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of the Barren Island indicates large feeder systems such
as the parasitic cones and continuous supply of lava from
these parasitic cones below the sea during the recent
eruptions. Furthermore, the abrupt fall on the eastern side
of the IB is explained by the presence of WAF. A newly
identified submarine mount, south of the BI, is
associated with the volcanic arc in the Andaman Sea. In
addition, the close relationship of the newly identified
submarine volcanic mount and BIV is established,
because of its proximity to the parasitic cones. Hence, the
parasitic cones on the southwestern and southern subma-
rine slopes and the submarine volcanic mounts are deve-
loped in association with the recent eruptions in 2005 and
2009. Unlike BIV island, other associated morphotec-
tonic elements in the present study area, viz. IB and Al-
cock seamount are flat-topped. Furthermore, the slopes
facing the Barren Island are characterized by submarine
slides, which are completely absent on the other slopes.
Although detailed studies are required to constrain the rea-
sons for explaining the presence of submarine slides, it is
possible that they may be related to the recent eruptions.

The present study revealed the changes in the configu-
ration of the base of BIV. Effects of recent flows on BIV
under the sea are deciphered in the form of thick flows
along the western and southwestern slope, extending even
up to the base of IB. Furthermore, development of para-
sitic cones and a newly identified submarine volcanic
mount in the present study area also indicate the subma-
rine volcanic activities associated with BIV. Develop-
ment of numerous feeding sites as expressed in the form
of parasitic cones provided huge volume of lava, which in
turn pushed the flows to the base of IB. These recent
flows reduce the steepness of BIV in the western slopes.
This implies that the morphology of the Barren volcanic
base is largely modified by the recent eruptions. Further-
more, it is also noteworthy that other morphotectonic
elements surrounding the Barren Volcano, viz. Alcock
seamount and IB are flat-topped, stable features unlike
the BIV.
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Comparative study of soil profiles
developed on metavolcanic (basaltic)
rocks in two different watersheds of
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Soil profiles are rarely preserved in the Himalaya due
to active tectonics and erosion. We have studied two
rarely well-preserved soil profiles developed on
metavolcanic rocks namely Alaknanda soil profile
(ASP) and Bhilangna soil profile (BSP) in Alaknanda
and Bhilangna watersheds of the Garhwal Himalaya.
Geochemical studies were carried out to understand
the elemental mobility with reference to the least al-
tered rock (LAR) in both the profiles and are com-
pared. Differences in major element behaviour noticed
are depletion of Ca and K in ASP, and depletion of Ca
and Na in BSP. Trace elements also show variable
mobility such as leaching of Rb, U and enrichment of
Sr, Ni in ASP. In BSP, behaviour of these elements is
just the opposite. Accumulation of 2 REEs in saproli-
tic layer and depletion in regolith of ASP suggest that
rare earth element (REE) mobility took place during
advanced stages of weathering. In BSP, increase
in REE content from LAR to regolith suggests
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dominance of chemical weathering over physical
weathering. This is also reflected in chemical index of
alteration values which suggest variation of climatic
parameters such as rainfall in the region.

Keywords: Climate—tectonic interaction, geochemical
behaviour, Lesser Himalaya, physical and chemical
alterations, weathering.

WEATHERING is irreversible alteration affected by a com-
bination of physical, chemical and biological processes.
Weathering processes operate in an open system with
complex set of reactions where removal of labile ele-
ments and enrichment of immobile elements take place in
varied combinations. Studies on weathering are important
because many geological processes such as CO, con-
sumption, release of nutrients to the ecosystem, develop-
ment of residual deposits of many metallic and industrial
mineral deposits as well as precious and semiprecious
minerals, changes in landscape and so on are related to
them. In weathering processes, the stability of minerals
follow the Goldich stability series. Basalt is an aphanitic
igneous rock which forms in the early stages of magmatic
crystallization at high temperatures. Further, it contains
higher percentage of ferro-magnesian minerals and is
susceptible to chemical alteration'. Chemical alteration of
basalts is considered as one of the major sinks for atmo-
spheric CO, (refs 2 and 3). Chemical weathering of
basalts in particular is thought to have much greater
effect on global CO, budget than would be expected from
the global extent of basaltic terrains’’. Usually, basalt
decomposition is faster (11 times more) than other rock
types such as granites under laboratory conditions. They
contain more weatherable minerals, which when broken
down liberate relatively more nutrient-rich cations than
granites and schists™’.

Weathering processes lead to the development of soil
profile in the advanced stage of chemical alteration',
which does not retain the pristine composition of the par-
ent rock. Preservation of soil profile depends on the
lower rate of erosion and the stability of the landform''.
In terrains such as the Himalaya, preservation of the soil
profile is difficult due to steep slopes and higher rate of
erosion. Hence, data on the soil profiles in the Himalayan
sector are very limited. Against this backdrop, two soil
profiles developed on metavolcanic rocks located in the
Alaknanda and Bhilangna valleys of Garhwal Lesser
Himalaya have been studied in detail to understand
weathering in relation to climate and tectonics. These two
soil profiles namely, Alaknanda soil profile (ASP) and
Bhilangna soil profile (BSP) are developed in two differ-
ent watersheds. In this study major, trace and rare earth
element (REE) analyses have been carried out on samples
collected from these two soil profiles to compare the geo-
chemical differences in the soils developed on similar
parent rocks, but in two different watersheds. Such a
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study would help in understanding the impact of climate
and tectonics on the development of soil profiles.

The Himalaya is broadly divided into five lithotectonic
zones from south to north, each zone having its distinct
physiographic features and geological history. They are
Sub-Himalaya, Lesser Himalaya, Higher Himalaya,
Tethys Himalaya and Trans Himalaya (Figure 1 a and b).
Major thrust systems are identified between these litho-
tectonic units and are designated as Main Boundary
Thrust (MBT), Main Central Thrust (MCT), South
Tibetan Detachment System (STDS) and Indus Tsangpo
Suture Zone (ITSZ). Himalayan Frontal Thrust (HFT) is
at the foothills and demarcates the boundary between
Sub-Himalaya and Indo-Gangetic alluvium. Lesser Hima-
laya is the oldest lithotectonic zone of the Himalaya. It is
divided into Inner Lesser Himalaya and Outer Lesser
Himalaya, which are in turn separated by North Almora
Thrust (NAT)'?. Damtha (Precambrian) Group is the old-
est and forms the base of the Lesser Himalaya, which is
further classified as Chakrata and Rautgara formations.
The Rautgara Formation consists predominantly of
quartzites with inter bands of shale, slates and metavol-
canic rocks. The two soil profiles studied here have
developed on the metavolcanic rocks of the Rautgara
Formation. The identified soil profile ASP (Figure 1 5)"
is located in Rudraprayag—Khankra road section at
(30°15'23.3"N; 78°5'55.7"E) near Srinagar in the
Alaknanda watershed. The other soil profile is formed at
Raunsal village (30°26'40.4"N; 78°4025.7") on the bank
of river Bhilangna (Figure 1 ¢)'*" which is a tributary of
river Bhagirathi. Alaknanda and Bhagirathi rivers meet at
Deoprayag to form the mighty Ganga river.

The Alaknanda river originates from twin glaciers of
Bhagirath Khark and Satopanth at a height of 3641 m.
The river Bhilangana emerges from the Khatling glacier
located at an altitude of 4500 m. The Alaknanda flows
with a smooth unruffled surface and under gentle winds
whereas the Bhagirathi rushes with great force down a
steep declivity, rearing and foaming over large boulders
scattered over its bed. The Alaknanda is twice as big as
Bhagirathi'®. Landslides and sediment movement as de-
bris flow are frequent.

In Alaknanda river valley, a climatic gradient ranging
from 1200 mm/a, at the foothills to ~3000 mm/a near the
mountain front of Higher Himalaya is observed and
nearly 75% of the rainfall occurs during the monsoon
months. The annual maximum temperature recorded at
Rudraprayag is 45°C during summer and the minimum
temperature is 2.5°C during winter. In Bhagirathi water-
shed, the average annual rainfall is 1236 mm/a. Most of
the rainfall occurs during the monsoon months. The
maximum temperature is 35°C during the summer season
and minimum temperature is 1.8°C in the winter months.

The metavolocanic rocks of the Rautgara Formation
are basalts of the Early Proterozoic age which have been
metamorphosed under greenschist facies during Himalayan
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a, Map showing two major river catchments flowing through Garhwal Lesser Himalaya. b, Geological map of Alaknanda river valley in

Garhwal Lesser Himalaya, showing the different lithotectonic units of Himalaya (after Ahmad et al."®). ¢, Geological map of Bhilangna river valley
of Garhwal Lesser Himalaya, showing the different lithotectonic units of Himalaya (after Islam and Thakur'*; Islam e al."). Red dot indicates the

location of soil profile.

orogeny. The parent basalts were penecontemporaneously
formed during the sedimentation of quartzites'’. The
metavolcanics show relict primary plagioclase and clino-
pyroxene—augite as dominant minerals. Chlorite, epidote,
serpentine, calcite, quartz, biotite, Fe-Ti oxides and
sphene occur as accessory minerals. The mafic metavol-
canics are prone to chemical alteration due to the pres-
ence of high percentage of ferro-magnesian minerals
which are more susceptible in the transformation to sec-
ondary minerals. Geochemical data reveal that the
metavolcanic suit is tholeiitic and are enriched in iron.
All the rocks are distinctly enriched in incompatible ele-
ments relative to primodial mantle abundances but have
distinct continental signature. Chondrite normalized REE
data show enriched light REE (LREE) and relatively flat
heavy REE (HREE) pattern along with a weak negative
Eu anomaly. Enriched large ion lithofile elements (LILE)
and distinct negative anomalies for Sr and high field
strength elements (HFSE) are observed. These trace and
REE characters of metavolcanic rocks of Lesser Hima-
laya indicate that they originated in a rift related envi-
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ronment and are closely similar to that in rocks of
Aravalli and Bundelkhand regions of the Indian shield'”.
Systematic sampling of the two soil profiles was car-
ried out. Colour variation is noticed in the profiles. ASP
shows reddish tinge which is due to scraping of ASP pro-
file during dam construction. BSP section is greenish in
colour due to the preservation of algal cover that has not
been scraped off. Samples were collected from top to bot-
tom after scraping out about 10 cm of the surface to
minimize contamination. These profiles are classified
into five layers, i.e. least altered rock (LAR) at its base
with successive saprock, saprolith, saprolite and regolith
overlying it. A total of five samples were collected from
each profile and one sample from each layer. Sampling
was done as ASP-1 to ASP-5 from ASP (Figure 2 a) and
BSP-1 to BSP-5 from BSP localities (Figure 2 b). The
thickness of ASP is 1.48 m and that of BSP is 2.2 m.
Samples were air dried in the laboratory prior to ana-
Iytics and about 15 g of each sample was powdered to a
mesh size of —200 um in tema mill for geochemical
analysis. About 5 g of each of the powdered sample was
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Figure 2. Field photograph of (a) ASP metavolcanic soil profile in Alaknanda river valley and (b) BSP metavolcanic soil profile in Bhilangna

river valley, showing different altered layers. Red dots indicate sample locations.

taken to make pressed pellets using polyvinyl alcohol as
binding agent'®'’. Whole rock analysis was done by
X-ray fluorescence (XRF) (Siemens SRS 3000) for major
oxides and trace elements. The precision and accuracy
were checked using several international reference stan-
dards for soils and sediments. The accuracy of measure-
ment is better than 2—5% and precision is <2% (ref. 20).
A wet ICP-MS technique (Perkin Elmer) is used for REE
analysis using open acid digestion method. Precision for
REE is better than 10% (ref. 21). All the analyses were
carried out at Wadia Institute of Himalayan Geology,
Dehradun.

The data of all the major oxides, trace and REEs of soil
profiles (ASP and BSP) are presented in Tables 1 and 2.
The 10 major oxides and loss of ignition (LOI) of indi-
vidual soil profiles are graphically represented in binary
plots from least altered rock to regolith. ASP exhibits de-
pletion trend in case of Si, Ca, Mg, Mn, K and P from
LAR to regolith, whereas enhancement is noticed in case
of Al, Ti, Fe, Na and LOI (Figure 3 a). Behaviour of ma-
jor oxides in BSP shows depletion in Si, Ca, Mg, Na and
P, whereas enrichment is noticed in Al, Ti, Fe, Mn, K and
LOI relative to least altered rock (Figure 3 »). Most of the
major oxides show irregular distribution in soil profiles
of ASP as well as BSP.

The degree of weathering is calculated using chemical
index of alteration (CIA)****.

CIA = A1203/(A1203 + CaO* + NaZO + KzO)
x 100 (molecular proportion)

CaO* is the calcium from silicate rocks only. Ca correc-
tion is done to obtain the Ca from the silicate minerals
only”. The samples of both the profiles are graphically
represented in A—CN-K ternary projection using molecu-
lar proportion. In ASP section, all the samples plot above
the feldspar tie line and form a cluster (Figure 4 a). This
is attributed to the interaction of tectonic and correspond-
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ing climate with rocks leading to alteration, hence the
development of in situ soil profile. The samples of BSP
profile also plot further above the feldspar tie line and lie
in the smectite field. Saprock, saprolith, saprolite and
regolith are plotted successively above the least altered
rock indicating the advancement of weathering. The
weathering trend of BSP section is parallel to A—CN tie
line and shows continuous alteration with the progression
of weathering (Figure 45b). To verify the degree of
chemical alteration, we have plotted fresh basalt compo-
sition of Early Proterozoic age’® in the ternary diagrams.
The LAR composition of ASP and BSP sections is plot-
ted far away from fresh basalt®. Systematic alterations of
samples are noticed in successive zones of BSP during
the enhancement of weathering and the weathering trend
is parallel to A—CN boundary, indicating K leaching in
preference to Ca and Na during incipient weathering®’.
However in ASP section, the clustering of samples of all
the layers is just above the feldspar tie line and may indi-
cate subdued chemical weathering. This study indicates
higher rainfall in the Bhilanagna valley than the
Alaknanda valley and successive mineralogical changes
due to chemical weathering.

A—CNK-FM plot is used mainly for ferro-magnesian
rocks to understand the degree of weathering during ad-
vancement of weathering. The samples of ASP section
plot above feldspar—FM tie line (Figure 5 a) while in BSP
section, samples plot further towards the FM apex. This
indicates that all the samples of ASP have suffered low to
moderate degree of weathering whereas in BSP section,
samples indicate moderate to higher degree of alteration
with mineralogical changes in saprolith, saprolite and re-
golith®. Samples of both the profiles plot in a single clus-
ter with more affinity towards the FM apex suggesting
the depletion of more alkalis and Mg-rich minerals com-
pared to Al; and therefore, the samples plot in between
chlorite and smectite fields which indicate the develop-
ment of Fe-Mg rich clay minerals®’.
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Table 1. Geochemical data of ASP soil profile, Alaknanda valley
(major oxides are in wt%, trace, rare earth elements are in ppm and
total iron as Fe,O;). Samples are arranged from least altered rock to

Table 2. Geochemical data of BSP soil profile, Bhilangana valley
(major oxides are in wt%, trace, rare earth elements are in ppm and
total iron as Fe,O;). Samples are arranged from least altered rock to

regolith regolith

Sample ASP-5 ASP-4 ASP-3 ASP-2 ASP-1 Sample BSP-5 BSP-4 BSP-3 BSP-2 BSP-1
SiO, 51.53 51.32 51.7 48.31 48.05 SiO, 46.88 45.28 46.65 45.34 44 .43
TiO, 1.05 1.19 1.03 1.32 1.25 TiO, 0.82 0.81 0.73 0.82 0.91
Al, O3 13.33 13.67 13.74 15.02 15.03 Al O3 12.94 13.43 12.94 13.31 14.31
Fe,0; 11.69 10.82 9.96 14.42 15.48 Fe,0; 17.3 18.04 20.96 18.64 18.4
MnO 0.22 0.33 0.21 0.15 0.18 MnO 0.17 0.18 0.17 0.18 0.23
MgO 8.13 6.8 7.59 6.56 5.98 MgO 9.62 9.7 9.16 8.55 6.47
CaO 3.72 3.45 3.72 2.52 2.24 CaO 7.32 5.99 5.14 5.35 3.97
Na,O 2.27 2.68 3.11 2.99 3.63 Na,O 1.44 1.59 0.81 0.86 0.75
K,O 2.43 1.73 1.54 1.37 0.94 K,O 0.83 0.61 0.79 0.88 1.07
P,0s 0.14 0.15 0.14 0.15 0.11 P,0s 0.13 0.12 0.1 0.11 0.11
LOI 5.75 7.76 5.48 8.97 9.01 LOI 3.26 5.57 7.8 7.35 11.5
Ba 208 210 211 253 260 Ba 222 226 237 247 257
Cr 139 160 171 141 122 Cr 224 169 212 215 147

\% 251 239 282 274 262 v 158 188 180 197 223
Sc 33 35 32 36 34 Sc 25 29 31 35 34
Co 54 62 45 52 53 Co 61 58 55 54 51

Ni 105 119 112 110 111 Ni 279 288 286 263 190
Cu 108 151 186 103 171 Cu 93 85 91 92 100
Zn 133 135 137 148 150 Zn 100 105 112 107 105
Ga 21 21 18 25 27 Ga 15 17 16 18 18
Pb 29 14 10 12 13 Pb 1 2 4 3 5
Th 3 5 3 5 7 Th 1 2 1 2 2
Rb 45 39 30 29 18 Rb 26 20 26 28 39

U 1 1 1 1 1 U 1 1 0 1 1

Sr 105 88 64 187 172 Sr 189 160 144 174 136

Y 25 29 22 31 26 Y 18 19 20 18 21

Zr 135 145 136 174 161 Zr 94 102 97 100 110
Nb 5 6 5 7 6 Nb 8 9 8 8 9
La 18.19 18.91 18.93 18.66 15.21 La 12.21 14.45 13.8 13.85 16.83
Ce 37.68 40.47 39.30 39.62 30.78 Ce 27.55 32.01 29.13 29.79 39.67
Pr 4.78 5.06 4.97 5.27 4.39 Pr 3.37 4.06 3.86 3.83 4.55
Nd 18.75 19.79 19.25 21.00 17.34 Nd 13.53 16.43 15.72 15.58 18.35
Sm 3.78 4.10 3.96 4.51 3.66 Sm 2.97 3.48 3.38 3.31 3.82
Eu 1.07 1.08 0.75 1.27 0.88 Eu 0.97 1.12 1.01 1.08 1.15
Gd 3.81 4.30 3.83 4.85 3.76 Gd 3.19 3.89 3.67 3.53 4.05
Tb 0.56 0.63 0.57 0.73 0.56 Tb 0.49 0.59 0.57 0.54 0.6
Dy 3.18 3.63 3.21 4.26 3.21 Dy 2.79 3.35 3.2 3.1 3.41
Ho 0.63 0.73 0.61 0.81 0.64 Ho 0.6 0.71 0.69 0.67 0.74
Er 1.63 1.88 1.57 2.02 1.68 Er 1.58 1.83 1.81 1.74 1.91
Tm 0.24 0.27 0.22 0.29 0.24 Tm 0.24 0.27 0.27 0.26 0.29
Yb 1.48 1.69 1.31 1.72 1.53 Yb 1.58 1.79 1.77 1.71 1.9
Lu 0.21 0.25 0.19 0.25 0.22 Lu 0.24 0.27 0.27 0.25 0.29
CIA 55.96 55.07 52.49 57.76 57.60 CIA 68.73 68.53 77.95 77.20 79.21
CIW 62.90 59.56 56.06 61.26 59.94 CIW 72.18 70.92 82.18 81.71 84.64
PIA 57.65 55.97 52.85 58.76 58.25 PIA 70.71 69.87 81.16 80.58 83.51

The trace elements of ASP and BSP are plotted in bi-
nary diagrams. Among the trace elements, Cu, Ni, Zr, Sc,
Th and Sr show increase from LAR to regolith, while U,
Co and Rb show a decreasing trend in ASP profile. How-
ever, the depletion or enhancement of all the trace ele-
ments is observed in the saprolithic layer except Cu
(Figure 6 a). In BSP profile, Cu, U, Zr, Rb, Y, Sc and Th
exhibit enrichment in the successive layers relative to
LAR. However depletion of Th in saprolith and Cu in
saprock is noticed. Transition trace elements such as Ni,

CURRENT SCIENCE, VOL. 108, NO. 4, 25 FEBRUARY 2015

Co show continuous depletion throughout the profile
(Figure 6 b). The zig—zag behaviour may occur due to the
repeated depletion and accumulation (development as
clay minerals) of the elements in different zones owing to
chemical alteration. Cu enrichment occurs due to the
breakdown of biotite that leads to the formation of clay
minerals. Enrichment of Zr is due to its resistant nature
towards weathering processes. Rb behaves similar to K,
since these elements reside in potash-bearing hydrous
biotite mineral. In general, basalt contains plagioclase
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Figure 3. Binary plots of major oxides (in wt%) of (a) ASP profile, Alaknanda river valley and (b) BSP profile, Bhilangna river valley. LAR

represents least altered rock.

Figure 4.
Bhilangna river valley. Calculated values are in molecular proportion.

which is richer in Ca than Na and; further Sr behaves
much similar to Ca. However, in ASP section, Sr shows
mismatch with Ca but behaves closely similar to Na. In
BSP section, Sr is positively correlated with Ca.

REEs were plotted after normalizing with chondrite
value®® to understand REE mobility during the develop-
ment of soil profile. Among the REEs, Ce and Eu are the
two elements which show different oxidation states. ASP
profile shows enriched LREE and depleted HREE pattern
with variable negative Eu anomaly through the profile
(Figure 7 a). However REE concentration (both LREE
and HREE) shows depletion in regolith relative to LAR.
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A-CN-K (A = AL,O3, CN = CaO* + Na,0, K = K,0) ternary plot of (a) ASP profile, Alaknanda river valley and (b) BSP profile,

Presence of negative Eu anomaly throughout the profile
suggests breakdown of plagioclase feldspar which leads
to the leaching of Eu from the system during the ad-
vancement of weathering (Figure 7 a); this is also sup-
ported by Ca (hosted by calcic plagioclase) leaching®’.
The minor difference between least altered rock and other
zones can be related to the absence of major mineralogi-
cal changes. BSP profile shows enrichment of all REEs in
successive saprock, saprolith, saprolite and regolith with
respect to LAR (Figure 7 b). Progressive enrichment of
REE concentration from LAR to regolith is observed. No
significant negative Eu anomaly is observed in the
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A-CNK-FM (A = ALO;, CNK = CaO* + Na,0O + K,0, FM = FeO(t) + MgO) ternary plot of (a) ASP profile, Alaknanda river valley

and (b) BSP profile, Bhilangna river valley. Calculated values are in molecular proportion.

saprolithic layer. Negligible Ce anomaly is noticed in
both the profiles which further confirm chemical altera-
tion during the advancement of weathering®.

Garhwal Lesser Himalaya experiences humid sub-
tropical climatic condition which is suitable for the de-
velopment of soil profile. However, preservation of soil
profiles is limited due to fast erosion. Two soil profiles
were identified in the Garhwal region of Inner Lesser
Himalaya from different watersheds (one from Alaknanda
river valley and the other from Bhilangna river valley)
and are compared. Both the soil profiles, ASP and BSP
show preservation of all the layers, which explains soil
persistence due to a rate equal to or greater than that of
erosion''. ASP profile shows the early stage of calcic-
plagioclase and biotite alteration indicated by negative
signatures of Ca and K relative to LAR, while Na shows
continuous enrichment throughout the profile suggesting
retention of sodic plagioclase. However in BSP profile,
both Na and Ca are depleted and enrichment of K is
noticed. This implies the dissolution of plagioclase™ and
sustainability of K-bearing hydrous biotite mineral be-
cause K is more conserved in nature and weathers much
slower than Ca and Na®’>. The gradual enrichment of K
from LAR to regolith suggests progressive breakdown of
plagioclase and is now completely replaced by clay min-
erals. Generally, Sr mobility is much similar to Ca; and
Rb similar to K due to similar valency and ionic radii.
However, in case of ASP profile, Sr shows antipathic re-
lationship with Ca, which reveals that enrichment of Ca is
due to the precipitation of calcrete®. Behaviour of Sr is
more or less similar to Na and this shows its association
with plagioclase®. Drastic depletion of P in BSP com-
pared to ASP profile may suggest more dissolution of
apatite in BSP profile and this is due to decrease in pH
during precipitation, hence leaching of P*'. Ni shows sig-
nificant enrichment in saprock, however depletion of Ni
is observed in rest of the profile. In BSP depletion of
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LILEs indicates the leaching of these elements during
progressive alteration; but transition trace elements such
as Sc show enrichment due to the development of secon-
dary ferro-magnesian minerals. In A—-CN-K ternary plot
of ASP profile, all the samples plotted near the feldspar
join indicating low to moderate chemical alteration with
the advancement of weathering. Further, in A—-CNK-FM
diagram, samples from all the layers are plotted above
feldspar—FM tie line. This confirms that the dissolution of
plagioclase and enrichment of ferro-magnesian minerals,
hence an affinity towards the FM apex. This affinity may
be the indication of the development of secondary ferro-
magnesian minerals such as hydrous biotite. BSP profile
also shows continuous alteration in the successive layers
as observed in an ideal soil profile during progressive
weathering. Both A-CN-K and A—-CNK-FM ternary dia-
grams show medium to high range of weathering (CIA:
69—79; CIW: 71-85). The composition of fresh basalt of
Early Proterozoic age® is plotted in A—-CN-K and A—
CNK-FM diagrams that reveal that considerable degree
of alteration has taken place in LAR of both the profiles;
in addition successive chemical change confirms the de-
velopment of soil profile is in situ. Comparison of CIA
value between these profiles indicates that ASP has suf-
fered more physical weathering than chemical alteration
that is supported by clustering of all the CIA values close
to feldspar tie-line in A-CN-K plot. By contrast in BSP
section, CIA values progressively increase from LAR to
regolith and follow weathering trend parallel to A—CN
join, unravels the process of chemical weathering which
is dominant over physical weathering in Bhilangna catch-
ment. The value of CIW*? and PIA* indices (where K,O
is eliminated from the equation) also exhibits dissimilar
behaviour in both the profiles. Higher value of these
parameters in BSP section suggests that alteration of pla-
gioclase and weathering intensity is higher in BSP than
ASP. The REE behaviour in these profiles give some
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Figure 6. Binary plots of trace elements (in ppm) of (a) ASP profile and (b) BSP profile showing their elemental distribution from least altered

rock to regolith.
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important information about weathering processes. It is
generally observed that during chemical weathering, the
alteration of minerals control the mobility of REE in the
weathering profile. REE plots show enriched LREE and
depleted HREE patterns in both the soil profiles, which
indicates their accumulation in accessory minerals. Dis-
tinct dissimilarity of REEs is observed in both the soil
profiles. The distribution of REEs in ASP profile is
irregular from LAR to regolith (Figure 7 a) and maximum
amount of REEs is accumulated in saprolite layer, but
drastic depletion is noticed in regolith along with distinct
negative Eu anomalies. This may lead to the inference
that REE mobility during advanced stages of weathering
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explains lower/scanty precipitation in Alaknanda valley
during the initial stage of the development of soil profile.
However in BSP profile, there is an increase in 2 REE
content with the progression of weathering from LAR to
regolith. This is attributed to continuous increase in
2 REE content in BSP profile of Bhilangna valley due to
chemical weathering processes which dominate over
physical weathering, corroborating higher rainfall in the
region. This hypothesis is also supported by the behav-
iour of major oxides which is reflected in CIA value.
Therefore, field and geochemical studies in Alaknanda
and Bhilangna watersheds of Garhwal Lesser Himalayan
region indicate close relationship of weathering with
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climate and tectonics. The rocks weather and erode faster
in the region where climato-tectonic milieu is more active
than stable landform. Further, variations in thickness of
soil profiles are noticed due to difference in the erosion
rate. Also, tectonic intervention plays a major role in
physical weathering process which accelerates the pro-
duction of different varieties of fractures. These fractures
are invaded by rainwater which accelerates the water—
rock interaction resulting in the varied degrees of chemi-
cal alteration in the soil profiles of Alaknanda river
valley. The weathering leads to the development of many
secondary minerals as well as raw materials for the
growth of vegetation. These secondary minerals are
absorbed by the roots and move upward. Based on the
above discussion, it is observed that the climate played a
major role in altering the rocks and minerals.
Geochemical data lead to the inference that intense and
uninterrupted rainfall in Bhilangna river valley as com-
pared to Alaknanda leads to higher degree of leaching/
alteration due to the chemical weathering in the former.
However in Alaknanda valley, physical weathering
played a major role prior to chemical weathering on the
development of soil profile in Lesser Himalaya.
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