geological maps are available for this region 

published by different authors; unfortunately the existing geological maps contain many 

errors in both stratigraphy and structural interpretations. Thus, this GIS based spatial 

database is designed to be accessible and modifiable by all researchers working in Nepal. 

Moreover, this unique, multidisciplinary GIS based spatial database for Nepal will be 

useful for better management planning of natural resources and implementation of cost 

effective and environmentally friendly engineering projects.  
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DATA SOURCE 

  The principal data source is Government of Nepal published geological and 

topographical maps: These include 1:250,000 scale regional geological maps of Nepal 

compiled by Shrestha  et al. (1987) and published by the Department of Mines and 

Geology, Lainchaur Kathmandu, Nepal; the 1:1,000,000 Epicenter map of Nepal 

Himalaya (1994-2005) compiled by Sapkota et al., (2006) and  published by National 

Seismological Centre, Nepal; the 1:1,000,000 scale Geological Map of Nepal by Amattya 

et al. (1994); the 1:1,000,000 Geological Map of Nepal published by Himalayan Map 

House (2006); 1:250,000 scale Geological Map of Central Nepal by Stöcklin et al. (1980) 

and 1:2,000,000 scale Geological Map of Himalaya by Fuchs (1980). Finally, geological 

maps developed by students for their Ph.D. dissertation were also used for this study, 

including 1:500,000 scale Geological map of Eastern Nepal by Schelling (1990) and 

1:300,000 scale Geological map of Far west Nepal by Robinson et al. (2006).  

  Topographical maps used for this study were published in 1996 by the 

government of Nepal topographical survey department, Min Bhawan, Kathmandu Nepal 

in co-operation with the Government of Finland. These maps were generated from 

1:50,000 scale aerial photographs taken in 1992 and are available in two different scales.  

For the Terai and middle Himalayan region, 7.5 minute quadrangle maps are available in 

1:25,000 scale (20 m contour interval), and for the higher Himalayan region 15 minute 

quadrangle maps are available in 1:50,000 scale (40 m contour interval) (Fig 3.2). These 

maps were purchased from the Government of Nepal Survey Department and Department 

of Mines and Geology over a period of five years.  
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METHODS 

  Methods used for this grand database development involved collection and 

digitization of published and unpublished paper geologic and topographic maps, 

geological field mapping and map checking in the field, and map compilation. After 

digitization of topographic data, the second step was processing of digitized topographic 

data to develop a Digital Topographic Model. It is possible to download freely available 

digital topographic data from several ftp sites. These include Global Land One-km Base 

Elevation (GLOBE) with 1 km grid cell size and 500 meter vertical accuracy covering 

180 degrees west to 180 degrees east longitude and 90 degrees North to 90 degrees south 

latitude; Digital Terrain Elevation Database (DETED) with approximately 1 km grid cell 

size and 50 meter vertical accuracy; the global DEM developed by the United States 

Geological Survey’s EROS data centre known as GTOPO30 with 1 km resolution and 

vertical accuracy 30 meter; and DEM’s developed by the Shuttle Radar Topographic 

Mission (SRTM) available for all the land area of earth between 60 degrees north and 60 

degrees south latitude with 1 km resolution and 90 meter vertical accuracy.  These digital 

topographic data were developed for continental scale studies and consequently they are 

very coarse with big gaps in high mountainous regions and deep river valleys; therefore 

these datasets were not used for this study. Digital Terrain Models can be produced by 

photogrammetrical methods using stereo pair aerial photographs or satellite images, by 

the point interpolation method using point data available from theodolite survey and 

global positioning system, and by interpolation of contour lines acquired from the 

digitization of topographic maps (El-Sheimy et al., 2005).  Because of the lack of 
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resources and expertise it was not possible to produce high quality DEM’s for this study 

area using the photogrammetrical and point interpolation methods.  Instead contour lines 

from, paper copy topographic maps of the study area were digitized and produced to 

produce a high resolution DTM for 1:25,000 to 1:250,000 scale maps from 20 meter 

topographic contour intervals to 200 meter contour intervals (Fig. 3.3). The details of 

each step are described as following. 

 

Scanning and Image Enhancement 

  Using an HP Design Jet copier cc 800 PS series, colored topographic and geologic 

maps of actual size 3 feet to 4 feet wide and 3 feet to 4 feet long were scanned with 300 

dpi resolution and saved as jpeg images (Fig. 3.4 A). Using Corel Draw graphic software 

the extra margins of scanned map images were cropped to reduce the size of the file, and 

images were saved in bitmap format (Fig. 3.4 B). The color bitmaps were then converted 

to bi-level format as line art with lighter and darker tone separately.  It was necessary to 

develop more than one bi-level line art image of each image to use the auto-scan tool in 

ArcMap.  During bi-level format conversion it was found that vegetated areas scanned as 

dark patches whereas color tone of cultivated areas is adjusted to a level where 

digitization of features can be performed by using the auto scan tool (Fig. 3.4 C). 

Cultivated area appears very light with missing features if vegetated areas are lightened 

to a level sufficient to use the auto scan tool for digitization (Fig. 3.4 D). Two mono color 

and one colored images were prepared for digitization. Colored images were used to 

digitize features such as villages/towns, major peaks, landmarks, rivers, streams, and 
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roads. All the processed maps were saved as bit map images in multi color and mono 

color format for geo-rectification. 

 

Geo-Rectification 

  Defining the existence of a map, aerial photographs, CAD data or any other image 

or object in the physical world with relation to particular projection and coordinate 

system is called geo-referencing or geo-rectification (Massasati, 2002). Projection is 

defined as a mathematical process of transferring spatial information from the curved 

earth surface to a flat paper map (Bildirici Oztug 2003, Yang et al., 2000, Cromley R. G. 

1992).  In GIS geo-referencing makes possible to visualize, manipulate and analyze the 

spatial data from different sources by assigning the common projection and coordinate 

system to them.  All the scanned topographic and geologic maps used for this study 

contained a Geographic Coordinate System (GCS) in their four corners; hence geo-

referencing of the maps was not a difficult task (Fig.3.5). However, many maps did not 

have perfect edge matching from one sheet to the next, and were not correctly geo-

referenced. These errors were removed during geo-referencing. For this study more than 

2300 maps were carefully geo-rectified with very little or no root mean square (RMS) 

error (Hill, 2006) and saved as digital raster graphic (DRG). RMS error plays an 

important role in the accuracy of geo-rectified data, and is defined as “When the control 

points are registered in a map a measure of the error in the form of residual error is 

returned, RMS error is always a good assessment of accuracy of transformed map” (Chiu 
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and Wang 2003). All maps were geo-referenced using the GCS and UTM coordinate 

system and were then saved as ESRI GRID and rectified TIFF files. 

 

Onscreen Digitization of Topographic and Geologic Features  

  After geo-rectification, all maps feature classes for contours, villages, towns, 

national/international boundaries, rivers, streams, trails, roads, lakes, major peaks, land 

use, geological formations, and structures were developed and every feature class was 

saved in *.mdb format in file geodatabase folders.  Feature classes are the collection of 

geographic features with their unique geometry and attributes. Vectorized features can be 

stored as features, shape files, and coverage (ESRI ArcGIS 9.2 Manual). For this study all 

the vector data were stored in a geodatabase as features and each feature class has its own 

set of attributes (Fig. 3.6).  All the feature classes were assigned spatial reference as 

Everest, India and Nepal 1962 in Geographic Coordinate System (GCS) and WGS 1984 

with projected coordinate zone 44 and 45 N.  All maps were vectorized by the method of 

on screen digitization using the ESRI ArcMap 8.+ to 9.+ ArcScan tool. While digitizing 

topographic maps and geological maps features such as contours, roads, trails, streams, 

geological structures and boundaries were vectorized as line features (Fig. 3.7C, 3.8B); 

lakes, rivers, geological formations and land use  were vectorized as polygon features 

(Fig. 3.7A, 3.7B, 3.8C); and villages, towns, and major peaks were vectorized as point 

features (Fig. 3.8A).   
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Features Editing and Merging 

  The first objective of this work was to develop a GIS based topographic database 

for more than seven hundred 7.5 minute quadrangles with 1:25,000 scale and 15 minute 

quadrangles with 1:50,000 scale, in a seamless regional set of four 1:250,000 maps 

covering the entire country of Nepal. After completion of the vectorization of each 

topographic map the second step was to merge 140 to 160 maps of 7.5 to 15 minute 

quadrangles to produce one seamless region wide digital map. Using the ESRI ArcMap 

data management tool over 140 maps were appended to a single file. Edges of features in 

each topographic map were merged together to create a single map of the entire region. 

As shown in (Fig. 3.9) the highlighted single contour line was merged over 140 times on 

140 different maps. Also edges were matched moving the last ends of features up or 

down to merge with corresponding features on the adjacent topographic map. The study 

area was divided into four zones and digital maps were produced for each: far-west, mid-

west, mid-east, and far-east Nepal. After merging features together from hundreds of 

maps the regional seamless map datasets contained many errors, including invalid 

geometries, overlapping objects, and gaps between two polygons. In order to maintain the 

data quality by repairing these errors (Zlatanova et al., 2003), the features were further 

cleaned using ESRI geo-database topological rules that prohibit dangling lines, pseudo-

nodes, self overlap, intersection, and gaps. Application of ESRI geo-database topology 

rules enhanced quality and helped to avoid redundant storage; these rules also facilitate 

better data consistency after editing and efficient for visualizations and queries 

(Oosterom et al., 2002).  The other advantages of topology rules are that one needs not to 
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have special knowledge to create the logical conditions for the data set.  Using built in 

wizard in ArcMap makes it easy to implement the topological rules.  

 

DATA ANALYSIS AND VISUALIZATION 

  As discussed earlier the primary task was to develop seamless fine quality DTMs 

and those were developed from the interpolation of digitized contour lines. In the first 

step DTMs were stored in vector format as Triangular Irregular Networks (TINs); in the 

second step the TINs were converted to raster format as TINGRIDs. Each pixel in the 

TINGRID raster maps contains the elevation data for that pixel. In contour interpolation, 

data digitized from larger scale maps with closer contour intervals yields the best quality 

DTM (Taud et al., 1999, Deng et al., 2007). For this study the map scale and contour 

interval chosen meets the above criteria and fine seamless DTM’s were developed at 

individual sheet scale to regional scale for all of Nepal. TINGRID raster maps were 

further used to develop hillshades, slope steepness maps, slope direction maps, and slope 

convexity/concavity maps, and the topographic maps were  overlaid  onto geologic maps 

and land use maps to understand and  interpret the relations between topography and 

geology and land use. Each step is described in detail in the following sections. 

 

Triangulated Irregular Network (TIN) Generation from Contour Interpolation 

  Traditional paper maps with contour lines were universally used for centuries to 

represent topography. Geologists, planners, engineers, and defense authorities used those 

maps for several purposes. In some countries, (e.g., China and India) traditional 
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topographic maps are restricted and must be acquired through defense agencies for 

official use of national interest.  

  In GIS the most widely used topographic data model is TIN in vector format and 

DTM in raster format. Topographic maps produced by national survey agencies can be 

converted to digital format and from those digital maps contour lines can be digitized in 

vector data format, and such vector format contour lines can be used to meet the versatile 

requirements of digital topographic analysis over a wide range of applications (Goodchild 

and Lee 1989, Tsai 1993, Kumler 1994, Zhu Honglei et al., 2001). For this study 

carefully digitized vector format contour lines were converted to TINs, which were then 

converted to DTMs (Peucker et al., 1979, Mark 1998). The resulting unique seamless 

topological data model for Nepal is useful for a variety of applications (fig. 3.10). This 

data model is useful for calculating line-of-sight distances between points, elevations, 

slopes, and slope aspects (Zhu Honglei et al., 2001). This data model is far superior to 

freely available DTMs/DEMs such as the Shuttle Radar Topographic Mission (SRTM) 

dataset collected during February, 2000 (Fig. 3.11) because SRTM data is too coarse and 

contains voids and gaps in high mountainous and deep river gorges.   

 

Digital Terrain Model (DTM) Creation from TIN 

  After the vector format TIN data modeling, much simpler raster data in the form 

of TINGRIDs were generated (Fig. 3.12 A, B). The raster format TINGRID data model 

in the form of a DTM is much simpler than the TIN, requires less disk storage space, and 

is easy to manipulate (EI-Sheimy et al., 2005). The DTM database is utilized as the core 
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database for various GIS applications because it not only provides the description of 

Earth’s surface and its visualization in three dimensions but also is the foundation to 

derive many other morphological data models for surface analysis (Zhou and Liu 2004). 

The concept of three-dimensional landscape surface modeling was developed during the 

Second World War by the U. S. navy using physical landscape models built of rubber and 

plastic for strategic purposes (Baffisfore 1957). During the 1950’s numerical methods 

were applied to create surface models and simple statistical ground surface 

representations were created from a number of selected points with known x, y, 

coordinates and elevations; these numerical models were defined as Digital Terrain 

Models (Miller and Laflamme 1958). The most widely used terms Digital Terrain Model 

(DTM) and Digital Elevation Model (DEM) were used synonymously. More elaborate 

DEMs are derived from satellite imagery and include detailed elevation data including 

the roofs of buildings and tops of trees. On the other hand, a DTM is described as the 

altitude of the ground and it must be derived from the digitization of existing topographic 

maps. Digital Terrain Models are preferred by for military, geological, and civil 

engineering projects. After Miller and Laflamme (1958) coined the term Digital Terrain 

Model many countries introduced different terms that are synonymous. The term Digital 

Height Model (DHM) is used in Germany, Digital Elevation Model (DEM) is widely 

used in America, Digital Ground Model (DGM) is used in United Kingdom and Digital 

Terrain Elevation Model (DTEM) was used and introduced by the U.S. Geological 

Survey (USGS).  The terms are also subsumed under “Digital Model of Solid Earth” 
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(Zhilin et al., 2005) and they form one of the most important and rapidly used data 

sources for spatial analysis.  

  For this study different cell sizes were used to enhance the quality of the DTM. 

Cells size 10, 50, and 100 for 100 meter contour interval (Fig. 3.13 A, B, C) and cell size 

5, 10, and 20 for 20 meter contour interval (Fig. 3.14 A, B, C)  were used. It was found 

that for 20 meter contour interval, a DTM developed from cell size 10, and for 100 meter 

contour interval a DTM developed from cell size 50 yield the best quality hill shades and 

slope maps. Seamless DTMs  derived from  20 meter and 100 meter contour intervals 

developed for this study were used to analyze the slope steepness, slope direction, 

generating shadow maps (hill shades), three dimensional visualization of terrain, 

developing volume maps for land use/geology  and creating orthophoto  images from 

aerial photos and visualizing them in 3D with ArcScene.  

 

Hillshade Generation from TINGRID 

  Cartographers have been using several methods for decades to visualize 

topographic features in 3D. Most commonly used methods for the representation of 

topographic features in 3D are color parallax methods, refraction of color light of various 

wave lengths, and orientation of surface with respect to a virtual illumination source. The 

display method that uses the color parallax method is also known as anaglyphs and the 

user can view 3D effects by wearing anaglyphic glasses. The method using differential 

diffraction of colors with various wave lengths is known as chromostereoscopy and is 

constrained by the order of colors. For example, the highest elevation will be represented 
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by red colors and lowest elevation may be represented as yellow or greenish yellow 

colors in proper spectral order. Chromostereoscopic images produced by the diffraction 

of colors can be viewed as 3D by the naked eye but they can be best viewed in 3D by 

wearing chromostereoscopic viewing glasses (Kennelly and Kimerling 2004, Clarke 

1995, Slocum 1999).    

  For this study shadow maps (hillshades) were generated from TINGRID with cell 

size 50 for 100 meter contour intervals and cell size 10 for 20 meter contour intervals by 

using the methods based on the orientation of surface with respect to illumination source 

with solar azimuth. As described by Sarapirome et al., (2002) several sun azimuth and 

sun angles were applied to single hillshade. The results were very interesting.  With 

vertical exaggeration 3X, three sets of images with different azimuth and inclination were 

developed (sun azimuth 315°, inclination 45°; sun azimuth 225°, inclination 10°; and sun 

azimuth 315°, inclination 10°) (Fig. 3.15 A, B, C). A second set of images with vertical 

exaggeration 1X and the same range of azimuths and inclinations was developed. (Fig. 

3.16 A, B, C). Also, with vertical exaggeration 1X a single image with azimuth 315° and 

inclination 75° was developed (Fig.3.17). Hillshades generated from 20 meter contour 

interval are preferred for this type of study. Hill shaded images generated by applying the 

different sun angles and azimuths and vertical exaggeration were viewed as perfect 3D 

images with the naked eye (White 1985, Imhof 1982, Robinson et al., 1995, Slocum 

1999, Sarapirome et al., 2002). In GIS environment, hillshades generated as above can be 

extremely helpful to analyze geological features in a dense mountainous region like the 

Himalaya. This is because changing sun azimuth and sun angle helps to understand the 
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orientation of topographic features better in vegetated and cultivated areas. Images 

developed for this study provided detailed information about topography and access to 

those images during the field mapping helps to predict rock types and geological 

structures, and to trace these features into regions where access may be limited owing to 

steep topography and lack of roads/trails. This helps to speed up the field work 

(Strandberg 1967, Lillesand and Kiefer 1979 Drury 1987, Gupta 1991).  

  Attempts were made to use hillshades in map view to define the geological 

features in relation with terrain morphology and relief variation in the greater Doti region 

of far western Nepal. Geological maps compiled by Shrestha et al. (1987) and Robinson 

et al. (2006) for this region are very general, based on reconnaissance geological 

observations and are the only published geological information for this region to the date. 

When draped over the hillshades, these preliminary geological maps show strong 

relationships between terrain morphology, rock types, and some geological contacts. 

Parts of the geological maps of Shrestha et al. (1987) and Robinson et al. (2006) do not 

show good correlations with topography. For example, resistant carbonate units in the 

Lakarpata Group generally hold up high topography, but some portions of the geological 

maps in which large areas of Lakarpata are mapped are not characterized by rugged 

topography. This is probably due to the lack of ground-based geological observations in 

this rugged region, where it is simply not possible to cover much of the ground on foot. 

In the existing geological maps of study area it was also noticed that geological 

boundaries drawn by above authors are commonly straight, and clearly do not follow 

simple topographic rules (such as the rule of V’s). Access to hillshade maps during the 
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field expeditions would have mitigated these inaccuracies. Estimated geological 

boundaries and structural contacts as modified in a small portion of the Robinson et al. 

(2006) map are more consistent with the topography (Fig. 3.18).  With the above 

observation in the greater Doti region of far west Nepal it is concluded that seamless hill 

shaded maps for a complex mountainous region like the Himalayas may be extremely 

helpful to plan the geological field work ahead of field expeditions (Sarapirome et al., 

2002).  

 

Slope Map Generation from TINGRID and their Use  

  Slope maps are the best identifier tools for the land use suitability, potential areas 

of soil erosion and mass movement, drainage patterns, and landforms (Zhou and Liu 

2004). Seamless regional slope maps were developed with the ESRI ARC/INFO software 

using different cell grid sizes (Fig. 3.19 A, B, C, D, E). The slope was calculated as 

degree of slope to generate a classified coverage with slope angles using different hues to 

represent different slope classes; higher saturation represents the steeper slopes with 

brighter tone (Gunther 2003). Slope maps generated with grid cell size 50 (Fig. 3.19C) 

produce smoothest slope patterns. Slope maps developed from grid cell size 50 for the 

greater Doti region were draped over geological maps and land use maps to study the 

relationship between slope and geology, and slope and land use. In this study area a 

unique relationship between slope angles and regional geological structures was 

observed.  Major regional structures were found mainly along the high angle slope areas 

(Fig. 3.19E). Close examination of slope maps reveals that rocks belonging to 
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Dadeldhura klippe (mainly schist, deeply weathered gneisses, granites, and thin beds of 

calcareous quartzite and crystalline limestone) have low angle slopes, whereas regions 

covered by outcrops of Lesser Himalayan rocks Kushma Formation (mainly quartzite), 

some portion ok Ranimata Formation mainly quartzitic bands, and Lakarpata Group 

(dolomite and limestone) have high slope angles (Fig. 3.20). Furthermore, the slope angle 

pattern is helpful for demarcating geological boundaries. Slope angle, hillshade (Fig. 3.21 

A, B), and slope aspect maps (Fig. 3.22 A, B, C) suggest that north of Sailigad in the 

geological map compiled by Robinson et al. (2006) high ridges around Malika Dhar 

should be composed of Kusma or Lakharpata formation it may be possible, because of 

compilation error she demarcated that area as undifferentiated Dadeldhura Klippe.  

(Fig.3.22A). This may be verified by additional fieldwork in the region.  Shresthat et al. 

(1987) mapped that whole area as Ranimatta, it is possible that ridge maker Kusma or 

Lakharpata would have been mapped as Ranimatta due to compilation error. The high 

slope region around Malika Dhar north of Sailigad should belong to Lakharpata or 

Kusma formation. Because Kusma and Lakharpata formations are well known as high 

ridge making geological formation in the Lesser Himalaya (Fig. 3.22B). The hill slope 

aspect map exhibits distinct patterns that may be easily matched to the regional strike of 

geological formations.  There are six distinct aspect boundaries in Figure 3.22A and those 

boundaries closely match the geological maps of that region. The geological map 

compiled by Shrestha et al. (1987) also matches with the aspect maps better (Fig. 3.22E) 

than Robinson et al. (2006) (Fig. 3.22D). Slope maps were further used to study the 
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relationship between slope and land use. Almost all villages and cultivated land in this 

study area lie in gently sloping terrains (Fig. 3.20).  

 

OVERLAY AND VISUALIZATION IN ARCMAP 

  Digital visualization and animation of maps have been a goal of cartographers 

since the early 1950’s (Peterson, 1995, 1999; Crampton, 1999; Campbell and Egbert, 

1990). Very little progress was made for over thirty years since the first pioneering work 

of Thrower (1959). During the 1970’s the cost of digitally animated maps was in the 

millions of dollars, and Cray supercomputers were required for processing (Harrower, 

2004). After the revolution in personal desktop computing in the 1990’s, digital 

cartography became easily affordable. When ESRI developed GIS software packages in a 

desktop environment, map visualization became possible as a collection of layers and 

additional elements.  The main application tool ArcMap developed by ESRI in their 

ArcGIS package is widely used to visualize, query, analyze and edit the map data in a 

desk top environment. For this project, several geographic datasets were overlaid as 

layers within the single data frame to convey the information of each data layer. Discrete 

features were displayed as points (villages, towns, peak names), lines (contours, roads, 

trails, streams, geological structures), polygons (rivers , geological formations, lakes, land 

use). Continuous surfaces were displayed as DTMs, slope maps, and hillshade maps. 

Geo-rectified aerial photos were laid over the above features to understand the 

relationship between topography and geological structures.  
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  To test this model of data visualization, attempts were made to understand the 

relationship between geology and land use in the greater Doti region of far west Nepal. 

Most cultivated land and villages were found in the Cambro-Ordovician (~492 ± 6 Ma; 

DeCelles et al., 1998) Dadeldhura Granite and biotite schist and gneissic zones of the 

Dadeldhura klippe. This is probably because the predominately granitic rocks of the 

Dadeldhura klippe are highly weathered and more conducive to cultivation.  In the study 

area Cambro-Ordovician granite occupies 41.59 km2 of total land area of which there are 

total 17 cultivated land polygons which makes 3.09 km2 area. Likewise in Dadeldura 

klippe total 537 cultivated land polygons occupy 357 km2 area out of total 1355.08 km2 

area. The summary of the results is presented in (Fig. 3.23). This method allows 

understanding the relationship between bedrock geology and land use.  

 

REMOTE SURFACE MAPPING IN ARCMAP 

  Remote mapping of Earth’s surficial features has been practiced for many 

decades, as engineers, scientists, and planners used this technique for surveying, resource 

evaluation and management, environmental, and engineering projects. Satellite and radar 

images are mostly used for remote studies (Zebker and Goldstein 1986). Geologists also 

use this technique for mapping regional structures, formation contacts, and bedding 

attitudes (Jones et al., 2009).  During the late 1970’s Swiss geologist J. Stöcklin mapped 

central part of central Nepal using 1:50,000 stereo pair aerial photos and produced a 

detailed geological map of that region. The resulting map remains the only systematic 

and reliable geological map in the entire Nepalese Himalayan region (Stocklin and 
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Bhattarai, 1980). Geologists still use stereo photographs and this technique is more 

focused on small scale geological studies. With the use of stereoscopic satellite images 

such as Landsat and SPOT satellite data this technique can be extended to regional scale 

geological studies. Whether a user works on aerial photos or on satellite images, the 

interpretation and measurement methods are based on a single viewing perspective 

(Berger et al., 1992, Billotti et al., 2000); accurate measurements of several parameters 

are required. The data quality acquired from this method very much depends on the 

expertise of the operator and precision of the instrument.  

  Banerjee and Mitra (2004) proposed a new technique using ESRI ArcMap 

software for remote surface mapping. In the GIS environment using ESRI ArcMap 

Banerjee and Mitra conducted remote surface mapping of Sheep Mountain anticline in 

Wyoming by draping georectified orthophotos and geological maps over the DEM. This 

mapping method provides an accurate alternative to the conventional stereoscopic 

method and is recommended for remote and inaccessible areas like the Himalaya. I used 

this method in a small part of the greater Doti District of Far West Nepal. Orthophotos 

are computer generated images free of image distortion caused by camera tilt. Those 

developed for a small part of the Doti District with 1 meter cell size developed from 

1:50,000 scale aerial photographs were provided by Nepal Survey Department and were 

geo-rectified and draped over the hill shade maps with sun azimuth 315°, sun angle 45°, 

and vertical exaggeration 3X derived from 20 m contour interval with 10 m cell size 

DTM. Draping of orthophotos with 1 meter resolution over a low resolution DTM 

strongly enhances features on the orthophoto (Fig. 3.24). This allows users to map 
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formation contacts and calculate the attitudes of bedding. The same orthophoto without 

hill shade lacks details of topographic features (Fig. 3.25). Mapping of formation contacts 

and bedding attitudes can be enhanced by using two monitors--one with 3D view of the 

orthophoto in ArcScene, and the other in ArcMap in order to create the map (Fig. 3.26 A, 

B, C, D).  

  Slope maps of present study area were draped over the 2D orthographic photo 

images. Areas with high slope angles are concentrated in three distinct zones indicating 

the presence of major lithological controls on topography (Fig. 3.27 A). Unfortunately, 

currently available regional scale geological maps are not suitable for comparing the 

relationships between slope pattern and geological formation and structures (Fig. 3.27 B). 

In any case, the initial results suggest that the method proposed by Banerjee and Mitra 

(2004) is a valuable alternative to stereoscopic mapping.  

 

OVERLAY AND VISUALIZATION IN ARCSCENE 

  The ArcScene extension under 3D analysis tool of ArcGIS software package is a 

3D visualization application which allows users to view GIS data in three dimensions. 

This powerful 3D application allows earth scientists to overlay many layers together to 

create traditional as well as unconventional 3D displays from real world data in one 

display. The DTM stores all the elevation data to display the topographic surfaces so 

DTM can be easily viewed in three dimensions in ArcScene (Kenelly, 2003).  Data layers 

in the form of points, polygons, lines, grids can be positioned in three dimensions with 

elevation information from the underlying DTM. For this study DTM’s were generated 
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from digitized contour maps and were used as base layer. Over the DTM geological 

formations/structures, land use polygons, geo-rectified  orthophoto  grids, villages/towns, 

rivers, roads, streams and trails were added as separate layers with the elevation 

information from the underlying DTM to create the three dimensional view of each layer. 

Using this powerful 3D tool a map of far west Nepal with 3D perspective view was 

created by merging the topographic data from over 131 topographic maps of that region 

(Fig. 3.28). As discussed earlier in the remote mapping section, orthophotos from a small 

part of greater Doti District were draped over the DTM and  viewed in 3D perspective 

view with vertical exaggeration 3X, sun azimuth 318° and sun angle 30°. On these highly 

magnified 3D orthophotos it is possible to see detailed bedrock features. The method will 

be very helpful for remote mapping of geological formation boundaries and structures. 

The two different geological maps of far west Nepal compiled by Shrestha et al. (1987) 

and Robinson et al. (2006) were draped over the 3D surface and viewed in 3D 

perspective with multi layers. Zooming in perspective view helps to better understand the 

regional geology and its relation to topographic features of study area (Fig. 3.29, 3.30). 

Similarly, viewing slope maps and slope aspect maps in 3D perspective at regional scale 

provides useful information about the regional structure of area. For example, it is 

noticed that the major geological structures are present in the high slope area. Viewing 

slope maps and aspect maps in 3D perspective is extremely helpful to understand the 

relationship between slope and major structures as well as bedrock lithology (Fig. 3.31, 

3.32). 
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CONCLUSIONS 

Sheet wise 7.5 minute quadrangle and 15 minute quadrangle to seamless regional scale 

Digital Terrain Models (DTMs) developed from digitized contour data for the Nepal part 

of the Himalaya support the following conclusions.  

1. For regional scale studies 100-200 m contour interval can be used to develop the 

Digital Terrain Model. 

2. For small scale studies 20-40 m contour interval is preferred to develop the Digital 

Terrain Model. 

3. Quality of Digital Terrain Models depends on the grid cell size. DTMs were developed 

with grid cell size 5, 10 and 20 for 20 m contour interval data, and grid cell size 10, 50 

and 100 for 100 m contour interval data.  Hillshade and slope maps generated from 

different cell size DTMs were visualized and it is discovered that for 20 m contour 

interval data grid cell size 10 should be used, and for 100 m contour data grid cell size 50 

should be used do develop the best quality DTM. 

4. Hillshades generated from Digital Terrain Model (DTM) with grid cell size 10 for 20 m 

contour interval data and grid cell size 50 for 100 m contour interval data can be 

extremely helpful for remote geological mapping. By changing sun azimuth, sun angle 

and vertical exaggeration values in hillshades, it is possible to demarcate geological 

formation boundaries and major structures more accurately.  Hillshades generated as 

above may be extremely helpful to plan geological mapping campaigns. Distinct 

topographic features in 3D view allow identification of high priority traverses for field 

mapping. 
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5. Digital Terrain Model used as a base data layer to visualize orthophopto in 2D 

orthographic view or 3D perspective view enhances the quality of georectified 

orthophotos. Viewing orthophotos in 3D perspective using ArcScene in one monitor and 

drawing geological contacts in other monitor in ArcMap view is an efficient way to 

operate; this technique obviates the tedious stereoscopic examination of stereo pair aerial 

photographs. 

6. Slope angle maps and slope direction maps generated from the Digital Terrain Model 

are helpful to understand the relationship between slope, land use, and geology. High 

slope angles are an indicator of the existence of major geological structures. High slope 

angles are clustered around quartzitic, dolomitic, and limestone terrains, thus helping 

geologist to map the rock types in areas where accessibility and exposure conditions are 

poor.  

7. Viewing Digital Terrain Models in ArcScene in 3D perspective helps the user to 

understand detailed topographic features of study area. Draping geological maps and 

structures, land use polygons, slope angle maps and slope direction maps over 3D DTMs 

and viewing multi layers in single data frame helps engineers, managers, geologists, 

planners, and researchers to plan their mission successfully. 

8. Seamless Digital Terrain Models developed for this study are valuable for geo-

rectification of high resolution surface data acquired from satellites.  

9. For Nepal, environment and development are the two wheels of the imperial chariot. 

Environmental degradation in the name of development will bring serious disasters to an 

already stressed population. The prosperity of millions of people is entirely dependant on 
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proper attention to the “development wheel” and the “environmental wheel”; both wheels 

need to be cared for properly to bring prosperity to Himalayan people. Over the past 50 

years, well-intentioned development projects have resulted in the loss of life and valuable 

property. The recent disastrous August 8-14, 2008 barrage rupture on the Kosi River in 

eastern Nepal, which claimed thousands of lives and left millions homeless, is an 

example of careless and unscientific engineering efforts (Kantipur Daily, August 12, 

2008). The database developed in this project is a powerful tool for the development of 

Nepal. It is hoped that this effort will help Nepal to conserve its ecosystem and 

environment, which eventually will contribute to protection of the global environment.  
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Figure 3.1: The study area. Modified from ESRI world SID. Map projection WGS 84 in 
degree, minute and seconds. 
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Figure 3.2: The distribution of 1:25,000 and 1:50,000 scale topographic maps of Nepal  
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Figure 3.3:  Steps for GIS database development methods in Nepal part of Himalaya. 
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Figure 3.4 (A): Color image scanned and saved as jpg. (B): Extra margins were cropped 
to reduce the file size and saved as BMP file (C): Cropped image was converted to bi-
level format as line art and  saved as BMP file, good for digitization in cultivated and 
settlement areas (D): Converted to bi-level format as line art and saved as BMP file, good 
for digitization in vegetated areas. 
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Figure 3.5: The process of defining coordinates in a topographic map for geo-
rectification using ESRI ArcMap. 
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Figure 3.6:  Middle part of the figure represents lines, points and polygons with different 
colors with several features class in one data frame. Tables showing the properties of 
each feature class as polygon, line and point.  
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Figure 3.7 (A): Geological map of Doti region as Polygon data over 3D DTM (B): Land 
use map of Doti region as polygon features (in yellow color) (C): Contour map of Doti  
region as line features.  
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Figure 3.8 (A): Villages in Doti region as point features (red dots) (B): Road in Doti 
region as line feature (red line) (C): Rivers in Doti region as polygon features (blue). 
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Figure 3.9: Seamless topographic map of mid west Nepal with 100 to 200 meters 
contour interval. The highlighted contour line was merged over 140 times in 140  
separate topographic maps to develop a single seamless contour map for whole mid 
western Nepal. 
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Figure 3.10: Triangulated Irregular Network (TIN) generated for far west Nepal from 
digitized contour lines. The contour lines were merged together to form a regional scale 
seamless data from 131 topographic maps.  
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Figure 3.11 (A): Triangulated Irregular Network (TIN) generated from digitized contour 
lines in a small part of far west Nepal. (B): SRTM data downloaded for the same region. 
SRTM data lacks all the details too coarse and there are several places where the data is 
missing and overall images contain big holes all over. 
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Figure 3.12 (A): DTM with 10 meter cell size generated from 20 meter interval contour 
data for a small part of greater Doti region Nepal. 
 



 

117

 
Figure 3.12 (B): DTM with cell size 10 draped over hillshade developed from 20 meter 
interval contour data for a small part of greater Doti region Nepal. 
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Fig 3.13 (A): DTM with 10 meter cell size draped over hillshade generated from 100 
meter contour data for a small part of greater Doti region Nepal. While hillshade is 
zoomed it exhibits too much detail and looks crappy. 
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Figure 3.13 (B): DTM with 50 meter cell size draped over hillshade generated from 100 
meter interval contour data for a small part of greater Doti region Nepal. While hillshade 
is zoomed it looked sharp and good. 
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Figure 3.13 (C): DTM with 100 meter cell size draped over hillshade generated from 
100 meter interval contour data for a small part of greater Doti region Nepal. While 
hillshade is zoomed it looked too coarse. 
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Figure 3.14 (A): DTM with 5 meter cell size draped over hillshade generated from 20 
meter contour data for a small part of greater Doti region Nepal. Upon hillshade zoomed 
it exhibits too much detail. 
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Figure 3.14 (B): DTM with 10 meter cell size draped over hillshade generated from 20 
meter contour data for a small part of greater Doti region Nepal. While hillshade was 
zoomed it looked sharp and good. 
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Figure 3.14 (C): DTM with 20 meter cell size draped over hillshade generated from 20 
meter interval contour data for a small part of greater Doti region Nepal. While hillshade 
is zoomed it looks good but not as crispy as they look with cell size 10.  
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Figure 3.15 (A): Hillshade generated from 20 meter contour interval with grid cell size 
10 DTM, Sun azimuth 315°, Sun angle 45° and vertical exaggeration 3X. 
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Figure 3.15 (B): Hillshade generated from 20 meter contour interval with grid cell size 
10 DTM, Sun azimuth 225°, Sun angle 10° and vertical exaggeration 3X. 
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Figure 3.15 (C): Hillshade generated from 20 meter contour interval with grid cell size 
10 DTM, Sun azimuth 315°, Sun angle 10° and vertical exaggeration 3X. 
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Figure 3.16 (A): Hillshade generated from 20 meter contour interval with grid cell size 
10 DTM, Sun azimuth 315°, Sun angle 10° and vertical exaggeration 1X. 
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Figure 3.16 (B): Hillshade generated from 20 meter contour interval with grid cell size 
10 DTM, Sun azimuth 225°, Sun angle 10° and vertical exaggeration 1X. 
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Figure 3.16 (C): Hillshade generated from 20 meter contour interval with grid cell size 
10 DTM, Sun azimuth 45°, Sun angle 45° and vertical exaggeration 1X. 
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Figure 3.17: Hillshade generated from 20 meter contour interval with grid cell size 10 
DTM, Sun azimuth 315°, Sun angle 75° and vertical exaggeration 5X.   
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Figure 3.18: Geological map extracted for greater Doti region from Robinson at al., 2006 
geological map of far west Nepal. While draped over hillshade there are several areas 
where geological boundaries do not match with the surface topography, moreover razor 
edge style geological contact raise the question about the reliability of geological map. 
RT=Ramgarh Thrust, DT=Dadeldhura Thrust, MBT=Main Boundary Thrust. 
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Figure 3.19 (A): Slope map generated for a small part of greater Doti region from DTM 
with grid cell size 10. While draped over hillshade slope pattern looks too fine.   
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Figure 3.19 (B): Slope map generated for a small part of greater Doti region from DTM 
with grid cell size 20. While draped over hillshades the slope pattern does not look 
uniform. 



 

134

 
Figure 3.19 (C): Slope map generated for a small part of greater Doti region from DTM 
with grid cell size 50. While viewed over the hillshade slope pattern looks uniform and 
generalized. 
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Figure 3.19 (D): Slope map generated for a small part of greater Doti region from DTM 
with grid cell size 100. While viewed with hillshade slope pattern looks too generalized 
and too coarse. 
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Figure 3.19 (E): Slope map generated for far west Nepal from seamless DTM with grid 
cell size 50. While viewed over hillshade slope pattern looks uniform and quite 
generalized.  Further draping of major regional geological structures (black lines) over 
slope map it is noticed that there is a close relationship between slope pattern and major 
geological structures. 
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Figure 3.20: Cultivated land polygons (yellow colored) and slope map draped over 
geological map of a small part of greater Doti region by Robinson et al., (2006) fig. 3 
almost all land use polygons are  concentrated around low angle slope area. Meanwhile 
high angle slopes are concentrated around limestone and quartzitic rocks of Ranimatta, 
Kusma and Lakharpata. Few high angle slope areas in Dadeldhura klippe must have been 
lying in unmapped resistant calc silicate zone.  
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Figure 3.21 (A): Geological map of a small part of greater Doti region by Robinson et 
al., (2006) draped over hillshade. Ranimatta formation boundary should extend up to 
Sailigad and Malika Dhar area should belong to Ranimatta Group. 
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Figure 3.21 (B): Geological map of a small part of greater Doti region by Shrestha et al., 
(1987) draped over hillshade in this map geological boundaries and slope angle patterns 
are matching at places.  
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Figure 3.22 (A): Slope direction (aspect map) map of greater Doti region. 
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Figure 3.22 (B): Geological map by Shrestha et al., (1987) draped over slope direction 
(aspect map) map of greater Doti region. 
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Figure 3.22 (C): Geological map by Robinson et al., (2006) draped over slope direction 
(aspect map) map of greater Doti region. 
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Figure 3.22 (D): Geological map by Robinson et al., (2006) greater Doti region. 
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Figure 3.22 (E): Geological map by Shrestha et al., (1987) greater Doti region. 
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Figure 3.23: The distribution of cultivated land polygons draped over the geological 
formation in the greater Doti area. Geological map clipped from Robinson et al., 2006. 
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Figure 3.24: Orthophoto of a small part of greater Doti region draped over hillshade 
generated from 20 meter contour interval DTM with cell size 10 meters. Viewing 
orthophoto over DTM makes the orthophoto more detailed; lineaments and other 
geological structures are also easily visible. 
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Figure 3.25: Orthophoto of a small part of greater Doti region  as compared with  the 
same photo in fig. 3.24 draped over hillshade generated from 20 meter contour interval 
DTM with cell size 10 meters, this orthophoto  as shown in fig. 3.25 lack all the details 
and have little use for remote geological studies. 
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Figure 3.26 (A): Orthophoto of a small part of greater Doti region draped over hillshade 
generated from 20 meter contour interval DTM with cell size 10 meters and viewed in 
ArcScene as 3D perspective view (B): Orthophoto of a small part of greater Doti region 
draped over hillshade generated from 20 meter contour interval DTM with cell size 10 
meters, geological map of Robinson at al., 2006 and viewed in ArcScene as 3D 
perspective view. 
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Figure 3.26 (C): Orthophoto of a small part of greater Doti region draped over hillshade 
generated from 20 meter contour interval DTM with cell size 10 meters and viewed in 
ArcScene as 3D perspective view zoomed to a small portion north of Seti river near 
Gopghat (D): Orthophoto of a small part of greater Doti region draped over hillshade 
generated from 20 meter contour interval DTM with cell size 10 meters and viewed in 
ArcScene as 3D perspective view zoomed to a small portion south of Seti river near 
Gopghat. 
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Figure 3.27 (A): Slope map draped over orthophoto of a small part of greater Doti region 
with 2D orthographic view. High angle slopes were found concentrated in three distinct 
zones. 
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Figure 3.27 (B): Regional scale geological map draped over 3D orthophoto and slope 
map. 
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Figure 3.28 (A): Three dimensional perspective view of regional seamless DTM of far 
west Nepal derived from 100 meter contour interval with grid cell size 50. (B): Zoomed 
view. 
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Figure 3.29 (A): Geological map by Robinson et al., (2006) draped over 3D perspective  
view of regional seamless DTM of far west Nepal derived from 100 meter contour 
interval with grid cell size 50. (B): Zoomed view. 
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Figure 3.30 (A): Geological map by Shrestha et al., (1987) draped over 3D perspective 
view of regional seamless DTM of far west Nepal derived from 100 meter contour 
interval with grid cell size 50. (B): zoomed view. 
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Figure 3.31 (A): Slope map draped over 3D perspective view of regional seamless DTM 
of far west Nepal derived from 100 meter  contour interval  with grid cell size 50 (B): 
Zoomed portion of slope map. Regional geological structures (thick greenish blue lines) 
draped over 3D slope maps to examine the relation between slope and structure in 3D 
perspective view. 
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Figure 3.32 (A): Slope direction map (aspect map) with Sun azimuth 315° Sun angle 30° 
draped over perspective view of regional seamless DTM of far west Nepal derived from 
100 meter contour interval with grid cell size 50 (B): Slope direction map (aspect map) 
with Sun azimuth 315° Sun angle 30° viewed westerly draped over perspective view of 
regional seamless DTM of far west Nepal derived from 100 meter contour interval with 
grid cell size 50. 
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CHAPTER 4: ROLE OF GEOGRAPHIC INFORMATION SYSTEM 
(GIS) IN GEOLOGICAL DATA STORAGE AND MAP MAKING: A 

CASE STUDY FROM FAR WEST NEPAL 
 
 

ABSTRACT 

The use of GIS in petroleum exploration, mining industries, and geo-

environmental studies has long been recognized, but examples of GIS-based geospatial 

database development for small-scale structural analysis, geological mapping, and map 

compilation are relatively few. The power of GIS for spatial data analysis makes it a very 

important tool to compile and enhance geological maps. In this study this technique is 

used to compile a new geological map of the far west Nepal Himalaya. The ongoing 

collision between India and Asia is producing the world’s highest mountain belt. From 

unpublished reports it is known that some geological mapping was done in Nepal 

Himalaya by colonial geologists during mid 18th century. However, systematic geological 

mapping in the Nepal Himalaya started only after the 1970’s. Tectonostratigraphy of 

Himalaya is complicated and comprises several thrust sheets with various geological 

formations from foreland basin Mio-Pliocene sedimentary rocks to Precambrian 

metasedimentary and meta-plutonic rocks. Major structures include active frontal and 

possibly out-of-sequence thrusts, a regional-scale duplex, major thrust faults with >100 

km of displacement, and imbricate thrusts and related folds. The complex architecture of 

Himalayan region complicates the understanding of pre-tectonic and post-tectonic events 

and requires a detailed geospatial database for systematic geological mapping and the 

interpretation of geological structures and rock types. The earlier geological mapping 
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conducted by Nepalese geologists in far western Nepal Himalayas is based on regional 

geological correlation without the advantage of geochronology and systematic structural 

analysis. Geological investigations in far west Nepal since 1994 by a team of students 

and researchers from the University of Arizona involved thorough geological mapping 

followed by detailed geochronological, geochemical, petrologic, and structural analytical 

work. These efforts have resulted in better understanding of geology and kinematic 

history of the far western Nepal Himalayan thrust belt. This project is focused on 

building an actualistic geospatial data model by integrating geochronological, geological, 

seismological, petrographic, and geochemical datasets from far west Nepal. The large 

data set integrated in this data model may lead to the better understanding of Himalayan 

geological history. The stepwise process includes the collection of all available 

geological, topographical, seismic, geo-chronological and geochemical information in the 

form of vector and raster spatial data, tables and reports. With the available information a 

new geological map of far west Nepal was compiled in GIS using ESRI ArcMap 9.3. 

Several data layers were developed and hyperlinked with the newly revised geological 

map; this will allow users to access supporting data from the map directly. In general this 

study describes the process of geological data compilation, query, visualization, and 

analysis for map compilation and data storage in the GIS platform for the better 

understanding of regional structural and kinematic history of far western Nepal 

Himalaya.  
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INTRODUCTION 

The importance of Geographic Information System (GIS) in geological data 

storage, dissemination of data, manipulation and query has long been recognized and 

well-established for petroleum exploration, mining, landslide hazard mapping and geo-

environmental studies. GIS allows users to visualize query and enhance spatial geological 

data from different sources as multi-layers draped on top of each other in a single data 

frame. This study describes the use of GIS for geological map making and data storage in 

the Nepal part of the Himalayan thrust belt. The Himalaya constitutes the central part of 

intercontinental collision belt between the Indian subcontinent and Eurasia (Molnar and 

Tapponnier 1977). The region is densely populated and subject to collision-related 

tectonic activities including large magnitude earthquakes (Tucker et al., 1994; Flower et 

al., 2000). Landslides are an additional hazard. This study is an attempt to find new ways 

for better understanding of the geodynamic processes in the Himalaya by accessing 

geological, topographical, micro-seismic, geochronologic, petrographic, sedimentologic, 

and paleomagnetic data in a GIS platform. 

 In the first step geological maps by different authors were compiled and a new 

revised map was produced for far west Nepal. Then other data sets in the form of tables, 

cross sections, and pdf reprints were linked to the appropriate locations in the new 

geological map, allowing the user to access the supporting data directly in the context of 

the map. This is the first attempt to produce this type of combined dataset in the 

Himalaya.  

 



 

160

WHY THE HIMALAYA 

The Himalayan thrust belt is a natural laboratory where all stages of thrust belt 

growth and crustal thickening processes can be studied. It is the archetypal thrust belt 

formed by intercontinental collision, with the largest of amount of shortening and 

exhumation of any active orogenic system (Hodges, 2000). Therefore, studies of 

numerous different aspects of the Himalaya, from geomorphology to metamorphic 

petrology and geochronology, have been published. The large amount of work, however, 

has not been integrated into a single digital database environment in which various 

datasets can be conveniently compared. This chapter illustrates such an integration for far 

western Nepal. This part of the Himalaya has only recently been studied in any detail, 

mainly because of difficulty of access. Recent regional geotraverses have been 

established in this remote region (spanning > 250 km in N-S direction), from the Main 

Frontal thrust to the South Tibetan detachment system. Thus far western Nepal is an ideal 

place in which to establish the first GIS based platform for integrated synthesis of 

geological and topographical data. 

  

REGIONAL GEOLOGICAL SETTING OF FAR WEST NEPAL HIMALAYAS 

 By late Paleocene to early Eocene (~55-57 Ma) the Indian continental landmass 

had begun to collide with the southern fringe of Tibet, initiating the Himalayan thrust belt 

and ultimately forming the thickest continental crust and highest plateau on Earth 

(Coward and Butler, 1985; Hodges, 2000). As the Indian plate continues moving to the 

north and subducting underneath Tibet, sedimentary rocks previously deposited from 
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Paleoproterozoic through Paleocene time along the northern margin of India have been 

detached and thrust relatively southward as a series of major thrust sheets and related 

folds (Gansser, 1964; Yin and Harrison, 2000; DeCelles et al., 2001). To the north the 

Himalayan thrust belt is bounded by the Indus suture zone, and to the south by the Main 

Frontal thrust (Gansser, 1964). 

 

TECTONOSTRATIGRAPHY 

 According to unpublished reports of the Geological Survey of India, several 

colonial geologists conducted geological research in the Nepal Himalaya beginning 

during the mid-1880’s (Medlicott, 1875; Jones, 1889; Oldham, 1899; Diener, 1912; 

Heron, 1922; Auden, 1935; Sutton, 1933). Systematic geological work in Nepal started 

very late; pioneering systematic work by Heim and Gansser (1939) extended structural 

and tectonostratigraphic boundaries eastward from the Kumaon Himalaya of northern 

India, laying the foundation for the tectonostratigraphy of Nepal. These authors 

subdivided the Himalayan thrust belt into four tectonostratigraphic zones (Heim and 

Gansser, 1939; Gansser, 1964). Subsequently, the United Nations (UN) funded geologist 

T. Hagen’s nearly decade-long mapping project in central Nepal, which was published in 

two volumes (Hagen, 1968, 1969). Hagen’s work paved the path for Nepalese geologists 

to undertake systematic mapping of the Nepal Himalaya. Since the late 1960’s several 

dozen Nepalese geologists from the Department of Mines and Geology began mapping at 

1:63,360, 1:50,000, and 1:25,000 scales. By the mid-1970’s UN geologist J. Stöcklin had 

mapped the central part of the Nepal Himalaya and produced a detailed 
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tectonostratigraphic scheme (Stöcklin, 1980; Stöcklin and Bhattarai, 1981). This and 

subsequent work by various authors on the tectonostratigraphy of Nepal was summarized 

by Upreti (1999). The tectonostratigraphy of far western Nepal is explained by DeCelles 

et al. (2001) and Robinson et al. (2006), who added numerous U-Pb zircon ages and Nd 

isotopic measurements to the toolkit for understanding Himalayan stratigraphic 

relationships. This was a breakthrough insofar as previous efforts lacked 

chronostratigraphic control owing to the absence of fossils in most of the stratigraphic 

section. Only a short description of each tectonostratigraphic zone as mapped by these 

authors is presented here. 

 

Sub Himalayan Zone 

 In the study area the Sub-Himalayan zone consists of a ~20 km wide belt of 

Miocene-Pliocene Siwalik Group foreland basin deposits. These are mapped in the 

hanging wall of the Main Frontal thrust, an active thrust which is rarely exposed at the 

surface but always mapped along the topographic break with the low elevation fluvial 

plains of the active Gangetic foreland basin system (Nakata 1989, Mugnier et al., 1993, 

Weisnousky et al., 1999, Lavé and Avouac 2000).  Three northward dipping thrust sheets 

of Siwalik Group were mapped. The Siwalik Group comprises three informal units: the 

lower member is mainly composed of fine- to medium-grained fluvial channel sandstone 

with abundant overbank siltstone and calcic paleosols. The middle member is composed 

of mainly massive medium- to coarse-grained feldspatholithic sandstone with thin 

siltstone and abundant paleosols. The upper member is mainly composed of thick 
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conglomerates with frequent paleosol and gray mudstone. Provenance and paleocurrent 

data indicate that the Siwalik Group was derived exclusively from the Himalayan thrust 

belt, and that it was deposited by southward flowing rivers in the foredeep depozone of 

the foreland basin (DeCelles et al., 1998a).   

 Magnetostratigraphy and vertebrate paleontology of the Siwalik Group in Nepal 

demonstrate that it was deposited over the time period 12.5 to 2.8 Ma (Ojha et al., 2000, 

2009).  The northern margin of the Sub-Himalayan zone is marked by the Main Boundary 

thrust, which juxtaposes Proterozoic low-grade metasedimentary rocks against the lower 

and middle members of the Siwalik Group. Total shortening within the Sub-Himalayan 

zone is ~25 km in western Nepal (DeCelles et al., 2001; Robinson et al., 2006).  

 

Lesser Himalayan Zone 

The Lesser Himalayan zone consists of three stratigraphic packages (Upreti, 

1999; DeCelles et al., 2001; Robinson et al., 2006): (1) The lower, and major, part of the 

sequence consists of the Lesser Himalayan Sequence (LHS), an ~10 km thick succession 

of quartzite, phyllite/slate, dolostone and limestone. The lower part of the LHS is 

dominated by quartzite and phyllite, whereas the upper third of the succession is 

composed mainly of carbonate rocks. (2) The LHS is overlain unconformably by 

Permian-Paleocene diamictites, sandstones, and mudrocks that are generally considered 

to be the Gondwana unit. (3) Above the Gondwana unit is the Eocene Bhainskati 

Formation and the lower Miocene Dumri Formation. Brief descriptions of these various 

units follow.  
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Kushma Formation 

The Kushma Formation is mainly composed of white to light grey massive 

quartzite with thin bands of rippled and cross-bedded quartzite intercalated with greenish 

grey chloritic phyllite. The unit is typically several hundred meters thick and holds up 

high ridges. However, the resistant quartzite locally is highly discontinuous. The type 

Kushma Formation is named after the village of Kushma in west central Nepal and it is 

not clear if all the white quartzites in the lower part of the LHS are actually equivalent to 

the type section. The age of the Kushma is estimated around 1.8 Ga based on detrital 

zircon U-Pb ages (DeCelles et al., 2000).  

 

Ranimata Formation 

These rocks were named after the Ranimata Hills north of Birendra Nagar in 

west-central Nepal. The Ranimata Formation is mainly composed of thick chloritic and 

sericitic phyllite with frequent thin beds of white or green quartzite. The Ranimata 

Formation also contains basic meta-igneous rocks, including dolerites and amphibolites. 

These rocks appear to be conformable with formation boundaries. The Ranimata is also 

intruded by large lenticular bodies of augen orthogneiss, referred to as the Ulleri augen 

gneiss. These orthogneisses generally yield U-Pb zircon ages of ca. 1.83 Ga. Thus the age 

of the Ranimata Formation is bracketed between ~1.86 and 1.83 Ga (DeCelles et al., 

2000, 2001). In the present study area the total thickness of Ranimatta formation is 

estimated at approximately 1.5 to 3 km (Robinson et al., 2006). However, it is likely that 

other units of Ulleri gneiss have different ages from those that are dated in western Nepal.  
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Sangram Formation 

In the present study area the Sangram Formation is mapped locally with an 

estimated thickness of approximately 500 m.  The basal part of the Sangram Formation 

generally comprises thinly bedded, sugary, medium-grained orthoquartzite. In the present 

study area the Sangram Formation is mapped directly above the Main Boundary Thrust, 

where it was named the Budar Quartzite by Nepalese geologists, after the small town of 

Budar along the Dadeldhura highway. The upper part of the Sangram Formation consists 

of frequent dark grey splintery shale, thin beds of limestone, and orthoquartzite intervals. 

The detrital zircon U-Pb ages extracted from the Sangram indicate that its age is less than 

1.68 Ga (DeCelles et al., 2001).  

 

Galyang Formation 

Named after the village of Galyang in west central Nepal along the Pokhara-

Butwal highway, this formation in the study area was well mapped by Robinson et al. 

(2006) and Shrestha et al. (1987). Both of these groups estimated its thickness at about 1 

km. The Galyang Formation is composed of strongly foliated thin beds of olive green, 

brownish grey, and dark grey phyllite, dark grey slates, and scattered thin phyllitic 

quartzites.  Because of its fine grain size and inability to hold up strong outcrops, the 

Galyang usually forms covered slopes with brown rusty weathering slate/phyllite in float. 

Some lithologies in the Galyang may resemble rocks in the Ranimata and Benighat slates, 

but its thickness usually allows for clear cut distinction.  
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Syangja Formation  

In Nepal this formation was first studied in west central part of the country and 

Nepalese geologists named the unit after the roadside town of Syangja. In present study 

area the Syangja is estimated to be ~500 m thick, and is composed of pink, maroon, and 

green fine-grained quartzite; purple, brown and greenish grey shale and slate, and well 

bedded light blue to white dolostone and occasional yellow stromatolitic limestone. 

Granular to conglomeratic units are common. Cross stratification, mudcracks, and ripple 

marks are abundant in the Syangja Formation and allow its recognition and distinction 

from other quartzitic units in the LHS. The green quartzite and red shale/slate lithologies 

in the Syangja may be confused with the Oligo-Miocene Dumri Formation, but close 

inspection of Dumri quartzites reveals lithic, feldspar, and mica grains (DeCelles et al., 

1998b), whereas the Syangja is orthoquartzitic. 

 

Lakharpata Group 

In the present study area Robinson et al. (2006) subdivided the siliceous and 

calcareous Lakharpata Group into three distinct units totaling ~2 km in thickness. 

According to these authors the lower unit is composed of blue grey dolostone and 

limestone. The middle unit is composed of micritic limestone, black shale, grey phyllite; 

and the upper unit is mainly blue grey limestone, argillaceous dolostone, stromatolitic 

limestone, and thinly bedded white quartzite. The estimated total thickness of the 

Lakharpata Group is approximately 3 km. intense meso-scale folding is common in the 

Lakharpata Group.  
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Gondwana Unit 

In western Nepal, the Gondwana unit is highly variable in thickness, ranging from 

several km to only a few hundred meters. The predominant rock type is rusty-weathering 

grey quartzite/sandstone, with abundant gray shale, coal, lignite, and quartz pebble 

conglomerates. Diamictites are abundant and diagnostic of this unit (DeCelles et al., 

2001; Robinson et al., 2006). The age of the Gondwana unit is estimated between 

Permian and Paleocene (Upreti, 1999). 

 

Cenozoic Units 

 Eocene to Early Miocene strata of the Bhainskati and Dumri Formations make 

the uppermost part of the Lesser Himalayan zone. The Bhainskati Formation of Eocene 

age is composed of black shale, thin orthoquartzite layers, and foraminiferal limestone 

(Sakai 1983). The unit is on the order of 100 m thick, but it is poorly exposed and 

difficult to measure. The >1200 m thick upper Oligocene to lower Miocene Dumri 

Formation is dominated by greenish grey to brownish grey cross-stratified sandstone in 

its lower part and reddish brown shaly siltstone and calcic red paleosols with thin brown 

sandstone in the upper part (DeCelles et al., 1998b). In the present study area Dumri 

Formation is named and mapped as Suntar Formation by Nepalese geologists (Shrestha et 

al., 1987). 
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Greater Himalayan Zone 

In the present study area Greater Himalayan rocks were mapped in the 

Dadeldhura klippe in the central part and in the northwestern part of map south of the 

South Tibetan detachment. Shrestha et al. (1987) mapped the greater Himalyan zone as 

Dadeldhura Group and subdivided it into the Damgad Formation (grey to greenish grey 

quartzites, calcareous quartzites and limestones), Melmura Formation (grey to dark grey 

phyllitic quartzites and schists), Sallyanigad Formation (augen gneiss and biotite gneiss) 

and Kalikot Formation with two sub units as Ghatgad carbonates (crystalline limestones 

and calcareous schists) and Budhiganga gneiss and schist. To the north they mapped the 

Himal Group with garnet biotite gneiss, kyanite biotite gneiss, migmatites, and thin bands 

of marbles.  

 Robinson et al. (2006) mapped the Greater Himalayan Sequence in the northern 

area and employed the three-part nomenclature coined by the French in central Nepal 

(Formations I, II, and III). Formation I consists of garnet-biotite paragneisses (commonly 

kyanite and/or sillimanite bearing); Formation II is calc-schists and gneisses; and 

Formation III consists of augen orthogneisses that yield Cambro-Ordovician U-Pb ages.  

Gehrels et al. (2006) mapped and studied in detail the Dadeldhura thrust sheet and 

correlated this thrust sheet with Kathmandu thrust sheet of central Nepal. They correlated 

the Gaira schist, Bherupani phyllite, and Raduwagad quartzite (Kaphle 1992) with the 

Bhimphedi Group (Stöcklin 1980), and the Damgad Formation (Shrestha et al., 1987) 

with the lower Pulchauki Group (Stöcklin 1980).  
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Tethyan Himalayan Zone 

 Undifferentiated Tethyan sequence was mapped by Robinson et al. (2006) in the 

northern part of the study area. The Tethyan sequence consists of phyllites, limestones, 

and quartzose sandstones of early Paleozoic age in the study area DeCelles et al. (2001). 

The lower part of the succession is intruded by numerous sills and dikes of tourmaline 

(±garnet) two-mica leucogranite. 

 

REGIONAL STRUCTURES 

The following thrust system were identified and described in the geological map 

of far west Nepal by Shrestha et al. (1987), DeCelles et al. (2001), and Robinson et al. 

(2006).  

 

Himalayan Frontal Thrust or Main Frontal Thrust (HFT/MFT) System 

The Himalayan Frontal thrust system in far west Nepal contains three thrust 

sheets of Siwalik Group. The farthest southward frontal thrust sheet contains all three 

Siwalik members and is bounded by a frontal anticline at the mountain front; this large 

fold is likely a ramp anticline above the Main Frontal thrust (Mugnier et al., 1993; 

DeCelles et al., 2001). The second thrust sheet generally contains the lower and middle 

Siwalik members. The upper Siwalik member is generally missing. The third and 

structurally highest thrust sheet is overlain by Main Boundary thrust and contains only 

the lower or middle member. 
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Main Boundary Thrust System 

The Main Boundary thrust is a major thrust system in the Himalaya, separating 

foreland basin sediments of Mio-Pliocene age from much older metasedimentary rocks of 

Proterozoic age. This thrust system can be easily identified in the field in part because of 

a large topographic break, and on aerial photos and satellite images. DeCelles et al. 

(2001) reported that the fault has at least ~40 km of slip and possibly much more. 

 

Ramgarh Thrust System 

Named after the town of Ramgarh in Kumaon, India by Valdiya (1980) this thrust 

places greenschist-grade Lesser Himalayan rocks of the Kushma and Ranimata 

Formations on top of less metamorphosed younger Lesser Himalayan rocks. In far west 

Nepal this thrust system was mapped by Shrestha et al. (1987) long ago but they did not 

correlate it with its counterpart in Kumaon. Later DeCelles et al. (1998b, 2001), Pearson 

and DeCelles (2005), Robinson et al. (2006) mapped this thrust system in detail 

throughout Nepal, and balanced cross sections suggest that the fault has >100 km of slip. 

Timing of emplacement must post-date deposition of the Dumri Formation, which it cuts 

(DeCelles et al., 2001). In the new geological map of Nepal this thrust system will be 

renamed as Middle Himalayan Thrust System (MHTS) and the Indian name will be 

avoided in this study.  
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Dadeldhura Thrust System 

The Dadeldhura thrust sheet is a synformal klippe composed of Kalikot 

muscovite-biotite-garnet schist, Budhiganga and Sallyanigad mylonitic augen gneiss, and 

Dadeldhura Cambrian-Ordovician granite. This thrust system overlies the greenschist 

grade metasedimentary and meta-volcanic rocks of the Ranimata Formation and other 

Lesser Himalayan zone units (DeCelles et al., 2001).  In central Nepal this thrust is 

mapped as the Mahabharat thrust (Stocklin, 1980). The Almora Crystalline Nappe of 

Kumaon India (Valdiya, 1980; Srivastava and Mitra, 1994) is the western extension of 

Dadeldhura synformal klippe.  

 

Lesser Himalayan Duplex Zone 

To the north of the Dadeldhura klippen is a regional scale antiformal structural 

arch composed of Lesser Himalayan rocks that are repeated by several major thrust 

faults. Based on branchline patterns, DeCelles et al. (2001) interpreted this arch as a large 

duplex. The duplex (referred to as the Lesser Himalayan duplex) continues along the 

entire length of the Himalaya in Nepal, and likely extends into Kumaon on the west 

(Srivastava and Mitra, 1994) and Sikkim on the east. In far west Nepal, the roof thrust of 

the Lesser Himalayan duplex is the Ramgarh thrust, which has been erosionally breached 

into a structural window between the northern edge of the Dadeldhura klippe and the 

Main Central thrust zone (DeCelles et al., 1998b, 2001; Robinson et al., 2006). To the 

north of Chainpur DeCelles et al., (2001) mapped a stack of NNE dipping imbricated 
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panels of Kushma and Ranimata Formations. Those imbricated panels of lesser 

Himalayan units were consistently upright and with no signs of repetition by folding.  

 

Main Central Thrust Zone 

The Main Central thrust is a major north-dipping shear zone which separates the 

Lesser Himalayan greenschist grade rocks from Greater Himalayan upper amphibolite-

grade rocks. Heim and Gansser (1939) first identified this shear zone in the Indian 

Himalaya of Kumaon. Including the present study area this thrust fault is well mapped 

throughout the Nepal (Hodges, 2000).  

 

GIS-BASED CONCEPTUAL GEOLOGICAL DATA MODEL FOR 

SYNTHESIZED GEOLOGICAL MAP OF FAR WEST NEPAL 

 The GIS-based geological map of far west Nepal as presented in Figure 4.1 is 

synthesized from existing geological maps of that region by Fuchs (1981), Shrestha et al. 

(1987), and Robinson et al. (2006). It is hoped that the new map better delineates the 

regional geology of far west Nepal than the existing maps that are not compiled.  

 The present map of far west Nepal in GIS format is helpful to understand the 

relationships among various geological objects mapped as 2D object from 3D surface. 

Based on inferred and observed geological occurrences this map can be considered a 

geological meta-model of space-time-processes for far west Nepal. Representation of real 

world geological objects in map form in the GIS environment requires the development 

of an object-relational data model (ORDM; Longley et al., 2001). Although GIS data 
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models are extensively developed in fields such as resource management and 

environmental studies, geological applications have been rare. Wade (2000) and Longley 

et al. (2001) introduced the concept of ORDM that opened the path for geological data 

modeling. A carefully designed database built with object-relational technology is 

required to model specific phenomena and to make data accessible for further analysis 

(Zeiler 1999). The ORDM combines relational data sets such as attribute tables 

containing two-dimensional arrays of records of attributes with object-oriented datasets 

that characterize an object’s rich state and behavior. Many geological data models have 

been developed using the concept of object-relational database, including the North 

American Digital Geological Data Model (NADGDM), the Public Petroleum Data Model 

(PPDM), and the ESRI Geology Data Model (EGDM) (Setizadji and Watanabe 2005).  

 The main aim of this research paper is to explain how to use GIS technology for 

geological map making, updating and enhancing the map, and employing data storage to 

analyze regional tectonics, foreland basin history, and the  kinematic history of far west 

Nepal.  Thus the data model used for this study has no similarity with other geological 

data models.  As illustrated in figure 4.2 there is clear overlap among the data types 

employed for the study of kinematic, foreland basin, and tectonic histories of far west 

Nepal. Keeping in mind the main research interest of this paper only a conceptual data 

model is developed and subdivided into three parts as data collection, data base 

development, and data modeling and visualization. As illustrated in figure 4.3 the 

conceptual data design has been used to construct, modify, query, and visualize the 
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mapped objects and their analysis in orthographic 2D view as well as 3D perspective 

view (Setizadji and Watanabe 2005).  

 

Coordinate System and Map Projection  

 Objects in a map are represented by their spatial reference to the real world and 

are generally presented as degree, minute, second or degree decimals using a Geographic 

Coordinate System (GCS). Although this method accurately projects real world objects in 

map view, the irregular shape of Earth’s surface makes this method useless for measuring 

dimensions of features on a map.  Thus objects collected and projected in GCS need to be 

converted to a projected coordinate system for geo-statistical analysis. A projected 

coordinate system represents Earth’s surface as a two dimensional planar surface so all 

type of numerical measurements are possible on the objects collected and projected in the 

coordinate system (Bildirici and Oztug 2003).  For this study all the paper maps were 

geo-rectified and digitized using GCS Everest, India, and Nepal 1962. After digitization 

all the data were converted to a projected coordinate system using World Geodetic 

System (WGS) 1984, zone 44 N for further geo-statistical analysis.   

 

GIS Data Layers (Coverage)   

 In GIS, real world objects are represented as point, line and polygon feature and 

raster layers. The data layers are the true representation of geographic entities with 

similar geometric features.  For regional tectonic, kinematic and foreland basin analysis 

of far west Nepal, the following data layers were constructed in GIS platform by 
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establishing the spatial extent of the study area. Every data layer was carefully geo-

rectified to a common projection system to overlap the spatial components of each layer 

correctly (Khan et al., 2006).  

 

New Geological Map Data Layer 

 The new geological map data layer contains vectorized data from geo-rectified 

topographical and geological maps. The features in this data layer are points, lines and 

polygons. The features represent themselves as real map data and are not hyperlinked to 

tables and reports. The main features are grouped as geological formation polygons, 

structures, contour lines, seismic epicenters, roads, lakes, rivers, peaks, and villages (fig. 

4.4).  

 In the process of geological data assemblage, all revised general geological and 

structural maps of far west Nepal were compiled by digitizing the existing geological 

maps of the area.  The following six different geological and structural map data sources 

were used to produce the new geological map: 

1. Tectonic Map of the Himalayas- A regional tectonic map (1:2,000,000) of the 

Himalayas compiled by Fuchs (1981). This map is a very general geological map of the 

entire Himalayan orogenic belt; only the data from Greater Himalayan and Tethyan 

Himalayan zones were used for the new geological map.  

2. Geological Map of Far West Nepal- A regional (1:250,000) detailed geological map 

compiled by Shrestha et al. (1987) as part of a five part series covering all of Nepal by 

the Department of Mines and Geology. This map was originally compiled from dozens of 
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1:63,360 scale geological maps of regions mapped by several Nepalese geologists over a 

period of 15 years. The main data source comes from the restricted geological reports that 

accompany the maps, which are owned by the Department of Mines and Geology 

(Lainchaur, Kathmandu, Nepal). This map does not contain geological information about 

the Greater Himalayan and Tethyan Himalayan zones.  

3. A New Geological Map of Far West Nepal (1:300,000) - Compiled by Robinson et al. 

(2006) with general geological and structural information for all of far west Nepal. 

Unfortunately, these authors did not differentiate units within the Dadeldhura klippe; 

however, by combining the Shrestha et al. (1987) compilation with Robinson et al. (2006) 

it is possible to develop a superior map.  

4. Geological Map of Nepal- Published by Himalayan Map House, Kathmandu, Nepal. 

This map (1:1 000,000) was compiled from existing regional geological maps of Nepal 

that were published by the Department of Mines and Geology, with some alterations. 

Although most of this map is simply a reproduction of the Shrestha et al. (1987) map, it is 

produced at a convenient scale that covers the entire country.  

5. Map data available from G.E. Gehrels- Gehrels et al. (2006) mapped part of 

Dadeldhura klippe during November, 2001. Their field notes and field maps were 

extremely useful for updating locations of formation boundaries and major structural 

patterns in the Dadeldhura Klippe. 

6. Map data available from M.A. Murphy:  Murphy and Copeland (2005) and Murphy 

and Yin (2003) mapped a small portion of the Greater Himalayan and Tethyan 

Himalayan zones in considerable detail in far west Nepal. This work extended previous 
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mapping from adjacent Tibet (Murphy and Yin, 2003) southeastward into Nepal. 

Geological and structural information available from their published report was helpful to 

update the current map of far west Nepal.  

 Other vector format features, including topographic contour lines, roads, lakes, 

rivers, peaks, and villages were acquired by digitizing 131 topographical maps of far west 

Nepal.  

 

Geochronological Data Layer 

 Recent years have witnessed the acquisition and publication of numerous new 

radio-isotopic ages from Nepal. This information has tremendous value when portrayed 

in its regional spatial framework. Geochronological data layers contains all available 

geochronological sampling sites and are designated by point features with their unique ID 

and attribute tables (fig. 4.5) with detailed information about data as orogen name, point 

data type, description of data, comments and quality of data, publication citation and data 

compilation date. Each point feature in revised geological map of far west Nepal 

represents the thorough analytical study of collected geological samples from study area 

and the analytical results are hyperlinked to corresponding sampling sites in tabular form. 

The data points are grouped as Strontium (87Sr/86Sr), uranium lead (U-Pb), Argon 

(40Ar/39Ar) and paleocurrent measurement. Some data points are hyperlinked with their 

corresponding manuscripts (fig 4.6). The geochronological data layer is very useful to 

query the age of rock units. The map view of sample localities and their analytical results 

hyperlinked to tables and reprints makes this new map very useful for geo-statistical 
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analysis.  By selecting the sampling location points using hyper link tool in new 

geological map of far west Nepal geochronological data tables in pdf file format can be 

accessed directly from map view.  This feature allows users to understand better the 

geochronological records. 

 

Stratigraphic Data Layer 

 This data layer contains all measured sections and each study site is designated 

by a line feature. Each measured section has a unique line feature ID and linked attribute 

tables with detailed information about local and regional stratigraphic names, age, scale, 

and basin name, description of data, publication citation, and data compilation date. Each 

line feature representing the individual section is hyperlinked with corresponding 

stratigraphic logs and geological reports (fig. 4.7). This unique feature of the new 

geological map of far west Nepal allows users to query detailed stratigraphic information 

from a map view context.  

 

Structural Data Layer 

 The structural data layer contains all detailed geological cross sections and 

balanced cross sections of far west Nepal produced by several authors. This data layer is 

represented by line features with unique ID’s and attributes tables containing details 

about data including scale, description, database compilation date, and author. Each line 

representing a detailed cross section is hyperlinked to pdf files illustrating the cross 
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section(s) (fig. 4.8). This feature allows users to directly access the metadata of hyper 

linked geological cross sections and the structural description of the area of interest.  

 

Detailed Geological Data Layer 

 Compilation of detailed geological work by different authors is represented in 

the detailed geological data layer. After review of published and unpublished geological 

reports the polygon features were drawn to highlight the study area represented by each 

author. These polygon features are placed closer to the major geological traverse as 

represented in the maps attached with geological reports. The detailed geological data 

layer has its own unique attribute table which contains all available information about the 

particular data set, such as rock type, data source, lithological description, age, and title 

of the source manuscript. Each geological report with table and maps is hyperlinked to 

the geological polygons (fig. 4.9). This feature allows users efficient access to difficult to 

find geological reports, manuscripts, and journals related to present study area. 

 

Topographical Data Layer 

 The topographic data layer consists of 131 geo-rectified 7.5 ‘ and 15’ quad 

topographical maps published by the Nepalese Survey Department (fig. 4.10A), shaded 

relief map (fig. 4.10B), slope angle maps (fig. 4.10 C), slope aspect maps (fig. 4.10 D), 

Digital Terrain Model (DTM) (fig. 4.10 E), and SRTM Digital Elevation Model (DEM) 

(fig. 4.10 F).  The shaded relief map, slope angle map, slope aspect map, and DTM were 

derived from the digitized 131 topographic maps of far west Nepal. The SRTM DEM 
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was downloaded from the web. This data layer makes several types of geo-statistical 

analysis easy and many statistical analyses can be performed within seconds. Planners, 

engineers and researchers benefit from this data layer.  

 

Previous Geological Map Data Layer 

 The previous geological map data layer contains available detailed published 

and unpublished geo-rectified geological maps of far west Nepal. These maps include 

unpublished 1:63,360 scale geological maps acquired from the Department of Mines and 

Geology and maps attached with published geological papers of far west Nepal by 

DeCelles et al., (1998, 2001), Murphy and Copeland (2005), and maps from the 

hydropower feasibility study report produced by Himalayan Power consultant. The 

available maps are carefully geo-rectified to fit with the revised geological map (fig. 

4.11). The purpose of this data layer is to relate the detailed geological data with revised 

new geological map of far west Nepal.  

 

ATTRIBUTES OF THE GIS-BASED GEOLOGICAL MAP 

 For the newly produced geological map, the geological database was created in 

ESRI ArcMap 9.3 with the following attributes (Fig. 4.5).  Attribute table is a special 

feature with great utility in GIS data management developed by ESRI in their ArcGIS 

package. Firstly it allows adding information any time to modify or enhance the feature 

properties; secondly attribute tables allow aggregating the statistical parameters from the 

subset of data for a particular purpose. For example, with the help of attribute tables it is 
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much easier to determine the total area of Ranimata Formation in far west Nepal and the 

number of villages and area of cultivated land within the Ranimata Formation. Attribute 

tables also can be exported to other formats such as spreadsheet and complete statistical 

analysis can be performed on the feature properties (Bonham-Carter 1994). 

 

Object ID 

 ESRI Arc GIS assigns a unique object ID to each data row related to 

corresponding features. This unique feature maintained by ESRI ArcGIS helps to 

visualize features in map view while the corresponding raw data are selected in attribute 

tables. Any data layer created by ArcMap and ArcCatalog consists of object ID, which 

also function as common identifiers for data query. The other data formats like Object 

Linking and Embedding (OLE) data base, text file data base, excel database, and 

unregistered database from Spatial Database Engine (SDE) have no object ID and 

features related to those data formats cannot be viewed in map view by selecting the data 

row on corresponding tables.  

 

Shape 

 In ESRI ArcMap tables Shape field stores the geometry of features. For this 

study geological formations are tabulated as polygon features, structural features are 

tabulated as line features, and all sampling locations, seismic epicenters, and measured 

section locations are tabulated as point features. Like object ID, Shape is also a unique 
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identifier and in ArcMap data tables, it is automatically added, populated and maintained 

by ArcGIS.  

 

Formation Name 

 Formation names are given according to their position in the map. The same 

formation may appear multiple times in different thrust sheets. Each formation has its 

unique identifier color plan. The formations are given their actual names (e.g., Kushma 

Formation, Ranimata Formation, etc.). This attribute table allows the areas of each 

formation from different thrust sheets to be summed for statistical analysis.  

 

Rock type and Age 

 Against each formation column, rock types are described to facilitate quick 

review of major rock types in each geological formation. This is useful for quantifying 

rock types. Approximate and absolute ages of each formation are assigned in separate 

columns against each geological formation. Also the method of age estimation is 

described as based on correlation, U-Pb ages, magnetostratigraphy, mineral cooling ages, 

paleontology, etc. 

 

Tectonostratigraphy and Regional Correlation 

 Within the attribute table a column with the information on tectonic zone for 

each formation type is added. This is useful to access quickly which tectonic zone the 

particular selected formation belongs in. Historically, geologists working in Nepal have 
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employed local stratigraphic nomenclature, resulting in a pot pouri of stratigraphic terms 

with no consistent regional correlation. Using the regional stratigraphic correlation 

presented by DeCelles et al.  (1998, 2001) and Pearson and DeCelles (2005) efforts are 

made to assign regional equivalents against each geological formation in the attribute 

table.  This information with other information like age and rock type in tabular form 

makes data query for each formation easy and efficient. 

 

3D VISUALIZATION IN ESRI ARCSCENE 

 Geological structures and rock units are inherently three dimensional in nature 

and their visualization in 3D in a computer environment makes several geo-statistical 

analyses an easy task (Jones et al., 2009). During the late 1980’s 3D visualization of 

geological objects was limited and computer hardware and software were not developed 

for the full dimensionality visualization of geological objects. By the mid-1990’s low-

cost 3D visualization hardware and software were extensively developed, facilitating 3D 

visualization on desktop computers. Since then petroleum companies have used 3D 

visualization of surface and subsurface geological data as an integral part of exploration 

activities. In spite of the wide applicability and usefulness of 3D visualization of 

geological objects for exploration, mapping, and environmental studies almost all field 

geologists and researchers still rely upon traditional methods of recording data in note 

books and on base maps and plotting them in a 1D or 2D computer environment. In a 

complex mountain belt such as the Himalaya, 3D visualization of geological and 

structural objects with digital topographical data (DTM, slope maps, rectified 
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orthophotos) makes geological mapping and civil engineering tasks more accurate and 

efficient (Jones 1996). A detailed account of 3D visualization and its usefulness is 

presented in chapter 3. This effort will facilitate the job of researchers, surveyors and 

engineers by providing instant information about relationships between bed rock geology, 

structure, and topography in a 3D environment (fig. 4.12 A, B, C, D). 

 

CONCLUSIONS 

 The detailed geospatial data model developed for far west Nepal in a GIS 

platform using ESRI ArcMap with seven data layers (geological map, detailed geological 

data, stratigraphic data, structural data, topographic data, and previous geological maps 

data) is a mobile GIS-based geological library of far west Nepal and supports the 

following conclusions.  

• Compilation of geological maps has always been a difficult and tedious task. The 

current database makes this task very easy in a GIS platform. Geological maps of 

different scales and projections can be assigned to a common projection system and 

viewed in a single data frame. Modification of geological contacts and structural 

boundaries is easy and accurate in this system.  

• The current database developed for far west Nepal allows future users to add new 

data sets in order to enhance and modify the new geological map. Thus, this new map is 

an organic work in progress, fully updatable and flexible.  
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• Each geological feature polygon has its own attribute table and the brief description 

of tectonostratigraphy, rock types, geological age, geochronological data source and 

regional correlation of each formation can be accessed quickly.  

• All seven data layers are linked to the newly compiled geological map of far west 

Nepal, thus allowing easy and efficient data query. The tables and geological reports are 

hyperlinked to access detailed geological information of particular site, thus making 

multivariate thematic mapping an easy task.  

• Viewing and editing the geological map  over the actual topographic data layer 

developed from the 131 geo-rectified 7.5’ and 15’ quad topographic maps published by 

Nepal Survey Department allows users to add precisely located geological  data to the 

new map in an efficient manner.  

• This data model allows many geo-statistical analyses instantly to understand the 

relationship among geology and land use, geological structures and slope angle and 

aspect ratio, and geological structures and geomorphic features. This data model should 

be useful for land use managers, researchers and engineers to understand the geodynamic 

and surficial processes in the remote far west Nepal Himalaya. 

• Visualization of the new geological map of far west Nepal with DTM, slope angle 

map, and slope aspect map in ESRI ArcScene 3D environment helps to understand the 

relationship between geological structure and topography. 
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Figure 4.1:  Revised geological map of far west Nepal compiled from existing map of 
the region Shrestha et al., 1987, Fuchs 1981, Robinson et al., 2006, DeCelles et al., 2001, 
Murphy and Copeland 2005, and Gehrels et al., 2006 using ESRI ArcMap 9.3. 
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Figure 4.2: An illustration of data overlapping for different research interest use. There 
are several data sets which can be used to answer questions in different research field. 
Modified from Setizadji and Watanabe (2005). 
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Figure 4.3: Conceptual data model for the geological system analysis. Modified from 
Setizadji and Watanabe (2005). 
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Figure 4.4: New geological map of far west Nepal. Revised far west Nepal geological 
map represents the geology layer with other data layers. All the feature classes in this 
data layer are vector data. 
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Figure 4.5: A small portion of new geological map of far west Nepal and the lay out of 
its attribute table. 
 
 
 
 
 
 
 
 
 
 
 
 



 

191

                               
 

 
                                                                                                            

 
 

A 

B
Figure 4.6: Map 
shows (A): U-PB 
sample site linked by 
arrow with its analysis 
result table published 
in Journal of Asian 
Earth Science, (B): 
87Sr/86Sr sample site 
linked by arrow with 
its result published in 
science.  
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Figure 4.7: Map shows (A): Detailed measured Siwalik section at Khutia Khola, (B): 
Detailed measured Dumri section at Swat Khola, (C): Attribute table lay out of measured 
stratigraphic sections. 
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Figure 4.8: Map shows (A): Detailed balanced cross section by DeCelles et al., (2001), 
(B): Geological cross section by HPC 1987, (C): Detailed balanced and restored cross 
section by Robinson et al., (2006), (D): Revised geological map of  far west Nepal with 
all data layers (E): Attribute tables of cross sections. 
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Figure 4.9: Map showing bar shaped polygons covering main geological traverses 
mapped by various authors linked to the appropriate published geological reports. (A): 
New geological map of far west Nepal showing the approximate location of detailed 
geological traverses and their link with published literature. (B): Robinson, 2008, (C): 
Robinson et al., 2006, (D): Gehrels et al., 2006, (E): Ojha et al., 2000, (F): DeCelles et 
al., 2001, (G): DeCelles et al., 1998a, (H): Murphy and Yin 2003, (I): Murphy and 
Copeland 2005. 
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Figure 4.10 (A): Geo-rectified topographic maps of far west Nepal. 
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Figure 4.10 (B): Shaded relief map of far west Nepal generated from manually digitized 
contour lines using ESRI ArcScan tool. 
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Figure 4.10 (C): Slope angle and seismicity map of far west Nepal. Seismic epicenters 
(black dots) are well clustered around major structure and high angle slope. 
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Figure 4.10 (D): Slope aspect map of far west Nepal. 
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Figure 4.10 (E): Seam less Digital Terrain Model developed from 131 manually 
digitized topographic map of far west Nepal. 
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Figure 4.10 (F): Shuttle Radar Topographic Mission (SRTM) digital elevation model of 
far west Nepal downloaded from web.  
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Figure 4.11: Map showing various geological maps of far west Nepal as listed under 
legend, rectified to common projection system and scale. 
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Figure 4.12 (A): Perspective 3D view of far west Nepal Himalaya. (B): New geological 
map draped over perspective 3D view of far west Nepal Himalaya. (C): Slope angle map 
draped over perspective 3D view of far west Nepal Himalaya. (D): Slope aspect map 
draped over perspective 3D view of far west Nepal Himalaya. 
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