
53

Introduction

　The Siwalik succession of southwestern Nepal consists 
of a thick pile of sediments spanning an age range between 
Middle Miocene to Pleistocene. The Siwalik sediments are 
mainly fluvial in origin, and were mostly derived from the 
northern and northeastern Himalayan suites. The Siwalik 
Group has been investigated by many workers, including 
studies of biostratigraphy, magnetostratigraphy, isotopic 
dating, sedimentology, petrography and tectonics (Appel et 
al., 1991; Critelli and Ingersoll, 1994; Dhital et al., 1995; 
Gautam and Rösler, 1999; Nakayama and Ulak, 1999; 
Roser et al., 2002; Robinson et al., 2006; Szulc et al., 2006; 
Najman, 2006; and many others). 
　Geochemical studies of sedimentary rocks are useful for 
the evaluation of source weathering, climate, provenance 
and sedimentary processes (Nesbitt and Young, 1982; 
McLennan et al., 1993; Johnsson, 1993; Roser and Korsch, 
1988; and others). This report presents whole-rock major and 
trace element analyses of 176 Siwalik Group sandstones and 
mudstones from the Surai Khola section of western Nepal, 
as a companion to a similar dataset from the Bakiya Khola 
section in central Nepal (Roser et al., 2002; Ulak et al., this 
volume). These datasets provide a framework for on-going 
study of vertical and spatial changes in geochemistry within 
the Siwalik succession.

General Geology

　Sedimentary rocks of the Siwalik Group are extensively 
distributed in the southern frontal area of the Himalaya 
(Nakayama and Ulak, 1999). The Siwalik Group is bounded 
by the Main Boundary Thrust (MBT) to the north and the 
Main Frontal Thrust (MFT) in the south (Fig. 1). The Siwalik 
Group consists of fluvial sediments derived from the Greater 
Himalayan, Lesser Himalayan and Tibetan Himalayan 
suites (Szulc et al., 2006; Nakayama and Ulak, 1999), in a 
succession some 6000 m thick. The sediments are dominated 
by mudstones, siltstones, sandstones and conglomerates, and 
are informally divided into lower, middle and upper units. 
　In the Surai Khola area, the Siwalik Group is subdivided 
into the Bankas, Chor Khola, Surai Khola, Dobata and Dhan 
Khola Formations, in ascending order (Table 1). The Bankas 
Formation (580+ m) consists of alternations of medium- 
to very fine-grained gray sandstones and variegated 
mudstones, deposited by a fine-grained meandering fluvial 
system (Nakayama and Ulak, 1999). The Bankas sandstones 
also contain palaeosols and wood fragments. The overlying 
Chor Khola Formation (1230 m) is made up of coarse- to 
fine-grained sandstones and mudstones in almost equal 
proportions, and is subdivided into the lower Jungli Khola 
and upper Shivgarhi members. The Jungli Khola member 
was deposited from a fine-grained meandering fluvial 
system similar to that of the Bankas Formation, whereas 
the Shivgarhi member was the product of a flood-flow 
dominated fine-grained meandering system (Nakayama and 
Ulak, 1999). The succeeding Surai Khola Formation (1310 
m) mainly consists of coarse- to medium-grained “pepper and 
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salt” sandstones, and is subdivided into lower, middle, and 
upper members on the basis of lithology. Facies associations 
indicate that these represent successive deposition from 
flood-flow dominated sandy meandering, shallow sandy 
braided, and deep sandy braided fluvial systems, respectively 
(Nakayama and Ulak, 1999). The Dobata Formation (750 
m) is mainly composed of massive mudstones, along with 
medium- to coarse-grained sandstones, and occasionally 
contains cobbles. It was the product of an anastomosing 
fluvial system (Nakayama and Ulak, 1999). The Dhan Khola 
Formation (1100+ m), the uppermost in the succession, 
consists of conglomerates containing pebbles and cobbles 
of quartzite and limestone originating from the Lesser 
Himalaya, along with unconsolidated sandstones. The lower 
part of the Dhan Khola Formation was the product of a 
gravelly braided river system, whereas the upper part was 
deposited in a debris-flow dominated braided environment 
(Nakayama and Ulak, 1999). 

Analytical Methods

　A total of 176 sandstone and mudstone samples were 
analyzed from the Surai Khola section. Sample handling 
and crushing methods were the same as those described for 
the companion suite from the Bakiya Khola section (Ulak 
et al., this volume). Loss on Ignition (LOI) was determined 
from the net weight loss after ignition in a muffle furnace 
at 1020℃for at least 2 hours. The major elements and 14 
trace elements (Ba, Ce, Cr, Ga, Nb, Ni, Pb, Rb, Sc, Sr, Th, 
V, Y, Zr) were determined on the ignited samples after the 
determination of LOI (anhydrous basis), using a Rigaku RIX 
2000 X-ray fluorescence spectrometer (XRF) at Shimane 
University. Glass fusion beads were made using an alkali 
flux (80% lithium tetraborate, 20% lithium metaborate), with 
a flux to sample ratio of 2:1 (Kimura and Yamada, 1996). 
Instrument conditions and calibration also followed those 
described by Kimura and Yamada (1996). Additional details 
of the XRF sample preparation and analysis methodology 

Fig. 1. Geological map of the Surai Khola area (Dhital et al., 1995) showing sample locations (grouped by sample number), lithotypes and major 
geographic features.



Geochemical analyses of sandstones and mudstones from the Siwalik succession, Surai Khola, western Nepal 55

used at Shimane University are also given by Roser et al. 
(1998, 2000, 2003). 
 

Results

   Major and trace element analyses of the sandstones and 
mudstones from the Surai Khola succession are listed in 
Table 2 (hydrous basis), arranged in stratigraphic order. 
Total iron content is expressed as Fe2O3T. LOI values are 
generally between 2 to 10 wt%, but some samples have 
significantly higher values (> 10 wt%) due to high carbonate 
contents. 
  Average values for sandstones and mudstones in each 
formation are listed in Table 3. Some stratigraphic variability 
is evident, as in the Bakiya Khola section (Roser et al., 
2002; Ulak et al., this volume). Average SiO2 abundances 
in the sandstones range from 60.90 wt% in the Chor Khola 
Formation to 70.83 wt% in the Dhan Khola Formation, levels 
similar to that in upper continental crust. Variability is less 
than in the Bakiya Khola section (Ulak et al., this volume). 
Average SiO2 abundances in the mudstones show an even 
smaller range of 61.49 wt% (Chor Khola) to 66.33 wt% 
(Dhan Khola). Average CaO contents in both sandstones 
and mudstones of the Bankas, Chor Khola and Surai Khola 
Formations are significantly greater (up to 9.10 wt%) than in 
the Dobata and Dhan Khola averages (Table 3). This follows 
a similar pattern to the Bakiya Khola data (Ulak et al., this 
volume). 
　Average trace element abundances in the mudstones in 
each formation are generally higher than in their companion 
sandstones, although the contrast varies according to 
the element, and tends to decrease stratigraphically 
upward (Table 3). This is illustrated by normalization of 
the formation averages for each lithotype against upper 
continental crust (UCC). Some separation occurs between 
the sandstone and mudstone averages in the Bankas 
Formation and the individual members of the Chor Khola 
Formation, especially in the elements at the right of the plot 
(Al to V; Fig. 2). However, in the Surai Khola, Dobata and 
Dhan Khola Formations the UCC-normalized patterns of 
the sandstone and mudstone averages are almost identical 
(Fig. 2). This probably reflects change in fluvial style, with 
shift from meandering systems in the lower part to braided 
depositional environments in the upper part. In general, the 
contrast between the lithotype averages in each formation 
is smaller than in equivalents in the Bakiya Khola section, 
suggesting that some lateral variation occurs within the 
Siwalik succession. This will be the subject of future 
examination.
　The UCC-normalized plots (Fig. 2) also feature strong 
depletion in the mobile elements Na and Sr, and slight 
enrichment of immobile elements (e.g. Zr, Th, Sc, Ti) relative 
to upper continental crust. CaO is enriched relative to UCC 
in the lower part, and depleted in the upper part, a pattern 
also observed in the Bakiya Khola section (Ulak et al., this 

volume). These features underline the point that although 
the Siwalik sediments were derived from the rapidly rising 
crustal section of the Himalaya, their compositions have 
been modified during their short journey from source to the 
site of deposition.

Acknowledgements

　This report continues work started by the late Katsuhiro 

Fig. 2. Multi-element plot sandstone and mudstone averages for each 
formation normalized against the average upper continental crust 
(UCC) composition of Taylor and McLennan (1985). Elements 
are arranged from left to right in order of increasing abundance 
in average Mesozoic-Cenozoic greywacke (Condie, 1993) relative 
to UCC, following the methodology of Dinelli et al. (1999). The 
Shivgarhi and Jungli Khola members of the Chor Khola Formation 
are plotted individually.

Formation Member Thickness (m)

Dhan Khola 1100+
Dobata 750

Upper 480
Surai Khola Middle 470

Lower 360
Shivgarhi 820
Jungli Khola 410

Bankas 580+

Chor Khola

Table 1. Stratigraphy of the Siwalik Group, Surai Khola, Nepal 
(Nakayama and Ulak, 1999).
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Fmtn          Bankas       Chor Khola     Surai Khola        Dobata       Dhan Khola
Lithology S M S M S M S M S M
n 16 5 31 31 29 12 14 18 6 14

Major elements (wt%)

SiO2 66.88 63.23 60.90 62.73 61.74 61.49 69.71 64.34 70.83 66.33
TiO2 0.52 0.74 0.55 0.67 0.64 0.69 0.61 0.75 0.64 0.67
Al2O3 8.65 15.46 9.68 12.76 12.31 15.28 12.17 15.49 13.25 13.99
Fe2O3T 3.14 4.49 3.51 4.67 4.53 5.59 4.25 5.41 4.97 4.39
MnO 0.08 0.02 0.08 0.05 0.06 0.04 0.04 0.05 0.06 0.04
MgO 1.46 2.01 1.97 1.98 2.31 2.61 1.67 2.19 1.63 1.78
CaO 7.45 3.15 9.10 5.28 6.17 3.25 2.79 2.03 1.18 3.13
Na2O 0.53 0.34 0.84 0.74 0.77 0.61 0.59 0.44 0.42 0.38
K2O 2.11 4.01 2.56 3.28 3.19 3.99 2.75 3.57 2.98 3.09
P2O5 0.10 0.07 0.10 0.08 0.09 0.12 0.09 0.07 0.09 0.09
LOI 8.22 6.11 9.65 7.24 7.73 6.29 5.02 5.65 3.98 5.72
Total 99.14 99.63 98.92 99.48 99.53 99.97 99.69 99.97 100.01 99.61

Trace elements (ppm)

Ba 352 654 419 547 524 609 489 575 484 476
Ce 71 81 67 77 74 76 75 84 76 81
Cr 41 82 47 65 60 74 60 77 64 66
Ga 10 21 13 17 16 21 15 20 16 16
Nb 13 17 13 16 15 16 15 17 15 16
Ni 18 37 20 29 27 35 29 38 32 33
Pb 22 33 25 30 26 29 24 31 27 27
Rb 99 189 116 153 153 201 149 190 161 160
Sc 7 13 8 11 11 13 11 14 12 12
Sr 82 72 116 94 95 72 66 63 38 50
Th 14 20 15 18 16 18 16 19 16 17
V 51 101 58 84 78 99 77 102 85 83
Y 23 31 26 28 29 31 28 32 31 31
Zr 262 215 235 243 238 219 240 248 217 233

Table 3. Average sandstone (S) and mudstone (M) compositions, Siwalik Group, Surai Khola section. n = number of samples.


