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A number of fine-grained sericite bearing pelitic, schistose lithologies occur along the Archean
(Banded Gneiss Complex)–Proterozoic (Aravalli Supergroup) contact (APC) in the Udaipur valley
in NW Indian craton. These Al-rich lithologies (subsequently metamorphosed) have been described
as ‘paleosols’, developed over a 3.3 Ga old Archean gneissic basement and are overlain by Paleopro-
terozoic Aravalli quartzite. The paleosol was developed between 2.5 and 2.1, coincident with the
globally recognized Great Oxidation Event (GOE). In previous studies these paleosol sections were
interpreted to have developed under reducing environment, however, the finding of a ‘ferricrete’
zone in the upper part of Tulsi Namla section (east of Udaipur) during the present study (in addi-
tion to earlier reported lithologies) has led to an alternative suggestion of oxygen-rich conditions
during paleosol development. The Tulsi Namla paleosol section shows all the features character-
istic of a complete paleosol section described from other Archean cratons. The paleosol includes
sericite schist with kyanite as the prevalent Al-silicate in the lower part of profile while chloritoid
and Fe-oxides typify the Fe-rich upper part. Alumina has remained immobile during the weather-
ing process while Fe and Mn show a decrease in the lower part of the section and an abrupt rise in
the upper part, in the ferricrete zone. The field and geochemical data indicate that the Tulsi Namla
section is an in situ weathering profile and at least the upper part shows evidence of oxidizing
conditions.

1. Introduction

Composition of the Earth’s early atmosphere has
remained largely speculative on account of lack
of knowledge regarding suitable signatures, and
the development of unusual sedimentary deposits
(such as banded iron formations – BIFs) and detri-
tal uraninite and pyrite (Phillips and Law 1997;
Minter 1999; Sheldon 2006). The most direct evi-
dence for inferring ambient atmospheric condi-
tions during the early history of the Earth’s crust
comes from the paleosols as they are formed at
the atmosphere–lithosphere interface. Attempts to

infer paleoclimatic conditions are, however, ham-
pered by the fact that old paleosols are either
partly or completely eroded away or severely
altered during later metamorphic and deformation
events.

A number of studies carried out in the last two
decades have focused on the Precambrian paleosols
(Palmer et al 1989; Retallack 1990; Holland 1992;
Ohmoto 1996). These studies have shown that
immobile major and trace element abundances and
variations in REE relative to parent rocks can be
used to discriminate paleosols (Panahi et al 2000;
Murakami et al 2001; Sreenivas et al 2001) and to
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infer redox conditions during weathering (Ohmoto
1996). It has been interpreted that oxygen was
either absent in the atmosphere until 2.3 Ga (or
present in very low abundance) and rose rapidly
thereafter (Holland 1994, 1999; Rye and Holland
1998). Holland (1994, 1999) described the change
from anoxic to oxic conditions as the Great Oxida-
tion Event (GOE) and postulated that by 2.0 Ga,
the pO2 was atleast 10 to 15% of the present
atmospheric level (PAL). A contrary view was pre-
sented by Ohmoto (1997) who provided evidence
for atmospheric O2 levels of at least 50% PAL dur-
ing the entire past 4.0 Ga. Evidence has been drawn
from mass independent fractionation properties of
sulfur isotopes to favor the rise in atmospheric
O2 between 2.4 and 2 Ga (Farquhar et al 2000).
However, there is still an ongoing debate about
the existence of the GOE as some workers have
questioned such a sudden rise in atmospheric oxy-
gen levels and postulated the development of a
fully-oxygenated (and methane-poor) atmosphere.
Contrasting models are discussed as Cloud-Walker-
Kasting-Holland and Dimroth-Kimberley-Ohmoto
models, respectively (Ohmoto 1997).

Canadian paleosols associated with the sub-
Huronian unconformities are considered to be
among the best preserved ones (Panahi et al 2000).
They were formed on a 2.5 Ga old Archean granitic
and greenstone basement and were subsequently
covered by the sediments of the Paleoproterozoic
Huronian Supergroup. The Hekpoort paleosol in
South Africa, a regional paleoweathering horizon
developed on the lavas within Transvaal Super-
group, remains to be the most cited one so far
where five paleosol sections, all containing upper
iron-poor sericite zones and lower iron-rich chlorite
zones were assumed to have developed just before
the GOE (Rye and Holland 2000). However, con-
sequent to the discovery of a ferricrete horizon as
the uppermost part of the Hekpoort paleosol sec-
tions, this interpretation was revised and a for-
mation during the GOE was inferred (Yang and
Holland 2003). A pitfall of interpretation of oxida-
tion conditions on the basis of Fe mobility is the
fact that some soil profiles are incomplete due to
erosion of the upper parts.

There have been limited paleosol studies in
the Precambrian sequences of India, mainly con-
fined to the alumina rich rocks. Sreenivas and
Srinivasan (1994) postulated that khondalites,
especially of northern parts of the Eastern Ghat
Mobile Belt, may represent metamorphosed Pre-
cambrian paleosols, whereas some high alumina
rocks of the Dharwar craton are seen as the
metamorphosed hydrothermal alteration products.
Some pyrophyllite-diaspore deposits of the Bun-
delkhand Complex of central India have also been
described as paleosols by Sharma (1979). In the

region around Udaipur (NW India) large occur-
rences of fine-grained sericite schist (quarried as
‘pyrophyllite’), locally developed over the Archean
granite gneisses (Banded Gneiss Complex), have
variably been described as possible paleosols (Roy
and Paliwal 1981), products of shearing (Ahmad
and Rajamani 1988) or hydrothermal alteration
products of gneisses (Chauhan 1970). Banerjee
(1996) reported a wide-spread occurrence of pelitic,
schistose and highly altered lithounits along the
contact between Archean BGC and Aravalli Super-
group and described the veneer of such Al-rich
lithologies as paleosols. Major element study by
Banerjee (1996) provided the first geochemical
information on the fossil paleosol wherein he
reported an increase in Al, Si and Ti from bot-
tom to the top of the paleosol section and inter-
preted reducing environment during formation of
the paleosol. This view was further endorsed by
Sreenivas et al (2001) on the basis of trace and rare
earth element data on three paleosol sections (Tulsi
Namla, Madar and Barodiya) at the Aravalli–
BGC contact around Udaipur. They described the
paleosols as alumina-rich and iron-deficient ones,
and developed under-reducing conditions during
the weathering. Reddish brown lateritic beds were
reported to underlie and overlie dolomite beds in
some paleosol sections where siliciclastic Aravalli
rocks are not developed (Banerjee 1996). However,
such lithologies from the Debari section (also called
as Tulsi Namla section) have not been reported
so far (Banerjee 1996; Sreenivas et al 2001). We
have revisited the Tulsi Namla section and dis-
covered a ferricrete band from the upper part of
the section, in addition to the lithologies reported
in earlier studies (Sreenivas et al 2001). Iron is
a significant paleoclimate indicator and therefore
this ‘finding’, analogous to the Hekpoort paleosol
(Yang and Holland 2003), has necessitated a rein-
terpretation of the paleo-weathering conditions.
This paper describes the paleosol profile at Tulsi
Namla and mineralogical–geochemical characteris-
tics in the light of the ferricrete band.

2. Geological setting

Geological evolution of the NW Indian cra-
ton includes a 3.3 to 2.5 Ga old Archean base-
ment (Gopalan et al 1990; Roy and Kröner
1996; Wiedenbeck et al 1996) over which two
Proterozoic supracrustal sequences (Aravalli and
Delhi Supergroups) were deposited (figure 1). The
Palaeoproterozoic Aravalli Supergroup and Meso-
to Neoproterozoic Delhi Supergroup occur as a
>700 km long NE trending linear belt in the
Aravalli Mountain Region. The Archean base-
ment, referred to as the Banded Gneiss Complex
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Figure 1. Simplified geological map showing disposition of Precambrian rocks in the NW-Indian craton (adapted from
Heron 1953; Gupta et al 1997). The inset map shows the occurrences of sericite schist deposits along the Archean–Proterozoic
boundary around Udaipur (Sreenivas et al 2001). The location of Tulsi Namla section (to the east of Udaipur) is also
indicated.
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(BGC – Heron 1953) and Bhilwara Supergroup
(Gupta et al 1997), consists of biotite gneisses and
granites with enclaves of amphibolite, quartzite
and marble. In the absence of direct geochrono-
logic data, the 2.1 Ga Pb-Pb age of galena (Deb
1999) associated with the basal Aravalli volcanics
seems to closely approximate the early sedimenta-
tion age of Aravalli Supergroup while the intrusion
of 1850 Ma Darwal Granite (whole rock Rb-Sr
age – Choudhary et al 1984) has generally been
accepted as the minimum age. Both Aravalli and
Delhi Supergroups are characterized by multiple
deformation episodes (dips varying from 70 to 80
degrees) and polyphase metamorphism. Prominent
structural features generally correspond to the pre-
vailing regional NNE tectonic grain. The structure
of Aravalli rocks was interpreted to be controlled
by NNE to NE trending upright tight folds (Heron
1953). These rocks have recorded three episodes
(at places four) of deformation. The Aravalli rocks
show low-grade metamorphism in the southern sec-
tor and up to amphibolite facies in the north.
A general increase in metamorphic grade towards
west was also reported by Gupta et al (1997).

The Archean (Banded Gneiss Complex)–
Proterozoic (Aravalli Supergroup) contact (APC)
in the NW Indian craton is punctuated by several
occurrences of white mica-rich lithologies. These
Al-rich lithologies (subsequently metamorphosed)
have been described as ‘paleosols’, developed over
the Archean granitic basement. Banerjee (1996)
has identified a number of paleosol sections along
a N–S belt and several other localities in Udaipur
valley. Sreenivasan et al (2001) described paleosol
sections from Madar, Barodiya and Tulsi Namla,
from the area around Udaipur. The paleosol sec-
tion at Tulsi Namla (figure 1) is described in the
following section.

3. Tulsi Namla paleosol section

The Tulsi-Namla paleosol section is about 12 m
across, with a transitional lower contact with
the Archean gneisses and a sharp upper bound-
ary with overlying Aravalli quartzites (figure 2).
Banerjee (1996) also found the Tulsi Namla
as a complete paleosol section and distin-
guished a lower quartz–kyanite, white mica–garnet
and upper quartz–feldspar, white mica–sericite–
biotite–chlorite–calcite assemblages with a grada-
tional contact between the two. The rocks are
white to light green in color with some distinct
green bands (chrome mica-bearing). Towards the
top of the section reddish colors (iron-oxide leach-
ing) prevail indicating the presence of hematite.
The whole section represents an overturned struc-
ture (described as an inverted limb of a fold)

with analogous dips (065/70) for schistosity in the
sericite rocks and the foliation in overlying Aravalli
quartzites. Alternatively, the inversion may be due
to a series of listric faults as some of the recent
studies have identified reclined to recumbent folds
in Aravalli rocks (see Roy and Jakhar 2002). From
field observations we have identified various zones
in the Tulsi Namla paleosol section at Tulsi Namla,
listed below and also shown in figure 2.

Quartzite (Aravalli Supergroup)
E. Brecciated ferruginous zone with two layers

of massive hematite/magnetite (ferricrete
zone)

D. Leached zone
C. Nodular (mottled) zone
B. Sericite zone
A. Transition zone (saprolite zone)

Archean Basement (granite gneiss)

Figure 2. Paleosol section at Tulsi Namla, showing different
zones from the granite gneiss (BGC) at the base to Aravalli
quartzite at the top. The whole section is part of an over-
turned structure.
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As shown in figure 2, the basement granite
gneisses underlying the sericite schist have alter-
nate felsic and biotite-rich bands. Pristine base-
ment signatures of the protolith are still preserved
in zone A, which shows a transitional contact with
the basement granite gneiss (Archean). The sericite
zone (B) is characterized by a spaced schistosity
and development of at least two sets of crenula-
tion lineations. The sericite schist is predominantly
off-white in color with a number of green bands
of chromium-rich mica. It marks a sharp contact
with zone C, the latter characterized by a nodular
fabric with cm-size lenses of variable color (white
to light red). In the next zone (zone D) which
contains large phacoid-shaped relicts of paleosol, a
regularly spaced foliation is present. There is an
observable predominance of red color towards the
top of the sequence into the brecciated hematitic
zone (zone E), which is also traversed by numerous
calcitic vein-lets. Locally, two impersistent iron-
rich massive bands have been recognized; however,
they are not traceable along the entire strike length
of the paleosol profile. The sequence of Tulsi Namla
paleosol resembles some typical modern weathering
profiles.

Spot magnetic susceptibility measurements
across the profile have shown very low values in the
basement and in the zones A to D. The values are
much higher (in the range of 10−3 SI) in zone E,
corresponding to the presence of ferrimagnetic min-
erals. In the massive bands of the ferruginous zone,
the values can reach up to 0.35 SI.

3.1 Petrographic and geochemical characters

Petrographic characters of different lithologies are
illustrated in figure 3 and salient features are also
mentioned in the caption. Kyanite is stable in the
saprolith and the nodular zone where it forms
long prismatic and locally radiating aggregates.
The nodular occurrence might be a result of clay
(kaolinite)-rich pockets as relict texture in the
weathered granite. Metamorphic conditions have
been above the upper stability field of pyrophyllite.
The ferricrete zone includes chloritoid, quartz and
hematite/magnetite as the main mineral phases.
Occurrence of chloritoid instead of kyanite in this
uppermost zone of the paleosol section is indica-
tive of enrichment of Fe and Al prior to metamor-
phism. Therefore, this iron-rich band most likely
represents the metamorphosed Fe-rich top of the
paleosol section, unaffected by the shear overprint
and related metasomatism that has affected the
middle part of the section. The mineral assem-
blages in the paleosol section indicate a low-
grade metamorphic overprint in the stability field
defined by the pyrophyllite-out reaction and the

upper stability of chloritoid. The pressure must
have been high enough to form kyanite instead of
andalusite. This observation is in general agree-
ment with earlier descriptions by Sreenivas et al
(2001).

Kyanite is transformed to mica as retrograde
reaction. In the white-mica zone this reaction has
been complete and relicts of kyanite are scarce.
Evidently this transformation is related to shear-
ing. In the transition zone relicts of kyanite-bearing
paleosol occur as several cm clasts within a mica-
ceous matrix between saprolite and white mica
zone. The upper part of the nodular zone seems
to be generally unaffected by the shear overprint
and there is no evidence of any fabric modifica-
tion related to shear deformation in the ferricrete
zone. Therefore, the transformation of kyanite to
mica in the central part of the section has, most
likely, resulted in strongly localized strain dur-
ing the shearing event. This raises the possibility
that the pristine geochemical signatures of paleosol
formation may still be preserved in the ferricrete
zone. Petrographic studies of nodular and laterite
zone could not be undertaken because the samples
are highly friable and would disintegrate during
thin section preparation.

3.2 Geochemical variations

Geochemical parameters can be used as paleocli-
mate indicators and for inferring the weathering
conditions. However, most of the elements can be
variably mobile during post-depositional and meta-
morphic events. Alumina is considered to be gene-
rally immobile while iron is an excellent climatic
indicator. The Al2O3, Fe2O3 and MnO data (XRF
analyses) for representative samples were consi-
dered. Assuming that the Tulsi Namla represents
an in situ weathering profile developed over the
Archaean trondhjemitic gneiss, the data were nor-
malized against the likely protolith composition
represented by sample JK-1 (unweathered BGC
granite gneiss sample collected from an outcrop
east of the Tulsi Namla section). The normalized
data have been plotted in figure 4 which allows a
view of the geochemical variation from bottom to
the top of the profile. Compared to the unaffected
basement sample, all the samples from the paleo-
sol section show a constant enrichment in Al, as
expected for weathering of a granitic basement. Al
is generally immobile during weathering and sub-
sequent processes. Fe is significantly removed from
the lower part of the section and is accumulated
in the ferricrete zone towards the upper part of
the paleosol section. As expected the Mn variations
mimic the trends shown by iron, which is a common
feature.
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Figure 3. Petrographic characteristics of massive rock units from the Tulsi Namla section. Representative hand specimens
(left side) and corresponding thin sections (on the right) are shown. All the photomicrographs are taken under crossed
nicols. Thin sections could not be prepared from the leached and brecciated laterite zone due to their highly friable nature.
From bottom to top:

a) Protolith of the paleosol is a granite gneiss and in the saprolite zone various grades of overprint by paleo-weathering
are seen. In most parts a faint trace of the original gneissic banding is still visible. The prevalant metamorphic mineral
in the saprolite and paleosol is kyanite.

b) Transformation of kyanite into white mica due to shearing. Shear deformation is subparallel to the metamorphic
banding marked by quartz- and kyanite-rich alternations.

c) Sericite schist is mainly composed of well-foliated white mica with minor quartz bands. The foliation is overprinted by
atleast two sets of crenulation cleavages.

d) Irregular fabric with nodular appearance due to cm-size Al-rich mineral aggregates. Log prismatic kyanite crystals
showing radiating structure are seen. The nodules are locally rimmed by fine-grained opaque minerals.

e) Massive bands in the ferricrete zone consisting mainly of chloritoid and quartz and large aggregates (several mm) of

coarse-grained hematite. Chloritoid laths are randomly oriented and do not show any preferred direction.
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Figure 4. Variation in Al, Fe and Mn abundances relative to the protolith composition (JK – 1) for the Tulsi Namla
paleosol profile. Note a constant enrichment level of alumina indicating that Al has remained largely immobile. A sudden
rise in Fe and Mn enrichment levels in the upper part of the section can be attributed to change in paleoclimatic conditions.

4. Discussion and conclusion

The general enrichment of Al (also indicated by the
high volume proportion of kyanite) and formation
of a ferricrete zone (here manifested by chloritoid
+ hematite assemblage) are typical features of late-
ritic soil profiles. Laterites usually form in warm
and humid (tropical) environment under leaching
conditions. If the Al-rich Tulsi Namla paleosol is a
true laterite, it would imply formation in an oxy-
genated atmosphere. The paleosol formation indi-
cates a prolonged stable tectonic condition that
allowed sustained chemical weathering. There are
no direct age constraints for the timing of paleosol
formation on top of the Archean basement. An age
bracket between 2.5 (cratonization of the Archean
basement) and 2.1 Ga (onset of Aravalli sedimen-
tation) can be broadly postulated, which coin-
cides with the interesting time interval of changing

atmospheric conditions during the Great Oxidation
Event. Banerjee (1996) interpreted prevalence of
reducing conditions during formation of the upper
part of the paleosol, further supported by Sreenivas
et al (2001) who proposed a reducing environment
during K-metasomatism and formation of pale-
osols at the APC under oxygen-deficient condi-
tions. Sreenivas et al (2001) have also reported 13C
carbon excursion from lower Aravalli carbonates
and correlated it with the globally recognized 13C
carbon excursions between 2.22 and 2.06 Ga (see
Karhu and Holland 1996). This implies that the
atmosphere was already oxygenated during early
Aravalli sedimentation (also indicated by wide-
spread stromatolite development in the Aravalli
rocks), however, the timing of transition from
anoxic to oxic conditions remains speculative.

Paleoclimatic interpretations in earlier stud-
ies have not considered the ‘iron-rich’ band at
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Tulsi Namla section. This seems analogous to the
Hekpoort paleosol sections where an oxidizing envi-
ronment was reinterpreted after the recognition
of a ferricrete zone (Yang and Holland 2003).
Lithological associations, mineralogical and geo-
chemical characteristics of the Tulsi Namla profile
point towards oxidizing conditions during paleosol
formation, detailed geochemical and mineral chem-
ical studies are underway to substantiate the inter-
pretation that the APC paleosol in NW India was
developed in an oxygen-rich atmosphere. It needs
to be ascertained whether the hematite formation
was associated with paleosol development or rep-
resents a later oxidation event.
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