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The development and sustainability of weathered profiles are very difficult in the Himalaya due to
its complex lithology, tectonic history and fast erosion. Despite this, two weathered profiles namely
WPa (weathered profile a) and WPb (weathered profile b) which have sustained erosion are developed
on porphyry granite gneiss and granite gneissic lithology in Alaknanda valley of the Garhwal Lesser
Himalaya. Systematic sampling of these two weathered profiles was done from bottom to top and they
were chemically analysed to understand the elemental mobility in each profile. Major, trace and rare
earth element studies show dissimilar behaviour with the advancement of weathering. In WPa profile,
the CIA value of LAR (LAR) is 50 which reveals that the rock has not suffered any alteration but in
WPD profile, the CIA value of LAR is 64 which indicates significant amount of chemical alteration.
A-CN-K projection also exhibits similar behaviour. Further, the relative mobility of all the major and
trace elements show variable elemental distribution in both the profiles. Enrichment of Mg, Fe, Ti, Al,
Co, Ni, Zr, LREE and depletion of Na, K, P, Ca, Si, LILE and HFSE are observed in WPa profile;
while the depletion of Na, K, Ca, P, Si, HREE and enhancement of Fe, Mn, Ti, Sc, Co, Zr, LREE are
noticed in WPD profile. The rare earth elements also show a dissimilar mobilization pattern in both the
profiles due to their strong dependency on lithology, and corresponding climate and tectonic interaction.
Contrasting elemental mobility in both the profiles depict the major role in disparity of lithological
characters and subsequent development of fractures produced by the major thrust system (Ramgarh
thrust) which made an easy passage for rain water, thus causing the development of a chemically altered
profile in the Lesser Himalayan region. Further, the present study infers the climate and tectonic milieu
which is responsible for the development of such weathered profiles in Himalayan sector.

1. Introduction

Weathering is an initial and complex process which
is activated on the surface of the earth as soon as
the rock/minerals are exposed to the earth’s sur-
face climatic conditions. This is a phenomenon of
disintegration and decomposition of rock masses
into small pieces through various physical, chemical
and biological actions that play a major role in
altering/framing the landscape. Since many years,

pioneering work has been done on these weathering
aspects by Goldich (1938); Anderson and Hawkes
(1958); Grant (1963); Garrels and Mackenzie
(1971); Nesbitt (1979); Nesbitt and Young (1982,
1984, 1989); Middelburg et al. (1988); McLennan
(1993); Condie et al. (1995); Fedo et al. (1995);
Sharma and Rajamani (2000); Turner et al. (2003);
Little and Lee (2006); Dosseto et al. (2008); Li et al.
(2008); Rajamani et al. (2009); Vyshnavi et al.
(2013) and others. Weathering process operates
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in an open system and has been studied from long
time due to various processes that are involved
in the transformation of rock into soil that has
provided space to the development of different
secondary minerals through variable elemental
mobility. These weathering processes especially
chemical weathering are responsible for the sev-
eral factors such as lowering of greenhouse gas
(CO.), keeping the earth in equilibrium, liberation
of major—minor ions in transformation of rock into
soil and retainment of residual concentration of
some economic minerals. The chemical weathering
is restricted to the interaction of rock and water,
generally rain water containing organic and inor-
ganic acids derived from decay of litter in the soil
zone (Nesbitt and Young 1989). Therefore, under-
standing the processes of weathering is important
as it directly or indirectly relates to our day-to-day
life and is widely connected to the earth’s surface
conditions through addition and deletion of min-
eral atoms, breakdown of ligands and the forma-
tion of new minerals in different combinations. This
paper presents a case study on chemical weather-
ing in association with physical disintegration to
understand the significance of lithology in addition
to the role of climate and tectonics in Himalayan
region.

The Himalayan mountain range occurred due to
the collision between Indian and Eurasian plates.
The region is subjected to continuous stress build
up with neo/active tectonics, which resulted in
the development of numerous thrust and fault sys-
tems. The altitudinal variation is very wide in the
Himalaya and it holds one of the higher processes in
weathering intensity in the world (Chauhan et al.
2004). The Himalayan terrain is also known for its
fast erosion. Both the physical and chemical weath-
ering processes are responsible for the generation
of sediments in the large drainage system, viz.,
river Ganga. The Lesser Himalayan region receives
heavy rainfall, hence the rocks are subjected to
chemical weathering and therefore it gives more
insights for weathering studies in the region. In
totality, the extent of weathering is controlled by
the climate and tectonic conditions in the region
and defines the nature of the sediments in the final
deposition.

As already stated, the rate of erosion is very high
in the Himalaya, therefore it is very difficult for the
preservation of chemically weathered in situ pro-
files. And these weathered profiles will be preserved
only when the weathering processes exceed ero-
sion. In this study, we have identified and discussed
two such weathered profiles which have sustained
erosional processes, viz., WPa (weathered profile
a) and WPDb (weathered profile b). These weath-
ered profiles have developed respectively on por-
phyry granite gneissic and granite gneissic rocks of
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Garhwal Lesser Himalaya (Debguru porphyroids,
Valdiya 1980). Both the profiles are developed
in nominal aerial distance and hence experi-
ence almost similar tectonic and climatic condi-
tions (subtropical humid climate). Here, we have
attempted to understand the elemental mobility
that is taking part in in situ weathered profiles dur-
ing the chemical weathering processes, so that the
microclimatic condition in the region is compre-
hended. This study will also help us in understand-
ing the intensity of weathering, which is actually
driven mainly by lithology, climate, tectonics and
other factors like slope, vegetation, fractures, etc.

2. Geology of the area

Himalaya is broadly divided into five lithotectonic
zones from south to north and each zone hav-
ing its distinct physiographic features and geolog-
ical history, viz., Outer or SubHimalaya, overlain
by Lesser Himalaya, which further lays Higher
Himalaya, Tethys Himalaya and Trans Himalaya
(figure 1la and b). The SubHimalaya is separated
from Lesser Himalaya by Main Boundary Thrust
(MBT), further Lesser Himalaya is separated from
Higher Himalaya by Main Central Thrust (MCT).
The South Tibetan Detachment System (STDS)
demarcates the boundary between Higher and
Tethys Himalaya (Srivastava and Mitra 1994),
whereas Trans Himalaya and Ladakh magmatic
arc are marked by Indus Tsangpo Suture Zone
(ITSZ). To the south of SubHimalaya, there exists
Indo-Gangetic alluvium which is separated by
Himalayan Frontal Thrust (HFT).

The study area is located in the Garhwal Lesser
Himalayan region (figure 1c) and this sequence
is restricted to a zone between Main Boundary
Thrust (MBT) in south and Main Central Thrust
(MCT) in the north. This is further divided into
Inner Lesser Himalaya and Outer Lesser Himalaya
separated by North Almora Thrust (NAT). These
two units show difference in depositional history.
However, many workers have also divided Lesser
Himalaya into older and younger (Valdiya 1980;
Srivastava and Mitra 1994; Ahmad et al. 2000;
DeCelles et al. 2001; Richards et al. 2005; Célérier
et al. 2009; Islam et al. 2011).

In Lesser Himalaya, Damtha (Precambrian) For-
mation is the oldest and forms the base of the Les-
ser Himalaya. To the north of Damtha Formation
there exists Jaunsar Group, Mussorrie Group, Sir-
mur Group, Ramgarh Group and Almora Group.
In between MBT and MCT (=~ Vaikrita Thrust)
there lie number of thrusts such as Ramgarh
Thrust, North Almora Thrust, Tons Thrust, Mun-
siari Thrust and often some of those are folded.
Structurally there lie two major thrust sheets in
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Figure 1. (a) Map of India showing the Himalayan segments. (b) Geological and structural map of the Himalaya showing
the major lithotectonic divisions. Abbreviations. MFT: Main Frontal Thrust, MBT: Main Boundary Thrust, MCT: Main
Central Thrust (after Ahmad et al. 2000). (c) Geological map of the Alaknanda section of Garhwal Lesser Himalaya showing
the various lithotectonic units of Himalaya (after Ahmad et al. 2000). Rectangle in the map (b) shows the location of (c).
STDS: South Tibetan detachment system, VT: Vaikrita Thrust, MT: Munsiari Thrust, RT: Ramgarh Thrust, TT: Tons
Thrust, MBT: Main Boundary Thrust. Location of the WPa and WPDb profiles are marked in red dots of Ramgarh group.
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Lesser Himalaya, viz., Ramgarh thrust sheet and
Munsiari thrust sheet. The Ramgarh thrust sheet is
defined at its lower boundary by Ramgarh Thrust
and upper boundary by Munsiari/Almora Thrust.

The granitic gneisses of Ramgarh (also referred
as Debguru Porphyroids) and Munsiari (Almora)
groups of Lesser Himalaya are Proterozoic in age.
Debguru Porphyroids or Ramgarh group of rocks
(Heim and Gansser 1939; Valdiya 1980) is located
at the base of Ramgarh thrust sheet. Composi-
tionally and texturally Debguru Porphyroids (=~
Ramgarh) are different from augen gneisses of
the Almora Klippe (Valdiya 1980). Gneisses are
biotite rich granitic gneisses and are characterized
by alternate bands of quartz, feldspar and mica.
At places, the rocks are mylonitized and show
retrograde metamorphism. These granite gneisses
are coarse-grained, well-foliated and exhibit dis-
tinct mineralogy. The strong preferred orientation
of mica defines the foliation plane. The rock has a
mineral assemblage of quartz, alkali feldspar, pla-
gioclase, biotite and muscovite with minor amount
of apatite, zircon, calcite, epidote and Fe-oxide.
Geochemically these gneisses are enriched in silica
and K,O with A/CNK (molecular proportion of
Al,03/Ca0+NayO+K,0) value >1.1, shows the
presence of normative corundum (Islam et al. 2005)
and have initial ratio of 7Sr/®*Sr of 0.711-0.721,
which are generally high and initial eNd values
range between —5.8 and —8.8 (Miller et al. 2000).
These rocks are enriched in LREE and moder-
ately depleted in HREE with a distinct negative Eu
anomaly. On a multi-element spider diagram Nb,
Sr, P, and Ti exhibit negative anomalies and pos-
itive Rb, Th and U anomalies (Islam et al. 2005).
These are the typical characteristic features that
belong to peraluminous S-type granite.

3. Methodology

3.1 Sampling

The identification of weathered profile is a very
complex task. The in situ weathered profile should
be identified in which signatures of fining upward
and gradual change in colour can be observed dur-
ing weathering advancement, i.e., least altered rock
(LAR) to regolith. Adequate care should be taken
during sampling to avoid mixing of the samples by
any transported materials from the higher ridges
or slumped materials from the topographic high.
Systematic field work was carried out and two
weathered profiles were identified, namely WPa and
WPb. Both are located near Tilwara along the
Tilwara—Mayali road section (figure 2a and b) in
the Garhwal Lesser Himalaya. The samples were
collected from WPa profile which is located at
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N30°21'32.2"; E78°56'31.6"; altitude 914 + 11 m.
The other weathered profile (WPb) is located
at N30°21'28.3"; E78°57'32"; altitude of 861.6 +
10.5 m. Both the profiles are exposed along Lastar-
gad, a tributary of river Mandakini which in turn
is a tributary of river Alaknanda; wherein river
Alaknanda is one of the major tributaries of the
river Ganga in the Garhwal Lesser Himalaya. The
annual rainfall in the area varies between ~1500
and 2000 mm.

The area or the topography is exclusively
enclosed by rocks which are unweathered and weath-
ered to different degrees. Systematic sampling is
done from LAR at its base to regolith at the top of
the profile. Sampling was done after vertical sur-
face of the profile was scraped inward up to ~0.1 m
to minimize the effects of surface contamination and
anthropogenic activities. The collected samples were
packed in a cotton bag, then covered by ziplock
bags to minimize mixing and contamination of the
samples. The profile is identified with five zones,
viz., LAR (exposed rock on the surface), saprock,
saprolith, saprolite and regolith depending on the
observed physical variations in mineralogy, grain
size, colour, biologic activity, compactness, etc.
(sketch of the weathered profiles are given in figure
2a and b). Representative samples weighing about
1.5-2 kg were collected from each zone of individ-
ual weathered profile of WPa and WPDb sections
for the laboratory analysis, i.e., five representative
samples were collected from both the weathered
profiles. The vertical thickness of the identified
weathered profile is measured 9 m for WPa and
8.4 m for WPb.

3.2 Analytical procedure

The collected samples were air dried in the lab-
oratory prior to analytical work and about 15 g
of each sample was powdered to a mesh size of
—200 wm in tema mill for geochemical analysis.
Whole rock analysis was done by X-ray floures-
cence using Wave Length Dispersive XRF sys-
tem (Siemens SRS 3000) for the analysis of major
oxides and trace elements. About 5 g of each pow-
dered sample was taken to make pressed pellets
using polyvinyl alcohol as binding agent (Stork
et al. 1987; Saini et al. 2000). The calibration of
XRF system was done by a method of matrix cor-
rection based on intensities (Lucas-Tooth and Pyne
1964). The precision and accuracy of the analyt-
ical methods including instrumental performance
were checked using several international reference
standards of soil and sediments, e.g., SO-1, GSS-1,
GSS—4, GXR-2, GXR-6, SCO-1, SGR-1, SDO-1,
MAG-1, GSD-9, GSD-10, GSR-6 and BCS-267.
The accuracy of measurement is better than 2%
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Figure 2. (a) Field photograph and sketch of WPa porphyry granite gneissic weathered profile in Alaknanda valley showing
different altered layers. Red dots indicate the sample locations. (b) Field photograph and sketch of WPb granite gneissic
weathered profile in Alaknanda valley showing different altered layers. Red dots indicate the sample locations.

for all major oxides except P,O5, MnO; and trace
elements are better than 5% and precision is <2%
(Purohit et al. 2010). About 5 g of each sample is
taken to determine the loss of ignition (LOI) for
total percentile studies. The samples were ignited
at 1000°C for 4-8 hours and were measured before
and after ignition.

A wet ICP-MS technique (PerkinElmer) is used
for REE analysis. About 0.1 g of each sample
is taken in a Teflon crucible, 10 ml of 2:1 acid
mixture of concentrated HF: HNO; is added and
heated at 180°C up to dryness. The procedure is
repeated till the final dissolution of silica. 5 ml
of HC1O, is added and dried up to incipient dry-
ness to remove all the excess fluoride present in
the solution. Finally 10 ml HNO; (10%) is added
and heated for 10 minutes until clear solution is
obtained and made up to 100 ml with distilled

water in a beaker. These solutions are stored in
plastic bottles and are ready for the analysis. All
the analyses were carried out at Wadia Institute of
Himalayan Geology, Dehradun. Precision for REE
is better than 10% (Khanna et al. 2009).

4. Results

The profiles were identified with the LAR at its
base and successive layers are altered saprock,
fractured saprolith, friable saprolite and regolith
(includes top soil with humus). The rocks are
highly fractured and altered in nature and falls in
Grade IV of weathered rock of Ehlen (2005). The
data of major oxides, trace elements and REE are
presented in table 1(a and b).
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Table 1. Geochemical data of WPa and WPb weathered profiles, Alaknanda valley (major oxides are in wt%, trace, rare
earth elements are in ppm and total iron as FeaOs). Samples are arranged from LAR to regolith.

Sample no. WPa-5 WPa-4 WPa-3 WPa-2 WPa-1 WPb-5 WPb-4 WPbH-3 WPb-2 WPb-1
SiO9 73.8 73.55 65.58 67.86 64.42 75.62 76.9 75.05 78.95 69.5
TiO2 0.3 0.44 0.38 0.4 0.61 0.24 0.29 0.29 0.25 0.47
AlyO3 12.21 12.19 16.55 15.01 15.02 13.53 13.12 13.2 12.47 13.44
Fex O3 2.58 3.49 3.41 3.72 4.24 1.78 2.26 2.62 1.8 3.73
MnO 0.04 0.04 0.03 0.04 0.05 0.02 0.02 0.02 0.02 0.05
MgO 0.48 0.89 1.32 0.94 2.11 1.01 1.08 1.02 0.95 1.55
CaO 0.74 0.31 0.13 0.24 0.37 0.21 0.24 0.21 0.17 0.72
Na2O 3.19 2.58 1.5 1.94 1.13 0.21 0.17 0.26 0.1 0.97
K20 5.31 5.27 5.51 5.05 4.95 6.35 5.48 5.94 4.19 3.98
P>0s5 0.11 0.13 0.08 0.09 0.07 0.11 0.12 0.11 0.10 0.09
LOI 1.14 1.85 5.09 5.41 5.34 2 1.79 1.56 1.96 6.25
Sc 6 6 6 5 9 4 5 5 4 8

Co 5 7 7 8 11 4 4 6 4 11
Ni 13 11 18 17 17 15 12 13 14 21
Cu 76 30 27 28 31 21 21 23 23 31
Th 52 51 49 51 30 39 39 36 39 24
Rb 405 323 399 354 303 389 402 411 330 251
U 8 6 8 8 6 7 9 9 8 6

Sr 41 41 32 42 40 11 7 12 1 43

Y 41 41 45 48 29 56 19 32 38 36
Zr 122 167 130 144 148 97 128 127 120 143
Nb 16 22 17 18 17 15 18 18 15 14
La 47.3 57.86 53.53 55.2 38.96 27.39 13.80 25.33 50.23 41.19
Ce 99.1 121.01 108.22 105.4 76.95 56.92 28.56 52.54 102.25 82.83
Pr 9.99 11.81 11.06 12.8 7.82 5.82 3.18 5.33 10.39 8.21
Nd 39.54 46.44 45.34 48.70 31.51 25.45 13.62 21.42 40.02 33.47
Sm 8.14 9.48 9.56 10.55 6.16 5.76 3.00 4.69 7.79 6.79
Eu 1.54 1.78 1.76 0.48 1.18 1.23 0.64 0.90 1.34 1.31
Gd 7.83 8.89 8.69 8.23 5.34 8.27 3.34 4.80 6.33 5.96
Tb 1.35 1.47 1.50 1.40 0.88 1.50 0.61 0.86 1.03 1.01
Dy 8.69 8.63 8.67 8.82 5.08 11.95 4.42 6.21 6.16 5.99
Ho 1.67 1.55 1.52 1.44 0.94 2.20 0.85 1.19 1.11 1.06
Er 4.77 4.29 4.29 3.32 2.77 6.30 2.48 3.37 3.16 3.01
Tm 0.66 0.56 0.58 0.43 0.38 0.88 0.36 0.48 0.42 0.43
Yb 3.54 2.85 3.03 2.51 2.11 4.38 1.94 2.58 2.15 2.30
Lu 0.50 0.43 0.40 0.36 0.35 0.53 0.26 0.35 0.32 0.30
CIA 49.73 53.70 65.63 62.27 65.56 64.03 66.80 64.30 71.87 65.08
CIW 64.94 71.72 85.96 80.54 85.58 94.90 95.71 93.61 97.30 82.23
PIA 49.50 57.43 79.65 72.46 79.24 90.15 91.42 89.32 94.70 75.87

4.1 Major ozxides
4.1.1 WPa profile

In WPa profile (figure 3a), SiO, varies from 73.80—
64.42 wt% and is drastically depleted from LAR
to regolith layer. Al;O3; and TiO, are showing a
negative correlation with Si; Al,O3 varying from
12.2 to 15.0 wt%; TiO, is ranging between 0.3
and 0.6 wt%. Fe,O3 shows enrichment (2.58-4,
24 wt%), similar to TiO,. General depletion of
highly mobile elements like Ca, Na and P are
observed relative to LAR. The MgO concentration
is enhancing from LAR to regolith. The overall

enrichment of potash is observed (attested by the
presence of microcline and orthoclase) but not
much variation is noticed from LAR to regolith
(5.31 to 4.95 wt%).

4.1.2 WPb profile

In WPb profile, major oxides (figure 3b) show vari-
ation at 0.4-4.6 wt% as a function of extent of
weathering from the LAR to top soil. Silica is
behaving much differently from WPa profile as it
shows alternate enrichment and depletion. How-
ever, immobile elements like Ti, Al and Fe show
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Figure 3. (a) Binary plots of major oxides (in wt%) of (a) WPa profile and (b) WPb profile, Alaknanda valley. (LAR
represents least altered rock.)
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identical behaviour. Elements such as Ca, Na and
Mg show depletion up to saprolite relative to LAR
but K depletes all through. Both the profiles show
distinct enhancement in the LOI indicating the
increase in water content in the sample with pro-
gressive weathering. Although it cannot ascertain
the standard behaviour of elements in any of the
zones, however in general, enhancement of Al, Fe
and T1i are noticed in regolith of both the profiles.

4.2 Trace elements
4.2.1 WPa profile

Recurring enrichment and depletion in the
behaviour of the trace elements are observed in
the WPa profile (figure 4a). Large ion lithophile
element (LILE) like Rb and Sr are mobile and
it behaves similar to K and Ca. Rb shows dis-
tinct depletion (404-302 ppm) but Sr is depleted
in saprolithic zone (32 ppm). K-feldspar contains
more Rb than biotite and is easily weathered. Tran-
sition elements like Co, Ni, Sc show enhancement
(Co: 5-17 ppm; Ni: 13-17 ppm and Sc: 6-9 ppm).
High field strength elements (HFSE) like Y, which
exhibits enhancement from LAR to saprolite (41—
48 ppm), however depletes in regolith (29 ppm);
whereas Zr initially enriched in saprock (167 ppm),
further depleted in other zones (130-148 ppm).
Distinct depletion is also noticed in Th and U (Th:
52-29 ppm and U: 7-6 ppm).

4.2.2 WPb profile

In general, Rb is depleted from the LAR to regolith
but in saprock and saprolith, it has an enhancing
trend. However, Sr is enriched from base to top. Y
and Zr do not show similar behaviour as WPa pro-
file, i.e., Y shows overall depletion from the LAR
to the regolith (55-36 ppm); Zr exhibits continuous
enhancing trend from the LAR to regolith (97-143
ppm) (figure 4b). Th and U are depleted from LAR
to regolith (Th: 39-24 ppm; U: 7-6 ppm). Co, Ni,
Sc are enriched relative to LAR (Co: 4-11 ppm; Ni:
15-21 ppm; Sc: 4-8 ppm).

4.3 Rare earth elements (REE)

In general, it is believed that REE are the most
robust elements to any change and are resistant to
fractionation in supracrustal environment (Nesbitt
1979). However, recent studies show mobility of
these elements during chemical alterations. The
REE data of the individual elements were normal-
ized with chondrite value of Sun and McDonough
(1989) in order to have a close approximation to
cosmic abundances of these elements. This proce-
dure in a way brings out the degree of fractionation
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from a primordial distribution pattern and smooth
out the odd—even (zigzag) pattern of absolute REE
abundances (Mason and Moore 1982). The REE
data of both the weathered profiles of gneissic rocks
are presented in table 1(a and b).

4.3.1 WPa profile

Considerable amount of mobility of REE concen-
tration is observed in WPa profile (figure 5a).
The general behaviour of REE shows enriched
steep LREE (Light Rare Earth Element) and mod-
erately depleted HREE (Heavy Rare Earth Ele-
ment) pattern. Eu and Ce are the elements among
REEs which are very prone to changes because of
its variable oxidation states. The significant neg-
ative Eu anomaly with respect to neighbouring
elements such as Sm and Gd is due to the frac-
tional crystallization of plagioclase feldspar as it
hosts. The fractionation of REE in the weathered
profile has started in the early stages of weather-
ing. However, effects of weathering on the distri-
bution patterns of REE became apparent only at
the advanced stages of weathering, where the REE
abundances increased systematically as the inten-
sity of weathering increased (Aydin and Aydin
2009). In WPa profile, enrichment of LREE and
depletion of HREE in saprock, saprolith, sapro-
lite and regolith with reference to LAR is noticed.
The presence of good amount of accessory mine-
rals like monazite, allanite and apatite may be
responsible for the enrichment of LREE and MREE
(Middle Rare Earth Element).

4.3.2 WPb profile

In WPb profile, LREE exhibits steep enriched
pattern and moderate to flat depleted HREE
pattern as shown in figure 5(b). Distinct negative
Fu anomaly throughout the profile supports the
signature of plagioclase fractionation. This fact
conclusively shows that the negative Eu anomaly can
be produced during chemical weathering of granitic
rocks (Condie et al. 1995). Enrichment of LREE
in saprolite and regolith and depletion in both
saprock and saprolith relative to LAR are observed.
However, the depletion of HREE from LAR to
the regolith is noticed. The depletion of LREE
in saprock and saprolith may be due to leaching.
The continuous depletion pattern of HREE may
be attributed to the mobility of zircon during the
weathering process.

4.4 Chemical index of alteration

To understand the degree of alteration, Chemical
Index of Alteration (CIA) (Nesbitt and Young
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Figure 4. Binary plots of trace elements (in ppm) of (a) WPa profile and (b) WPb profile showing their elemental

distribution from LAR to regolith.
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Figure 5. Chondrite normalized REE pattern of (a) WPa profile and (b) WPb profile developed on granite gneisses.

Normalized values are after Sun and McDonough (1989).

1982, 1984, 1989) is calculated. CIA is used in a
molar proportion of the sediments, quantitatively
used to measure the extent of chemical weather-
ing. Graphically it is represented in the A—-CN-K
ternary plot and the empirical formula is

CIA:A1203/(A1203+030*+N320+K20) x 100
The CaO* is the calcium oxide in the silicate frac-

tion only (McLennan 1993), i.e., Ca is corrected for
the rocks and taken from the silicate rocks only.

CTA will give the alteration of the alkaline min-
erals, viz., Ca, Na and K as it is plotted against
the immobile element Al. A-CN-K plots provide
insight into the weathering trends and tectono-
climatic milieu in the source region (Nesbitt and
Young 1982, 1984). In an A-CN-K diagram, a typ-
ical weathering trend will be originating from the
source rock composition and is parallel to A-CN
tie line. The calculations were done in molecular
proportion, on a carbonate free basis (McLennan
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1993; Bock et al. 1998). In the A-CN-K plot of
WPa profile, the LAR is plotting on or near the
plagioclase tie line, i.e., 50 and its values go up to
65 (figure 6a), i.e., in regolith. Whereas CIA value
of LAR of WPb is 64 and 65 in regolith (figure 6b),
in which a negligible difference is observed in the
profile. However, the highest CIA value is observed
in saprolitic layer (71) of WPb profile and this is
due to the accumulation of alkali elements relative
to immobile element Al.

4.5 Relative mobility

To understand the elemental mobility in individ-
ual profile, the percentage change of individual

A @

»
. +
Plagioclas A 4 - feldspar
CN T T T T T T T T T K
(b)
Plagioclas - feldspar
CN T T T T T T T T T K

Figure 6. (a) A-CN-K (A=Al303, CN=CaO*+Nax0, K=
K20) ternary plot of WPa profile, Alaknanda valley. The
calculated values are in molecular proportion. (b) A-CN-K
(A=Al303, CN=CaO*+Nay0, K=K30) ternary plot of
WPD profile, Alaknanda valley. The calculated values are in
molecular proportion.
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elements relative to LAR is calculated using the
formula proposed by Nesbitt (1979) and is given as:

% Change = [(X*/I°) / (X?/I?) — 1] x 100

where X*® is the element in the sample, XP? is ele-
ment in the parent rock, I® is immobile element
in the sample and I® the immobile element in the
parent. Zircon is considered to be a very resistant
mineral and is mostly present in the sediments.
It is stable during weathering that lead to excep-
tionally low solubility in aqueous solutions. Zircon
is also present in the granitic rock which is very
stable to any alteration taking place significantly
during weathering. However, it is not uniformly
distributed in all the samples. Therefore zirco-
nium may introduce significant inter-sample error
when calculating the percentage change of other
elements. Hence, TiO, is considered as an immo-
bile component and the percentage change is cal-
culated with respect to TiOy (I® and IP) (Nesbitt
1979). However, studied profiles of Garhwal Lesser
Himalaya show the mobility of TiO, (concentra-
tion of TiO; in regolith is almost double of LAR in
both the profiles). Therefore in place of percentage
change, the relative mobility (RM) of an element
with respect to LAR is calculated as suggested by
Rajamani et al. (2009),

RM = ((Xi)*/ (Xi)? — 1) x 100

where (X4i)® and (X4i)P are the concentrations
of the 7th component in the sample and parent,
respectively.

In order to understand the mobility and behav-
iour of individual major and trace elements during
weathering, the relative mobility of each major and
trace element was plotted with respect to the
LAR. RM of major elements of individual profile
is calculated and is described below.

4.5.1 Relative mobility of major elements

In WPa section, considerable amount of depletion
is observed in the Ca, Na and Si. In saprock, P
shows little enhancement whereas in successive lay-
ers it is depleted. Among the other major elements,
viz., Mg, Ti, Fe and Al show considerable enrich-
ment, however Mg enrichment in regolith is dras-
tic in terms of relative mobility. Ti, Fe and Mn
also show enrichment in the regolith (figure 7a).
Whereas in relative mobility (RM) plot of WPb
section, enhancement of Fe, Mn, Ti, Mg are noticed
but K, Ca and Si show depletion (figure 7b).
Despite, negative correlation between Al and Si, Al
shows depletion in saprock and enrichment in the
regolith. The depletion of Na in the saprock and
saprolite is also observed and enrichment is noticed
in saprolith and regolith. Significant enrichments
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Figure 7. Relative mobility of major oxides in (a) WPa profile and (b) WPDb profile, Alaknanda valley. (Samples are arranged

from LAR to regolith.)

are observed in Na, Ca, Mn, Fe, Ti and Mg in
regolith layer.

4.5.2 Relative mobility of trace elements

Relative mobility of trace elements is also calcu-
lated and shown in binary plot. The trace ele-
ments were grouped into LILE (large ion lithophile
element), HFSE (high field strength element) and
TTE (transition trace element) and are plotted
separately in individual profiles.

In WPa profile, drastic depletion of LILEs like
Rb, U is noticed in the saprock and regolith,
whereas enhancement is observed in saprolith and
saprolite (figure 8a). Sr is depleted in saprolith and
shows enrichment in saprolite. However, in WPDb
profile, enhancement is observed in Rb and U in
saprock, saprolith and saprolite but show depletion
in the regolith relative to the LAR. Th shows deple-
tion throughout the profile and Sr shows erratic
behaviour in saprock, saprolith and saprolite but
enhancement is observed in regolith (figure 9a).
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Among the HFSE, Zr and Nb show enrichment
in the saprock and regolith, however depletion of Y
is observed in saprock and regolith layers of WPa
profile (figure 8b). In WPD profile, in terms of rel-
ative mobility, Zr and Nb show enrichment from
LAR to regolith but significant depletion of Y is
noticed all through the profile (figure 9b).

In WPa profile, enrichment is observed in TTE
like Co and Ni except a depletion kink in Ni in
saprock. Sc almost maintained its conserved pat-
tern in all the layers of the profile except enrich-
ment in regolith. Distinct depletion pattern of
Cu is observed throughout the profile (figure 8c).
Whereas in WPb profile, Sc shows enhancement
in the saprock, saprolith; and depletion in the
saprolite layer, but again a drastic enrichment
is observed in the regolith relative to LAR. Ni
shows depletion in all the layers but enhance-
ment is observed in regolith. Co shows depletion
in the saprock and saprolite but is drastically
enhanced in saprolith and regolith. Depletion of Cu
is observed in the entire profile except enrichment
in the regolith (figure 9c¢).

5. Discussion

Himalaya is a dynamic mountain range and has a
complex geological set-up. This tectonically active
mountain range, exhibits diverse topographical
architecture which leads to the manifestation like
variation of precipitation in the region, and there-
fore climatic difference and disparity in the CO,
consumption that provide divergence in weath-
ering, elemental mobility and vegetation. The
study area is located in the Lesser Himalayan
terrain and is ideal for understanding discrep-
ancy in the vibrant weathering and the area also
receives higher precipitation as compared to Higher
Himalaya and this is due to altitudinal differences.
The weathering and erosion leads to the develop-
ment of very fertile land between the mountain
front and ocean, i.e., Indo-Gangetic plain.
Lithologically, Lesser Himalaya is covered by
gneiss, schist, quartzite and basic volcanic rocks.
Amongst this, gneiss is one of the most prominent
rock types of the region and is mostly granitic in
composition. These granites are crystallized in the
deep, beneath the earth and are exposed to the
earth’s surface after repeated erosion and uplift-
ment due to tectonic activities. As soon as it is
exposed to the surface climatic conditions, the rock
will be under disequilibrium and will achieve its
equilibrium state through the process of weather-
ing. These gneisses exhibit numerous features such
as foliation, lineation, folds and weak planes like
thrusting, shearing, fractures, etc. These structural
features (like foliation, lineation) are easy passage
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for water percolation and penetration. Therefore
gneissic rocks are more prone to weathering
because of their distinct mineralogy especially
feldspar and mica which are more susceptible to
the weathering. In our studied profiles, porphyry
granite gneiss and granite gneiss show the diversifi-
cation in the dissolution of minerals during the pro-
gressive weathering processes due to the variable
textures. These weathered profiles are developed at
the vicinity of thrust and faults which further acti-
vate the physical weathering processes followed by
chemical weathering due to infiltration of precipi-
tated water in minor and major cracks developed
during physical weathering.

The geochemical study carried out included
major, trace and rare earth elements as a main
proxy for the gneissic rocks of Lesser Himalayan
region to understand the chemical weathering pro-
cesses in subtropical humid climate. Based on our
field observations, the studied weathered profiles
(WPa and WPb) belong to the grade IV category
(Ehlen 2005) and contain thin soil layer at the top
of the profile. The soils which are thinly formed on
the granite gneissic terrain contain rich weather-
able minerals that favour the chemical weather-
ing. However, thickly covered soil reduces the pri-
mary minerals and minimizes chemical weathering
(Oliva et al. 2003). The regolith layer (soil layer)
of WPa and WPb profiles consists of very low clay
content. This indicates that the degree of physical
weathering is very significant without much chemi-
cal alteration (Sharma and Rajamani 2000). Phys-
ical weathering plays a vital role for the formation
of joints and fractures; and the higher intensity
in the fracture speed up chemical weathering rate,
hence higher alteration of the minerals.

The rain water plays a major role in the chemical
alteration by the consumption of CO, in the area.
Precipitation is acidic in nature and enhances the
acidity of the rock. In the weathering mantle, the
feldspars are being attacked first as these miner-
als are hosting mobile elements such as Na, Ca, K,
etc., therefore there is noteworthy depletion of
these elements. Na and Ca mobility is more
than K in the WPa profile (figure 3a) because
of more plagioclase alteration than K-feldspar
(Middelburg et al. 1988) and K is less mobile rel-
ative to other more labile elements like Na and
Ca. In the WPD profile, little/negligible mobility
is observed in Na and Ca from LAR to sapro-
litic layer. However, drastic enhancements of these
elements are observed in regolithic layer. This is
due to the accumulation of Na and Ca in regolith
supplied by organic matter from the adjoining
region. The depletion of K from the LAR to
the regolith is significant (6.35-3.98 wt%) (figure
3b) and this may be due to higher alteration of K-
feldspar, hence leaching. P,Oj5 is decreasing from
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LAR to regolith in both WPa and WPb profiles
(figure 3a, b) and the alteration of apatite is respon-
sible for the depletion of phosphorus (as apatite
hosts P) which is very prone to weathering (Rice
1973). Ti and Fe are enhancing in the weath-
ered mantle from LAR to regolith (figure 7a, b).
These elements are relatively immobile during
weathering processes and this phenomena is quite
prominent in WPb profile, but Si and Al show
(figure 7b) decreasing trend from the LAR to
most altered layer (regolith), however, both show
antipathic relation. LOI is also enhanced in both
WPa and WPb profiles during progressive weath-
ering (figure 3a, b). This indicates that the area
receives more precipitation which penetrates the
weak zones (like fractures) and enhance chemical
weathering in the profiles. Therefore, we attribute
that the lithology plays a vital role for the alter-
ation processes, hence the disparity in the nature
of elemental behaviour.

Among the trace elements, Rb behaves similar
to potassium during crystallization of magmas and
also during water-rock interaction because of their
same valency (41) and almost similar ionic radii
(1.38 for K; 1.52 for Rb). In WPa and WPb pro-
files, similar behaviour of K and Rb is observed.
In the same way, Sr also behaves much similar to
Ca; Sr decreases with the increase in alteration of
rock (figure 4a). Because of the atomic size, Sr
depletes more readily than Ca (Middelburg et al.
1988). Likewise Zr, Nb, and Sc (figure 4a,b) are
immobile elements. However, mobility is observed
(zig—zag behaviour) and this is due to change in
Eh—pH conditions during weathering. Further, Cu
is also mobilized with the increase of alteration,
as major portion of these elements are housed in
biotite mica, which is more prone to weathering.

Weathering processes generate sediments via
physical and chemical processes. The extent of
weathering is controlled by the climate and tec-
tonic conditions in the source rock and defines the
nature of the sediments. The key weathering pro-
cess in the Himalaya is the physical weathering.
This is due to high relief, which does not affect
the original CIA of the rocks (Srivastava et al.
2008). CIA is the source to understand the alter-
ation of highly mobile elements (Na, Ca, K) rela-
tive to immobile element (Al) and is represented
graphically in a ternary plot (A—-CN-K projection)
for better understanding of the intensity of weath-
ering. CIA of LAR (50) of WPa profile is plot-
ting on a feldspar tie line showing its unweathered
nature. The other, saprock (54), saprolith (66),
saprolite (62) and regolith (66) layers show increase
in CIA value with the advancement of weather-
ing. But in WPD profile, the LAR itself is plotting
close to A-K join and have a higher CIA value
(64), which may be due to the K metasomatism
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in the rock during the conversion of gneisses from
granitic rocks; and higher value attributed to the
moderate weathering during the uplift. The suc-
cessive saprock (67), saprolith (64), saprolite (72)
and regolith (65) show moderate weathering but
the weathering trend remains parallel to A—K tie
line. Higher value in saprolite is due to consump-
tion of higher rain water that lead to water-rock
interaction, hence higher CIA value. But the sam-
ple of regolithic layer is plotting away from the
A-K tie line, this may be due to the addition of
Ca and Na from the biogenic source. To under-
stand the enriched nature of K in gneissic rock, we
employed CIW (chemical index of weathering) of
Harnois (1988) and Maynard (1992). The CIW is
similar to CIA except for the absence of K,;O and
is empirically presented as:

CIW = AlQOg/(AlQO3 + CaO* + NaQO) x 100.

The CIW value is ranging from 64 (LAR) to
85 (regolith) in WPa profile and 94 (LAR) to
82 (regolith) in WPb profile. However, the CIW
is 97 in the saprolite layer of WPb profile. The
higher CIW wvalue in the studied profile is due
to the absence of K,O in the equation which
explains the gneissic rocks that have undergone K-
metasomatism prior to weathering. The proximity
of WPb profile to Ramgarh Thrust is also respon-
sible for the addition of K during the movement.

Based on these studies it is confirmed that the
lithology with lower potassium contents weath-
ers faster than the lithology with higher potas-
sium. Therefore we suggest that porphyritic nature
of WPa profile has restricted the enhancement
of CIW and PIA values whereas non-porphyritic
nature of WPD profile leads to the enhancement of
all the alteration indices.

Many studies have been carried out to under-
stand REE remobilization and redistribution dur-
ing weathering (Nesbitt 1979; Middelburg et al.
1988; Rajamani et al. 2009 and others). However,
there is great debate regarding their mobilization.
Middelburg et al. (1988) reports the REE fraction-
ation during the advanced stages of weathering,
whereas Price et al. (1991) suggested that the most
drastic REE fractionation takes place during the
early stages. In general, none of the primary miner-
als are rich in REE content. Except quartz and K-
feldspar, other primary minerals, particularly pla-
gioclases, are not resistant to weathering and are
pseudomorphically replaced by secondary phases
(dominantly clay minerals) at the early stages of
weathering (Aydin et al. 2002). This may explain
visually obvious and immediate effects of weath-
ering processes on the textural and mineralogi-
cal characteristics of the moderately decomposed
sample. WPa weathered profile show fractionation
of total REE in the last stages of weathering (i.e.,
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in regolithic layer). However, in WPb profile REE
fractionation is observed in the initial stages, i.e.,
in saprock and saprolth, but enhancement of REE
is noticed in the saprolite and regolith. In WPa
profile, LREE undergoes progressive enrichment
through saprock, saprolith and saprolite; however,
HREE are depleted throughout the profile as com-
pared to much enhanced LREE (figure 5a) rel-
ative to LAR. Therefore, there is a considerable
amount of YREE removed during the process of
alteration but regolithic layer show depletion of
both LREE and HREE relative to LAR. In WPb
profile (figure 5b), depletion of both LREE as well
as HREE is observed compared to LAR through-
out the profile. Further, enhancement of HREE is
noticed in saprock and is due to the accumula-
tion of zircon. Regolith of WPDb profile is enriched
in both LREE as well as HREE. The REE curve
of LAR is plotting between saprock and sapro-
lith, especially HREE in WPDb profile and this is
attributed to the variation in weathering condi-
tion. Therefore, we envisage two stages of weather-
ing process occurring in Garhwal Lesser Himalaya;
where in an earlier stage, a considerable amount
of LREE were added but HREE were selectively
removed in a later stage. This indicates that the
intensity of weathering enhanced the rare earth
elements mobility in this high rainfall area dur-
ing the last stage of alteration. Mobilization was
also controlled by the primary and secondary min-
erals in addition to Eh and pH condition in the
profile. We envisaged the variation of REE mobil-
ity in WPa and WPb profiles is due to the litho-
logical control, structural heterogeneities like foli-
ation, lineation and shear zones. This is because
of the complex tectonic history of the Himalaya
and the quantity of rain water received. Therefore,
there is no definite REE mobilization history,
i.e., removal and accumulation took place dur-
ing the weathering process. We suggest that the
REE mobilization of granite gneissic weathered
profiles of Garhwal Himalaya is independent and
the behaviour of REE is not controlled by the
weathering processes alone but it is also depend-
ing on the nature of the source rock. Smyth (1913);
Polynov (1937); Anderson and Hawkes (1958) and
Shalkowasky et al. (2008) have defined a different
order of elemental mobility in granitic rock. In our
study, the elemental mobility also differs in WPa
than WPb weathered profiles due to the amalga-
mation of variable lithological composition, climate
and tectonics of the region. The order of mobil-
ity in WPa profile is Ca>Na>P>Si>K, whereas
the WPDb profile exhibit the order of mobility as
Na>K>Ca>P>Si>Al>Mg. Therefore, the above
result may infer that the prediction of exact order
of elemental mobility is difficult. Further, these
chemically altered materials are available in the
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form of nutrients to the biosphere that are finally
transported and deposited in the Indo-Gangetic
alluvium plain making it a very fertile land for
agriculture through huge Ganga river system.

6. Conclusions

The study provides insights on the weathering his-
tory of Inner Lesser Himalaya. Two weathered
profiles developed on porphyry and non-porphyry
granite gneissic lithology were studied in detail and
compared for their elemental behaviours. WPa pro-
file shows its protholithic nature in the least altered
rock (LAR) exposed on the surface with succes-
sive alteration to it; however, WPb shows its chem-
ically altered nature in the LAR with successive
alteration in a zig—zag manner. This is due to the
strong dependency on the type of lithology followed
by tectono-climatic influences that prevailed in the
region. Further, the present work also reveals that
the REE mobilization took place in both early and
advance stages of weathering due to the dispar-
ity of lithology followed by climate-tectonic mileu.
Therefore, the presence of microclimatic condition
is envisaged in the region in broader perspectives.
The contrasting behaviour of these profiles devel-
oped on early Proterozoic granite rocks of the
Lesser Himalaya is due to their exposure to the
surface geological processes by periodic upliftment
along with erosion in the Himalaya.
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