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The Gondwanan sequences are widely distributed in several intracratonic basins
of peninsular India and also as discontinuous patches along the Himalayan orogenic belt.
The Tansen Group (2400 m) in western Nepal is thicker and more complete than the

Katari (380 m) and the Barahachettra (350 m) groups located in eastern Nepal.

In the Tansen Group, modal compositions of sandstone change from arkosic
(Permo-Carboniferous unit) to quartz arenitic and then to litharenitic (Eocene-Early
Miocene). Similar modal compositions are also present only in alleged Permo-
Carboniferous units Katari and Barahachettra groups of eastern Nepal. The
quartzofeldspathic sandstones of the Permo-Carboniferous Sisne (western Nepal) and
Saptakoshi (eastern Nepal) formations show high Eu values. The Quartzite unit of the
Saptakoshi Formation seems similar to the Amile Formation of western Nepal as both

contain higher percentages of mature quartz and stable heavy minerals, and show similar
v



REE patterns. High contents of lithic fragments with relatively rare feldspars indicate that
the Tamrang sandstones were deposited in the juvenile foreland basin between India and

Tibet like the Eocene Bhainskati Formation of western Nepal.

Garnet chemistry suggests sediment supply from variously graded metamorphic
rocks. Tourmaline chemistry indicates sediments derivation from both lithium-high and
lithium-low igneous rocks. Chrome-spinels with low TiO, contents in the Taltung

Formation show evidence of provenance from alkaline basalts.

Cooling ages of detrital muscovites from the Permo-Carboniferous units of all
three study sections show some older ages (300 Ma to 1700 Ma) and few younger (17 Ma
to 25 Ma) ages. The older ages could be related to the magmatism in the Indian craton
(e.g., Malani Rhyolite, Erinpura Granite, Chotanagpur Gneissic Terrain). Ages ~ 40 Ma
muscovites from the Bhainskati Formation suggest a Himalayan orogenic source.
Relatively younger ages, however, could indicate about the possible argon loss from the

muscovite or misinterpretation of the stratigraphy.

This study suggests that the stratigraphy of the Gondwana sequences in eastern
Nepal needs to be re-evaluated. The existing quartzite unit of supposedly Permo-
Carboniferous Saptakoshi Formation (eastern Nepal) should belong to Late Cretaceous,
equivalent to the Amile Formation of western Nepal. The Tamrang Formation (eastern
Nepal), which is currently considered as Permo-Carboniferous to Cretaceous, could be an

equivalent unit of the Eocene Bhainskati Formation of western Nepal.
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6.6 DISCUSSION

6.6.1 Garnets

Garnet composition of samples from different Gondwanan sequences in Nepal
suggest different source terranes. The Katari Group, with low pyrope contents, belongs to
the amphibolite regime, while the Taltung Formation, with low grossular and spessartine
contents reflects low metamorphic grade (Figs 6.4 and 6.11). Most of the grains from the
Barahachettra Group contain both grossular and pyrope (Fig. 6.3) but have low
spessartine content. The most probable source of garnet could be the Bihar Mica Belt, the
Ranchi Supracrustal Belt and the Munger Belt of Chotanagapur Gneissic Terrain.
However, different igneous bodies, including the Malani Granite of the Delhi Supergroup
and the Vindhyan System of peninsular India also could have supplied garnets to the

Gondwanan basins of Nepal (Sakai, 1983).

6.6.2 Tourmaline

Microprobe data for tourmaline supports that the source rock for these
tourmalines are Li-poor granitoids and aluminous meta-psammities and meta-pelites (Fig.
6.6). However, the plot of Ca, Fe(tot) and Mg, suggests different types of source rocks
(Fig 6.7). The Amile Formation, which is basically rich in quartz arenite, shows a
granitoid provenance, whereas other formations show a mixed provenance of granitioids
and meta-psammites and meta-pelites. Hence, different granitic bodies of the Indian

craton as well as pelites, from Vindhyan could have contributed tourmaline.
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garnet formed in equilibrium with biotite in a rock of pelitic bulk composition. The blue

Figure 6.11 Petrographic grid for the KFMASH system contoured with isopleths of Xaim

in garnet (after Spear and Cheney, 1989). The isopleths are constructed assuming that

region shows the range of isopleth values for garnets from Gondwanan sequences of

Nepal while solid color lines show the average of isopleth value for different rock units.
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6.6.3 Chrome-spinel

The TiO,% versus Cr# in chrome spinels shows that these grains were derived
from mid-oceanic, island arc and alkaline basaltic sources (Fig. 6.11). However, as TiO,
contents of these chrome-spinel grains are very low which is charecteristic of alkaline
basalts, these chrome-spinel grains could have been contributed by the alkaline Aulis

Basalt considered to be equivalent to the Rajmahal Traps (Sakai, 1983; Segev, 2002).

The Cr# value for the peridotites and basalts of mid-ocean ridges is less than 0.06
with Mg# between 0.55 -0. 85 (Dick and Bullen, 1984). This tectonic setting has been
classified as Type I. Another type of tectonic setting that is also regarded as Type I
setting is depleted marginal seafloor basalts which show slightly lower value for Mg# and
narrower range of Cr# than mid-oceanic ridge basalts (MORB). The Cr# and Mg# of the
Taltung Formation indicate mid oceanic ridge type basalts or peridotite as the source of
chrome-spinels. The Cr# and Mg# for island arc basalts (Types III setting) are 0.6-0.9,
and 0.4-0.69, respectively (Cookenboo et al., 1997). Ophiolites, which have compositions
transitional between Type I and Type III are regarded as Type II settings (Dick and

Bullen, 1984).

The high aluminium and high chromium contents of the Taltung Formation also

suggest a mid-oceanic type of source rock.
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Figure 6.12 Plot of TiO, vs Cr# of Gondwanan sequences of Nepal (Tansen Group,
western Nepal; Barahachettra and Katari groups in eastern Nepal) relative to spinels from
various potential source rocks. MORB=Mid-oceanic ridge basalt (after Nanayama, 1992).
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CHPATER 7: WHOLE ROCK CHEMISTY
7.1 INTRODUCTION

The whole rock chemistry of a sedimentary rock can provide an improved
understanding of provenance of sediments and contemporaneous and subsequent
sedimentary and weathering processes that impacted the sediments or the rock.
Composition of sedimentary rock is primarily controlled by the composition of the source
rocks and to some extent also by weathering and diagenetic processes (Dickinson, 1985;

McLennan et al., 1993,).

It is necessary to understand the weathering process and climatic conditions
during deposition of sedimentary rocks before making final interpretations on the source
rock. The chemistry of sedimentary rocks is significantly influenced by weathering of the
source rock and also post depositional diagenetic processes after the deposition of
sediments (Nesbitt and Young, 1992). The ‘Chemical Index of Alteration’ (CIA) and
ternary plot of Al,03-(CaO+Na,0)-K,0 are valuable tools to evaluate the degree of
weathering and diagenetic processes. All chemical constituents present in a source rock
do not behave in same way under a given weathering regime. When source rocks are
exposed to weathering, they become depleted in oxides that are not resistant to
weathering. Other more resistant oxides remain almost in the same amount that they were
in parent rock. The proportions of some of the major oxides, such as SiO,, Al,O3 and

K,0, have been found to be constant from source rock to the basin (Bhatia, 1983; Roser
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and Korsch, 1988). Some trace elements (Zr, Th, Sc, Nb, Ga) and rare earth elements
(REE) are generally remain constant from source rocks to the sediment because of their
low solubility in water during weathering (McLennan et al. 1985; Bhatia and Crook,
1986). Relative concentration of resistant major oxides and trace elements present in

sedimentary rocks are valuable indicators of source rocks.

One major limitation of using whole-rock chemistry alone is the inability to detect
the mixing of different kinds of source rocks. Hence, chemical analyses should be
supported by other methods of provenance study (e.g., traditional petrography, heavy
mineral analysis, detrital geochronology, etc.). Representative sandstone samples have
been subjected to whole-rock geochemical study to aid in the interpretation of

paleotectonics and sediment provenance of Gondwanan sequences from Nepal.
7.2 METHODS

Nine representative sandstone samples were selected for the whole-rock
geochemical analysis. The selected samples representing the Gondwanan sequence
(Tansen Group) in the western part of Nepal include sample 16-1 from the Dumri
Formation, sample 15-8 from the Bhainskati Formation, sample 15-5 from the Amile
Formation, sample K-1 from the Taltung Formation, and sample 16-6 from the Sisne
Formation. Samples from the eastern part of Nepal include samples 26-3 and 26-8 from
the Katari Group, and sample 23-5 from the Tamrang Formation, and sample 22-9 from

the Saptakoshi Formation of the Barahachhetra Group.
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Selected samples were crushed in the rock-preparation lab of the Department of
Geology and Geography, Auburn University. The size of the samples was further reduced
with a mortar and pestle to the 200 mesh. Subsamples of ~10 gm from each sample were
sent to ACME Laboratories Limited. Each sample was analyzed for 58 parameters
including major oxides, minor elements, trace elements (rare earth and refractory
elements), and precious and base metals. Major oxides, minor, rare earth and refractory
elements were determined by ‘Inductively Coupled Plasma’ (ICP) mass spectrometry
following lithium metaborate/tetraborate fusion and nitric acid digestion of 0.2-gm sub-
samples. Precious and base metals were analyzed by ICP mass spectrometer after
digesting separate 0.5-gm splits in Aqua Regia. Loss of ignition was calculated by

weighing the difference after ignition at 1000°C.
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7.3 RESULTS

The results of geochemical analysis of 9 samples for 58 parameters including major

oxides, minor elements, and trace elements are given in Table 7.1.

Table 7.1 Results of whole-rock chemical analysis of Gondwanan sandstones from Nepal

S. No
Unit | MDL | 16-1 | 158 | 155 | K-1 |16-6 |23-5 |22-9 |26-3 | 26-8

SiO; % 0.01 | 70.09 | 85.01 | 89.79 | 35.4 | 70.19 | 70.98 | 76.99 | 95.8 | 85.19
AlL,O; | % 0.01 8.09 | 564 | 4381448 | 1037 | 852 | 503 | 2.14| 5.61
Fe,03 | % 0.04 | 20.97 | 2.58 | 4.72 | 13.66 | 13.16 | 16.81 183 | 0.32| 232
MgO | % 0.01 057 079 | 0.05| 322 | 0.88| 0.99| 028 | 0.05]| 0.93
Ca0 | % 0.01 0.1 147 | 0.04 ] 1256 | 0.84 | 0.55| 0.07| 0.09| 1.17
Na,O | % 0.01 1.42 | 0.04| 0.11 1.06 | 2.11 1.63 | 0.04| 0.02]| 0.07
K,O % 0.01 1.53 1.36 | 0.08 21| 282 | 207| 073 ] 0.03 1.21
TiO, | % 0.01 0.69 | 047 | 035 238 | 033 | 021 | 0.51 0.08 | 041
P,Os | % 0.01 0.06 | 0.07 | <0.01 | 0.77 | 0.08 | 0.07 | 0.03 ] 0.01 | 0.07
MnO | % 0.01 0.13 | 0.04 | 0.02| 0.44 0.1 009 | 007 |<0.01| 0.04
Cr,03 | % 0.002 | 0.008 | 0.003 | 0.006 | 0.118 | 0.007 | 0.007 | 0.01 | 0.002 | 0.004
Ni PPM 20 57 | <20 <20 282 30 29 42 | <20 <20
Sc PPM 1 6 5 4 27 8 4 5 1 5
LOI % -5.1 -3.9 2.4 04 ] 133 -1.1 -2.1 -2.2 1.4 2.8
Ba PPM 1 363 179 25 | 1352 604 357 148 358 247
Be PPM 1 1| <1 <1 2 1]<1 1|<1 <1
Co PPM 0.2 12 4.5 3| 50.5 9.2 8.6 | 10.1 1.3 6.5
Cs PPM 0.1 2.8 2.1 0.2 3.7 1.8 3.2 1.3 | <0.1 1.8
Ga PPM 0.5 10.8 6.6 6.7 | 16.3 12.1 10.1 8.5 3.2 7.7
Hf PPM 0.1 11.4 9.3 3.5 8 7.2 5.7 6.9 0.7 7.2
Rb PPM 0.1 69 | 554 331 748 | 969 | 76.9 | 36.7 1| 45.1
Sn PPM 1 6 3 2 4 4 4 5| <1 2
Sr PPM 05| 473 | 51.8| 23.6 568 | 122.8 | 854 | 38.2 119 | 204
Ta PPM 0.1 1.2 0.9 0.4 8 0.6 0.4 0.9 0.2 0.8
Th PPM 0.2 189 | 13.2 37| 274 6.5 4.5 10 2.1 12
U PPM 0.1 3.2 2.2 1.6 5.1 1.2 1 2 0.8 2.4
V PPM 8 35 28 43 217 43 26 30 14 28
W PPM 0.5 2 1.5 | <0.5 3.7 0.7 0.8 2.3 ] <0.5 1.5

Contd. (MDL = Minimum Detection Limit)
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Table 7.1 Results of whole-rock chemical analysis of Gondwanan sandstones from Nepal

Contd.
S. No

Unit | MDL | 16-1 | 15-8 | 15-5 | K-1 16-6 | 23-5 | 22-9 | 26-3 | 26-8
Zr PPM 0.1 | 375.7 | 318.8 | 114.4 | 333.5 | 246.6 | 201.9 266 25.5 | 270.8
Y PPM 0.1 36.6 25.2 6| 28.7 19.1 13.7 14.8 3.1 20.3
La PPM 0.1 48.8 40 204 | 1424 22.3 14 | 33.6 7.3 30.7
Pr PPM 0.02 | 12.25 9.61 3.68 | 26.33 52 3.53 8.4 1.98 7.54
Nd PPM 0.3 46.2 35.8 11.4 90.2 19.4 13.6 | 30.1 7.3 27.1
Sm PPM 0.05 8.45 6.26 1.78 | 12.09 3.24 248 | 4.85 1.29 5.17
Eu PPM 0.02 1.4 1.03 0.3 3.18 0.82 0.7 0.86 0.28 0.89
Gd PPM 0.05 7 5.19 1.32 9.02 2.94 2.32 3.59 1.01 4.38
Tb PPM 0.01 1.08 0.76 0.19 1.12 0.52 0.39 0.49 0.17 0.66
Dy PPM 0.05 6.27 4.38 1.12 5.76 3.15 2.33 2.6 0.71 3.84
Ho PPM 0.02 1.21 0.86 0.2 1 0.67 046 | 0.51 0.14 0.72
Er PPM 0.03 3.38 2.5 0.63 2.72 1.99 1.43 1.52 0.32 2.21
™m PPM 0.01 0.47 0.34 0.08 0.35 0.29 0.21 0.22 0.08 0.34
Yb PPM 0.05 3.33 2.58 0.61 2.3 2.02 1.38 1.41 0.32 2.18
Lu PPM 0.01 0.48 0.37 0.09 | 0.34 031 0.22 0.23 0.07 0.34
Mo PPM 0.1 9.2 0.4 2.8 1.4 53 7.2 7.2 0.1 0.2
Cu PPM 0.1 | 160.6 56.6 64.1 42.1 84.9 | 121.7 | 1149 7 6.1
Pb PPM 0.1 18.8 11.5 5.5 14.2 11.8 15 12.2 24 9.5
Zn PPM 1 41 30 42 94 31 19 46 8 24
Ni PPM 0.1 50.9 93 14.6 | 245.5 31.2 36.2 | 44.7 1.8 10.1
As PPM 0.5 4 1.4 1.5 7.3 5 4.5 18.8 0.7 5
Cd PPM 0.1 0.2 | <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1
Sb PPM 0.1 0.9 0.2 0.3 0.3 0.6 0.9 1.2 0.1 0.2
Bi PPM 0.1 0.3 0.1 | <0.1 0.1 0.1 | <0.1 0.3 | <0.1 0.1

| Ag PPM 0.1 | <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Au PPB 0.5 0.8 0.7 1 1.8 0.7 1 0.9 1.3 0.7
Hg PPM 0.01 | <0.01 | <0.01 | <0.01 0.03 | <0.01 | <0.01 0.03 | <0.01 0.02

Tl PPM 0.1 | <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Se PPM 0.5 | <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

(MDL = Minimum Detection Limit)
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7.3.1 Major Elements

Major elements, which are generally measured in the form of oxides, are not
generally considered as good source rock indicators. Some of the major oxides leach out
during the weathering process. Additionally, diagenetic processes also contaminate and
alter detrital grains. However, some of elements are immobile and remain in the sediment
almost in the same amount as in the source rocks. Ratios of major oxides have been used
as an indicator of provenance (Bock et al., 1998; Gotze, 1998, Rahman and Suzuki,
2007). Different discrimination functions have been developed by adding or subtracting
the amount of major oxides that will be depleted or enriched in sediments during
weathering to fabricate the proportions of major oxides similar to the parent rocks
(Bhatia, 1983; Roser and Korsch, 1988). The effect of weathering and diagenetic
processes on the concentration of major elements in sedimentary rocks has been clearly

depicted in the chemical classification of the Gondwanan sandstones (Fig. 7.1).

The Amile sandstones, with its abundant well-rounded quartz grains are supposed
to fall in the field of quartz arenite of figure 7.1. However, Al,Os contents of the Amile
sandstone are a little too high and the K,O contents are somewhat too low to put this unit
in the quartz arenite field. High iron oxide contents due to weathering, or presence of
mica and other iron minerals made samples from the Dumri and Sisne formations, sample
23-5 from the Saptakoshi Formation, and sample 26-3 from the Katari Group to fall in the

Fe-sandstone field.
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Figure 7.1 Chemical classification of Gondwanan sandstones of Nepal, classification

fields are taken from Herron (1988).

Some major oxide ratios have been used to evaluate tectonic setting of source
rocks. The Taltung sandstones (sample K-1) have SiO,/Al,03 <5 (Table 7.2), which is
typical for active margins. The remainder of the other samples, except for 26-3 from the
Katari Group, has ratios between 5.2-28.2, which are typical for modern passive-margin
settings (McLennan et al., 1990; Roser and Korsch, 1998). Sample 26-3 from the Katari

Group has an anomalously high ratio of 44.

K,0/Na,O ratios for all samples, except those from the Amile sandstones, are
higher than 1 which is expected for passive margin setting (McLennan et al., 1990). The
lower values of Al,03/Ti0; in the Taltung sandstone reflect a mafic source rock signature
(Sugitani et. al., 1996), while values for other samples indicate derivation from felsic

terranes.
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Table 7.2 Ratios of some major oxides of Gondwanan sandstones from Nepal.

Rock Unit Sample
No SlOZ/Alzog Kzo/Nago AIQOg/TlOz
Western | Dumri Formation 16-1 8.66 1.08 11.72
Nepal Bhainskati Formation | 15_g 15.07 34.00 12.00
Amile Quartzite 15-5 20.50 0.73 12.51
Taltung Formation K-1 2.44 1.98 6.08
Sisne Formation 16-6 6.77 1.34 31.42
Eastern | Samptakoshi
Nepal Formation 23-5 8.33 1.27 40.57
Saptakoshi Formation | 5o g 1531 18.25 9.86
Katari Group 26-3 44.71 1.50 26.75
Katari Group 26-8 15.19 17.29 13.68

Distribution of major elements in rock is usually related to the mineralogy of the
rock. The distribution pattern of eight major element oxides in the Gondwanan
sandstones of Nepal after normalizing the weight percentage of oxides with the values for
Post-Archean Australian shales (PAAS) (Taylor and McLennan, 1985), is plotted in
Figure 7.2. SiO, values in sandstone are expected to be little higher than for shale.
Sample K-1 from the Taltung Formation, fall below the SiO, values of PAAS (62.4%).
This sample contains higher amounts of Al,O3, Fe;Os, and CaO. CaO content could have
elevated due to the presence of calcite cements in the rock. The SiO, and Al,O; contents
of the Bhainskati and Amile formations from the Tansen, the Saptakoshi Formation from
the Barahachettra, and Katari group are typical of cratonic sandstones (Si02 >90%,
Al,03<5%), (Condie, 1993). With a slightly high aluminum content and a slightly low
silica content, sample 23-5 from the Saptakoshi Formation, and samples from the Sisne
and the Dumri sandstones fall between the graywacke and cratonic sandstones fields

(Condie, 1993). With very low SiO, content and high Al,O; content, the Taltung
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sandstone falls in the oceanic island arc tectonic field (Bhatia, 1983). Usually,
sandstones are more depleted in K,O, Fe,0, and TiO, than shales. The excessive iron
oxide in the Dumri, Sisne, and Saptakoshi formations is related to daigenesis. However,
the Taltung Formation not only contains high amount s of iron oxide, but also contains a
range of Al,Os, Fe,O3 and TiO, values that are consistent with derivation from oceanic
island arc settings. Na,O content is higher in the Sisne sandstones in comparison to other

units.

The Harker Variation diagram (Fig. 7.3) shows no correlation between SiO, and
other oxides except for Al,Os. A negative correlation between SiO, with Al,O3 is due to
sequestration of most of silica in quartz (Osman, 1996). The percentages of particular
oxides in different samples do not change in accordance with SiO, percentage, indicating
various source terranes for different Gondwanan sequences. Moreover, the Taltung
sandstones show major shifts in composition from other analyzed samples, suggesting a

significant difference in source rocks.
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7.3.2 Source Area Weathering and Diagenesis

The composition of sedimentary rocks can vary significantly based on the
influence of the weathering through the whole sedimentary process starting with initial
disintegration of the source rock to deposition in basin followed by diagenesis. The effect
of weathering processes on sedimentary rocks can be measured quantitatively in terms of
the molecular percentage of four major oxides (Nesbitt and Young, 1982). These
percentages allow the determination of the chemical index of alteration (CIA), which is

calculated as
CIA =100 X ALO3/ (AL,O3+Ca0O*+K,0+Na,0),

where CaO* is the amount of CaO in silicate minerals only. If CaO weight percent for an
analysis appears greater than Na,O weight percent then CaO* is fixed by taking value
equal to Na,O. A CIA value of 50 is considered for the fresh rocks whereas 100 is the
value for extremely weathered rock which includes weathering of both the source rock
and sedimentary deposit. In comparison to mudstones, sandstones generally show lower
values for CIA (McLennan et al., 1990). CIA plots of the Gondwanan sandstones of
Nepal show significant variations in CIA values (Fig. 7.4). Generally, the Amile
Formation of the Tansen Group, the Saptakoshi Formation of Barahachettra Group, and
the Katari Group (sample 26-3) show high values of CIA, which is consistent with their
quartzose compositions. The ternary plot of Al,03-(CaO+Na,0) + K,O (Fig. 7.5) shows
that most of the Gondwanan sandstone samples are following usual weathering trends.
The sample from the Amile Formation and sample 26-3 from the Katari Group fall very

close to Al,Os corner, affirming the highest degree of weathering. The slight offset of the
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Taltung Formation samples towards CaO-Na,O can be attributed to contribution by of

volcanic rock fragments.

Chemical Index of Alteration (CIA)

Dumri
Formation

Bhainskati
Formation

Formation

Taltung
: Saptakoshi 23-5
Sisne

Formation

Figure 7.4 CIA values for the Gondwanan sandstones of Nepal. The reference values are
given from average shale (AS), North America Quaternary loess (NAQL), Colorado
Plateau crustal model (CPCM), and upper continental crust (UCC) (after Soreghan and

Soreghan, 2007) where green bars represent the CIA value and yellow bars represent the

ranges of maximum CIA values.
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Figure 7.5 CIA plot of Gondwanan sandstones of Nepal (modified from Nesbit and

Young, 1984, 1989; and Soreghan and Soreghan, 2007). The average composition of

upper continental crust (UCC) is taken from Taylor and McLennan (1985)

7.4.4 Trace Elements

Trace element concentrations in sediments result from the competing influence of

provenance, weathering, diagenesis, sediment sorting, and the aqueous geochemistry of

the individual elements (Rollinson, 1993). The highest concentration of trace elements is

found in clay-rich sediments rather than sand-sized sediments. However, several studies

have been carried out on trace elements present in sand-sized sediments (Willan, 2003;

Osae et al., 2006; Rahman and Suzuki, 2007).
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Trace elements usually enter silicate structures replacing the major elements
during fractional crystallization (Krauskopf and Bird, 1995). Large ion lithophile
elements (LILE) like Rb, Cs, Ba, and Sr, usually replace K due to similarities in their
ionic radii and are concentrated in rock in the late stages of crystallization. Transition
trace elements (TTE), like Ni, Cr, Mn, V, and Ti, substitute for Fe and Mg during early
stages of crystallization. High field strength elements (HFSE) including, Zr, Nb, Hf and
Y, are partitioned into melts during crystallization and anatexis. Hence, they usually enter
into felsic rocks rather than mafic rocks. Generally, compatible elements (TTE) are
enriched in mafic rocks while incompatible elements (LILE, HFSE) are enriched in felsic
rocks. Moreover, trace elements and rare earth elements (REE) remain essentially
constant in abundance during weathering because of their low solubility in aqueous

solutions at surface conditions (Taylor and McLennan, 1985).

The ratios of some trace elements in sedimentary samples have proven useful in

tracing sediment provenance.
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Table 7.3 Ratios of some trace elements in Gondwanan sandstones of Nepal. Reference
values are taken from (a) Cullers et al. (1988) for ranges in sediments from felsic and

mafic sources, and (b) McLennan (1981) for upper continental crust

Sample No | EwEu* | Lassc | Thisc | Laico | Thico | crimh
Western Nepal

16-1 (Dumri Fm) 0.56 8.13 3.15 4.07 1.58 2.90
15-8 (Bhainskati Fm) 0.55 8.00 2.64 8.89 2.93 1.56
15-5 (Amile Fm) 0.60 5.10 0.93 6.80 1.23 | 11.10
K-1 (Taltung Fm) 0.93 5.27 1.01 2.82 0.54| 29.48
16-6 (Sisne Fm) 0.81 2.79 0.81 2.42 0.71 7.37
Eastern Nepal

23-5 (Saptakoshi Fm) 0.89 3.50 1.13 1.63 0.52 | 10.65
22-9 (Saptakoshi Fm) 0.63 6.72 2.00 3.33 0.99 6.84
26-3 (Katari Gp) 0.75 7.30 2.10 5.62 1.62 6.52
26-8 (Katari Gp) 057| 6.14| 240| 472| 1.85| 228
Ranges in sediments 0.40-| 2.50-| 0.84-| 1.80-| 0.04-| 4.00-
from felsic sources (a) 0.94 16.3 20.5 13.8 3.25 [ 15.00
Ranges in sediments 0.71-| 043-| 0.05-| 0.14-]| 0.04-

from mafic sources (a) 0.95 0.86 0.22 0.38 1.40 | 25-100
Upper Continental

Crust (b) 0.63 2.21 0.79 1.76 0.63 0.76

Most of the trace element ratios of trace elements support that all Gondwanan
sandstones are supplied from mixed sources of felsic and mafic igneous rocks (Table
7.3). The Eu/Eu* ratio shows possible mafic source rock for the Taltung sandstone. La/Sc
values for all samples support the supply from felsic igneous rocks. Th and Sc being
incompatible and compatible respectively are used widely in provenance studies. The
calculated ratio supports a mafic igneous source only for the Sisne Formation. La/Co
ratios show that all the Gondwanan sandstones received sediment from felsic igneous

sources, while Th/Co ratio indicates the possibility of mafic igneous source for the
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Taltung and Sisne formations. Cr/Th ratio strongly supports a mafic source for the
Taltung sandstone. The calculated Zr/Nb value of 1.95 indicates possible derivation from

alkali-olivine basalt (Rollinson, 1993).

The distribution pattern (Fig. 7.6) of trace elements of the Gondwanan sandstones
shows enrichment of some elements and depletion of others. The high value of Sr in the
samples form the Taltung Formation correlates with Eu distribution (Fig. 7.7), which is
probably due to high concentration of plagioclase. Also high Zr and Hf can be related
with zircon content of this sample. Another major departure in the distribution pattern of
trace elements is the high contents of Sr in many of samples. This also supports an
alkaline source rock where Sr can replace K. The copper content of the Taltung sandstone

is notably lower than other samples.

The distribution pattern of rare earth elements (REE), (Fig. 7.7) shows that
sample K-1 from the Taltung Formation has high LREE (Light REE, La-Sm) than HREE
(Heavy REE, Gd-Y). However, Eu value is significantly high in this sample. Generally,
initial partial melting of mantle generates magma enriched in LREE (incompatible) and
depleted in HREE (relatively compatible) (Rollinson, 1993). However, Eu is usually
incorporated in Ca-plagioclase. Very high value of Eu and also LREE in any particular
type of source rock is unusual and suggests for the mixing of source rocks or enrichment
of plagioclase by sedimentary sorting (Nance and Taylor, 1977). In comparison to
Archean basalts, post-Archean basalts are enriched in LREE (Condie, 1993). Hence, the
REE pattern of the Taltung Formation can be explained by a post-Archean basalt source

rock and sedimentary enrichment of plagioclase. Sample 26-3 from the Katari Formation
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and the sample from the Amile Formation show relatively lower values of REE than
PAAS which is expected for quartz-rich sandstones (McLennan, 1989). The Amile
Formation is comparatively enriched LREE. Several samples, including samples from the
Dumri, Bhainskati, Sisne, Saptakoshi formations and sample 26-8 from the Katari Group,
show patterns similar to PAAS, although a few of them have slightly little lower values.
This is typical for a provenance consisting of recycled sedimentary debris and/or older

plutionic/metamorphic material with a relatively small volcanic component (Potter, 1978)
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The relationships among some major oxides and trace elements also have been used to
trace source-rock types and tectonic setting. The immobile oxide TiO, and immobile
trace element Zr have been used to infer the type of igneous source rock (Hayashi et al.
1997). The TiO,-Zr plot (Fig. 7.8) shows that, except for the sample from the Taltung
Formation, all units are derived from felsic igneous source rocks. Data for the Taltung

Formation suggests derivation from an intermediate source rock.

Mafic
igneous rock
Dumri Formation

Bhainskati Formation

Intermediate

igneous rock Amile Formation Tansen Group

Taltung Formation

Felsic

: Sisne Formation
igneous rock

TiOg(wt%)

23-5 Saptakoshi Barahachettra
22.9 Formation Group

C b8 @ p 0

Katari Group

0 100 200 300 400 500
Zr(ppm)

Figure 7.8 Plot of TiO; vs Zr content of the Gondwanan sandstones of Nepal. Fields for

source rocks are drawn from Hayashi et al. (1997).
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7.4.5 Tectonic Setting and Source Rocks

The K,0/Na,O-Si0O; discrimination diagram of Roser and Korsh (1986) is plotted
in figure 7.9. The plot suggests that Dumri sandstone of the Tansen Group fall in active
margin setting. The sample K-1 of the Taltung Formation falls in the volcanic arc setting
(Fig. 7.9). All other samples including Eocene Bhainskati sandstone fall in passive

margin setting.

100 =
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SiOzwt%
0 Dumri Formation ]
* 235  saptakoshi Barahachettra
¥ Bhainskati Formation A 22.9 Formation Group
A Amile Formation Tansen Group () Katari Group
@ Taltung Formation (} Average Proterozoic Sandstone
[@ Sisne Formation

Figure 7.9 Tectonic discrimination diagram for Gondwanan sandstones of Nepal.
Tectonic fields are from Roser and Korsh (1986). Tectonic setting: ARC = Volcanic Arc;
ACM = Active Continental Margin; PM = Passive Margin.

128



The trace element plot of La-Th-Sc (Fig. 7-10, adopted from Bhatia and Crook,
1986) also shows that most of the samples fall in the passive and active continental
margin fields. However, the Taltung Formation samples fall in the continental island arc

field, and the Sisne Formation samples unexpectedly falls into continental island arc

field.

La

Dumri Formation
Bhainskati Formation

Amile Formation Tansen Group

® p = O

Taltung Formation

@ Sisne Formation

* 235 Saptakoshi Barahachettra
A 22.9 Formation Group

Active andPassive
Continental Margin O Katari Group
Continental
Island Arcs

Oceanic Island Arc

L L

Th Sc

Figure 7.10 Plot of elemental percentage of La-Th-Sc of Gondwanan sandstones of

Nepal. Fields of tectonic setting are drawn from Bhatia and Crook (1986).
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CHAPTER 8
OAr/ °Ar DETRITAL MUSCOVITE DATING
8.1 INTRODUCTION

Argon is a naturally occurring noble gas occupying 0.94% of the total
atmospheric volume of the earth. The main isotopes of argon found in the earth are *Ar
(99.6%), *°Ar (0.34%), and **Ar (0.06%). Naturally occurring “°K, with a half-life of
1.25 x 10° years, decays to stable “°Ar (11.2%) by electron capture and positron emission,
and also to stable “’Ca (88.8%) via beta decay (Scherer, 2007). As YK in rock decays into
“Ar through the time, the ratio of **’Ar to its other isotopes will increase. The **Ar/*°Ar in
the atmospheric air is 295.5, which is taken as reference to compare with *’Ar/*°Ar in
rock (McDougall and Harrison, 1999). *Ar forms by the radioactive decay of **Cl, *’Ar
formed from *’Ca, and *°Ar forms by the radioactive decay of *°Ca (Dickin, 1995) (Fig.

8.1).

The *“*K/*Ar method of dating is based on the decay of *’K to **Ar with a half life
of 1.25 Ga (McDougall and Harrison, 1999). This method was first applied by Wanke
and Konig (1959). The **K/*°Ar dating method and the *’Ar/*’ Ar method differ. In
YK /*Ar method, K is determined by independent analysis, while in the **Ar/*°Ar dating

method, *°Ar and *°Ar, produced by neutron irradiation of sample, are measured
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simultaneously. The abundance of *’Ar in the irradiated sample is a measure of the K

content of that sample. The nuclear reaction that takes place during the irradiation is

39
19 K(n, p) ig Ar

where n denotes neutron capture and p proton emission (Faure, 1986).

In addition to *°Ar several other beneficial and undesirable isotopes are produced
during irradiation in nuclear reactors. The effects of these interference reactions are
corrected by using laboratory salt and glasses (Scherer, 2007). Table 8.1 shows the

isotopes produced during the irradiation process.

% 20 400 4 420 gl43c 4444 4604 4804
c

% 19 39K |40k [41K

a S

"E 18| |36Ar[37Ar|38Ar[3°Ar|4°Ar

[}]

£ 17| [ci|3ci3cifc

Z

18 19 20 21 22 23 24 25 26 27 28

Number of Neutrons (N)

Figure 8.1 Some stable and radioactive isotopes related to *°Ar/*’Ar dating method. The
isotopes in yellow box are unstable isotopes. The blue arrow shows the natural decay
reaction of “’K—*"Ar. The red arrow shows the *’K (n,p)*’Ark reaction during
irradiation.
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Table 8.1 Isotopes produced during the irradiation process of muscovite.

Argon Produced | Calcium | Potassium | Argon Chlorine
Ly Mg
AL My K Ly
EL. DCa PR W04 370
40

AL DCa e ELy

B(g 40 404
WA+ BCa 0

H0g 4l

Beneficial reactions Insignificant Undesirable reactions
reactions

The age equation for *’Ar/*’Ar dating (e.g., McDougall and Harrison, 1999) is as

follows:
t = (1/A)In(*Ar*/* Arg(J)+1),

where A is the decay constant for “’K—*Ar, which is 5.543 X 107'%/year. *°Ar* is the
*Ar formed due to radioactive decay in the phase of interest. >’ Ary is the ** Ar formed
artificially by bombardment with fast, high-energy neutrons in a nuclear reactor during
the irradiation process (Merrihue and Turner, 1966; McDougall and Harrison, 1999) and
is used as a proxy for measurement of the parent potassium. The parameter J reflects the
neutron flux (fluence) in the reactor and is determined from a standard sample (monitor)
with a known age that is irradiated at the same time as the sample of interest (Scherer,

2007).

The *°Ar/*’ Ar method is equally applicable for igneous, metamorphic, and

sedimentary systems. However, for intrusive igneous rocks, the “°Ar/*’ Ar method does
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not provide the date of intrusion; rather, it will provide the age when the K-bearing
mineral cooled through its closing temperature. The closing temperature varies among
minerals. For example, it is approximately 300°C for biotite, 400°C for muscovite and
550°C for hornblende. An igneous rock containing all three of these minerals will have
three different ages for three separate cooling temperatures and will not give the true age
of intrusion. However, it is helpful to know the thermal history of the rock. In the case of
metamorphic rocks, minerals crystallized through their cooling temperatures during any
metamorphic event will record the age of that metamorphic event. The “’Ar/*’Ar dating
method has been widely used also in the field of sedimentary research, with muscovite
being the primary mineral for the analysis. When muscovite grains are transported from a
source rock unit to a sedimentary basin, the “’Ar/*’Ar dates of these grains can provide a
measure of the time of cooling of its source through the closure temperature interval
(typically 300-400°C; Hames and Bowring, 1994), with the consideration that no
additional *’Ar is added or lost during the transportation and deposition (Hodges et al.

2005).

Detrital minerals usually will show a range of ages related to different sediment
source terranes. The stronger relative probability of a particular age suggests greater
contribution of detritus from the source rock having that age. The age of the sediment
source rock and the depositional age of the sample represent the maximum time gap that
is required for sediment transport. To the extent that rapid transport is related to high

relief in the source region, this phenomenon may indicate that a well-developed
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Himalayan orogenic ‘front’ existed, and uplifted and unroofing ages may come closer to
the depositional age of the clastic wedge (Hodges et al., 2005).

The northern passive margin of India has evolved through different tectonic
settings through geological time and has contributed sediment to its northern margin in
the Tethys Sea. After the collision with the Tibetian block, the depositional environments
changed from marine to continental accompanied by a change in drainage patterns.
Previous workers have used *’Ar/*’ Ar method for age-dating sediments accumulated in

the Tethys Sea and attempted to identify their provenance (e.g., Gizbert et al., 2008).
8.2 METHODOLOGY

Muscovite crystals from four sandstone samples from three different Gondwanan
sections of Nepal were selected for analysis. Two samples, sample 15-8 from the
Bhainskati Formation and sample 16-3 from the Sisne Formation of the Tansen Group,
were selected from western Nepal. The other two samples, sample 22-8 from the
Tamrang Formation of the Barahachettra Group and sample 26-8 from the Katari Group,

are from eastern Nepal.

Samples were prepared in the Himalayan Research Laboratory at Auburn
University. Sandstone samples were crushed and sieved to extract grains in 0-4 phi size
range. Afterwards, samples were processed for heavy mineral separation using a heavy
liquid (tetrabromoethane). Lighter fractions of the samples were collected after washing
carefully with acetone. From each sample, approximately 100 muscovite grains were

separated using binocular microscope and packed into an irradiation disc. The samples
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were sent to the McMaster University Research Reactor in Hamilton, Ontario, Canada for

irradiation produce to **Ar from *K.

The Gondwanan sandstones of Nepal were analyzed at the Auburn Noble Isotope
Mass Analysis Laboratory (ANIMAL) at Auburn University. ANIMAL is equipped with
a low-volume, high-sensitivity, 10-cm radius sector mass spectrometer and automated
sample extraction system (based on CO, laser) for analysis of single crystals (Uddin et
al., 2007). Analyses are typically made using a filament current of 2.240 Amp, and
potentials for the source and multiplier of 2000 V and —1300 V, respectively. The high
sensitivity and low blank of the instrument permits measurement of 10™'* mole samples to
within 0.2% precision. The GA-1550 biotite (9.879 Ma; Renne et al., 1998) was used as a

flux monitor for this study.

Twenty-five irradiated muscovite grains from each sample were placed in a
copper holding disc and analyzed by fusing single muscovite crystals with a CO, laser.
Data were reduced using Isoplot 3 (Ludwig, 2003). All samples were corrected for
atmospheric argon contamination and inferring nuclear reactions. Mass fractionation was
evaluated by measuring multiple air aliquots daily and procedural blanks were measured

after every sample analyses.
8.3 “Ar/*Ar RESULTS

The distribution of age populations provided by the *’Ar/*’ Ar method for each
sample is plotted in relative probability plots (Figs. 8.2 through 8.5). The data used for

these plots are given in Appendix E. All samples show polymodal distributions of
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muscovite age. However, some samples show fewer modes than others. Sample 15-8
from the Eocene Bhainskati Formation of the Tansen Group shows several modes in age
distribution. Significant age distributions are found approximately at 50 Ma, 140 Ma, 300
Ma, 800 Ma and 900 Ma (Fig. 8.2). These multiple age distributions and wide range of
age indicate contribution of muscovites from multiple source terranes. Sample 16-3 from
the Permo-Carboniferous Sisne Formation of the Tansen Group also shows multiple age
distributions with signification age distributions at 30 Ma, 135 Ma, 300 Ma, 500 Ma, 800
Ma, 1300 Ma and 1700 Ma (Fig. 8.3). Unlike other samples, sample 26-8 from the Katari
Group shows only three modes in age distributions: 18 Ma, 24 Ma, and 290 Ma (Fig.
8.4). Sample 22-8 from the Permo-Carboniferous Saptakoshi Formation of the
Barahachettra shows a wide range of age distribution modes at 20 Ma, 32 Ma, 220 Ma,

290 Ma, 580 Ma, 790 Ma, 900 Ma, 1050 Ma and 1180 Ma (Fig. 8.5)

The results for the sample from the Eocene Bhainskati Formation are consistent
with the stratigraphic age assignment to this unit. The Cenozoic ages of other samples in
this study, however, are dramatically younger than the Permo-Carboniferous stratigraphic
ages assigned to them. The ages of ca. 18-30 Ma determined for them, in contrast, are

suggestive of Himalayan orogenesis.
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Figure 8.2 Probability plot for *°Ar/*’Ar of single muscovite crystals from the Eocene

Bhainskati Formation (sample 15-8) (A) all data (B) ages less than 150 Ma of the Tansen

Group, western Nepal.
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Figure 8.3 Probability plot for *°Ar/*’Ar of single muscovite crystals from the Permo-
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Figure 8.4 Probability plot for **Ar/*’Ar of single muscovite crystals from the Permo-

Carboniferous Saptakoshi Formation (sample 22-8) (A) all data (B) ages less than 200

Ma of the Tansen Group, eastern Nepal.
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Figure 8.5 Probability plot for *°Ar/*’Ar of single muscovite crystals from the Permo-
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The fact that some detrital muscovite ages from the Sisne and Saptakoshi
formations as determined in this study appear younger than expected o the basis of
stratigraphic age assignment could be explained in several ways. Possible causes of the

age discrepancy are raised and discussed below:

1. Laboratory error in the measurement, including incorrect J-value, or mass

spectrometer parameters (ratio measurement, etc.).

Laboratory analytical errors listed in the appendices (Appendix —F) represent the
precision of argon isotopic measurements for the individual muscovite crystals, and
generally result in an uncertainty of about 1% in the single-crystal ages. The J-values
were constrained by placing monitor minerals in close proximity to the samples of this
study and are reproducible to within 0.5%. Combining all sources of laboratory and
monitor mineral uncertainty a resulting accuracy for the ages determined would be within
2% (or, about 200,000 years for the Miocene ages determined in this study). Thus, it is
certain that laboratory errors cannot be responsible for producing the Miocene ages in

samples of this study.

2. Sample misidentification, and mislabeling, or contamination in the field or in

the laboratory.

Samples 15-8, 16-3, and 22-8 contain muscovite with ages of calculated 500-1700
Ma that are compatible with Gondwanan source terranes in the Indian craton, and ages
less than ~ 17 Ma are not found in these samples or in sample 26-8. In contrast,

muscovite samples collected and processed for laboratory analysis in the same general
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time frame as samples of the present study are from the Bengal Basin (with typical
muscovite ages of 14-20 Ma, and a large proportion of micas that are 15-16 Ma) and the
Appalachians (with ages of 300-450 Ma). Considerable care was taken in handling
samples, both in the field and laboratory, and sample contamination is very unlikely to be
a cause of the ages that are younger than stratigraphic assignment. Furthermore, the
modes of 19-22 Ma (see samples 26-8, 22-8, and 16-3), and the pre-500 Ma ages, are not
compatible with other laboratory samples. Therefore, there is no basis to infer sample
mishandling or laboratory contamination could be responsible for the Miocene ages

determined for these presumably pre-Cretaceous stratigraphic units.

3. Incorrect assessment of geology including (3a) stratigraphy and (3b) tectonics

of the study area.

3a. Wide-ranging and polymodal age distributions for the Bhainskati Formation
(sample 15-8) of the Tansen Group was expected. Post-Gondwanan fossils like
Nummulites beaumonti d’ARCHAIC and HEIME, and Assilina papillata NUTTLE are
reported from the Eocene Bhainskati Formation (Sakai, 1983). The Bhainskati Formation
is considered as the record of sediment source switching from Indian craton to the

Himalayan orogenic belt (Najman, 2003).

The depositional age of the Sisne Formation has been suggested to be Permo-
Carboniferous based on discovery of Fenestella, Polypora and Acanthocladia from the
Tansen area (Sakai, 1983). Sakai (1983) has suggested that this formation was supplied
sediment from cratonic India. However, muscovite dating of sample 16-3 from the Sisne

Formation unexpectedly yields few much younger age of 30 Ma and other expected older
142



ages correlatable to Indian source rocks. Notably, the Sisne Formation is overlain by the
Taltung Formation. The latter unit contains basalt flows considered to be equivalent of
Rajmabhal Traps (Sakai, 1983). The age of the Rajmahal Traps is considered to be 118 Ma
(Kent et al., 2002). Thus, the Permo-Carboniferous ages inferred for regional Gondwanan

sequences in the Tansen area seem well supported.

The age distribution of sample 22-8 from the Saptakoshi Formation of the
Barahachettra Group poses a similar problem. The Gondwanan plant fossils, Schizoneura
gondwanesis FEISTM of Permian age, have been reported from the black slate of the
Barahachettra Group (Bashyal, 1980). However, occurrence of plant fossils in that area
has not been reported afterwards. The quartzite unit of the Saptakoshi Formation, which
also includes fossiliferous slate, has been kept below the diamictic beds and above
Precambrian basement rock (Bashyal, 1980, Dhital 1992). Everywhere else, diamictite
beds are reported above Precambrian basement in the Gondwanan sequences. Moreover,
the contact between the quartzite beds and Precambrian basement rocks is not an
unconformity but a normal fault. So, all these controversies make the stratigraphy of the
Barahachettra difficult to understand. The younger muscovite ages for sample 22-8 (~17
Ma) would be compatible with the Miocene Dumri Formation. However, the latter is a
litharenite and is lithologically very different than the Barahachettra quartzite unit.
Sample 26-8 of Katari Group poses similar problem. Muscovite grains from this sample
are not giving significant older age modes representing source rocks from the India

except one 290 Ma. The major age modes occur at 18 and 24 Ma (Fig. 8.5).
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3b. The major tectonic structure of the Himalayan orogenic belt is Main Central
Thrust (MCT) (Fig. 2.1) which was activated during 25~20 Ma and reactivated during
~10 Ma (Le Fort, 1996). Another major thrust is Main Boundary Thrust (MBT) which
became activated ~3 Ma and move the Lesser Himalayan rocks above the Siwaliks.
However, there are several small scale thrusts between MCT and MBT and the area of
this study, particularly in the eastern part. MCT itself is an issue of major debate in
Himalayan geology. Several believe that the MCT is a zone rather than single plane. The
Barahachettra and Katari groups include several small scale thrusts and some of the

samples in the present study show post-depositional deformational features.

4. Thermal resetting of muscovite grains

A closure temperature of 350-400 °C has been commonly suggested for
muscovite (e.g., Hames and Bowring, 1994; McDougall and Harrison, 1999). In
metamorphic rocks, early-formed muscovite has been shown to be resistant to argon loss
during overprinting metamorphism (to temperatures of at least 425°C; Hames and
Cheney, 1997). There are also many examples of detrital muscovite that was not
completely reset during low grade metamorphism of slates (Dallmeyer and Takasu,
1992). The muscovite grains analyzed during this study shows their detrital
characteristics with well rounded shape and average diameter of grains ~0.3 - 0.5 mm
(see representative photographs in Appendix — G). So there is no possibility to get young
ages by analyzing the diagenetically formed sericitic muscovite in low temperature due to
activities of the Main Central Thrust (MCT). Quartz textures in the sandstones of this

study, including sample 26-8, include undulose extinction, sutured grain boundaries, and
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polycrystalline grains. Such intercrystalline strain textures and disequilibrium grain
boundaries would presumably anneal if sandstone were heated to ~ 300 °C or higher for a
geologically significant length of time. MCT, which could be the only possible
deformational agent, was suggested to be active around 24 Ma (Le Fort, 1996) that may
not provide sufficient heat and time period of high temperature for resetting of muscovite.
In metamorphic rocks younger ages of muscovite has been recorded from the overgrown
muscovite due to polymetamorphism rather than the lattice diffusion due to temperature
increase (Hames and Cheney, 1997). But none of these Gondwanan samples show any
attribute of metamorphism. The loss of argon along deformed edges and cracks of
muscovite has been also reported. However, the relationship of detrital muscovite
behavior to that of metamorphic muscovite is unclear. The older, Precambrian ages
determined in this are compatible with Gondwanan sources and do not seem ‘reset’ by
younger events. Thus, on the basis of preserved detrital mineral texture (e.g., quartz
undulose extinction) and previous studies of muscovite, it is not easy to explain younger

ages by thermal resetting.
8.4 PROVENANCE INTERPRETATION

The older muscovite age mode for the Gondwanan sandstone samples can be
correlated with the ages of possible source rocks in Pennisular India, primarily the
Aravalli-Delhi Supergroup, the Malani Igneous Suite, the Bundelkhand Massif, and the
Chotnagpur Gneissic Terrain (Fig. 8.8). In addition to these igneous and metamorphic
units; the Vindhyan Supergroup, equivalent to the Lesser Himalaya, also may have been

a major contributor of sediments for the Gondwanan sequences of Nepal (Sakai, 1983).
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Chaudhary et al. (1984) have identified five broad periods of acid magmatism in the

Delhi Supergroup, including 1700-1500 Ma which gave rise to Erinpura Granite, and

870-750 Ma, which related with the Malani Igneous Suites. These ages were obtained

from Rb-Sr geochronology. Another possible source of older muscovites could be the

Pilbara craton of Western Australia, where alkaline intrusive rocks have been dated at

1,724 Ma using *°Ar/*’Ar analyses (Matchan, 2008).
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CHAPTER 9: DISCUSSION

9.1 SYNTHESIS

Permo-Carboniferous Gondwanan sequences of the Nepal Himalaya are mostly
continental deposits developed along a passive-margin setting. However, sequences also
include some marine beds and have been influenced by at least one event of rifting. The
setting gradually changed to a foreland basin when the Indian plate collided with the
Tibetan plate. Post-Gondwanan sequences preserve the history of this collision. The
research carried on the petrography; heavy minerals, whole-rock geochemistry, mineral
chemistry, and detrital muscovite dating of sandstones has generated two important types
of information regarding the provenance and the correlation of the Gondwanan sequences

in different sections of Nepal Himalaya.

9.2 SANDSTONE PETROGRAPHY AND STRATIGRAPHY

The Tansen Group, the type section of the Gondwanan sequence and post-
Gondwanan sequences, shows very sharp compositional variation between different time-
stratigraphic units. The Permo-Carboniferous Sisne Formation contains abundant
feldspars in sandstones that are interbedded with daimictitic beds (Sakai, 1983). Another
important character of the Sisne sandstones is common garnets. Clasts of the diamicite
are believed to have come from the Malani Granite and other associated rock units,
including the Vindhyan Group (Sakai, 1983). The depositional environment can be
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inferred to be glacial with intervals of glacio-fluvial deposits. The Chotanagpur Gneissic
terrain of peninsular India could have been the main source for providing garnets. The
300 Ma alkaline syenite intrusive rocks in the Chotanagapur Terrain (Mahadevan, 2000)

may have been a source for the feldspars in the Sisne Formation (Fig. 4.1A).

A major shift is observed in the depositional environment of Jurassic- Cretaceous
Taltung Formation. The fluvial depositional basin was not only receiving detritus from
the southern highland in India but also accumulating volcanic rock fragments from the
rift volcanics, which are believed to be contemporary with the Rajmahal Basalt (Sakai,
1983). Diagenetic replacement of quartz and feldspars by calcite is very strong in the
Taltung Formation (Fig. 4.1B). The Late Cretaceous-Paleocene Amile Formation is
shallow-marine deposit that is dominated by mature quartz (Figure 4.2 A). Besides quartz
arenite, the sequence contains shale and limestone, which likely reflect sea-level changes

rather than shifts in source terranes.

The Eocene Bhainskati Formation contains abundant lithic fragments (Fig. 4.2B).
The Bhainskati Formation has been suggested to receive sediments from both the
Himalayan orogenic belts and as well as the Indian craton (DeCelles, 1998). The lower
Miocene Dumri Formation is considered to be a foreland deposit. It is distinguished from

other units based on low abundance of feldspar contents (DeCelles, 1998).

The Permo-Carboniferous Gondwanan sequence of the Katari area in the eastern
Nepal has not been studied well (Dhital, 2006). Petrographic study of the carbonaceous
quartzite from the Katari area shows mature quartz grains cemented by calcite. The

quartzites are deformed but the degree of deformation is variable. From perspective of
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petrology only, the quartzite beds of the Katari section can be correlated with the Amile

Formation of western Nepal.

Dhital (1992) revised the stratigraphy of the Barahachettra area of eastern Nepal.
The Saptakoshi Formation of the Barahachettra Group consists of diamictite, quarzites,
and volcanic materials. Quartzites are carbonaceous and interbedded with gray shale.
Petrographic studies of quartzites show that these are pure quartz arenites with mature
quartz grains. However, the quartz grains are deformed in many instances. The
petrography of these quartzites as well as the alternation with the gray shale strongly
suggests correlation with the Amile Formation of the Tansen Group (western Nepal). The
sandstone beds, interbedded in diamictites, contain abundant plagioclase and garnet (Fig.
4.4 A), which suggests that the Saptakoshi Formation may be correlated with the Sisne

sandstones.

The Tamrang sandstone contains of angular to subrounded grains of quartz,
feldspar, and metamorphic rock fragments. Abundant mica is present. The matrix consists
of calcite and clay. This formation was earlier proposed to be Cretaceous-Paleocene by
Dhital (1992). However, based on high percentages of metamorphic fragments; it could

be correlated with the Bhainskati Formation of western Nepal.

The occurrence of quartzite beds below the diamictite in the Saptakoshi
Formation which is below the diamictite makes the finding of the Gondwanan fossils in
these beds suspicious. Elsewhere, in peninsular India and in extra-peninsular basins,
Gondwanan sequences always begin with a diamictite directly above the Precambrian

basement which is not consistent in the Barahachettra Group (Sakai, 1983; Dhital, 1992,
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Veevers, 1995, Dhital, 2006). The fossils reported from the Barahachettra Group have
been never reported in that area by other workers after their first discovery by Bashyal
(1980, 1981). The unconformity considered contact between the quartzites of the
Saptakoshi Formation and the underlying Precambrian basement is actually a normal

fault.

Based on a recent communication with Dr. Meghraj Dhital, a leading expert in
Gondwana sequences of Nepal, a new stratigraphic framework for eastern Nepal is

proposed (Table 9.1) (Fig. 1).

Table 9.1 Proposed Stratigraphy of Gondwanan and post- Gondwanan sequences in the
Barahachettra area (eastern Nepal) and its correlation with Gondwanan sequences in
other parts of Nepal.

Age Tansen Group Katari Group Barahachettra
Group
Early Miocene Dumri Formation | Yellow Sandstone | -
Eocene Bhamsl;ah disconformity Tamrang Formation
Formation
Pal -L. . ) ) .
aleocen Amile Formation Carbogaceous Saptakoshi Formation
Cretaceous Quartzite
- Tal . .
Creta({eous a tung Volcanics Volcanic Tuffs
Jurassic Formation
P - . } .. ..
ermo . Sisne Formation Diamictite Kokaha Diamictite
Carboniferous
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9.3 HEAVY MINERAL STUDY

Heavy minerals in Gondwanan sandstones are dominated by two assemblages;
garnet rich and ZTR (zircon, tourmaline, and rutile) rich. The Sisne and Kokaha
(Saptakoshi Formation of Dhital, 1992) sandstones contain abundant garnet grains, which
not only require garnet-rich source rocks as well as preservation of those grains.
Subordinate amounts of ZTR are also present in the samples where garnet dominates. In
contrast, the samples that are rich in ZTR contain few garnets, reflecting their relatively
low preservation potential. The Amile Formation does not contain unstable minerals. The
Taltung Formation consists of high number of garnets as well as ZTR. The Tamrang
Formation of the Barahachettra contains abundant micas. The probable provenance for
the garnets could be the Bihar Mica Belt and the Munger Belt of the Chotanagpur
Gneissic terrain of eastern peninsular India. The recycled Vindhyan systems, the Aravalli

Belt and the Bundhelkhand Granite could be potential sources of the ZTR grains.
9.4 MICROPROBE ANALYSIS
Garnets

Garnets are found mostly in the Sisne and Taltung formations in the western part
of Nepal, and the Saptakoshi Formation and Katari Group in the eastern part of Nepal.
The garnets are mostly almandine rich. Pyrope is significantly high in garnet from the
Taltung Formation. Grossular content is high for some samples from the Saptakoshi

Formation. As most of the garnet grains are rich in almandine, these grains were derived

152



from a low-grade metamorphic source rocks. The high pyrope contents in the Taltung

Formation may reflect high grade metamorphic source rock.

Tourmaline

On the Ca-Fe(tot)-Mg plot, the Katari Group tourmaline show high variations
reflecting three different source rock types: Li-rich granitoid pegmatites, Li-poor
granitoid pegmatites, and Ca-poor metapelites, metapsammites. Tourmaline from the
Barahachettra (the Tamrang Formation) and Tansen group fall in within the Li-poor
granitoid pegmatites and Ca-poor metapelites, and metapsammite fields.

Chrome Spinel

Chrome spinels are not very common in the Gondwanan sequence of the Nepal
Himalaya. Chrome-spinel was found only in the Taltung sandstones. These chrome
spinels contain high aluminum and high chromium, suggesting a source from an Alpine-
type peridotite. Low percentages of TiO, contents suggest that alkaline basalts were the
source of volcanic clasts.

9.5 GEOCHEMICAL ANALYSIS

The Taltung Formation differs geochemically from other samples, which could be
due to sediment supply from the volcanic source rocks. Various ratios of major oxides
and trace elements like Al,O3/TiO,, TiO,/Zr also show that Taltung Formation is derived
from igneous sources. The Harker plot does not show any evolutionary trends. Hence, the
rock units supplying sediments to the Gondwanan basins likely were not genetically

related.
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Discrimination analysis of the tectonic setting diagrams (Figs. 7. 9 and 7.10) show
that the Taltung Formation belongs to arc or rift zones, the Dumri and the Bhainskati
formations deposited in active continental margins, and other formations deposited
passive margin setting. Basaltic materials commonly have lower HREE, but if the basalt
is alkaline, HREE can be significantly high and contain high Eu value. The REE pattern

of the Taltung Formation is similar to the Bengal Trap alkali basalts (Fig. 9.2) (Baksi,

1995).

REE patterns

100

Rock/Chondrites
[=]
9

10

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y

Figure 9.2 Chondrite normalized REE pattern of Bengal Trap Basalt (from Baksi, 1995).

9.6 “Ar/®Ar MUSCOVITE GEOCHRONOLOGY

The *’Ar/*’ Ar muscovite dating of the Gondwanan sandstones carried for this
study has provided two types of ages. The older ages (>40 Ma) provide cooling ages of
muscovite crystals from igneous intrusions or metamorphic events that took place in the

Indian craton. Hence, this gives the approximate ages of source rocks. In contrast,
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younger ages (<24 Ma) given by muscovites could have one of the reasons including
misunderstanding of stratigraphy or loss of argon from the detrital muscovites. Several
older ages of detrital muscovite grains from the Gondwanan sandstone samples may be
related with the cooling ages of the Malani igneous suites (870-750 Ma), the Erinpura
granite (1700 — 1500 Ma), the Munger orogeny (400 — 320 Ma) and or alkali syenite

intrusions ( 300 Ma) in the Chotanagpur Terrain (Fig. 9.3).

The 40 Ma age found from muscovite grains in the Eocene Bhainskati Formation
(sample 15-8) indicates the source rocks from the Himalayan orogenic belt and other
older ages going up to 900 Ma indicates source rocks from Indian craton as well. 40 Ma
could refers to the cooling ages may also be related to the Gangdese batholith (Copeland

et al., 1995).

9.7 PALEOTECTONIC SETTING

During the Permo-Carboniferous, West Gondwanaland had already separated
from East Gonwananland. India together with East Gonwanaland was in the southern
hemisphere around 60° S (Fig. 9.4A). Due to initial stretching along a major lineament,
the half graben basins were created in peninsular India. At the same time, towards the
northern margin of India, glacial diamictite and glacio-fluvial deposits were being

deposited.
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During the Cretaceous, Gondwanaland was positioned around 30°S latitude and
deposition was in fluvial environments. As Australia rifted from India toward east,
several hot spots formed in India (Fig. 9.4 B), including the well-known Rajmahal Trap.
Further west, more volcanic activities were taking place, including the eruption of the

Aulis Trap, which contributed volcanic clasts to the Taltung Formation.

Due to global fall of sea level during the Late Cretaceous-Paleocene, sediments
eroding from the central region of India had to cover a longer distance. Moreover, as the
Indian continent was already in a temperate zone at that time, weathering was extreme

resulting in deposition of the Amile Formation (Fig. 9.4 C).

The collision between India and Tibet occurred by the Eocene. However, there
was still a shallow sea at the backbulge of the foreland basin (DeCelles, 1998). Sediment
derived from the Himalayan belt as well as from the Indian craton towards the south were

deposited in these shallow sea (Fig. 9.4 D).

The India-Tibet collision was complete by the early Miocene, resulting in the
complete retreat of the sea. A thick pile of sediment resulting from the rapid unroofing of

the Himalayan belt was deposited in the forebulge of the foreland (Fig. 9.4 E).
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Deposition of the Bhainskati Formation
in shallow sea
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Figure 9.4 Paleotectonic setting of India from Permo-Carboniferous to Miocene during
deposition of Gondwanan and post-Gondwanan sequences (modified after Sakai, 1989;
Veevers and Tiwari, 1995; DeCelles et al., 1998) (1= Delhi-Aravalli Supergroup, 2=
Bundelkhand Granite, 3= Chotanagapur Gneissic Terrain).
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9.8 CONCLUSIONS

Based on the results of Analysis done for this research following conclusions can been

drawn;

Gondwanan and post-Gondwanan sequences were deposited along the northern
passive margin of India from Late Carboniferous to Early Miocene.

In the Barahachettra area, quartzites of the Saptakoshi Formation are not Permo-
Carboniferous in age. These quartzites are equivalent to the Paleocene-late
Cretaceous Amile Formation of western Nepal. The contact between quartzites of
the Saptakoshi Formation and underlying Precambrian basement is a fault, not an
unconformity.

The carbonaceous quartzite beds of the Katari area also do not belong to the
Permo-Carboniferous age. Rather, based on sandstone petrography, whole-rock
geochemistry, heavy mineral analysis and mineral chemistry of this unit suggest
that they are equivalent to the Amile Formation of western Nepal.

The Tamrang Formation, which contains high percentage of the lithic fragments,
could be equivalent to the Eocene Bhainskati Formation of western Nepal.

The older detrital muscovite ages are sensibly correlated to the source rocks in the
Aravali-Delhi Supergroup, Bundelkhand Granite, and Chotanagpur Gneissic
Terrain. Source rocks from the Himalayan orogenic belts have been inferred for
the ~40 Ma ages from the Eocene Bhainskati Formation. However, the younger

muscovites ages (< 30 Ma) are difficult to explain given our present
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understanding and the argon-retention characteristics of muscovite along with the
regional stratigraphic and tectonic constraints for the study area.

Further sampling from the study area is suggested to address the problem related
with younger ages. Dating of basalt flow units from all three units may give a
better control on stratigraphy. The fossil study on the Cretaceous-Paleocene units

will be also helpful to clarify the stratigraphy.
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