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Abstract

The Paleoproterozoic Aravalli Supregroup of rocks, hosted in Aravalli Craton
of NW shield, is deposited in shallow and deep water conditions. The major
lithologies are phyllites and quartzites with significant components of grey-
wacks and dolomite. Geochemical indices in particular, CIA (Chemical Index
of Alteration) values (avg. phyllites: 51.6 - 81.5, avg. quartzites: 57.4 - 95.5)
calculated from the data of clastic rocks of ASG suggest minimum to highly
intense weathering in the source region. Other indices including PIA, CIW
and ICV along with plot patterns on the A-CN-K diagram also nearly endorse
CIA based interpretation. These rocks possess relatively high Th/U ratios
compared to that found in fresh igneous rocks or their high grade metamor-
phic equivalents. This high Th/U ratio is neither a source inheritance nor a
result of oxidation state rather a manifestation of Th hosting mineral accu-
mulation through sorting. Viewed in the context of present stratigraphic suc-
cession, the weathering history adduced from geochemistry does not seem
compatible but matches well with earlier classification scheme wherein the
evolution of Aravalli Supergroup was considered episodic.

Keywords

Clastic Geochemistry, Aravalli Supergroup, Rajasthan, Palaeoweathering,
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1. Introduction

Sedimentary rocks are of great interest since quite long time as they have been
effectively used in unfolding the history of diverse geological settings. Clastic
material can be act upon through different practices and observations. The

chemical and mineralogical compositions of clastic sedimentary rocks are directed
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by many factors including, transportation mechanism, composition of the
source rocks, environmental parameters, duration and intensity of weathering,
depositional environment and post depositional makeup (e.g., diagenesis and
metamorphism) [1]. Among all these aspects, the main controlling features are
source rock composition [2] [3] and the tectonic setting of the sedimentary basin
[4]. Nevertheless, secondary processes could also modify the composition of fi-
nal deposit [5] [6]. Extensive work has been done on the above aspects, in par-
ticular on genesis of siliciclastic sediments across globe [7]-[17].

Aravalli craton of NW Indian shield preserves thickest and extensively devel-
oped Proterozoic sedimentary sequence [18]. These sequences crop out in two
linear belts namely Paleoproterozoic Aravalli fold belt and Mesoproterozoic
Delhi fold belt. Trans-Aravalli region hosts Neo-proterozoic sediments [19].
However, despite possessing large volume of clastic material, the study of Paleo-
proterozoic Aravalli fold belt remained largely restricted to its magmatic com-
ponents to infer genesis and crustal evolution of Aravalli Craton [20] [21] [22]
[23]. There are few studies which employed clastic rocks for some geological as-
pects [24] [25]. The present study is the maiden attempt wherein a comprehen-
sive account of weathering history is presented on the basis of major and trace

elements of entire clastic litho-spectrum of Aravalli fold belt.

2. Geological Setting

The Aravalli Mountain range is the main edifice of the Aravalli craton of north-
west Indian shield. It extends over 700 km in length, with a general NE-SW
trend. It is composed of a Neoarchaean cratonic nucleus [26] [27] [28] [29] and
two major Proterozoic orogenic belts. The cratonic nucleus is made up of to-
nalite-trondhjhemite-granodiorite (TTG) gneisses, intrusive granitoids and
metavolcanic units with minor metasedimentary rocks, collectively designated as
Banded Gneissic Complex (BGC) [30]. The Proterozoic orogenic belts (viz.,
Aravalli and Delhi fold belts) preserve supracrustal sedimentary sequences des-
ignated as Aravalli Supergroup and Delhi Supergroup respectively.

The rocks of Paleoproterozoic Aravalli Supergroup cover a wide region in the
eastern and south-eastern parts of the Aravalli Mountain Range. The entire re-
gion can be divided from north to south into three sectors; 1) the Bhilwara sec-
tor; 2) Udaipur sector; 3) Lunavada sector. Out of these three sectors, the
Udaipur sector is known as the type area of Aravalli Supergroup where they
show evidence of complete development of stratigraphic succession and struc-
tural evolution. The rocks of the Udaipur sector characteristically show two
contrasting sedimentary facies associations which are distributed along two
roughly N-E trending belts (Figure 1). The eastern belt represents a shelf se-
quence, wherein carbonate rocks are the dominant component. The western
belt, by contrast, is characterized by a carbonate free, pelite-dominated sequence
with thin intercalated arenites. The two sedimentary associations correspond to
a near shore shelf facies and a deep-sea or distal facies respectively [31] [32] [33]
[34] [35]. The unconformable contact between the basement BGC and Aravalli
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Figure 1. Geological map of the Udaipur and Jharol belts showing the distribution of the
rocks of Aravalli Supergroup (Simplified after reference [34] and [38]. Inset shows the
location of Aravalli mountain range in India. AMR-Aravalli Mountain Range, BC—
Bundelkhand Craton, CITZ—Central Indian Thrust Zone, Sbh—Singhbhum Craton,
Bst— Bastar Craton, Dh—Dharwar Craton, Sgt—Southern Granulitic Terrain.

Supergroup is characterized by the presence of alumina-rich and iron-poor pa-
laeosols [36] suggesting large hiatus before the initiation of Aravalli sedimenta-
tion [34]. Roy [37] proposed a three-fold classification for the Aravalli Super-
group (Lower, Middle and Upper Aravalli), on the basis of unconformity
bounded litho-assemblages.

The Lower Aravalli Group is constituted by the rocks of Delwara and
Jhamarkotra formations. Basal Delwara Formation is made up of an intercalated
sequence of metabasaltic rocks and well-sorted feldspathic quartzites whereas
Jhamarkotra Formation comprises dolomites, carbonaceous phyllites with in-
tercalated quartzites. The Middle Aravalli Group commences with deep water
turbidite sequences of the Udaipur Formation comprising metagreywacke and
phyllite, indicating deepening of the carbonate platform and active tectonism.
Udaipur Formation is overlain by thick rock sequences namely dolomite (inter-
mittent phyllite/quartzite), quartzite (intermittent phyllite), and phyllite-dolo-
mite-quartzite, grouped respectively as Mochia (Zawar), Bowa and Tidi forma-
tions in continuous succession. Debari quartzites and Kabita dolomites consti-

tute Upper Aravalli Group whereas Jharol Formation comprising mica schists
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and ultramafics represent western deep facies sequence of the Aravalli basin
[38].

3. Sample Preparation and Analytical Techniques

Seventy four samples for major and forty two samples for trace elements of
quartzites and phyllites representing various formations of Aravalli Supergroup
were analysed and the results are presented in Table 1. Fresh Samples were se-
lected after thin section screening and grounded up to 200 meshes using a steel
mortar. Major element oxides were analysed by X-ray fluorescence techniques in
the geochemical laboratory of National Institute of Oceanography, Goa, India.
Trace elements were analysed by Inductively Coupled Plasma Mass Spectrome-
ter (ICP-MS) at Indian Institute of Technology, Kanpur and National Geo-
physical Research Institute, Hyderabad, India.

4. Results
4.1. Major Elements

Compositionally, the average contents of major oxides classify the quartzites of
Aravalli Supergroup as quartzarenite (SiO,: 91.53%, Al,O,: 4.49%, Fe,0;: 0.90%,
Ca0: 0.70%, Na,O: 1.06% and K,O: 0.73%) except few samples (Condie, 1993).;
The Delwara Quartzites contain lowest silica (avg. 83.73%) and highest alumina
(avg. 9.53%) contents whereas the Debari Quartzites posses highest silica (avg.
96.18%) and lowest alumina (avg. 2.58%) abundances. The average Na,O con-
centration of the quartzites of Udaipur belt (shallow facies) ranges between 0.01
to 3.26%. It could be due to the inconsistent presence of Na rich plagioclase in
the different formations. Deep water Jharol Quartzites have low Na,O content
(<1%) compatible to low plagioclase in their petrographic mode. Upper conti-
nental crust (UCC) normalized spidergrams of quartzites show depletion in all
major oxides except SiO,. The magnitude of depletion is maximum in Tidi
Quartzites and minimum in Delwara Quartzites (Figure 2).

Among the various formations of Aravalli Supergroup, SiO, content is maxi-
mum in Zawar Phyllites (avg. 71.47%) and minimum in Delwara Phyllites (avg.
55.99%) whereas the Al,O, abundances are maximum in Jharol Phyllite (avg.
21.66%) and minimum in Delwara Phyllite (avg. 11.58%). However, the Delwara
Phyllites have higher contents of Fe,0, (avg. 14.42%) and CaO (avg. 6.35%). The
SiO, concentrations of the Udaipur and Jharol Phyllites are almost same (avg.
65.79% & 64.47% respectively) but they differ in their Al,O, abundances as the
former is depleted (avg.18.24%) relative to later (avg. 21.66%) (Table 1). Com-
pared to PAAS, phyllites are depleted in all major oxides but Delwara and Bowa
Phyllites show enriched abundances. Delwara Phyllites are enriched in Ti, Fe,
Mg, Ca and Na whereas Bowa Phyllites are enriched in Na but severely depleted
in K (Figure 2).

The general correlation matrix for clastic rocks indicates that Al,O, is in gen-

eral positively correlated with chief major oxides (MgO, TiO,, K,O and Na,O)
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Figure 2. Average Upper Continental Crust (normalizing values after reference [9]) and
Post Archean Average Australian Shale (normalizing values after reference [3]) norma-
lized multi-element spider diagrams for quartzites and phyllites of Aravalli Supergroup.

but shows negative variation with SiO, in both types of Aravalli clastics. Fur-
thermore, AL O, is also in good positive correlation with Th and U. This indi-
cates that the chemical composition of the Aravalli clastics is nearly primary.
Minor inconsistencies in some samples of phyllites and quartzites may be due to

post depositional effects (Table 1).

4.2. Palaeoweathering

Palaecoweathering in source area is one of the most important processes affecting
the composition of clastic sedimentary rocks. To constrain the intensity of
chemical weathering in the source area, the geoscientists have employed several
indices e.g., Chemical Index of Alteration (CIA) [13], Plagioclase Index of Al-
teration (PIA) [39], Chemical Index of Weathering (CIW) [40], Index of Com-
positional Variability (ICV) [41], Ruxton Weathering Index (R) [42], Vogt Re-
sidual Index (V) [43], the Weathering Index (of Parker) (WIP) [44] etc. In this
study, we used those indices and ratios which have wider acceptance in geo-

scientist fraternity in the interpretation of weathering in the source area.

4.3. Chemical Index of Alteration (CIA)

It is considered one of the most useful indices to ascertain and quantify the in-
tensity of chemical weathering. The index is calculated as follows:
CIA= [A|203/A|203 +Ca0” + Na,O + KZO] %100

The values of oxides are in molecular proportions and CaO* represents CaO

in silicate minerals. This weathering index is not only related to the degree of
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Table 1. Correlation coefficient matrix for clastic rocks of Aravalli Supergroup.

Lower Aravalli Quartzite

$i0, ALO, TiO, Fe,0, MgO CaO Na,O KO Th U

$i0, 1

ALO, -070 1

TiO, -036 0.29 1
Fe,0, -0.70 0.09  0.57 1
MgO -0.68 -0.05 0.17 0.88 1

CaO -0.71 0.00 0.10 0.83 0.98 1
Na,0 -0.62 0.96 0.03 -0.09 -0.11 -0.04 1
K, 0O -046 0.53 0.93 0.48 0.05  0.02 0.28 1
Th -0.84 0.89 0.82 0.89 043 -0.33 025 0.89 1

U -0.23 0.44 0.39 0.46 035 -0.85 0.22 045 0.57 1

Middle Aravalli Quartzite

Si0, ALO, TiO, Fe0, MgO CaO Na,0 KO Th U

Si0, 1
ALO,  -0.98 1

TiO, -081  0.72 1

Fe,0, -0.84 074 0.98 1

MgO  —079  0.67 0.87 0.94 1

CaO  -0.65  0.60 0.39 0.52 0.74 1

Na,0O -097 098 0.66 0.71 068  0.68 1

KO  -090 093 0.72 0.69 051 030  0.87 1

Th -074 075 0.64 0.90 064 067 064 079 1
U -038 038 0.48 0.62 029 033 026 050 088 1

Upper Aravalli Quartzite

$i0, ALO, TiO, FeO, MgO CaO NaO KO Th U

Sio, 1

ALO,  —0.95 1

TiO, -091  0.79 1

Fe,0, —-091  0.95 0.88 1

MgO  -0.12  -0.02 -0.10 -0.28 1

CaO  -075  0.51 0.89 0.57 0.22 1

Na,0 -0.64 045 0.90 065  —0.26  0.88 1

K0 -065 086 0.40 077  -019 -0.01  0.01 1

Th -0.89  0.93 0.87 100 -033 0.5 065 076 1
U -1.00 094 0.94 0.92 007  0.78 069 062 091 1
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Lower Aravalli Phyllite

Si0,  ALO, TiO, Fe,0, MgO CaO Na,0 KO Th
Sio, 1
ALO,  -0.18 1
TiO, -0.68 0.10 1
Fe,0, -075 —-0.33  0.58 1
MgO -0.84 -0.13 0.47 0.76 1
CaO -0.64 —-0.43 0.38 0.56 0.60 1
Na,O -0.59 —-0.04 0.52 0.42 0.35 0.59 1
K,0 0.25 0.71 -0.24 -0.69 -0.44 -0.54 -0.39 1
Th 0.46 001  -0.65 -045 -0.59 —0.55 -042 062 1
U 057 -0.01 -039 -068 -0.65 -041 -036 031 0.40
Middle Aravalli Phyllite
Si0,  ALO, TiO, Fe,0, MgO CaO Na,0 KO Th
Sio, 1
ALO,  -0.40 1
TiO,  -0.51 0.58 1
Fe,0, -073 -024  0.12 1
MgO -0.57 -0.39 -0.17 0.76 1
CaO -0.16 -0.26 0.09 0.28 0.09 1
Na,O 0.05 -0.19 0.21 -0.02 -0.04 0.18 1
K,0 -0.06 0.63 0.27 -0.43 -0.52 -0.11 -0.53 1
Th 0.05 0.27 -0.30 0.00 -0.61 -0.33 —-0.44 0.31 1
U -0.06 035 -020 000 -0.57 —046 -022 026 0.85
Upper Aravalli Phyllite
Si0,  ALO, TiO, TFe0, MgO CaO Na,0 KO Th U
Sio, 1
ALO,  -0.83 1
TiO, -0.45 0.04 1
Fe,0, -0.19  —-0.37 0.51 1
MgO  -0.82 0.42 0.46 0.61 1
CaO 0.45 -0.06 -0.95 -0.55 -0.40 1
Na,0  -0.63  0.22 0.52 0.58 091  -0.34 1
K,0  -09  0.72 0.68 0.26 077  -0.68  0.63 1
Th 053 0.84 0.94  -092 -0.80 -092 -0.53 082 1
U 048  0.81 093  -090 -0.83 -094 -0.57 0.80 1
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weathering but also controlled by source composition and grain size. The source
rocks with felsic composition have greater CIA values than mafic ones. Selective
removal of cations (e.g. Ca**, Na*, K*) over stable residual constituents (Al*,
Ti*") during weathering in a warm and humid climate results in high CIA values
[39] [13]. Near absence of chemical alteration results in low CIA values, which
may reflect cool and/or arid conditions or alternatively rapid physical weather-
ing and erosion under an active tectonic setting [39] [45] [46] [47]. CIA values
of unweathered igneous rocks and fresh feldspar range from 40 - 50, whereas in
intensely weathered residue, it approaches to 100 [13]. The CIA value of PAAS is
reported to be 70 - 75 which is considered to represent low to moderate degree
of weathering. CIA values for the unaltered plagioclase and K-feldspar are ap-
proximately equal to 50 and value of 100 indicates complete conversion of feld-
spars to clay minerals like gibbsite and kaolinite [39].

Average CIA values of the phyllites of Aravalli Supergroup range from 51.6 to
81.5 (DWP—Delwara Phyllites: 51.6, JKkP—Jhamarkotra Phyllites: 64.9, UPP—
Udaipur Phyllites: 66.2, ZWP—Zawar Phyllites: 71.5, BWP—Bowa Phyllites:
81.5, TDP—Tidi Phyllites: 71.4, JHP—Jharol Phyllites: 76.3). It is evident from
CIA values of phyllites of different formation that chemical weathering of Ara-
valli Supergroup increased with stratigraphic younging except the Bowa Phyllites
which possess highest CIA values, although these phyllites are not at top in
stratigraphic hierarchy (Figure 1). The CIA variation of quartzites in general
follows the phyllitic trend. The range of variation of average CIA values of
quartzites of Aravalli Supergroup is 57.4 - 95.5 (DWQ—Delwara Quartzites: 57.4,
JMQ—Jhamarkotra Quartzites: 63.7, UPQ—Udaipur Quartzites: 67.0, ZWQ—
Zawar Quartzites: 67.6, BWQ—Bowa Quartzites: 78.9, TDQ—Tidi Quartzites:
95.5, DBQ—Debari Quartzites: 95.3 and JHQ-Jharol Quartzites: 81.6). Average
CIA values of the quartzites also endorse the interpretation adduced from the
phyllites that the chemical weathering progressively increases from base to top,
ie. Delwara clastics are product of least chemical weathering whereas the sedi-

ments of upper formations resulted from intense chemical weathering.

4.4. Chemical Index of Weathering (CIW)

Harnois (1988) [40] proposed that weathering index should be calculated with
those elements which show consistent geochemical behaviour during weathering
and which are not affected by the degree of oxidation of the weathered material.
Accordingly, he proposed chemical index of weathering (CIW) (also called as
ACNRATIO) which is calculated by given formula where all the oxides are in

molecular proportions.

CIW =[ Al,0,/(Al,0, +CaO + Na,0) | x100

In this index Al,O; is used as immobile element that remains in the system as
proposed in earlier indices whereas CaO and Na,O are the mobile components
as they are readily leached during weathering. This index is alike to the CIA ex-
cept to the elimination of K,O. Maynard [48] also employed the same formulation
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and other workers used K,O free CIA (CIA-K). Similar to the CIA, the CIW also
measures the degree of chemical weathering and conversion of feldspar into
clays[14] [39] [49] [50]. This equation is more appropriate in understanding the
extent of plagioclase alteration alone since K,O is subtracted from AlO; in the
numerator and denominator of the CIA equation. However, Fedo ef al (1995)
[39] argued that the use of CIW calculation to quantify chemical weathering in-
tensity is inappropriate and should be used with caution since the equation pro-
vides values of 80 for unweathered potassic granite and values close to 100 for
clay minerals such as kaolinite, illite and gibbsite, similar to values found for re-
sidual products of CIW for smectite, 80; kaolinite, illite and gibbsite, 100. The
CIA and CIW are interpreted in similar way with a value of 50 for unweathered
upper continental crust and about 100 for highly weathered materials with com-
plete removal of alkali and alkaline-earth elements [12] [51] [52]. Nevertheless,
CIW is still considered a better index than CIA by many workers as it does not
incorporate K,O content and thus eliminate the possibility of K-metasomatism.
With the depletion of Na and Ca in relation to Al during weathering the value of
CIA increased for sediments.

The average CIW values of phyllites of Aravalli Supergroup ranging from 56.9
to 93.3 (DWP: 56.9, JMP: 82.9, UPP: 87.7, ZWP: 92, BWP: 81.7, TDP: 88, JHP:
93.3) advocate for least to intense chemical weathering. Similarly, average CIW
values of quartzites of Aravalli Supergroup ranging from 67 to 99.1 (DWQ: 75.5,
IMQ: 67.0, UPQ: 76.0, ZWQ: 83.5, BWQ: 85.5, TDQ: 96.6, DBQ: 99.1, JHQ:
82.4) nearly duplicate the phyllite trend.

4.5. Plagioclase Index of Alteration (PIA)

Plagioclase Index of Alteration (PIA) has been used as an alternative to CIW. It
is used to monitor the weathering of the plagioclase [39] in silicate rocks as the
mineral has higher abundance in the clastic rocks derived from basic igneous
rocks and it also possesses high dissolution nature. The value of PIA can be cal-

culated by given formula
PIA = [(Alzog ~K,0)/(Al,0, +Ca0" +Na,0 - KZO)J x100

All the oxides of this formula are in molecular proportions and CaQ’ is the
CaO content incorporated in silicate minerals only. Like CIA and CIW, PIA
around 50 suggests derivation of detritus from fresh rocks and values closer to
100 indicate the complete conversion of plagioclase into clay minerals [39].
PAAS has PIA values of 79. The average PIA values of phyllites of Aravalli Su-
pergroup range from 51.4 to 90.9 (DWP: 51.4, JMP: 78.8, UPP: 84.9, ZWP: 89.4,
BWP: 81.6, TDP: 84.4, JHP: 90.9). Average PIA values of quartzites of Aravalli
Supergroup range from 65.8 to 99 (DWQ: 73.5, JMQ: 65.8, UPQ: 70.9, ZWQ:
78.5, BWQ: 84.8, TDQ: 96.6, DBQ: 99.0, JHQ: 82.1). The PIA values of Aravalli
clastics suggests that initially the source rock(s) undergone relatively small de-
gree of chemical weathering which became quite intense with the passage of time
which significantly converted plagioclase into clay minerals.
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4.6. Index of Compositional Variability

Index of compositional variability (ICV) ratio is used to access the original de-
trital mineralogy [41] [53]. The ratio of the oxides is useful to differentiate be-

tween clay and non-clay bearing minerals [53]. ICV is defined as

ICV = (Fe,O, + Na,0 +Ca0 + MgO + MnO +K,0 +Ti0, ) /Al O,

ICV is used to measure the abundance of alumina in relation to the other ma-
jor oxides. The clay minerals owing to their higher Al content possess lower ICV
whereas non clay silicate minerals contain higher proportion of silica and lower
amount of alumina as compared to the clay minerals. The ICV decreases in the
order of pyroxene and amphibole (~10 - 100), biotite (~8), alkali feldspar (~0.8 -
1), plagioclase (~0.6), muscovite and illite (~0.3), montmorillonite (~0.15 -
0.03), and kaolinite (~0.03 - 0.05) [10]. Thus, immature shales with a high per-
centage of non-clay silicate minerals will contain ICV values > 1.0 whereas ma-
ture sediments dominated by clay minerals show ICV value < 1.0 [53]. The av-
erage ICV values of phyllites of Aravalli Supergroup range from 1.1 to 4.3
(DWP: 4.3, JMP: 2.1, UPP: 1.6, ZWP: 1.1, BWP: 3.6, TDP: 1.4, JHP: 1.1), whereas
those of quartzites range from 0.1 to 1.9 (DWQ: 1.2, JMQ: 1.9, UPQ: 1.0, ZWQ:
0.8, BWQ: 0.5, TDQ: 0.1, DBQ: 0.9, JHQ: 0.6). It is again evident from above
data that ICV values are higher in older formations and lower in younger forma-
tions. It suggests that the immaturity of clastic rocks of Aravalli Supergroup de-
creased up the sequence and in turn advocates for a progressive change in

transport distance or stabilisation of source area.

4.7.Th/U Ratio

The Th/U ratio of clastic rocks is also used to interpret weathering conditions
[12] as Th/U ratio in sedimentary rocks is expected to increase with increasing
weathering [3] [54] [55] [56]. It is observed that during weathering and/or sedi-
mentary recycling under oxidizing conditions, U*" is relatively less soluble, con-
verts to U%, which is more soluble and thus rapidly dissolved and lost during
sedimentation. For most upper crustal rocks, the Th/U ratio is typically about
3.5 to 4.0. Many types of sediment from active margin tectonic settings with
major components of young undifferentiated crust have Th/U ratio significantly
below 3.5 accompanied by low Th and U contents, and this is interpreted as
dominantly reflecting a low ratio in the source rocks [54] [57]. Low Th/U ratios
are rather common in mantle-derived volcanic rocks and reflect the geochemi-
cally depleted nature of such reservoirs [58]. Workers like Wedephol (1991) [59]
have also shown that the whole rock Th/U ratio is a sensitive indicator of meta-
morphism in all types of rocks. The Th/U ratios may reach 8-10 in upper am-
phibolites facies and as high as 25 in the granulite facies. In cases where low
Th/U exists due to sedimentary process, it is likely that it resulted from U en-
richment and accordingly this will be accompanied by high U content reflecting

the greater mobility of this element and vice versa.
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The average Th/U ratio in the phyllites of Aravalli Supergroup ranges from
5.32 to 8.52 (DWP: 5.6, JMP: 6.2, UPP: 7.1, ZWP: 8.5, BWP: 5.3, TDP: 6.9, JHP:
8.2). The average Th/U ratio of quartzites of Aravalli Supergroup ranges from
1.7 to 11.4 (DWQ: 11.3, ]MQ: 1.7, UPQ: 4.9, ZWQ: 4.7, BWQ: 3.2, TDQ: 2.3,
DBQ: 2.8, and JHQ: 2.6). The average Th/U ratios in the clastic rocks of Aravalli
Supergroup are higher than the Th/U ratio of upper crustal rocks (3.5 - 4.0) and
can be interpreted either due to chemical weathering under oxidizing conditions
in the depositional basin or source characteristics or accumulation of Th bearing
minerals through sorting [54] [57]. The source rock for Aravalli Supergroup
sediments is Banded Gneissic Complex (BGC). It has three main components
Le., granites, TTG and mafic enclaves which possess average Th/U ratios as 4.26,
6.26 and 1.06 respectively [60] which negates the possibility of source inheri-
tance. The Th and U contents of Aravalli phyllites show positive correlation with
each other. Moreover, there is strong to moderate positive correlation of the Th
and U contents with Al,O,, both in quartzites and phyllites in each formation of
Aravalli Supergroup. It suggests that Th bearing mineral phase (monazite) was
selectively accumulated in the detritus which elevated the Th/U ratio. To further
confirm this interpretation Th/U ratios of Aravalli clastics are plotted against
their Th abundances. In this diagram also (Figure 3), phyllites and most of the
quartzite samples fall in the upper crust field (Th/U > 4). This again attests the
inference that elevated Th/U ratio in Aravalli clastics is due to monazite accu-

mulation and not due to loss of U under oxidizing environment.

4.8. Al,03-(Ca0"+Naz0)-K:0 or A-CN-K Ternary Diagram

Most authors favour the use of Al,0;-(CaO"+Na,0)-K,0 (A-CN-K) ternary plot
in evaluating the chemical weathering trends than simple comparison of nu-
merical values [14] [50] [61] [62] [63] as geological systems are not simple and
numerical calculations (indices) value may not adequately reflect their com-

plexities.

#DWQ #DWP AJMQ AJMP EUPQ MUPP ZWQ MZWP @BWQ ®BWP ATDQ ATDP ADBQ AJHQ AJHP

15

10

Th/U
> B
n
>

Upper Crust N m, N
A | |

9
A ® A
A—b Depleted Mantle Source

0.01 0.1 1 10 100

Figure 3. Plot of Th/U versus Th [12].

DOI: 10.4236/ijg.2017.810074

1288 International Journal of Geosciences


https://doi.org/10.4236/ijg.2017.810074

P. K. Singh, M. S. Khan

This diagram portrays the molar proportions of Al,O, (A apex), CaO” + Na,O
(CN apex) and K,O (K apex), where CaO" represents CaO incorporated into
silicate minerals [50] [14]. Plagioclase and K-feldspar plot at 50% Al,O, on the
left and right boundaries, respectively to form the “feldspar join”. Biotite plots
with K-feldspar, augite and amphiboles plot near the CN apex and calcite plots
at the Ca apex. Illite and smectites plot on the diagram at 70% and 85% Al,O,.
The clay mineral groups, kaolin, chlorites and gibbsite plot at the A apex (100%
AlLO,). The initial weathering trends of igneous rocks are sub parallel to CN-A
join as Ca and Na from plagioclase are leached from the profile in preference to
AlLO,, thus the residues are enriched in AL,O;. As weathering progresses, clay
minerals are produced at the expense of feldspars and bulk composition of soil/
sediments samples evolve up the diagram towards A apex, along the weathering
trend. The most intensely weathered samples will therefore, plot highest on the
diagram, reflecting the preponderance of aluminous clay minerals. The weath-
ering trend intersects then A-K boundary once all plagioclase is weathered and
then is redirected towards the A apex because K is extracted from the residues in
preference to Al. Several workers [39] [63] [64] have proposed various ap-
proaches in order to ascertain the weathering trend in the A-CN-K plot, for a
given set of data. Bhat and Ghosh (2001) [64], advocate the use of a best fit line
through the data points as the probable weathering trend, while Roddaz et al
(2006) [63] define the weathering trend as line parallel to the A-CN join through
samples with low K,O content. Fedo et al. (1995) [39] and Jayant and Rajamani
(2003) [65] on the other hand follow the general trend line of Upper Continental
Crust (UCCQ).

The A-CN-K plot is also useful for evaluating fresh rock composition and
examining their weathering trends since unweathered primary igneous rocks
have CIA values close to 50 [39] ie. close to the feldspar join on A-CN-K dia-
gram, backward projection of the weathered samples should lead to a point on
the feldspar join which approximates plagioclase/K-feldspar ratios of their
source rock. And also the amount of K enrichment and the palaeoweathering
index prior to such enrichment can be ascertained from A-CN-K plot [39]. Be-
cause this type of K-enrichment involves addition of K,O to aluminous clays,
which follows a path towards the K,O apex of the triangle. K-metasomatism of
sediments can take two different paths representing either conversion of alumi-
nous clay minerals (kaolinite as matrix) to illite and/or conversion of plagioclase
to K-feldspar. Both these processes result in the samples being enriched in K,0
and therefore offset from the weathering trend. Conversions of secondary alu-
minum clay minerals to illite results in a CIA value lower than the pre-me-
tasomatised one while in the second case, where K metasomatism involves re-
placement of plagioclase by K-feldspar, the CIA does not change because the
process involves mole by mole substitution of K for Ca or Na. An estimate of the
K-metasomatism can be made by drawing a line from K,O apex through indi-
vidual data point, the intersection point of this line with the weathering path
gives the pre-metasomatised CIA value, which can be directly read from the
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scale on the left. The difference between the pre-metasomatised and the current
CIA values allows quantitative estimation of K-enrichment in a rock.

In the A-CN-K triangular diagram, the data of the Aravalli Supergroup ap-
pears to be plotted in scattered form. Such patterns are interpreted to indicate
derivation of detritus from different sources. However, close scrutiny of the dia-
gram indicates that data points of individual formations show parallelism with
A-CN or A-K axes.

Most of the samples of phyllites and quartzites of Aravalli Supergroup lie
above the feldspar join in A-CN-K plot (Figure 4) from 50 to 75 (phyllite) and
50 to 98 (quartzite) values of CIA. Some of the phyllite samples of Jhamarkotra,
Udaipur and Jharol formations (Figure 4) show effect of K-metasomatism as
they are inclined towards K apex. The weathering trend of these sediments can
be obtained by a best fit line of their data points as suggested by Bhat and Ghosh
(2001) [64].

5. Results and Discussion

Sediments/sedimentary rocks are the final products of a chain of dynamic phe-
nomena including weathering, ablation, transport, deposition and diagenesis.
Therefore, chemical composition of the sedimentary rock is necessarily different
from that of its parent rock because of the loss of the most soluble elements into
water and the particle hydrodynamic sorting during transport by rivers to sea.
After deposition, sediment may experience several mineral transformations
during its burial diagenesis history. These transformations depend on the local
physico-chemical conditions that prevail at a given time. Some of the primary
minerals may be dissolved (feldspars) or re-crystallized (clays) while new ones
precipitate in pores (quartz, carbonates, chlorites). Consequently, the composi-
tion of the sediments is modified according to the type and intensity of the dif-
ferent possible diagenetic reactions. Nonetheless, the dismantling of a given
weathered rock (same parent rocks forming the drainage basin, same climatic
conditions) may produce different types of sediments according to the energy
and length of transport. Thus, the chemical composition of arkoses, greywackes
and shales gives different CIA values in spite of their common source [66]. In
order to avoid the particle sorting effect on the composition of the sediment, it is
safer to rely upon the clay-rich mudstones for constraining the syn- and/or
post-depositional processes.

The overall synthesis of geochemical data of Aravalli clastic rocks discussed,
suggests low to extreme degree of chemical weathering in their source area.
Close scrutiny of weathering indices reveal a pattern of change in the weathering
intensity from base to top. The Delwara phyllites as well quartzites possess
minimum CIA values (51.6, 57.4 respectively) whereas Bowa and Jharol clastics
have maximum CIA values (BWP: 81.5, BWQ: 78.9, JHP: 81.6, JHQ: 76.3)
(Table 2). The Bowa Formation is the second topmost sequence of middle and
Jharol Formation is the topmost sequence of upper Aravalli Supergroup. With

minor exceptions, other indices including PIA, CIW, and ICV nearly endorse
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Figure 4. A-CN-K (in molecular proportion) ternary plot [14] for the Aravalli clastic se-
diments (a) Phyllite (b) Quartzite. CIA = [A|ZO3/A|ZO3 +Ca0” + Na,O + KZOJ x100 .

Arrows I-VI denote compositional trend of initial weathering profile of various rock
types, I—Gabbro, II—Tonalite, III—Diorite, IV—Granodiorite, V—Granite and VI—

advance weathering trend.

the inference adduced from CIA. However, A-CN-K diagrams fail to provide
any emphatic relationship. Since Nesbitt’s pioneer work defining Chemical In-
dex of Alteration (CIA) [67] [13], several other indexes have been proposed

DOI: 10.4236/ijg.2017.810074

1291 International Journal of Geosciences


https://doi.org/10.4236/ijg.2017.810074

P. K. Singh, M. S. Khan

Table 2. Major element oxides (in wt%), trace elements (in ppm), weathering indices and Th/U ratio of the rocks of Aravalli Su-

pergroup.
Delwara Jhamarkotra Udaipur Zawar Bowa Tidi Debari Jharol
Sample/ & 2 £ 2 2 2 2 2 2 2 g 2 g 2 8
& &= & = § & & w 5 & § =w 5§ & =
Sio, 83.73 5599 94.78 65.02 84.10 65.79 9130 7147 96.24 5776  98.64 66.88 96.18 96.87 64.47
AlLO, 9.53 11.58 1.76 15.27 8.37 18.24 5.70 16.45 2.64 14.35 1.30 17.50 2.58 2.06 21.66
TiO, 0.10 1.37 0.02 0.80 0.16 0.71 0.17 0.60 0.05 0.92 0.00 0.96 0.05 0.06 0.96
Fe,0; 1.29 14.42 0.69 7.59 1.71 6.50 0.84 5.63 0.33 14.20 0.02 8.39 0.61 0.53 6.59
MnO 0.02 0.20 0.03 0.09 0.02 0.11 0.02 0.04 0.02 0.08 0.03 0.01 0.03 0.02 0.04
MgO 0.15 5.59 0.89 4.09 0.67 2.68 0.16 1.15 0.07 10.04 0.01 1.39 0.47 0.05 1.12
CaO 0.55 6.35 1.72 2.21 0.59 0.62 0.20 0.23 0.10 0.62 0.04 0.20 0.04 0.05 0.22
Na,O 3.26 2.52 0.02 1.22 2.59 1.30 0.46 0.72 0.26 1.94 0.01 1.23 0.01 0.37 0.74
K,O 1.39 1.83 0.11 3.54 1.75 4.55 1.16 3.60 0.32 0.04 0.01 3.36 0.08 0.03 4.12
P,0O; 0.01 0.16 0.02 0.18 0.05 0.23 0.03 0.11 0.01 0.09 0.01 0.09 0.02 0.01 0.09
CIA 57.40 51.58 63.69 64.89 66.99 66.23 67.64 7147 78091 81.47  95.52 7135  95.26 81.57 76.26
PIA 73.46 51.38 6579 78.83 70.85 84.87 7845 8942 8475 8158 96.57 84.40  99.02 82.06  90.95
CIW 75.54 56.86 67.24  82.89 76.01 87.69 83.50 91.98 85.55 81.66  96.61 87.98  99.06 82.37 93.33
ICV 1.18 4.30 1.89 2.09 1.04 1.57 0.80 1.14 0.53 3.61 0.09 1.36 0.94 0.64 1.05
Th 15.01 17.77 1.60 19.40 54 20.30 6.52 23.82 2.25 6.86 0.32 34.51 1.33 1.2 28.44
U 1.32 3.20 0.81 4.12 1.13 2.89 1.40 2.76 0.67 1.29 0.11 5.03 0.45 0.36 3.61
Th/U 11.35 5.56 1.69 6.24 4.94 7.09 4.67 8.52 3.18 5.32 2.26 6.87 2.77 2.64 8.24

based on mineralogical or chemical data to evaluate the intensity of alteration.
Nevertheless, the CIA remains, by far, the most widely used one.

The major factors which control the intensity of weathering are heavy rainfall,
vegetation cover, relief, high surface temperature and high atmospheric Pgy,. A
low to moderate degree of weathering as indicated by the composition of lower
Aravalli do not suggest more CO, enriched atmosphere and usually high surface
temperature in absence of vegetation. Various geochemical parameters such as
CIA, CIW, PIA, Th/U ratio, ICV values as described above suggest moderate
climatic conditions during the deposition for the sediments of Lower and Mid-
dle Aravalli and the Upper Aravalli formation reflect the extreme weathering in
the source region. The higher values of ICV (>1) for Aravalli sediments indicate
that they are compositionally immature and possibly derive from a tectonically
active environments where sediment recycling is not active. High Th/U ratios in
the Aravalli clastics are due to the low mobility of Thorium (which got accumu-
lated through hydraulic sorting) under all environmental conditions, mainly due
to the high stability of the insoluble oxide ThO, and the strongly resistant nature

of its carrier minerals such as monazite.

DOI: 10.4236/ijg.2017.810074

1292 International Journal of Geosciences


https://doi.org/10.4236/ijg.2017.810074

P. K. Singh, M. S. Khan

The stratigraphic division of the lithosequences of Aravalli fold belt has been
in debate since the elevation of their status from group to supergroup [68], in
particular about the status of Debari Formation, as given below.

Heron (1953) [30] considered Debari Formation (his Debari Group) as out-
liers of Delhi System. Roy et al (1988) [34] considered Debari Formation as
basal member of the upper division of Aravalli Supergroup (Figure 5). However,
Roy and Jhakhar (2002) [38], further modified the succession of Aravalli Super-
group, got divided it into three divisions and placed Debari Formation as the
basal member of uppermost division. Although all the modifications in the suc-
cession of Aravalli Supergroup are claimed to have been done taking into ac-
count several geological parameters, but still there is not consensus among the
workers for any of the succession.

A critical examination of chemical weathering trend inferred from weathering
indices of clastic rocks of various formations of Aravalli Supergroup in present
study reveals that the rocks of Delwara Formation are almost unweathered,
Jhamarkotra and Udaipur largely moderate, Tidi and Jharol are intense and
Bowa and Debari are highly intense. In the present stratigraphic succession, this
variation in chemical weathering is difficult to explain as it requires protuber-
ance in source area followed by peneplanation stage and then moderate uplift. If
the samples are re-arranged according to the succession given by Roy (1988)
[34], the chemical weathering appears to be episodic in three phases. Sedimen-

tary deposits of each phase appear to be product of uplift and progressive

Gupta et al. 1980., 1997 [34] [19] Roy et al., 1988 [34] Roy and Jakhar, 2002 [38]
Shallow water facies Deep water facies ?hqllow water facies Deep water
acies
_>
A Champaner Group U | Tidi Phyllite with Jharol Lakhwali Formation Jharol Formation
R Formation intermitant Quartzites Formation | U
A Lunawada Group Jharol Formation P | Kabita
\% Machhla-magra  Quartzite with thin P | Formation
A Nathdwara Group P | Formation bands of Conglomerate E
L R | Debari
L DovdaGroup | v Unconformity ™ 22222222722?2? Formation
I P
Bari Lake Group Zawar Carbonates-Phyllites >
Formation Tidi
Kankroli Group M| Foramtion

S E | Udaipur Grewackes-Phyllites 1
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Figure 5. Comparison of stratigraphic succession of the Aravalli Supergroup proposed by different workers [19] [34] [38] [69].
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peneplanation of the source region. It is argued and observed that there were
consistent attempts within the Indian shield to change its evolution style from
typical Archean greenstone to Proterozoic Wilson Cycle [22] [70]. It appears
that a rift developed within BGC due to the upwelling of plume. In this rift
deposition of volcano-sedimentary lithopackage of Delwara and carbonaceous
medium to fine clastic sequence of Jhamarkotra Formations took place in the
immediate proximal and slightly distal parts of the basin. Physical weathering
was active in the source region. The highland area of the source region became
gradually flat that paved the way for intense chemical weathering. Relatively
large distance of transport and intense chemical weathering led to the deposition
of conglomerate-quartzite sequence of Debari Formation uniformly over
Jhamarkotra Formation. Reactivation of plume produced highland in the source
region which caused the deposition of Udaipur and Zawar formation that cul-
minated after the deposition of Bowa sequence (another conglomerate-quartzite
horizon similar to Debari sequence). Third and final episode of plume induced
uplift supplied the detritus for the upper sequence of Aravalli Supergroup. Dur-
ing the period of Aravalli sedimentation, the basin continues to become deeper
till the formation of transitional oceanic crust represented by Jharol mafic-
ultramafic sequence in the distal part. The abrupt closure of Aravalli basin was
probably due to the change in plume geometry or plume position led to the
opening of another basin (Delhi basin) parallel in orientation and adjacent to
Aravalli basin on its western side [71]. The cyclic weathering history of Aravalli
sediments may provide a testimony for the episodic evolution of Aravalli basin.
The chemo-stratigraphic sequence evolved in this study is more relevant and the
placement of the Debari Formation above the Tidi Formation [34] is conjectural.
However this interpretation requires further study involving trace element geo-
chemistry and isotopic analysis. The trace element abundances may be helpful in
discriminating temporal provenance changes whereas U-Pb dating may finger-

print chronostratigraphy of Aravalli Supergroup and protolithic signature.

6. Conclusion

The geochemical indices used to constrain weathering intensity in the source re-
gion prescribe three episodes of chemical weathering. Each cycle began with
physical weathering and culminated in intense chemical weathering. The con-
glomerate/quarzite horizons occurring at various levels in the stratigraphic hier-
archy show maximum chemical weathering and thus mark the end of a weath-
ering cycle. This interpretation advocates that stratigraphic classification proposed
by Roy (1988) [34] is more appropriate than the subsequent revised versions as it
properly explains protuberance and peneplanation event taking place in the

source region in response to plume induced tectonics.
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