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ABSTRACT

The Siwalik Group constitutes an important archive of Himalayan uplift and related climate changes. Compositional
and textural properties of Siwalik sandstones are important parameters for the reconstruction of source lithology,
uplift, and the unroofing history of the Himalaya. This study examines fluvial sandstones of the Siwalik Group
along the Karnali River, where the large paleo-Karnali River is expected to have flowed. Modal QFL analysis
shows that the sandstones are mainly sub-litharenites or litharenites. Multivariate statistical analysis using Principal
Component Analysis (PCA) and the Weltje method show slight variations in sediment composition occur between
the Chisapani and Baka Formations. These variations are mainly linked to the source area and tectonics rather
than to facies, grain size, or climate. The detrital modes of the sandstones indicate recycled orogen provenance.
Comparison of the detrital modes with previous studies indicates that the Higher Himalaya and Lesser Himalaya
zones were a common source area throughout the time of deposition. However, subtle changes in feldspar and

biotite contents indicate significant supply of detritus derived from the Higher Himalaya after 9.6 Ma.
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INTRODUCTION

Sandstone compositions are influenced by the
composition of the source rocks, the nature of the sedimentary
processes operating, and the types of dispersal paths that link
the source and the depositional basin (Dickinson and Suczek
1979). The provenance of sediments includes all aspects of
the source area, including the source rocks present, climate,
relief, and hydrodynamics of the depositional environment
(Pettijohn et al. 1987; Johnsson 1993). Tectonic setting is
also regarded as a major controlling factor for the variations
in composition of sedimentary rocks (Ingersoll and Suczek
1979; Dickinson 1985; Johnsson 1993).

The minerals occurring in sedimentary rocks are
generally used as guides for the identification of provenance
and tectonic setting of an area. The most commonly used
approach in provenance studies is to consider sandstone
composition in the context of a tectonic framework. Standard
methods for sandstone provenance analysis use modal
analysis of detrital framework components (Dickinson and
Suczek 1979; Dickinson 1985). Such methods have been
used to determine the provenance of the fluvial succession
of the Siwalik Group, which is an important repository
recording the provenance and tectonic history of the
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Himalaya (Critelli and Ingersoll 1994).

The present study targets the Siwalik Group along the
Karnali River area of Nepal Himalaya (Fig. 1). A variety of
studies in this geologic section have focused on isotopes and
age dating, to understand the regional tectonics, exhumation,
and the provenance of the sediments (Gautam and Fujiwara
2000; Huyghe et al. 2001, 2005, Szulc et al. 2006; Van
der Beek et. al. 2006; Bernet et al. 2006). Despite these
isotopic and chronological studies, no detailed petrographic
information is yet available for the Karnali River section.
The aim of our present study is to describe the petrography
of Siwalik sandstones from the Karnali River section in
detail, and determine their provenance. We also examine the
factors controlling the variations in sediment composition,
based on multivariate statistical analysis.

GEOLOGICAL SETTING

The Siwalik Group comprises a 16.0 Ma succession of
synorogenic sediments derived from the main Himalayan
Range (Gansser 1964; Upreti and Le Fort 1999). The Siwalik
sediments are bounded by the Main Boundary Thrust (MBT)
and Main Frontal Thrust (MFT), which separates the group
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Fig. 1: Generalized geological map of Nepal Himalaya (modified from Amatya and Jnawali 1994). Open rectangle
indicates the location of the study area; filled rectangles are other study area.

from the Lesser Himalaya to the north and Indo-Gangatic
Plain to the south, respectively (Mugnier et al. 1999). The
succession ranges from 4 to 6 km in thickness.

This study targets the Siwalik Group exposed around the
Karnali River (Fig 1). The traditional tripartite lithological
division (Lower, Middle and Upper Siwaliks) was previously
applied (DMG 1987, 2003; Mugnier et al. 1998, 1999) for
the group in this area. The age of the Karnali section ranges
from 15.8 to 5.2 Ma, as obtained from paleomagnetic data
(Gautam and Fujiwara 2000). Structurally, the section
consists of two large belts separated by the Main Dune
Thrust (MDT), an extensive and major intra-Siwalik thrust
(Mugnier et al. 1999).

Sigdel et al. (2011) recently established the stratigraphy
of the southern belt in this area, dividing the succession into
the Chisapani Formation (equivalent to the Lower Siwaliks,
2045 m in thickness), the Baka Formation (equivalent to the
Middle Siwaliks, 2740 m), and the Kuine and Panikhola
Gaun Formations (equivalent to the Upper Siwaliks, 1500
m), in ascending order (Fig. 2). The Chisapani Formation
is composed of red mudstones and fine- to medium-grained
sandstones, and is subdivided into lower, middle, and upper
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members. The Baka Formation is composed of medium-
to coarse-grained sandstones (“salt and pepper”), pebbly
sandstones, and interbedded greenish-grey mudstones. The
Baka Formation is also subdivided into lower, middle, and
upper members. The Kuine Formation consists of clast-
supported and imbricated pebble to cobble conglomerates,
whereas the Panikhola Gaun Formation consists of thick
matrix-supported pebble, cobble and boulder conglomerates.

METHODOLOGY

Point count methodology

Forty-eight sandstone samples from Karnali River
Siwalik Group were selected for petrographic analysis. Of
these, 26 samples were from the Chisapani Formation, and
22 from the Baka Formation (Table 1). Point counting was
carried out to identify individual grain or crystals larger than
0.0625 mm, using the Gazzi-Dickinson method (Zuffa 1985).
A total of 500 grains were counted for each thin section,
using a Swift point counter. The framework constituents
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Fig. 2: Geological division of the Siwalik Group along the Karnali River, and geological section along line A-B.

were counted with grid spacing designed to fully cover each
slide, at horizontal spacing of 0.2 mm. The detrital modes
were recalculated to 100% as the sum of quartz (Q), feldspar
(F) and lithic fragments (L) (Table 2). These recalculated
parameters were plotted on QFL triangular diagrams for
classification (Pettijohn 1975; Folk 1980) and determination

of provenance (Dickinson et al. 1983).
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Statistical framework

Once all the point counts were completed, compositions
were recalculated to 100% for the multivariate statistics,
with respect to quartz, feldspar and lithic grains, as well as
muscovite, biotite, carbonate and cement. Data were also
grouped by formation and grain size /facies (thick- and thin-
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Table 1: List of samples with GPS locations, grain size, lithofacies, and bedding type. Shaded samples are thin bedded
facies sandstones.

Fmtn mbr bample nol GPS location I Grain size l Lithofacies lBedding typel
G5 N28°41'59"/ E81°16'30"  coarse (salt & pepper)  trough cross strat., pebbly thick
G-3 N28°41'58"/ E81°16'31"  coarse (salt & pepper) trough cross strat., pebbly thick
m‘i;":;f G2 N28°41'55"/ E81°16'31"  coarse trough cross strat., pebbly thick
BK-23 N28°41'52"/ EB1°16'36"  v. coarse (salt & pepper) trough cross strat., pebbly thick
G-1 N28°41'49"/ E81°16'44" v. coarse (salt & pepper) trough cross strat., pebbly thick
BK-14 N28°41'40"/ E81°16'51"  fine planar cross stratification thick
BK-13 N28°41'33"/ E81°16'561"  coarse (salt & pepper) trough cross stratification thick
F-1 N28°41'31"/ E81°16'51"  coarse (salt & pepper) trough cross stratification thick
E-1 N28°41'31"/ E81°16'51"  coarse (salt & pepper) trough cross stratification thick
Middle D-9 N28°41'25"/ E81°16'50" coarse (salt & pepper) trough cross stratification thick
Baka member D-7 N28°41'10"/ E81°16'56" fine planar cross stratification thick
Formation BK-11 N28°41'10"/ E81°16'56" coarse (salt & pepper) trough cross stratification thick
D-6 N28°41'03"/ E81°16'57" coarse (salt & pepper) trough cross stratification thick
BK-7 N28°40'56"/ E81°17'02" coarse (salt & pepper) trough cross stratification thick
D-5 N28°40'51"/ E81°17'02" coarse trough cross stratification thick
BK-4 N28°40'45"/ E81°17'03"  coarse (salt & pepper) trough cross stratification
rr'::::;r D-3 N28°40'43"/ EB1°17'03"  coarse (salt & pepper) trough cross stratification thick
D-2 N28°40'36"/ E81°17'04" coarse (salt & pepper) trough cross stratification thick
D-1 N28°40'33"/ E81°17'05" medium (salt & pepper) trough cross stratification thick
C-24 N28°40'21"/ E81°17'02" medium parallel lamination thick
C-21 N28°40'09"/ E81°17'02" medium planar cross stratification thick
C-20 N28°40'01"/ E81°17'07"  coarse planar cross stratification thick
B-36 N28°40'01"/ EB1°17'07" coarse planar cross stratification thick
B-35 N28°40'01"/ E81°17'07"  coarse (salt & pepper) trough cross stratification thick
B-17 N28°39'53" E81°17'09" medium trough cross stratification thick
Upper
member .
B-14 N28°39'51"/ E81°17'09" coarse trough cross stratification thick
B-8 N28°39'48"/ E81°17'11"  fine planar cross stratification thick
B-6 N28°39'47"/ E81°17'12" medium planar cross stratification thick
Chisapani KS-9 N28°39'44"/ E81°17'12" coarse trough cross stratification
Formation
KS-7 N28°39'21"/ EB1°17'13" v. coarse (salt & pepper) trough cross stratification
KS-6 N28°39'26"/ E81°17'13" medium planar cross stratification
Middle
member
A-391 N28°39'11"/ E81°17'156" fine planar cross stratification
KS-3 N28°39'11"/ EB1°17'15"  fine trough cross stratification
KS-2 N28°39'07"/ E81°17'14"  fine planar cross stratification
Lower
member
A-3 N28°39'01"/ E81°17'12" fine. planar cross stratification thick
KS-1 N28°39'01"/ E81°17'12" medium planar cross stratification thick
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Table 2: Recalculated modal point count data (%) and calculated Q/F and Q/L logratios for the Chisapani and Baka
Formations.

Chisapani Formation

] Modal composition (%" Recalculated QFL logratio
Sample Qtz Feld Lithic Musc - Biot Chl CO3 At Mat Cem Opgq Oth Q F L InQ/F InQL
C-24 372 14 148 14 24 00 238 34 74 66 02 14 69.7 26 277 33 09
C-22 380 08 258 38 30 00 110 02 78 86 02 02 588 12 399 39 04
C-21 472 08 344 04 26 00 60 12 28 34 10 02 573 10 417 4.1 0.3
C-20 554 30 146 22 20 06 108 02 44 62 02 04 759 4.1 200 29 13
B-36 548 16 130 04 22 00 158 06 74 36 04 02 790 23 187 35 14
B-35 452 20 158 10 06 00 174 00 86 88 04 02 T 32 251 3.1 1.1
B-17 408 44 372 26 30 04 44 00 20 652 00 00 495 53 45641 22 01
C-15 400 22 206 50 60 00 128 04 56 60 04 1.0 63.7 35 328 29 07
B-14 46.8 1.8 20.6 1.8 16 04 124 0.0 5.2 9.4 0.0 0.0 676 26 298 33 0.8
B-8 330 20 210 32 06 00 218 04 54 110 10 04 589 36 375 28 05
B-6 330 14 192 40 26 02 210 00 82 98 02 04 616 26 358 32 05
C-12 41.0 16 162 82 74 00 118 08 44 82 02 02 69.7 27 276 32 09
KS-9 456 20 156 56 42 00 112 00 56 72 08 22 722 32 247 o .
KS-8 374 08 130 32 20 00 200 06 110 114 02 04 730 16 254 38 14
KS-7 598 18 228 18 08 00 12 04 46 56 14 00 709 21 270 35 1.0
KS-6 468 42 206 20 12 04 108 06 54 70 04 06 654 59 288 24 08
KS-5 458 18 242 14 02 00 78 00 86 98 04 00 638 25 337 32 06
KS-4 48.8 20 194 3.0 04 00 3.8 0.2 9.0 13.0 0.2 0.2 695 28 276 3.2 0.9
C-5 50.6 1.2 29.8 1.4 1.2 02 46 08 56 38 06 02 62.0 15 36.5 37 05
A-391 49.2 22 | 20,2 2.8 2.2 00 62 0.2 9.0 7.4 0.0 0.6 68.7 3.1 282 31 0.9
KS-3 512 22 152 34 24 01 110 06 54 70 12 04 746 32 222 31 1.2
KS-2 560 16 222 12 06 06 36 16 34 82 00 10 702 2.0 278 36 09
C-3 364 10 48 30 02 00 104 00 80 350 06 06 863 24 114 36 20
R-1 360 12 222 04 04 02 170 04 102 120 06 06 606 20 374 34 05
A-3 54.6 1.0 19.6 12 06 00 72 00 60 92 02 04 72.6 1.3 261 4.0 1.0
KS-1 554 4.0 184 10 04 1.0 5.6 1.6 3.8 74 0.2 1.2 £1:2 51 237 2.6 1
Mean 456 19 200 25 20 02 111 05 63 89 04 05 679 28 293 3.2 08
Max 508 44 372 82 74 10 238 34 110 350 14 22 86.3 59 451 27 06
Min 330 08 438 0.4 0.2 00 1.2 0.0 20 34 0.0 0.0 49.5 1.0 11.4 3.9 1.5
S.D 7.8 1.0 6.7 1.8 178 03 62 07 23 59 04 05 7.7 1.2 76 1.8 00

Baka Formation

Modal composition (%) Recalculated QFL logratio
Sample Qtz Feld Lithic Musc_Biot Chl CO3 At Mat Cem Opg Oth Q F L InQ/F InQ/L
G-5 410 42 218 44 1.8 02 146 00 44 72 00 04 612 6.3 325 23 06
G-3 400 32 206 46 30 02 120 00 90 66 02 06 627 50 323 25 07
G-2 398 34 202 24 66 04 124 00 72 74 00 02 628 54 319 25 07
BK-23 37.0 1.0 198 6.0 122 02 88 10 66 72 02 1.0 64.0 1.7 343 36 06
G-1 460 38 198 48 34 02 68 20 46 84 00 02 66.1 55 285 25 08
BK-14 490 28 164 22 54 04 72 18 76 64 02 06 719 41 241 29 1.1
BK-13  47.0 20 14.2 48 108 3.4 32 1.4 3.8 8.4 0.2 0.8 74.4 32 225 3.2 1.2
F-1 418 50 258 42 26 04 120 00 36 44 00 02 576 69 355 2.1 0.5
E-1 36.8 6.2 16.0 3.2 5.2 04 218 0.0 4.4 6.2 0.0 0.8 624 105 271 1.8 0.8
D-9 426 36 254 62 46 00 52 08 34 76 00 06 595 50 355 25 05
D-7 418 62 158 06 58 16 170 00 52 60 00 00 655 97 248 19 10
BK11 418 22 170 56 60 16 110 12 70 64 02 00 685 36 279 29 09
BK-9 234 02 44 120 162 18 222 04 62 126 02 04 836 07 157 48 17
D-6 486 46 220 14 22 00 104 00 60 46 02 00 646 6.1 293 24 08
BK-7 600 22 126 06 22 00 86 06 82 42 00 08 802 29 168 3.3 1.6
D-5 426 56 158 06 14 02 174 00 68 88 04 00 666 88 247 20 1.0
BK-5 28.2 10 66 36 58 00 252 14 148 124 00 1.0 788 2.8 184 3.3 1.5
BK-4 52.0 50 16.4 26 1.2 00 112 0.4 6.6 4.6 0.0 0.0 70.8 6.8 223 23 1.2
D-3 562 38 166 30 26 04 66 00 50 50 02 06 734 50 217 2. 2
D-2 43.0 44 186 3.8 3.2 00 11.8 0.0 5.4 8.8 04 0.8 65.2 6.7 282 2:3 0.8
BK-2 41.8 12 148 132 98 06 114 04 26 46 00 04 723 24 258 36 1.0
D-1 500 22 202 12 24 02 124 00 48 62 02 02 691 30 279 31 09
Mean 432 34 17.3 41 52 06 122 05 6.0 7.0 01 04 68.2 51 267 27 1.0
Max 600 6.2 258 132 162 34 252 20 148 126 04 10 836 105 35.5 48 1.7
Min 234 02 44 06 1.2 00 32 00 26 42 00 00 576 07 157 1.8 05
S.D 8.1 1.7 &1 32 39 08 56 07 26 23 0.1 0.3 68 25 57 0.7 03
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bedded sandstones) to analyze other factors affecting the
composition of the sediments (Table 1).

Univariate statistics (arithmetic mean and standard
deviation) are widely used in provenance analysis (Ingersoll
1978; Howard 1994). However, both parameters are semi-
quantitative, because they assume a normal distribution of
each component and independence of the components from
each other (Allen and Johnson 2010). These assumptions
are not valid in ternary diagrams (Weltje 2002). Recent
work by Weltje (2002), Ohta and Arai (2007) and Ingersoll
and Eastmond (2007) used several multivariate statistical
methods to evaluate sandstone compositions. These methods
included Principal Component Analysis (PCA), multivariate
means, and confidence regions.

PCA is a technique that combines numerous variables
into several independent latent variables that underline the
multivariate data. PCA can be viewed as a search for the
orthogonal coordinates that explain the greatest amount
of variation within the data. In undertaking the PCA and
expressing the results graphically on ternary diagrams,
we followed the approaches described by Weltje (2002),
Von Eynatten et al. (2003), and Buccianti and Esposito
(2004). These methods are based on the statistical analytical
technique for compositional data described by Aitchison
(1986). In brief the following sequence of operations was
carried out, using CoDaPack 2 software (Thio-Henestrosa
and Comas 2011).

1. The petrographic compositional data, whose natural
sample space is a simplex, were mapped into Euclidean real
sample space using log-ratio transformation (e.g., clr, alr).

2. Following the log-ratio transformation, the first and
second principal components were extracted in the usual
way via PCA, using biplots.

3. The log-ratio coordinates were back-transformed to
the two-dimensional simplex space ternary diagrams by
inverse log-ratio transformation.

4. Within the ternary diagrams, we utilized Weltje’s
multivariate means and 90%, 95%, and 99% confidence
ellipsoids. The boundaries of the multivariate confidence
regions for population means were calculated to discriminate
the factors controlling the compositions of the sediments.

RESULTS

Petrography of the individual formations
Chisapani Formation

Of'the 26 samples analyzed for the Chisapani Formation,
seven were taken from the lower member, four from the

middle member, and 15 from the upper member (Tables 1
and 2). The Chisapani Formation sandstones are matrix-
poor, moderately to well-sorted, and individual grains
are sub-rounded to rounded. Quartz grains are mainly
monocrystalline, but some polycrystalline grains are
present (Fig. 3 A, B). Quartz is the dominant mineral in
this formation, ranging from 33% (B-6) to 59.8% (KS-7).
Feldspar contents are low, ranging from only 0.8% to 4.0%
(KS-1). The feldspars are mainly plagioclase and orthoclase
(Fig. 3C). Average feldspar content is approximately equal
in all three members. Lithic grain contents vary widely,
from 4.8% (C-3) to 37.2% (B-17) (Table 2). The lithic
grains are mainly sedimentary and metamorphic, although
some plutonic clasts also occur. In all three members the
metamorphic lithics are dominantly quartz-mica schists and
phyllites. Muscovite and biotite (mica) occur as accessory
minerals in the Chisapani Formation. The amount of mica
present ranges from 0.4% to 8.2% for muscovite, and 0.2%
to 7.4% for biotite. The percentage of mica increases toward
the upper member. Carbonate is other important constituent
in the Chisapani Formation, occurring as intraclasts, and
cement (Fig. 3A, C). Carbonate contents range from 1.2%
(KS-7) to 23.8% (C-24), and increase toward the upper
member. Mica and carbonates are the only components
to show noticeable stratigraphic change at some intervals
within this formation (Table 2).

Baka Formation

The Baka Formation is represented by 22 sandstones,
with seven from the lower member, ten from the middle
member, and five from the upper member (Tables 1 and
2). The sandstones are matrix-poor and are moderately to
well sorted, and contain angular to sub-rounded framework
grains. Quartz is again the dominant mineral, with contents
ranging from 23.4% (BK-9) to 60.0% (BK-7). Feldspar
grains consist of plagioclase, orthoclase and microcline, and
form up to 6.2% of the mode (D-7, E-1). Lithics are mainly
metamorphic rock fragments such as mica schists, foliated
quartz, and phyllite (Fig. 3D, 3E and 3F). The proportions
of biotite and muscovite range from 1.2% (BK-4) to 6.2%
(BK-9) and 0.6 % (BK-7) to 12% (BK-9) respectively,
and contents increase toward the upper member (Table
3), reaching maximums of 12.2% (biotite) and 6.0%
(muscovite) in sample BK-23 (Table 2, Fig. 3F). Carbonate
contents contain range from 3.2% (BK-13) to 25.2% (BK-5),
but no clear stratigraphic change is evident. Heavy minerals,
opaque minerals and chlorite occur in minor amounts (Table
2). Feldspar and Mica contents show the same changes in
some intervals in this formation.
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Fig. 3: Photomicrographs of sandstones from the Chisapani and Baka Formations. (A) Monocrystalline quartz (Qm).
(B) Polycrystalline quartz (Qp). (C) Plagioclase feldspar and carbonates. (D) Sedimentary (Ls) and metamorphic
lithic grains (Lm). (E) Metamorphic lithic grains (Quartz-mica schist). (F) Mica grains, variegated colour indicates
muscovite (Mu) and dark brown colour indicates biotite (Bt).
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Table 3: Results of Principal Component Analysis (PCA) for the Chisapani and Baka Formations.

PC1 PC2 PC3 PC4 PCS PC6
Quartz 0.247  -0.055 0.067 -0.364 0.188 -0.788
Feldspar 0369 -0.500 0.156 0.630 0.198  0.101
Lithics 0.282 -0.207 0.171 -0.482 -0.569 0.386
Muscovite -0415 0406 0.586 0.298 -0.267 -0.129
Biotite -0.716  -0.440 -0.220 -0.192 0.228  0.112
Carbonate 0.045 0.281 -0.741 0.285 -0.365 -0.107
Cement 0.188  0.516 -0.018 -0.175 0.588  0.424
Varience explained (%) 45.76  22.62 1727  8.92 3.96 1.47
Cum. Prop. Exp. 0.458 0.684 0.857 0946 0985 1.000

Classification of the sandstones

According to this classification scheme of Pettijohn
(1975), most samples are lithic arenites, and the remainder
sub-litharenites (Fig. 4 A). Using the Folk (1980) diagram,
slightly higher feldspar content in a few Baka Formation
sandstones leads to their classification as feldspathic
litharenites, while the majorities are litharenites (Fig. 4B).
However, there is no significant contrast in the compositions
of these two formations, and high quartz/feldspar ratio is
maintained throughout the succession.

Comparison with the other Siwalik sections

The QFL characteristics of the Karnali River samples
were also compared with those from other Siwalik sections in
the Surai Khola, Arung-Tinau Khola, Hetauda, and Muskar
Khola districts (Dhital et al. 1995; Tokuoka et al. 1986;
Tamrakar et al. 2003; Chirouze et al. 2012) (Fig. 4C). This
shows that QFL compositions are similar among these areas,
except for lower feldspar content in the Karnali section.
Surai Khola and Arung Khola sandstones have the highest
feldspar and lithic fragment contents, and are classified as
litharenites and feldspathic litharenites. Similarly, Hetauda
section sandstones have indicates that higher feldspar and
quartz contents, and are classified as lithic arenites through
to arkosic arenites. The Muskar Khola samples contain the
least feldspar. The overall recalculated QFL composition of
the Chisapani Formation is Q F.L,,, and that of the Baka
Formation Q,F L, (Tables 2). These results are comparable
with previous studies from the Surai Khola and Bakiya
Khola sections, which are characterized by quartzolithic
compositions of Q_F L,  and QF L., respectively (Critelli
and Ingersoll 1994).
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ANALYSIS OF CONTROLLING FACTORS
USING MULTIVARIATE STATISTICS

Principal Component Analysis (PCA) and Weltje’s
confidence regions

PCA loadings of clr-transformed data are presented
in Table 3. The first principal component (PC1) shows a
positive correlation with clr-transformed quartz, feldspar,
lithics, carbonate and cement components, and negative
correlation with muscovite and biotite. The second principal
component (PC2) is positively correlated with muscovite,
carbonates and cements, and negatively correlated with
quartz, feldspar, and lithics components. PC1 and PC2
capture 46% and 24% of the total variability, respectively.
Collectively 70% of the total variability is explained by
these two components, with a smaller amount (17%) being
accounted for the third principal component (PC3).

PC1 and PC2 are illustrated as a biplot (Gabriel 1971;
Aitchison and Greenacre 2002) in Fig. 5. Samples from
the Chisapani Formation plot randomly on the biplot. PC1
is positively correlated with quartz, feldspar, and lithic
fragments. Carbonate is also positively correlated, but plots
in a near-perpendicular direction to PCI1. Muscovite and
biotite are negatively correlated in PC1. Similarly, carbonate
muscovite and cement are positively correlated in PC2, with
all other components negatively correlated. Samples from
the Baka Formation also plot randomly, although a few
samples tend to be concentrated near the quartz and feldspar
components. The carbonate is mainly originated from the
Lesser Himalayan sources and feldspar, muscovite and
biotite are indicators of the Higher Himalayan source. These
components of data suggest that PC1 probably related to the



mixed sources from the Lesser and Higher Himalayas, and
PC2 is correlated with the Higher Himalaya (Fig. 5). The
data for both formations are strongly influenced by both PC1
and PC2, probably due to mixed sediments from the Lesser
and Higher Himalayas.

The PCA biplot confirms that there is a strong relationship
between quartz, feldspar and lithic grains in both the
Chisapani and Baka Formations (Fig. 5). To more clearly
discriminate between these components, we have used
another multivariate statistical method adopted by Weltje

A 0Q 100%

Sub-arkose Quartz arenite

ub-litharenite

4 Baka Fm
+ Chisapani Fm

75% 25%
F L
0 Q100»/
B 0

4 Baka Fm
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Hetauda section (Tamrakar et al. 2003)
uskar Khola (Chirouze et al. 2012)

Arung-Tinau Khola
(Tokuoka et al.1986)

Surai Khola (Dhital et al.1995)

Fig. 4: Classification of Karnali River Siwalik sandstones
. (A) QFL diagram based on Pettijohn (1975), showing
sublitharenite to lithic arenite sandstones. (B) QFL
diagram of Folk (1980) showing litharenite to feldspathic
litharenite sandstones. (C) Comparison with sandstones
from different sections of the Siwalik Group, Nepal.
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Fig. 5: Principal Component Analysis (PCA) biplot
of the clr-transformed data from Table 2. Scattered
data indicates little variation in sediment composition
between the fomations (see text for details).

(2002). This method is formalized by use of the multivariate
additive logistics normal distribution (Aitchison 1986).
Stattegger and Mortan (1992), Prins and Weltje (1999) and
Garzanti et al. (2000) have also used ternary confidence
regions for petrographic data, based on this model. The
purpose of these confidence regions were given by Weltje
(2002) as:

1. Confidence regions of the entire population can be
used to predict the range of variation in observations;

2. Confidence regions of the population mean are useful
for deciding if samples differ significantly from each other.

The multivariate confidence regions of the Chisapani
and Baka Formations are shown in Figure 6. Most of
the data falls within the 90% confidence regions of both
formations. The mutual clustering of the Chisapani and
Baka Formations data and the nearly total overlap of their
confidence regions indicates general lack of significant
compositional variation between the formations, and that the
sediments mixed (Weltje 2002). This suggests the sediments
in each formation were simultaneously derived from both
the lesser Himalaya and Higher Himalaya. Slight change
in the composition of the Baka Formation and subtle shift
of the data towards the 95% and 99% confidence regions
likely reflects some contribution from a different source
area (i.e., Higher Himalaya), or some local influence such as
hydraulic sorting during transportation (Weltje 2002; Allen
and Johnson 2010) (Fig. 6B).
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Fig. 6: Multivariate ellipsoids (Weltje 2002) for the
Chisapani and Baka Formations. Confidence regions are
90%, 95% and 99%. (A) Predictive regions of the data
points. (B) Confidence regions of the population mean.
See text for details.

Grain size and facies control on sediments (thick vs. thin-
bedded sandstones)

Thick-bedded sandstones in the Karnali section consist
mainly of trough to planar cross-stratified, medium to coarse-
grained sandstones, with bed thicknesses ranging from 4.0
to 10.0 m. These thick-bedded sandstones are interpreted as
channel deposits. The thin-bedded (shaded part) sandstones
sampled here are mainly very fine to medium-grained, and
cross-stratified to rippled (Table 1). Bed thicknesses range
from 0.5 to 2.0 m, and the beds are interpreted as being either
flood plain or crevasse splay deposits (Sigdel et al. 2011).

We have also applied the multivariate statistics method
here to test for contrast between grain size/facies groups,
based on the compositions of the thinly and thickly bedded
sandstones (Table 1). The biplot from the PCA analysis
shows random distribution in all coordinate planes (Fig.
7). The Weltje triangular confidence 90%, 95% and 99%
regions for the two facies also overlap each other, indicating
the sediments are well mixed, and no specific control is
exercised by the principal components (Fig. 8). The slightly
different locations of the population means of the confidence
regions suggest changes in the source area, or minor
influence by the facies/grain size of the sediments.

Climatic-physiographic control on sediments

A general petrographic measure of the weathering

Biotite

1st
Muscovite
2nd
B L
°
Cement
@ Carbonate
Muscovite \ ]
e 1st
Quartz
L
Biotite ® Feldspar
o
° Lithic
L]

Fig. 7: Principal Component Analysis (PCA) biplot of
clr-transformed data by grain size. Data are grouped on
the basis of facies and grain size. (A) thick-bedded; (B)
thinly-bedded. See text for details.

trends of sandstone may be defined in term of the log-
ratios of principal framework elements (cf Aitchison 1986),
for example as log (Q/F) or log (Q/L), where Q = quartz,
F = feldspar and L = lithic fragments (Weltje 1994). The
log-ratios for individual samples are listed in Tables 2. For
many types of sand, values of both log-ratios are expected to
correlate with weathering intensity, because quartz is more
resistant to weathering than feldspar and lithic fragments.
The combination of these log-ratios in a single diagram
permits the distinction of parent rock type, weathering
history, and paleotopography (Weltje et al. 1998) (Fig.
9). Based on this diagram, all except two of the Karnali
samples fall in the field of weathering index 1 (Fig. 9). The
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Fig. 8: Multivariate ellipsoids (Weltje 2002) of the thick
and thinly-bedded sandstones Confidence regions are
90%, 95% and 99%. (A) Predictive regions of the data
points. (B) Confidence regions of the population mean.
See text for details.

Chisapani Formation samples mainly fall near the boundary
between weathering index 0 and 1, towards metamorphic
and sedimentary parentage. Samples from the Baka
Formation plot nearer the boundary between metamorphic/
sedimentary and plutonic parentage. These indices indicate
that the sediments were mainly derived from high mountains
(Higher Himalaya) and moderate hills (Lesser Himalaya),
and the influence of climate on the sediment compositions
was very small (0-1) (Fig. 9).

DISCUSSION

The multivariate statistical analysis (PCA biplots
and Weltje’s confidence interval of geometric means and
ellipsoids) enables direct comparison between the datasets
to evaluate if minute differences in composition can be
detected. These analyses found slight variation in sediment
composition between the Chisapani and Baka Formations.
These contrasts are mainly linked to the source area and
tectonics, rather than being controlled by the facies, grain
size, or climate.

Regional controlling factors (source lithology and
tectonic setting)

All Karnali Siwalik sandstones fall well within the
recycled orogen provenance field on the QFL provenance
diagram of Dickinson et al. (1983), indicating that bulk
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Fig. 9: Log-ratio plot after Weltje (1994). Q-quartz;
F-Feldspar; L-lithic fragments. Fields 0-4 refer to the
semi-quantitative weathering indices defined on the
basis of relief and climate, as indicated in the table.

compositions do not vary significantly within the section
(Fig. 10A). The sandstones are characteristically rich in
quartz and lithic grains, and poor in feldspar. Within such
recycled orogens, clastic detritus is dominantly derived from
sedimentary and metamorphic rocks exposed and eroded by
orogenic uplift of fold belts and thrust sheets (Dickinson and
Suczek 1979; Dickinson 1985).

The sandstones of the Karnali River section are
characterized by an assemblage of monocrystalline and
polycrystalline quartz, feldspar, carbonates, mica schist
lithics, muscovite and biotite. These detrital grains were
derived mainly from sedimentary and low- to high-grade
metamorphic sources. The abundant monocrystalline quartz
grains are of plutonic origin (Young 1976), probably from
the Dadeldhura granite (Szulc et al. 2006; Bernet et al. 2006).

Temporal changes in petrographic modes in the Karnali
section indicate that the proportion of carbonates increased
after 13.0 Ma (Fig. 11). These were probably derived from
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Fig. 10: QFL provenance plot (Dickinson, et al. 1983)
for the Karnali sandstones. A) QFL plot for the Siwalik
Group along the Karnali River section, indicating
derivation from a recycled orogen source. B) QFL plot
showing regional comparison in the Himalaya foreland
basin (modified from Critelli and Ingersoll 1994).

the Lesser Himalaya. This result is consistent with an
increase in ¥Sr/*Sr ratio from 12.0 Ma onwards (Szulc et
al. 2006). Huyghe et al. (2001, 2005) also reported more
negative eNd isotopes values from the Karnali section after
13.0 with peak around 10.0 Ma (Fig. 11). Similarly, the
proportions of feldspar and mica grains (Higher Himalayan
source) decrease in the interval from 12.0-9.0 Ma. The
combination of these results suggests that between 12.0-9.0
Ma the Karnali Siwalik sediments were mainly derived from
the Lesser Himalayan zone, probably due to the development
of the Lesser Himalayan duplex. Similarly, DeCelles et al.
(1998) and Robinson et al. (2001) documented strongly
negative eNd isotopes values from other Siwalik sections
(Khutia Khola, Surai Khola) at about 12.0-9.0 Ma, indicating
Lesser Himalayan origin. The slight increase in modal
feldspar and mica observed from 9.5 to 6.0 Ma hints at an
increasing contribution from the Higher Himalaya, perhaps
reflecting deeper erosion of both granitoids and high-grade
metamorphic rocks in that unit. This result is also consistent
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with increased proportions of heavy minerals (Szulc et al.
2006) and the shift to positive eNd isotope values (Huyghe et
al. 2001, 2005) in that interval (Fig. 11). Decrease in feldspar
and mica content after 6.0 Ma, together with somewhat
higher carbonate content, indicates increased supply of the
Lesser Himalayan-derived sediments, as also supported by
shift to more negative eNd isotopes values (Huyghe et al.
2001, 2005). However, heavy mineral assemblages (Szulc
et al. 2006) and significant mica contents indicate that
sediments also continued to be supplied from the Higher
Himalaya after 6.0 Ma (Fig. 11).

By combining our petrographic results with previous
isotopic and age data, we can constrain provenance of the
Karnali River Siwalik succession. Our data confirms that the
sediments were mainly derived from the Higher Himalaya
and Lesser Himalaya, throughout the period of deposition.
The Higher Himalaya was a major source terrain even in the
early stage (16.0 Ma) of deposition of the Siwalik Group,
with increased sediment supply from the Lesser Himalaya
after 13.0 Ma, concurrent with continued supply from the
Higher Himalaya. It seems that the Higher Himalaya has
maintained a high elevation at least since the Miocene,
and that the Lesser Himalaya may have undergone uplift
(Lesser Himalayan Duplex) after 13.0 Ma, as shown by the
petrographic analysis in this study. However, appearance
of ‘salt and pepper’ sandstones (increase in feldspar and
mica grains) in the Middle Siwalik after 9.6 Ma indicates
dominant supply from the Higher Himalayan source. This is
comparable with results from the Surai Khola, Tinau Khola
and Bakia Khola sections, albeit with some time variation
(8.5 to 9.5 Ma). Our petrographic results together with mica
age (Szulc et al. 2006) and fission track (Bernet et al. 2006)
data from all Siwalik sections suggest lateral continuity in
tectonic uplift of the Himalaya, but an earlier beginning in
far western Nepal.

Comparison with the surrounding area

Based on the QFL scheme of Dickinson et al. (1983),
Karnali River sandstones plot in the recycled orogen field,
consistent with previous results from the Surai Khola and
Bakiya Khola sections (Critelli and Ingersoll 1994). The
Arung-Tinau Khola and Hetauda-Bakia Khola sections
have the highest feldspar and lithic grain contents among
all Siwalik sections, and their sandstones are classified as
lithearenites and feldspathic arenites. These compositional
variations are probably due to contributions from Lesser
Himalayan granitoids such as the Agra Granite and the
Palung Granite in west-central and eastern Nepal. The
recycled orogen provenance of the Karnali samples is also
consistent with that for Siwalik sandstones from the Potwar
Plateau (Fig. 10B). The only significant different is the
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Fig. 11: Vertical variations of carbonate, feldspar, and mica content in Karnali River sandstones with depositional age,
and comparison with ¢éNd isotopes values from Huyghe et al. (2001; 2005).

higher feldspar content in the Potwar Plateau relative to the
Siwalik Group in Nepal. This compositional variation in the
Potwar Siwalik sediments may be related to contributions
of detritus derived from volcanic sources in their hinterland

(Critelli and Ingersoll 1994).

CONCLUSIONS

Sandstone petrography of the Siwalik Group along the
Karnali River shows that the framework grains are mainly
quartz (Q), feldspars (F) and rock fragments (L; mainly
sedimentary and metamorphic rocks) as major constituents,
with mica, chlorites, opaques, and altered minerals occurring
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as minor accessories. QFL diagrams indicate the Karnali
sandstones are classified as sub-litharenites to litharenites
with recycled orogen provenance, consistent with previous
petrographic analysis of Siwalik sandstones in the Surai
Khola, Bakiya Khola, and Potwar Plateau.

Multivariate statistics analysis shows that the sediments
are well-mixed. Slight variations in sediment composition
between the Chisapani and Baka Formations are mainly
linked to the differing source areas and tectonics, rather
than to facies, grain size, and climate. Observed changes
in the detrital modes (feldspar, lithic grains, mica, and
carbonates) suggest that the sources of Karnali sandstones
were primarily sedimentary and metamorphic rock terrains.
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The detrital modes together with previous isotopic and age
data suggest that most of the detritus was derived from
the Higher Himalaya, even at an early stage of deposition,
with simultaneous contribution from the Lesser Himalaya.
However, the distinctive ‘salt and pepper’ sandstones
observed in the Baka Formation (Middle Siwalik) indicate
that the Higher Himalaya was a more significant source after
9.6 Ma. The small changes in sediment composition between
the Chisapani to Baka Formations is thus related to source
change, from the Lesser Himalaya to Higher Himalaya. This
was probably due to uplift of the Higher Himalaya by the
collision process, which should have caused deep incision
of the Higher Himalayan rocks by the existing paleo-
Karnali River system. The appearance of such sandstones
is consistent with facies and sediment composition changes
in the Middle Siwalik in the Surai Khola, Tinau Khola and
Bakia Khola sections at about 8.5 to 9.5 Ma; these changes
were also related to uplift of the Himalaya, as noted in
previous studies.
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