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a b s t r a c t

The Greater Himalayan Sequence in the Garhwal Region of India is a 14–20 km thick succession of various
pelitic and psammitic metasediments which contain individual units that are traceable for at least
250 km along the strike of the Himalayan range in northwestern India. Bulk rock geochemical analyses
show a chemical index of alteration (CIA) values of 57–93 with an average of 67, average (La/
Yb)N = 18.6, average (La/Sm)N = 3.7, Cr/Th range between 0.2 and 214.5, and Th/Sc range between 0.2
and 10.3. The various geochemical tectonic indicators reveal a signature akin to an active continental
margin. A low degree of weathering and high concentrations of incompatible/compatible element ratios
respectively point to a proximal and primarily a silicic source region. The occurrence of three-phase halite
bearing primary fluid inclusions in the quartz grains of metasediments indicate their provenance from a
magmatic terrain. Potential source regions of the Greater Himalayan Sequence are the East African Orog-
eny, the East Antarctic Orogeny, and/or the Bhimpedian Orogeny of Northern India.
Fluid inclusions in the Greater Himalayan Sequence (three-phase halite bearing inclusions, moderately

high temperature bi-aqueous inclusions, and carbonic-aqueous inclusions) estimate maximum salinity at
!33 wt.% NaCl. This occurrence of fluid inclusions is also consistent with a magmatic terrain.

! 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The provenance of the Greater Himalayan Sequence is a persis-
tent question for reconstructions of the Himalayan orogen has
been the focus of several different studies (Parrish and Hodges,
1996; Ahmad et al., 2000; DeCelles et al., 2000; Upreti and Yoshida,
2005; Yin, 2006; Yoshida and Upreti, 2006; Imayama and Arita,
2007). These previous investigators have used isotopic composi-
tions and detrital zircon U–Pb ages to constrain the provenance.
However, none of these studies have used bulk rock chemistry to
substantiate their findings and to identify the depositional setting
of the Greater Himalayan Sequence. In this paper, we report bulk-
rock major, trace, and rare earth element of the various units with-
in the Greater Himalayan Sequence, Garhwal Himalayas (Figs. 1
and 2).

In the Garhwal Himalaya, the Greater Himalayan Sequence is a
14–20 km thick succession of metapelites and metapsammites
with three major units: the Joshimath, Pandukeshwar, and Badri-
nath formations. The Greater Himalayan Sequence is bounded at
the base by the Vaikrita thrust, which places the high grade Greater
Himalayan Sequence on top of the low grade Lesser Himalayan

Sequence; and bounded at the top by the Southern Tibetan Detach-
ment, which juxtaposes the unmetamorphosed Tethyan Himala-
yan Sequence next to the Greater Himalayan Sequence. Within
the Greater Himalayan Sequence the contacts are purely deposi-
tional grading from the primarily metapelitic Joshimath formation
at the base, to the arkose quartzitic Pandukeshwar formation, to
the metapelitic Badrinath formation at the top. Within the Chamoli
district (Uttarakhand, India) the metasediments of the Greater
Himalayan Sequence are 4–10 times thicker (14–20 km) than any-
where else in the Western Himalaya (Virdi, 1986; Paul, 1998; Val-
diya et al., 1999). The Greater Himalayan Sequence has reportedly
undergone three major phases of deformation and metamorphism:
Paleozoic-age compression, Cenozoic-age compression, and most
recently Miocene-age extension and exhumation (Virdi, 1986; Gai-
rola and Srivastava, 1987; Gururajan and Choudhuri, 1999). These
deformational events have caused an indeterminable amount of
ductile thickening and shortening. Mesoscale isoclinal and recum-
bent, rootless folds deform the Greater Himalayan Sequence
throughout the region studied.

Various models have been introduced to explain the prove-
nance of the Greater Himalayan Sequence. The most prominent
of the models are the single margin model, active continental mar-
gin model, and rift basin model (see Yin, 2006 for a review of these
models).
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2. Analytical methods

Bulk-rock major and selected trace element X-ray florescence
(XRF) analyses were conducted on 49 samples for major elements
and 42 samples for trace elements with a Siemens SRS 303 at Brig-
ham Young University. Additional trace elements and rare earth
elements were determined for 54 samples by inductively coupled
plasma mass spectrometry (ICP-MS) at ALS Chemex laboratories,
Vancouver (method ME-MS81) and the Wadia Institute of Himala-
yan Geology. Samples used for XRF analysis were crushed using a
tungsten carbide shatterbox in order to avoid Cr contamination.

3. Bulk-rock analyses

Bulk-rock major, trace, and rare earth element analyses and
sample locations of metasedimentary units of the Greater Himala-
yan Sequence are presented in Tables 1a–1c and Fig. 2, respec-
tively. Due to the high grade metamorphism of the Greater
Himalayan Sequence it is important to determine the mobility of
the various elements measured to ascertain how well the mea-
sured concentrations represent the initial compositions of the pro-
to-Greater Himalayan Sequence. Cullers et al. (1997) have shown
that most major and trace element abundances remain constant

Fig. 1. Generalized tectonic map of the Himalayan orogen (after Ahmad et al., 2000; Thakur and Rawat, 1992). Major fault systems include the South Tibetan detachment
system (STDS), the Main Central or Vaikrita thrust (MCT), the Main Boundary thrust system (MBT), and the Main Frontal thrust system (MFT).

Fig. 2. Geologic map of Alaknanda/Dhauliganga section of the Garhwal Himalaya showing sample locations. STD – South Tibetan Detachment, VT – Vaikrita thrust, MT –
Munsiari thrust.
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relative to Al2O3. However, Masters and Ague (2005) demonstrate
that Al mobility is possible during regional metamorphism. Cullers
et al. (1997) and Masters and Ague (2005) also suggest that no
mobilization of the elements of interest (REE, Th, Sc, Co, and Cr).
Pearce and Cann (1971, 1973) also determined that the elements
Zr, Y, Nb and Cr are generally immobile during alteration up
through greenschist facies metamorphism. Zr has also been shown
to be particularly immobile (Masters and Ague, 2005). Sr (Pearce
and Cann, 1973), P (Winchester and Floyd, 1976), K (Pearce et al.,
1975), Mg, Br, and Na (Pearce, 1996), Ti (Ague, 2003) have been
shown to be more mobile during alteration and metamorphic pro-
cesses, thus tectonic discrimination diagrams that use these mo-
bile elements were avoided. Within the Greater Himalayan
Sequence in Sikkim, Dasgupta et al. (2009) showed there to be a
general mass gain for SiO2 and a low overall mobility of elements
with only occasional exceptions within the Greater Himalayan
Sequence.

In addition to metasomatism and metamorphic reactions, the
composition of metamorphic rocks can also vary due to chemical
weathering which may be imprinted in the sedimentary record
(Nesbitt and Young, 1982; McLennan et al., 1993; Li et al., 2005).

This tool can be used to identify intensity of chemical weathering
and potential source areas. The most widely used chemical index
to quantitatively measure the intensity of chemical weathering is
the chemical index of alteration (CIA) as proposed by Nesbitt and
Young (1982). CIA is calculated by the following equation: CIA = A-
l2O3/(Al2O3 + CaO + Na2O + K2O) " 100. Unweathered igneous
rocks have CIA values of 50 or less, whereas intense weathering,
which results in residual clay with high kaolinite produces CIA val-
ues close to 100 (Li et al., 2005). CIA values for Greater Himalayan
Sequence metasedimentary samples range from 57 to 93 with an
average of 67, thus showing a relatively moderate degree of weath-
ering (Fig. 3a). LowCIA values, (La/Yb)N and (La/Sm)N ratios (Table 1)
display a local, juvenile crustal source, suggesting high erosion
rates, little transport, poor sorting, and rapid deposition of the sed-
iments (Camiré et al., 1993; Gao andWedepohl, 1995). High Cr val-
ues (500–870 ppm) in several samples throughout the Greater
Himalayan Sequence and the presence detrital chromite are also
indicative of an active continental margin with a mafic component
(McLennan et al., 1993; Hofmann, 2005; Al-Juboury et al., 2009).

Cr/Th vs Th/Sc (Fig. 3b) discriminates various sediments derived
from different tectonic settings (Bracciali et al., 2007). Sediments

Table 1a
Selected major element analyses.

Sample Formation Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 L.O.I. Total CIA

GH12 Joshimath 2.22 2.07 14.84 69.97 0.13 4.02 1.00 0.36 0.04 3.73 1.02 99.40 67.21
GH14 0.25 1.89 16.34 63.20 0.14 3.95 1.76 1.11 0.18 8.24 1.99 99.03 73.29
GH16 1.98 3.16 14.72 66.33 0.15 4.03 1.12 0.79 0.07 5.72 2.02 100.09 67.37
GH17 1.25 2.03 10.26 77.67 0.12 2.47 1.70 0.58 0.07 4.52 0.93 101.58 65.44
GH34 0.09 6.18 3.20 89.31 0.01 0.02 0.12 0.09 0.01 1.92 1.03 101.98 93.29
GH37 2.79 1.31 15.05 67.65 0.15 3.61 1.21 0.58 0.05 4.93 2.02 99.35 66.42
GH38 0.16 0.35 5.34 88.04 0.21 1.57 0.31 2.63 0.01 2.03 1.01 101.66 72.36
GH39 1.16 3.48 26.72 48.74 0.04 8.62 0.60 1.14 0.07 6.43 3.00 100.00 72.02
GH40 2.53 2.74 14.04 70.23 0.13 2.75 1.36 0.66 0.04 4.31 2.02 100.81 67.89
GH61 1.15 1.91 15.72 65.87 0.14 3.43 1.28 0.76 0.13 6.81 1.27 98.47 72.82
AS68B 3.22 0.35 15.35 72.71 0.31 4.91 0.74 0.17 0.02 1.98 99.75 63.39
AS69A 2.48 0.94 18.63 67.54 0.08 3.79 0.43 0.56 0.12 4.64 99.23 73.51
GH22 Pandukeshwar 0.31 0.45 12.88 77.28 0.01 3.27 0.13 0.61 0.09 4.07 1.01 100.11 77.64
GH24 1.52 0.51 4.84 88.20 0.10 1.25 0.92 0.36 0.04 2.19 1.01 100.94 56.74
GH26 0.21 0.64 10.00 80.18 0.04 4.33 0.81 0.36 0.10 3.44 1.01 101.12 65.15
GH27 1.74 0.45 4.89 90.92 0.05 0.66 0.54 0.24 0.03 1.65 0.12 101.28 62.46
GH44 0.12 0.28 5.17 90.96 0.02 2.03 0.16 0.20 0.02 1.34 1.01 101.31 69.12
GH47 0.86 1.64 16.63 64.08 0.08 5.91 0.58 0.87 0.08 5.91 3.03 99.67 69.35
GH47b 0.44 1.47 15.45 67.66 0.06 5.67 0.53 0.75 0.08 5.32 1.69 99.11 69.96
AS54A 0.01 0.03 1.92 95.72 0.06 0.27 0.15 0.12 0.01 0.97 99.25 81.84
AS55A 0.09 1.19 4.52 90.21 0.14 1.16 0.58 0.16 0.02 2.28 100.35 71.20
AS65A 1.71 0.52 8.16 82.79 0.08 3.30 0.37 0.36 0.02 3.59 100.90 60.27
AS67A 4.24 0.46 7.29 85.92 0.08 0.19 0.26 0.19 0.02 2.04 100.69 60.85
AS70A 2.60 0.77 9.73 78.49 0.11 0.71 3.05 0.68 0.12 4.73 101.00 60.46
AS71A 0.99 0.29 5.23 89.91 0.08 0.94 0.62 0.33 0.04 1.96 100.39 67.19
AS71B 0.28 0.63 12.04 78.01 0.12 3.67 0.24 0.45 0.05 3.56 99.05 74.19
AS72A 0.29 0.27 6.37 88.78 0.07 1.78 0.21 0.31 0.06 2.20 100.34 73.66
AS72C 0.44 0.32 6.98 87.58 0.14 2.41 0.26 0.24 0.04 2.48 100.89 69.15
AS75A 0.54 0.11 4.15 92.23 0.09 1.70 0.39 0.11 0.02 1.28 100.63 61.18
AS76A 1.30 0.22 5.84 88.89 0.11 1.70 0.58 0.18 0.02 1.58 100.41 62.04
AS76B 1.05 0.20 5.76 88.14 0.12 2.00 0.64 0.48 0.06 2.29 100.76 60.90
AS76C 1.60 0.15 4.90 90.71 0.11 1.07 0.31 0.19 0.02 1.31 100.37 62.21
AS77A 1.31 0.16 5.95 88.19 0.12 2.05 0.54 0.24 0.04 1.84 100.43 60.42
AS78A 0.48 0.24 6.28 84.79 0.11 2.58 0.42 0.14 0.02 1.84 96.90 64.37
AS79A 0.75 0.11 4.13 91.72 0.11 1.46 0.46 0.11 0.02 1.20 100.06 60.74
AS81A 0.12 0.28 4.98 90.56 0.11 1.74 0.34 0.14 0.03 1.85 100.16 69.41
AS81B 0.06 0.32 5.56 90.31 0.12 1.85 0.25 0.17 0.03 1.88 100.58 71.96
AS82A 0.61 0.10 3.98 92.01 0.16 1.77 0.47 0.07 0.03 1.19 100.38 58.28
AS83A 0.45 0.05 2.88 93.59 0.11 1.18 0.33 0.12 0.02 1.15 99.86 59.54
AS84A 0.41 0.10 3.10 93.11 0.12 1.09 0.36 0.20 0.02 1.63 100.14 62.46
AS85A 0.64 0.12 3.93 92.22 0.12 1.32 0.36 0.11 0.05 1.33 100.21 62.88
GH29 Badrinath 2.98 2.48 16.54 61.57 0.05 4.68 1.12 0.89 0.10 6.86 2.02 99.29 65.32
GH32 4.12 0.91 16.91 66.64 0.12 5.62 1.18 0.39 0.02 2.74 0.60 99.25 60.76
GH33 2.39 2.31 17.63 62.45 0.13 5.67 0.74 0.88 0.05 5.39 3.03 100.67 66.70
GH33b 3.84 1.84 10.98 74.51 0.16 0.98 1.56 0.67 0.09 5.46 1.01 101.10 63.25
GH52 1.02 0.32 5.16 88.20 0.02 0.20 1.90 0.25 0.19 2.67 1.03 100.96 62.32
GH54 0.67 1.56 16.63 63.66 0.06 4.81 0.55 0.94 0.11 7.36 3.04 99.39 73.39
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with higher Cr/Th values and lower Th/Sc are indicative of more
primitive sources (islands arc), and conversely lower Cr/Th values
and higher Th/Sc values come from more mature sources (passive
margin) with continental arcs and active continental margins lie
along mixing trends between the two end members. The metasedi-
mentary samples of the Greater Himalayan Sequence displays a
wide range of values (Cr/Th = 0.2–214.5 and Th/Sc = 0.2–10.3)
which shows a mixed source and potentially an active continental
margin. Within the La vs Th diagram, the Greater Himalayan Se-
quence fall primarily in the ocean island basalt and continental
arc fields (Fig. 3c). This is in accordance with the ternary diagram
La–Th–Sc (Fig. 3d). In the ternary diagram V–Ni–Th # 10 (Fig. 3e),
fields representative of ultramafic, mafic, and felsic rocks plot sep-
arately in roughly the three corners of the ternary plot (Bracciali
et al., 2007). The Greater Himalayan Sequence samples plot domi-
nantly in near the felsic field with a distinct mixing trend towards a
mafic composition. High Cr concentrations and, together with in-
creased MgO and Fe2O3 contents and low high field strength ele-
ment contents, suggest a significant mafic to ultramafic(?)
component in the source.

The REE ratios of these rocks are highly fractionated with aver-
age (La/Yb)N = 18.6 (Fig. 4). The LREE are also highly fractionated
with average (La/Sm)N = 3.8. The La/Yb ratio (La, a light REE, is a
highly incompatible element, and Yb, a heavy REE, is a less incom-
patible element; both are relatively immobile elements) is an
excellent indicator of degree of enrichment (high value of (La/
Yb)N for enriched sources) or degree of melting (lower value of
(La/Yb)N for higher degree of melting) of mantle sources (Verma,
2002). Similarly, the (La/Sm)N ratio is also an indicator of mantle
sources and their degree of partial melting (Verma, 2006). These
features suggest that the original source areas were composed
chiefly of silicic components (Li et al., 2005) and the negative Eu
anomaly is evidence of a differentiated felsic source (Slack and Ste-
vens, 1994).

4. Fluid inclusions

Analysis of fluid inclusions in the quartzose metasediments of
the Greater Himalayan Sequence indicate the presence of high
salinity three-phase aqueous inclusions (25 wt.% eq. NaCl) (Fig. 5).
These fluid inclusions yield homogenization temperatures between
225 and 238 "C (Table 2). The high saline, high temperature brine
inclusions probably represent granite or magmatic fluids (Catheli-
neau et al., 1988; De Vivo et al., 1991; Roedder, 1992). The saline
aqueous three-phase inclusions as remnants of a granitic/metamor-
phic protolith are quite plausible. Their homogenization tempera-
tures are however low, and may indicate a veining stage in the
formation of the rocks of the protolith. Hence, a primary fluid in
detrital grains is indicative of a granitic or metamorphic source.

5. Isotopic and geochronological provenance studies

Nd isotopes show that the Munsiari Formation of the Lesser
Himalayan Sequence has a distinct isotopic signature from that
of the Greater and Tethyan Himalayan Sequences. The Lesser
Himalayan Sequence has an average epsilon Nd values of $22
and the Greater and Tethyan Himalayan Sequences have average
values of $14 (Parrish and Hodges, 1996; Ahmad et al., 2000; Rob-
inson et al., 2001; Richards et al., 2005; Imayama and Arita, 2007;
Murphy, 2007). The epsilon Nd values in the Greater Himalayan Se-
quence reveal that this package of rock is more juvenile than that
of the Indian craton, which indicates that it is not Indian basement
(Robinson et al., 2001). These data provide support for previous
interpretations that the Greater Himalayan Sequence is derived
from an active continental margin which was accreted onto India
during the Early Paleozoic (DeCelles et al., 2000).

Epsilon Nd values as the Greater Himalayan Sequence (average
of $13) are similar to three different Proterozoic terranes from the

Table 1b
Selected XRF trace element analyses.

Sample Formation Ba Co Cr Cu Ga Nb Nd Ni Pb Rb Sc Sm Sr Y Zn Zr

GH12 Joshimath 409.2 11.4 14.8 10.1 25.1 12.3 31.3 1.8 27.3 228.2 13.8 5.3 81.9 25.6 37.6 147.3
GH14 663.3 15.8 543.1 36.9 20.8 12.5 24.7 26.2 46.6 177.9 4.4 4.8 40.4 25.9 175.4 219.3
GH16 525.1 14.9 86.0 33.2 22.4 7.6 24.1 38.3 19.5 133.5 21.7 5.1 94.5 23.5 61.9 150.7
GH17 515.6 15.3 81.9 31.1 22.3 8.5 22.8 37.6 18.7 136.4 21.9 4.7 96.5 24.4 61.7 159.8
GH20 547.5 9.2 623.6 43.4 13.4 8.6 20.6 41.0 19.6 107.6 0.0 4.4 105.2 30.6 57.0 197.2
GH34 668.7 13.4 83.5 15.5 23.8 12.3 34.0 40.0 25.2 241.5 11.1 7.0 146.3 19.7 60.1 188.3
GH35 570.1 15.5 356.1 28.9 17.3 15.1 30.7 43.4 31.7 139.7 11.9 5.0 129.0 35.3 88.0 200.0
GH36 590.2 11.3 361.1 31.9 17.2 12.2 27.3 46.2 31.4 139.8 0.0 6.5 126.9 31.7 85.0 185.7
GH37 285.4 54.2 382.1 23.2 21.5 10.9 25.7 52.8 10.4 36.1 0.0 2.4 272.0 26.4 120.8 135.3
GH38 604.4 12.2 26.5 19.5 24.1 15.9 42.3 4.0 78.3 162.9 14.1 7.8 76.0 35.2 175.4 179.3
GH39 16.3 0.8 19.5 2.4 14.7 112.9 46.9 3.8 27.1 56.7 0.0 18.8 6.1 121.0 36.7 1939.1
GH40 1812.1 10.7 146.8 0.0 39.3 3.9 18.4 13.8 23.1 281.8 3.7 0.9 71.5 9.0 45.6 253.6
GH61 742.7 14.4 772.1 23.9 20.7 12.6 20.6 42.7 26.2 190.2 5.2 4.4 112.1 28.1 93.6 209.7
GH22 Pandukeshwar 349.8 5.4 656.8 12.2 11.5 7.9 21.0 35.1 21.8 74.0 9.2 3.9 91.7 34.1 42.7 257.7
GH23 432.8 0.0 591.9 4.7 5.7 0.0 11.7 20.6 23.8 64.4 5.4 4.6 42.2 20.6 19.6 90.6
GH24 447.5 0.0 597.4 6.0 6.2 0.0 12.0 19.8 22.9 63.0 0.0 4.2 41.0 20.0 18.8 88.1
GH26 179.5 13.3 21.4 33.6 25.7 0.0 10.3 0.0 6.4 14.7 104.1 5.3 45.1 12.7 0.0 87.4
GH27 657.0 5.8 40.6 11.7 14.4 3.6 19.7 15.9 18.9 129.1 22.1 5.0 73.3 20.0 33.5 160.2
GH44 277.8 6.4 584.3 26.8 15.8 11.7 23.2 31.2 24.3 139.2 0.0 5.4 101.8 27.7 43.6 202.4
GH47 648.7 13.9 66.9 14.1 24.0 14.9 33.4 27.5 27.8 216.0 0.0 5.0 62.9 40.7 72.5 340.5
GH47b 1120.3 11.2 335.5 2.1 18.9 11.2 32.9 37.3 24.2 233.5 3.5 5.0 89.4 30.3 77.0 299.5
GH50 631.1 1.7 541.3 3.6 11.4 9.3 26.3 26.8 18.3 127.3 0.0 4.6 65.1 23.1 29.0 240.9
GH63b 384.0 44.5 868.6 6.7 12.4 24.2 45.2 12.0 48.8 46.5 21.4 36.9 440.4 63.0 44.3 217.3
GHBn1 Badrinath 666.7 19.3 76.0 60.4 29.3 17.2 31.7 38.0 25.9 181.2 8.4 6.0 52.9 26.5 106.6 221.2
GH29 141.6 0.0 493.3 7.5 6.7 3.5 14.0 27.8 12.3 33.4 8.0 4.0 95.1 19.1 20.3 157.9
GH31 298.6 21.2 100.0 9.4 24.8 19.0 25.3 49.8 32.0 300.0 10.8 4.6 109.5 22.2 107.3 146.5
GH32 1263.9 1.5 185.5 0.0 18.3 4.3 26.8 12.8 77.7 231.5 2.6 3.3 242.5 19.0 37.5 123.5
GH33 1264.6 2.3 186.8 0.0 18.8 3.9 24.5 13.8 76.9 230.0 2.8 2.6 241.5 18.8 35.8 119.7
GH33b 269.8 14.9 74.2 19.0 21.0 3.8 22.6 31.5 14.4 31.9 30.0 6.8 102.9 26.0 45.3 141.7
GH52 58.6 15.9 28.8 21.5 21.8 3.6 17.0 0.0 0.0 11.3 70.7 9.0 72.4 25.4 1.6 124.6
GH54 698.3 13.4 66.1 33.0 25.4 11.4 33.2 26.9 25.7 218.5 9.8 5.8 72.6 31.6 83.6 262.6
GH66 493.9 7.5 336.4 9.8 20.1 12.0 24.8 20.1 40.4 295.1 2.7 2.9 85.9 16.5 78.5 174.4
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Arabian/Nubian shield (Harms et al., 1990; Windley et al., 1996).
An Antarctic or Arabian source is substantiated by detrital zircon
ages from Saudi Arabia (Agar et al., 1992), Israel (Avigad et al.,
2003), Jordan (Kolodner et al., 2006), Ethiopia (Avigad et al.,
2007), and Antarctica (Goodge et al., 2004) which show similar
peaks as the Greater Himalayan Sequence (DeCelles et al., 2000;
Upreti and Yoshida, 2005; Yoshida and Upreti, 2006).

6. Depositional models

Current models for the origin of the Greater Himalayan Se-
quence include a single passive margin (Frank et al., 1973; Colchen
et al., 1982), Carboniferous, intra-cratonic extension (Yin, 2006),
and an active continental margin (DeCelles et al., 2000; Gehrels
et al., 2003, 2006; Yin et al., 2010a,b). The single passive margin
model states that the Lesser Himalaya Sequence, the Greater Hima-
layan Sequence, and the Tethyan Himalayan Sequence were depos-
ited on the same north-facing continental margin of northern
India. The three sequence represent increasingly off-shore facies

from the shelf to slope. Jamieson et al. (2006) claimed that numer-
ical models of channel flow also predict a single passive margin
model with a more distal Indian source for the Greater Himalayan
Sequence. However, this hypothesis is contrary to both strati-
graphic, isotopic, and geochemical evidence (Ahmad et al., 2000;
DeCelles et al., 2000; Robinson et al., 2001; Yoshida and Upreti,
2006; Imayama and Arita, 2007; Murphy, 2007). The Lesser Hima-
layan Sequence has an isotopic and detrital zircon signature of the
Indian Shield with more negative epsilon Nd values than the Great-
er Himalayan Sequence and Tethyan Himalayan Sequence which
have more juvenile epsilon Nd values and a detrital zircon signa-
ture more akin to eastern Antarctica and the Arabian Shield (Ah-
mad et al., 2000; Imayama and Arita, 2007; DeCelles et al., 2000;
Yoshida and Upreti, 2006).

The Carboniferous-extension model (Yin, 2006) claims that the
Lesser Himalayan Sequence and the Greater Himalayan Sequence
strata were juxtaposed by a Carboniferous north-dipping normal
fault system prior to Cenozoic deformation. This model is based
upon the lack of Ordovician to Carboniferous strata in the Lesser

Table 1c
Selected ICP-MS trace element and rare earth analyses.

Sample Formation La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Sc Y Th V U

GH12 Joshimath 64.7 132.0 13.8 53.8 10.1 0.9 7.7 1.3 5.9 0.9 2.1 0.3 2.0 0.3 5.0 37.0 25.0 5.0 9.0
GH14 14.2 28.7 3.2 12.6 2.4 0.5 2.0 0.3 1.7 0.3 0.8 0.1 1.1 0.2 8.0 13.0 4.0 8.0 2.0
GH17 15.7 31.6 3.4 13.6 2.7 0.5 2.1 0.3 1.6 0.2 0.6 0.1 0.8 0.1 8.0 11.0 5.0 10.5 2.0
GH34 18.2 43.6 4.4 18.3 3.9 0.8 3.4 0.6 2.6 0.4 1.0 0.2 1.2 0.2 3.5 14.0 3.0 6.0 2.5
GH35 5.0 10.2 1.1 4.2 0.7 0.1 0.5 0.1 0.2 0.0 0.1 0.0 0.1 0.0 2.5 1.0 3.0 1.0 1.4
GH38 30.3 60.0 6.5 25.4 4.6 0.5 3.6 0.5 2.5 0.4 1.1 0.2 1.3 0.2 5.0 18.0 12.0 4.0 4.0
GH39 66.3 136.4 14.2 54.0 8.1 0.5 4.6 0.6 2.5 0.4 1.0 0.1 1.0 0.2 4.0 16.0 42.0 2.0 3.0
GH61 8.5 17.1 1.7 6.7 1.2 0.3 1.0 0.2 0.8 0.1 0.3 0.1 0.4 0.1 3.0 6.0 4.0 3.0 1.5
AS69A 44.6 93.9 9.9 40.7 9.3 1.8 7.0 1.2 7.5 1.6 4.8 0.8 4.3 0.7 12.0 44.4 17.4 54.4 2.6
GH23 Pandukeshwar 17.8 36.0 3.8 14.6 2.7 0.4 2.0 0.3 1.4 0.2 0.6 0.1 0.8 0.1 5.0 10.0 6.0 5.0 3.0
GH26 8.5 16.9 1.8 7.0 1.3 0.2 1.1 0.2 0.9 0.1 0.4 0.1 0.4 0.1 3.0 6.0 3.0 3.0 2.0
GH27 22.4 45.7 5.0 20.1 3.6 0.7 3.0 0.5 2.4 0.4 1.1 0.2 1.5 0.2 5.0 31.0 4.0 3.0 3.0
GH47 5.8 12.9 1.2 4.5 0.8 0.2 0.6 0.1 0.4 0.1 0.2 0.0 0.2 0.0 6.0 8.0 10.0 15.0 3.0
GH47b 57.7 116.0 12.0 45.8 7.8 1.3 5.9 0.9 4.5 0.7 2.0 0.3 2.7 0.5 4.0 9.0 3.0 3.0 3.0
AS27a2 32.1 64.1 6.3 24.6 5.3 1.3 3.5 0.5 2.2 0.4 1.0 0.1 0.7 0.1 3.6 9.3 10.4 37.9 1.2
AS27b 10.3 22.4 2.2 8.6 2.2 0.7 1.1 0.2 0.6 0.1 0.3 0.0 0.2 0.0 1.0 2.9 3.7 19.7 0.9
AS28b 23.9 49.5 4.7 19.0 4.5 1.4 2.9 0.4 2.1 0.4 1.0 0.1 0.7 0.1 1.9 9.3 8.5 28.6 1.7
AS29a 16.8 36.2 3.5 13.9 2.8 0.6 2.2 0.3 1.6 0.3 0.9 0.1 0.7 0.1 1.1 8.2 5.7 22.0 1.0
AS30a 20.3 41.0 4.0 15.4 3.3 0.7 2.5 0.4 2.0 0.4 1.0 0.2 0.9 0.1 1.6 10.5 6.6 21.1 1.0
AS31a 16.9 35.2 3.4 14.1 2.9 0.7 2.4 0.4 2.1 0.4 1.0 0.2 0.9 0.1 0.7 10.8 4.9 31.1 0.9
AS32a 19.0 39.7 3.7 14.7 3.0 0.7 2.3 0.4 2.2 0.4 1.3 0.2 1.0 0.2 1.8 12.2 6.0 33.2 1.1
AS33a 27.9 55.5 5.6 21.8 4.4 1.0 3.2 0.5 3.2 0.7 2.0 0.3 1.8 0.3 3.3 19.2 9.4 37.4 1.2
AS34a 30.6 70.7 6.5 26.6 5.9 1.3 4.5 0.7 3.6 0.7 2.0 0.3 1.6 0.2 5.4 18.3 10.6 37.0 1.6
AS50a 40.6 83.4 8.3 31.8 6.4 1.2 4.9 0.8 3.9 0.7 2.0 0.2 1.6 0.2 6.0 20.7 15.0 44.9 2.0
AS54A 9.2 18.6 1.8 7.0 1.3 0.3 0.9 0.1 0.5 0.1 0.3 0.0 0.2 0.0 2.8 1.6 22.3 0.4
AS55A 18.2 38.4 3.7 14.6 3.0 0.7 2.4 0.4 2.1 0.4 1.1 0.2 0.9 0.1 1.1 11.6 5.4 19.8 1.4
AS65A 35.6 75.8 7.2 27.6 6.3 1.6 4.2 0.6 2.9 0.4 1.1 0.1 0.6 0.1 2.9 11.0 11.7 33.0 1.6
AS70A 16.3 33.7 3.3 12.1 2.6 0.6 1.8 0.3 1.6 0.3 0.9 0.1 0.7 0.1 0.8 8.6 3.9 22.4 0.7
AS71B 29.5 59.8 5.8 21.5 4.8 1.2 3.2 0.5 2.2 0.4 1.2 0.2 1.0 0.2 5.0 11.2 9.4 49.7 1.3
AS72B 48.6 99.6 10.4 47.0 11.6 3.1 11.3 2.0 11.4 2.3 6.5 1.0 5.6 0.8 6.8 75.8 11.8 54.1 5.2
AS74a 12.3 27.1 2.5 10.0 2.1 0.5 1.7 0.3 1.4 0.3 0.7 0.1 0.6 0.1 0.1 7.3 3.4 10.7 1.0
AS75A 13.6 29.5 2.7 11.0 2.5 0.6 1.8 0.3 1.6 0.3 0.8 0.1 0.6 0.1 0.3 8.1 3.8 14.9 0.7
AS76A 13.5 27.2 2.6 10.4 2.4 0.7 1.6 0.2 1.2 0.2 0.6 0.1 0.5 0.1 1.5 5.9 4.2 22.8 0.6
AS76C 15.4 32.1 3.1 12.2 2.6 0.6 1.9 0.3 1.5 0.3 0.7 0.1 0.6 0.1 1.1 7.4 5.9 19.4 0.8
AS77A 13.7 28.8 2.8 11.1 2.3 0.5 1.8 0.3 1.6 0.3 0.7 0.1 0.5 0.1 0.3 7.5 3.8 14.3 0.7
AS78A 14.7 28.5 2.8 10.8 3.0 1.1 1.6 0.2 1.2 0.2 0.6 0.1 0.5 0.1 1.6 6.1 4.6 24.3 0.6
AS79A 14.5 30.3 3.0 11.8 2.6 0.6 1.9 0.3 1.5 0.3 0.8 0.1 0.6 0.1 1.0 7.9 4.9 20.2 0.7
AS79b 17.3 35.0 3.3 12.9 2.9 0.8 1.7 0.3 1.5 0.3 0.8 0.1 0.6 0.1 1.0 8.5 4.9 19.9 0.9
AS80b 10.2 22.1 2.0 8.5 1.9 0.4 1.4 0.2 1.2 0.2 0.6 0.1 0.5 0.1 6.2 3.4 15.1 1.0
AS81A 31.0 61.3 6.1 24.8 5.1 1.3 4.2 0.7 3.6 0.7 2.0 0.3 1.5 0.2 2.5 19.9 12.4 29.2 1.7
AS81B 17.3 35.1 3.4 13.4 2.7 0.6 2.0 0.3 1.8 0.4 1.1 0.2 1.0 0.2 1.7 10.5 5.1 33.1 1.0
AS83A 16.2 33.6 3.3 12.7 3.2 0.8 1.8 0.3 1.5 0.3 0.7 0.1 0.5 0.1 0.7 7.4 4.6 18.6 0.8
AS84A 21.0 43.3 4.1 16.2 3.3 0.7 2.5 0.4 1.9 0.3 0.8 0.1 0.5 0.1 0.5 9.0 6.5 18.5 1.2
AS85A 19.0 41.3 3.8 14.7 3.8 1.0 2.3 0.4 2.0 0.3 0.9 0.1 0.9 0.1 0.9 9.0 5.7 17.9 0.9
GH29 Badrinath 6.1 12.3 1.3 4.8 0.9 0.2 0.7 0.1 0.4 0.1 0.2 0.0 0.2 0.0 3.0 2.5 2.0 2.0 1.4
GH31 12.2 25.2 2.7 10.7 2.1 0.4 1.7 0.2 1.0 0.1 0.3 0.0 0.3 0.1 8.0 5.0 4.0 7.0 3.0
GH32 4.6 9.9 1.1 3.8 1.0 0.2 0.9 0.2 1.2 0.2 0.6 0.1 0.8 0.1 4.0 10.0 6.8 2.0 3.0
GH33 21.8 45.7 4.9 18.8 4.1 0.7 3.2 0.5 1.7 0.2 0.4 0.0 0.3 0.0 4.0 8.0 9.0 3.0 4.0
GH33b 52.4 103.4 10.6 41.4 6.9 1.0 5.3 0.8 3.7 0.6 1.5 0.2 1.6 0.2 3.0 15.0 3.5 5.0 3.0
GH54 2.9 6.0 0.6 2.3 0.5 0.1 0.4 0.1 0.3 0.1 0.1 0.0 0.2 0.0 7.0 10.0 2.5 5.0 1.0
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Himalayan Sequence. This model, however, assumes the source of
the Greater Himalayan Sequence and Tethyan Himalayan Sequence

is the northern Indian margin which is also contrary to isotopic,
and geochemical evidence.
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Fig. 3. Discrimination diagrams with trace elements of the Garhwal Greater Himalayan samples. (a) Histogram of CIA (Al2O3/[Al2O3 + CaO + Na2O + K2O] " 100) (Nesbitt and
Young, 1982). Values higher than 75 indicate high degrees of weathering (Long et al., 2008). (b) Cr/Th vs Th/Sc. (c) Plot of La vs Th displaying provenance fields after Bhatia
(1983). (d) La–Th–Sc diagram plotting provenance fields after Bhatia and Crook (1986). OIA: island arc, CIA: continental arc, ACM: active continental margin, PM: passive
margin. (e) V–Ni–Th # 10 diagram plotting composition fields of felsic, mafic, and ultramafic rocks after Bracciali et al. (2007). Average upper crust composition after Rudnick
(2005). The bulk of the samples lie near the average upper crust composition (PLUC) with a mixing trend towards the average mafic composition. This mixing trend is possibly
due a mafic component in the detritus of the Greater Himalayan Sequence. Circle and square symbols are samples from psammitic and pelitic units respectively.
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The data presented here matches best with the active continen-
tal margin model (DeCelles et al., 2000; Gehrels et al., 2003, 2006;
Yin et al., 2010a,b). The sediments derived from this active conti-
nental margin is thought to have been derived from the East Afri-
can Orogeny (DeCelles et al., 2000; Gehrels et al., 2003, 2006) and/
or the East Antarctic Orogeny (Yoshida and Upreti, 2006) or the
more proximal Bhimphedian Orogeny of Northern India (Garzanti
et al., 1986; Cawood et al., 2007).

The lack of deformation associated with the accretion of the
Greater Himalayan Sequence to the northern Indian margin re-
quires that either the collision involved a significant amount of ob-
lique motion, the deformed portion was subducted beneath Asia
during the Cenozoic collision, or that last stage post accretion
deposition buried the deformation.

Several potential tectonic events have been proposed as the
source for the Greater Himalayan Sequence. In light of this new
data, each potential tectonic event will be investigated to identify
the most likely to have sourced the sediment of the Greater Hima-
layan Sequence.

7. East African Orogeny

The East African Orogeny extends from the southern tip of Afri-
ca to northern Arabia and took place from >620 to 530 Ma (Katz
et al., 2004). Garfunkel (1999), identified three tectonic stages in
the northernmost East African Orogeny: orogenic (>600 Ma), tran-
sitional (600–530 Ma), and platform (<530 Ma). The youngest post-
tectonic intrusions in northern portion of the orogeny are 613–
606 Ma (Miller et al., 2003). Because the Greater Himalayan Se-
quence contains detrital zircons younger than 600 Ma, the East
African Orogeny alone cannot be responsible for the deposition
of the Greater Himalayan Sequence.

8. East Antarctic Orogeny

The late Mesoproterozoic East Antarctic orogeny occurred along
East Antarctica. This orogen took place along the eastern margin of
India, and into the western and southwestern margins of Australia
(Yoshida, 1995; Yoshida et al., 2003; Yoshida and Upreti, 2006)
during the latest Neoproterozoic–early Palaeozoic times. Age dis-
tribution peaks of zircons from these areas are mostly composed
of ca. 900–1300 Ma and ca. 500–600 Ma. While the East Antarctic
Orogeny provides a potential source region for the detrital zircons
found in the Greater Himalayan Sequence, it does not account for
the deformed Cambrian-age strata found in the western Himalaya
(Wiesmayr and Grasemann, 2002).

9. Bhimphedian Orogeny

In the Kathmandu region transgressive Ordovician strata lie
along an angular unconformably on older successions and are
widespread along the Indian part of Gondwana (Pogue et al.,
1999; Cawood et al., 2007). Wiesmayr et al. (1998) and Pogue
et al. (1999) document uplift and mesoscopic folding of early Cam-
brian strata cut be an Ordovician unconformity. Baig et al. (1988)
also provide evidence for an angular disconformity between unde-
formed Lower Cambrian rocks and gently folded, weakly metamor-
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Fig. 4. Chondrite-normalized REE patterns for the formations of the Greater Himalayan Sequence. Normalization factors from McDonough and Sun (1995).

Fig. 5. Photomicrograph of characteristic fluid inclusion from the Pandukeshwar
formation.

Table 2
Homogenization temperatures of three-phase
fluid inclusions from the Pandukeshwar
formation.

Sample T (C")

FL1 225
FL2 225
FL3 226
FL4 228
FL5 229
FL6 231
FL7 232
FL8 233
FL9 234
FL10 234
FL11 235
FL12 235
FL13 236
FL14 237
FL15 238
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phosed Precambrian rocks west of the western syntaxis and out-
side the majority of Cenozoic Himalayan deformation. The pres-
ence of Ordovician conglomerate on an angular unconformity are
interpreted to have accumulated in the foreland basin of a thrust
belt that was active during Late Cambrian(?) through Middle Ordo-
vician time (Garzanti et al., 1986). The apparent cessation of Cam-
brian sedimentation of what is now the Lesser Himalayan
Sequence during early Paleozoic time may also record the onset
of early Paleozoic tectonism (Brookfield, 1993; Valdiya, 1995).
Gehrels et al. (2006) also noted that 520–500 Ma detrital zircon
grains analyzed from arkosic sediments in the Kathmandu region
could reflect further input from this arc system. Myrow et al.
(2006, 2009) reported Cambrian-age passive margin sedimentation
in the Spiti and Zanskar valleys and claimed that this precludes the
presence of an arc system at this time. These strata are however,
unconstrained using geochronologic techniques. Furthermore, Ca-
wood et al. (2007) describe a sequence of events where a passive
margin preceded and followed the Bhimphedian Orogeny. There-
fore, the Cambrian sequences studied in Myrow et al. (2006,
2009) could potentially represent strata deposited before and after
the Bhimphedian Orogeny. These rocks are separated by a sharp
break from non-marine arenites and conglomerates of mid-Ordovi-
cian age (Cawood et al., 2007).

In comparing these three orogenic events, it appears that the
Bhimphedian Orogeny is the most likely source for the sediments
in the Greater Himalayan Sequence.

10. Sequence of depositional and tectonic events

10.1. Early Proterozoic–Late Proterozoic (<1600–800 Ma)

During early Proterozoic the Lesser Himalayan Sequence was
deposited off the northern margin of India sourced along a passive
margin with sediments shed from the interior of the Indian Craton
(Yoshida and Upreti, 2006; Imayama and Arita, 2007) and/or along
a continental arc setting from 1780 to 1880 Ma (Kohn et al., 2010)
(see Fig. 6a). Célérier et al. (2009) extended the age of deposition of
the Lesser Himalayan Sequence in the Garhwal/Kumaun regions of
India between 1880 and 800 Ma.

10.2. Late Proterozoic–Early Paleozoic (!820–480 Ma)

DeCelles et al. (2000) bracketed the age of deposition of the
Greater Himalayan Sequence in Central Nepal from !820 to
480 Ma from detrital zircon and cross cutting granite U–Pb ages,
with a significant zircon population between 520 and 480 Ma. Par-
rish and Hodges (1996) also found that the presence of 1000–
800 Ma detrital zircons in the Greater Himalayan Sequence dem-
onstrate that the sedimentary precursors of these rocks cannot
be older than Neoproterozoic. During this time, India was bordered
by Africa/Arabia to the west, Antarctica to the east, and the Paleo-
Tethys Ocean to the North (Scotese, 1997) (Fig. 6b). Following the
earliest deposition of the Greater Himalayan Sequence, an igneous/
contractional event ca. 520–480 Ma (the Bhimphedian Orogeny
after Cawood et al., 2007) took place along the entire southern
margin of India and the Greater Himalayan Sequence terrain (Ca-
wood et al., 2007; Yin et al., 2010a,b) (Fig. 6c). This event correlates
with the emplacement ages of the Lesser Himalayan Igneous Belt
which is a group of syncollisional granitoids found along the entire
length of the Himalayan Range in between the Lesser and Greater
Himalayan Sequences (Fig. 6d).

According to Cawood et al. (2007), the Bhimphedian Orogeny is
an Andean-type orogenic event that was active ca. 530–480 Ma.
The magmatic arc was associated with felsic, andesitic and basaltic
volcanism which overlaps and succeeded by regional deformation,
accretion of the Greater Himalayan Sequence/Terrane, crustal

melting and S-type granite emplacement that extended to
470 Ma (Cawood et al., 2007). The volcanic rocks of Cambrian-
age that occur in the western Tethyan Himalaya (Garzanti et al.,
1986; Valdiya, 1995) could be a potential source region for the
Greater Himalayan Sequence. Garzanti et al. (1986) showed that
the volcanics include low-K tholeiites with trace elements indica-
tive of an immature arc environment. Yin et al. (2010a) also recog-
nize the presence of a Cambrian-age arc and claim that the Eastern
Ghats-Shillong Arc (or the East Antarctic orogeny) is the eastward
continuation of the Paleo-Hima Arc (or the Bhimphedian Orogeny).
They also claim that in Bhutan, the Greater Himalayan Sequence
may be a tectonic mixture of Indian crystalline basement, its Pro-
terozoic–Cambrian cover sequence and an early Paleozoic arc.

Even though the East African and East Antarctic orogeny are po-
tential source regions for the Greater Himalayan Sequence, the
Bhimphedian Orogeny provides a more proximal and therefore a
more plausible source. Evidence for the early Paleozoic Bhimphe-
dian Orogeny and magmatic activity is widespread in the western
Himalaya (e.g. Garzanti, 1993; Garzanti, 1999; Argles et al., 2003;
Gehrels et al., 2003, 2006). During this deformation, metamor-
phism, plutonism, uplift, and erosion developed within a
south-vergent thrust belt that was active during Late Cambrian(?)
– Middle Ordovician time (Gehrels et al., 2006). Whether the
nature of this accretion took place as an orthogonal collision or
an oblique collision it is unclear and the lack of extensive
Cambro-Ordovician-age shortening precludes the possibility of a
significant orthogonal collision.

The origin of the !500 Ma granites has also been related to both
crustal extension (Debon et al., 1986; LeFort et al., 1983; Le Fort
et al., 1986; Girard and Bussy, 1999; Miller et al., 2001) and oro-
genic tectonism (Gehrels et al., 2003, 2006). The possibility of a
widespread extensional event cannot be discounted as the tectonic
setting for the sediments some of the Greater Himalayan Sequence,
however an extensional model alone cannot account for the active
margin geochemical signature and isotopic compositions distinct
from the sediments shed from the passive margin of India (Parrish
and Hodges, 1996; Ahmad et al., 2000; Imayama and Arita, 2007).

10.3. Early Paleozoic–Late Paleozoic (480–150 Ma)

Following the accretion of the Greater Himalayan Sequence and
formation of the Lesser Himalayan Igneous Belt during Late Cam-
brian to Early Ordovician time, the widespread inundation of the
Tethys Ocean deposited the Tethyan Himalayan Sequence noncon-
formably over the Lesser Himalayan Sequence and Greater Himala-
yan Sequence (Brookfield, 1993; Pogue et al., 1999). Inundation of
the Tethys Ocean was accommodated by the Permian-age rifting of
the Lhasa terrane in the northern Himalaya (Yin and Harrison,
2000; Yin et al., 2010a). This suggests that the rifting occurred to
the north of the previously accreted Greater Himalayan Sequence.
The deposition of the Tethyan Himalayan Sequence continued
throughout the remainder of Paleozoic time (Pogue et al., 1999)
and this newly formed passive margin continued to develop con-
tinuously until the latest Cretaceous when the collision between
India and Asia began affecting its sedimentary facies pattern and
its rate of subsidence (Shi et al., 1996; Willems et al., 1996). This
deposition took place both from the Indian craton to the South as
well as from the Lhasa terrane to the North evidenced by detrital
zircons from both affinities (DeCelles et al., 2000).

11. Conclusions

The depositional setting of the Greater Himalayan Sequence
has previously identified as the passive margin along the northern
edge of India; however, geochemical evidence from this study and
previous detrital zircon studies do not support this hypothesis. A
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more plausible hypothesis while taking these data into consider-
ation is an active continental margin. This hypothesis supports
other evidence for the Bhimphedian Orogeny that was active from
530 to 490 Ma. Following the deposition of the Greater Himalayan
Sequence along this active continental margin, the sequence was
tectonically consolidated with the northern margin of India
placing it structurally above the Lesser Himalayan Sequence. After
this early Paleozoic orogeny, the northern margin of India was
covered by passive margin sediments that accumulated in the
Paleo-tethys Ocean until the late Paleozoic breakup of northern
India and the migration of crustal fragments from India to central
Asia.
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