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The present study was carried out with the primary aim of recording trace elemental variations across bole horizons that
occur in the eastern Deccan volcano-sedimentary succession. On the basis of relative abundance of clay minerals, these
boles have been grouped into seven distinctive groups — (a) montmorillonite predominant (> 90% montmorillonite), (b)
montmorillonite with sub-ordinate amount of halloysite, (¢) montmorillonite < halloysite, (d) montmorillonite + I/S +
other mineral phases, (¢) montmorillonite + C/S + other mineral phases, (f) kaolinite + montmorillonite and (g) palygorskite
predominant boles. The REE patterns of bole clays show HREE fractionation. However, such fractionation is not much
pronounced in case of montmorillonite predominant group of bole clays, whereas montmorillonite with sub-ordinate
amount of halloysite, montmorillonite < halloysite and kaolinite + montmorillonite bole clays showed well fractionated
patterns. The montmorillonite < halloysite and palygorskite predominant bole clays show weak positive 8Eu anomalies
and enriched in kaolinite and halloysite, pointing towards reducing conditions that prevailed during their formation. Most
of the clay fractions of the bole horizons show positive 6Ce anomalies. The (La/Yb)y values show HREE enrichment

relative to LREE for all the bole clays.
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1. Introduction

Deccan Traps represents continental flood basalt
eruptions which occurred between 67 Ma and 63 Ma,
straddling the Cretaceous - Tertiary Boundary,
covering a large area (0.51 x 10° km?) in the Indian
Peninsula. The study of bole horizons, intimately
associated with the Deccan Traps helps in the
interpretation of the initiation, intensity and the
duration of volcanism. It also helps in unraveling
factors related to K/T boundary transition. These
inadequately studied bole horizons represent
fossilized palaeosurfaces, formed by pervasive sub-
aerial weathering of previously exposed igneous
surfaces. These weathering horizons temporally
represent greater part of the history of the Deccan
province. Widdowson [1] classified boles into two

types - saprolitic and pyroclastics, reflecting two
different types of palaeoenvironmental conditions.
The former group is inferred to have formed by in-
situ alteration of lava surface during periods of
volcanic quiescent. In contrast, the cherty boles are
the result of blanketing of the lava landscape by
extensive ash fall-out, which apparently led to the
destruction of contemporary fauna and flora.

The two episodes of smectite enrichment and
reworking appeared within the Abathomphalus
mayaroensis zone, followed by effusive volcanism
in the entire Deccan — considered to be a major event
starting very close to the Cretaceous/Tertiary
boundary [2]. The Late Maastrichtian increase of
smectites occurred during palaecomagnetic Chron
30N, whereas, one Deccan volcanic event is located
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into Chron 30N and another one into Chron 29R. The
duration of the major reworking episode (about 2Ma)
and volcanic event (about 0.01 Ma) are however not
comparable. Clay mineral assemblages recorded in
several intertrappean sections from the Deccan
province, show vast variations in their chemistry [3,
4,5,6,7, 8, 9]. Previous studies [10, 1] on bole
horizons were restricted to the western Deccan
province where violent episode of Deccan volcanism
resulted in the thickest (~1500 m.) accumulation of
lava sequence, that too in a very short time span (~0.5
Ma), possibly within the Chron 29R. However, the
bole horizons occurring in the peripheral areas
(Mandla Lobe and Malwa Plateau, Nagpur and

Rajahmundry) within the lava flows of N-R-N
polarity, show distinct physical attributes but have
remained poorly explored. The Ir enrichment in three
levels of the K/Pg intertrappean succession of Anjar
was apparently due to sudden change in the
physiochemical conditions attributed to the Deccan
volcanism [9]. Thus, a direct relationship between
the Deccan volcanism and the mass extinction
remains inconclusive owing to the absence of inter-
trappean marine sediments with age diagnostic
microfossils. In the Krishna-Godavari and Cauvery
Basins in southeastern India (~ 1500 km. away from
the main Deccan LIP), late Cretaceous marine
sediments have been found [11, 12], indicating that

Fig. 1: Geological map (Modified after Solanki and Tiwari, [42]) showing layout of A-B traverse and sections studied by Pattanayak and

Shrivastava [35]. Symbols and abbreviations: ® = relative locations of the pesent bole samples along A-B traverse. CIS = Central

Indian Shear Zone.
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the volcanic activity occurred during the
Abathomphalus myaroensis zone around 67.5 Ma.
There is, however, no report of Ir anomaly at this
site. According to Khosla and Sahni [13]
intertrappean beds were deposited in the terrestrial,
fluvio-lacustrine environment. Recently Keller et al.
[14] reported Early Danian planktonic foraminifers
from the Cretaceous-Tertiary inter-trappean beds
suggesting a marine influence. K/T transition in the
Deccan Traps region of Central India witnessed a
major marine transgression through canyon-like
tectonic feature available at that time across the
Central Indian shield [15].

It is interesting to note that smectite forms an
important constituent of infra-inter-trappean/Lametas
of Maastrichtian age as well as the inter-trappean
sedimentary rocks. The sepiolite-palygorskite-
smectite complex in the inter-trappean succession of
the Anjar demonstrated progressive increase in the
aridity and basisity in the depositional environment
[7]. The variability in the clay minerals at the
Cretaceous / Paleogene boundary imply rapid changes
in the sedimentary environment reflected by episodes
of warming, cooling, extensive differential settling,
and early diagenetic modifications. The clay minerals
present at the K/Pg boundary layer reflect chemical
components available at the time of their formation
[16]. Thus, compositional variation in the clays
associated with the intra-volcanic bole horizons of
the eastern Deccan volcanic province has
considerable geochemical significance. Since, no
such studies have been carried out, present work is
an attempt to fill in this gap. Here, we present the
trace elements variation patterns reflected by the bole
clays in the Deccan Traps in order to interpret the
palaeoenvironmental conditions prevalent during the
K/ Pg transition and to ascertain possible occurrence
of clay minerals excursions along the K/ Pg boundary.

2. Material and Methods

A total of 47 bole samples were collected along A-B
line traverse (Fig. 2) covering best exposed beds (79°-
81°E to 22°-23°N) in Lamethi-Sivni, Lapeta-Bargi,
Nagapahar, Hiren Nala-Narayan Ganj, Deoribaba—
Mandla, Kundam, Niwas—Ladhatola, Matka-South,
Matka—North, Deori, Barkhera—Guraiya, Shahpura,

Bikrampur, Karopani Pahar, Bondar—Gara—Mohtra,
Bhalkoha—Manik Pahar, Batinala—Selwar—Retha,
Patna—Badargarh Mountain, Karanjia, Kapildhara—
Durgdhara, Sone—Keonchi, @ Amarkantak—
Rajendragram areas (Fig. 2). Sample locations were
marked on the stratigraphic lithologs and are shown
in Fig. 2. Each bole sample (500 gm approximately)
was collected by inserting a drain pipe into the face
of the fresh, exposed surface of bole horizon. This
material was transferred to pre-cleaned, properly
numbered, double capped plastic bottles for further
analysis.

Prior to trace elemental analysis, clay minerals
were separated by convention techniques. The
oriented mounts of the clay separates were prepared
for the mineral identification using the suspend
particles retained on the membrane filter. The
suspension was transferred to a glass slide to obtain
a uniform mount so as to avoid differential settling
of clay particles [17]. The oriented mounts were
scanned using Rigaku (Rota-Flex-RU 200 BH)
X-ray diffractometer with Cu-Ke< target at an
automated scanning speed of 1°/min for qualitative
determination of clay minerals. On the basis of
relative abundance of clay mineral phases, Ahmad
and Shrivastava [18] grouped these boles into seven
distinctive groups, such as montmorillonite
predominant > 90% montmorillonite: Group-A,
montmorillonite with sub-ordinate amount of
halloysite: Group-B, montmorillonite<halloysite:
Group-C, montmorillonite + I/S + other mineral
phases: Group-D, montmorillonite + C/S + other
mineral phases: Group-E, kaolinite =+
montmorillonite: Group-F and palygorskite
predominant: Group-G boles. XRD studies helped
in making selection of samples for further chemical
analysis. For trace element analysis, 0.2 gm sample
was picked up for digestion and preparation of A and
B solutions, following procedures proposed by
Shapiro [19]. Batches of 10 samples along with 2
blanks (to nullify impurities in the chemical used)
were digested in Teflon bombs. Solutions ‘A’ and ‘B’
were prepared from these digested samples and their
volumes made up to 100 ml by adding double distilled
water in double capped polythene bottles. Trace and
rare earth elements were analyzed by ICP-MS (Perkin
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Fig. 2: Stratigraphic logs showing bole horizons and sample locations along A - Btraverse = Sample locations (with numbers M,-M,;) between
lava flows over sections: L-S = Lamethi-Sivini, L-B = Lepeta-Bargi, Na = Nagapahar, Hn-Ng = Hiren Nala-Narayan Ganj, D-M =
Deoribaba-Mandla, Ku = Kundam, N-L = Niwas-Ladhatola, M-S = Matka-South, M-N = Matka-North, De = Deori, B-G = Barkhera-
Guraiya, Sh = Shahpura, B-D = Bikrampur-Dindori, Kp = Karopani Pahar, B-G-M = Bondar-Garasarai-Mohtra, B-M = Balkoha-
Manikpur, B-S-R = Bati Nala, Selwar-Retha, P-B = Patna-Badargarh Mountain, Ka = Karanjia, K-D = Kapil Dhara-Dudh Dhara, SK
= Sonebhadra-Keonchi and A-R = Amarkantak-Rajendragram, Pal.Seq. = Paleomagnetic Sequence fom Vandamme et al. [43].

Elan DRC-e), at the Wadia Institute of Himalayan
Geology, Dehradun. Elemental concentrations were
determined using salt standards.

3. Results and Discussion

The rare earth elements La-Lu are in a cohesive suite
whose slight variations in physical and chemical
properties allow fractionation during natural
processes [20, 21, 22, 23]. Systematic chemical
differences allowed the REEs to be utilized in the
study of the evolution of the sedimentary rocks [21,
24], similarly REE behaviour in diverse systems such
as acidic water [25] and soils [26, 27] help in
understanding their evolution. Concentration of trace
elements and calculated values for 6Ce and SEu

anomalies based on formulae 6Ce = Ce/(Lay x
Pr)%% and 8Eu = Euy/(Smy x Gdy)%3, [28]
respectively is given in Table 1.

Study of REEs in seven different types of bole
clays revealed that SREE content show broad
variations in the ranges of 21-166 ppm. The La/Lu
ratio varies from 31-240. The PAAS-normalized REE
patterns for each group of bole clays are shown in
the Fig. 3. The PAAS normalized 2REE patterns for
each group of bole horizon shows discernible
differences in the REE patterns (Fig. 3). Clay fraction
of bole from each group shows significant difference
in the REE pattern compared to parent basalt (Fig.
3). The PAAS normalized REE trend with respect to
each group of the bole horizon shows different degree
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of fractionation. The trend is opposite to parental
basaltic material and shows positive slope towards
HREE. Almost all Groups in general and Group-C
and F in particular, display elevated MREE patterns
with low Ce content and inflection at Nd giving a
distinct ‘hump-back’ pattern. This change in the
distribution pattern is attributed to lower values of
LREE contents, possibly related to leaching of LREE
without inter-element fractionation during
weathering. All the Groups in general show REE
depletion with respect to protolith (Fig. 3). This may
be due to the fact that bole horizons suffered rigorous
weathering, approximately 5 fold higher than the
respective parent lava flows (CIA, CIW and PIA
values for underlying lava flows ranging from 8.54-
20.08; 8.56-21.03 and 8.3-19.18 whereas, for bole

horizons, these values vary from 58.51-95.97; 86.45-
98.26 and 66.34 to 98.20, respectively [29]. The
REE patterns of bole clays show HREEs fractionation
from LREEs and MREEs. Furthermore, this
fractionation is not much pronounced in Group-A
bole clays with preponderance of montmorillonite,
while Groups-B, C and F bole clays show well
fractionated patterns. Only one sample of Group-C
and F and few samples of Group-B showed slightly
positive Eu anomaly which are distinctly enriched in
kaolinite and halloysite. The positive Eu anomaly in
kaoline enriched bole clays signify of reducing
conditions at the time of their formation (Fig. 4).
Most of the samples in clay fraction of the bole
horizons display positive cerium anomalies (0Ce).
The weighted average of dCe in bole clays is 1.43
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Fig. 3: PAAS normalized (Taylor and McLennan [21]) REE patterns for Fig. (a) Group A, (b) Group B, (¢) Group C, (d) Group D, (¢) Group
E, (f) Group F & (g) Group G of eastern Deccan volcanic province. Grey shaded area represents lower and upper limits of the

compositional variation of the protolith
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Fig. 45:8Ce and 8Eu excursions and La/Yb ratios plotted against stratigraphic heights.

ominant clays. [JJJll Kaolinite dominant clays.

and average OEu value is only 1.24. The positive Ce
anomaly reflects oxidizing conditions at the time of
bole formation, but variation in the positive Ce
anomalies in bole clays of Groups-A, C, D, E and G
is due to fluctuations in the atmospheric oxygen or
soil oxygen during the formation of weathering
profile at different stages of Deccan volcanism.

Averaged value for (La/Yb), and LREE/HREE
values of each Group (Table 1) reflect distinct
patterns for the REEs distribution in the bole clays.
The (La/Yb) ratio shows HREE enrichment relative
to LREE for all the bole clays. The (La/Yb), shows
negative correlation with the illite content in mixed

Montmorillonite dominant clays. Halloysite

layer illite-smectite (Group-D) which is in conformity
with the observations of Uysal and Golding [30]. It
also suggests availability of fluids with high alkalinity
and high water/rock values, most likely associated
with the Deccan volcanism. The hydrothermal fluids
associated with Deccan volcanism played significant
role in the formation of mixed layers of I-S. The REEs
values (La/Yb), and LREE/HREE together with 6Ce
and OEu plotted against their stratigraphic positions
in the Deccan volcano-sedimentary sequence (Fig.
4), shows distinct breaks in their dispositions,
possibly attributed to the variation in the water/rock
ratios and, Eh and pH conditions during the
development of the weathering profile.
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The REE data (Table 1) show intimate
relationship between clay types and the total REE.
The boles of Group-C and F comprise dominantly
clay minerals of kaolin family, with high 2REE in
contrast to palygorskite and montmorillonite rich
boles of Group-G which show low concentrations.
The La/Lu value (240 for M,,, Group-F; 175 for M,,,
Group-B samples) attains its maximum value in the
kaolinite dominant clays (Fig. 4). The higher
capability of kaolinite phase to host LREE accounts
for the La enrichment in this clay [31]. Since
palygorskite is a characteristic clay mineral of the
arid environment it hosts very little REE. Low REE
contents in palygorskite imply that water/rock ratio
seem to have played a significant role in the REEs
distribution. Clay minerals which incorporate trace
metal complexes in the exchangeable sites show high
cation exchange capacity [32]. Such minerals also
display high REE content. Montmorillonite possesses
highest cation exchange capacity, therefore it should
host a high REE content. The present data-sets
however, do not show such a relationship. This
observation conforms with the observation of
Mongelli [31] where kaolinite rich samples show high
2REE content in contrast to the smectite rich
fractions. Montmorillonite forms under semi-arid
climate with alternate wet and a dry season which
explains its low REE values. This observation is
contrast to the observations of Culler et al. [33, 34]
where, REE contents in < 2 um fraction does not
correlate with the clay mineral/quartz ratios. Present
data-sets of REE (Table 1) show different degrees of
REE depletion in clay fractions of the weathering
profile as compared to the parent tholeiitic basalt of
the eastern Deccan volcanic province. The total REE
content in the eastern Deccan basalt ranges between
102-243 ppm [35] while, in the clay fractions of the
weathering profile of the eastern Deccan it varies
widely between 21ppm to 166 ppm and show
depletion in REE content. It is possible that fine
particles of the weathering profile in general and clay
minerals in particular have a tendency to adsorb heavy
metals in their lattices. It is well known that the REE
contents present in the weathering regime of basaltic
rocks are fairly mobile. Interestingly, Widdowson [1]
have reported negative Ce anomaly in modern Deccan

Traps soils, altered flow tops and in weakly lateritized
materials. Such negative Ce anomalies have also been
reported by Price et al. [36] from Baynton weathering
profile of Tertiary basalt. The presence of positive
Ce anomaly in clay fraction suggests preferential
incorporation of Ce in the lattice structure of the clays.
On the other hand, Braun et al. [37] observed a strong
positive Ce anomaly in the lateritic profile in SW
Cameroon and developed a model, in which REE
leaching was postulated to have taken place under
reducing conditions in the water saturated part of the
weathering profile and Ce was selectively deposited
as carianite (CeQ,) in the oxidised parts of the lateritic
profile. The positive 8Ce values observed in this
succession is indicative of oxidation of Ce** to Ce**
and precipitation of CeO, [38, 39, 40]. Its
development is explained by the oxidation of Ce** to
Ce*, which precipitates as an insoluble product and
decouples Ce from more soluble trivalent REEs [37,
41].

4. Conclusions

In the present area of study, bole clays contain
montmorillonite, halloysite, I/S, C/S, kaolinite and
palygorskite and based on their abundance, these
boles have been grouped into seven distinctive groups
— (a) montmorillonite predominant (> 90%
montmorillonite), (b) montmorillonite with sub-
ordinate amount of halloysite, (c) montmorillonite <
halloysite, (d) montmorillonite + I/S + other mineral
phases, (e) montmorillonite + C/S + other mineral
phases, (f) kaolinite + montmorillonite and (g)
palygorskite predominant boles. REE abundance in
these seven types of bole clays shows broad variations
(21-166 ppm) in the XREE content. The REE patterns
of bole clays show HREE fractionation. However,
such fractionation is not pronounced in the case of
montmorillonite predominant group of bole clays,
whereas montmorillonite with sub-ordinate amount
of halloysite, montmorillonite < halloysite and
kaolinite £ montmorillonite bole clays show well
fractionated patterns. The montmorillonite <
halloysite and palygorskite predominant bole clays
show weak positive Eu anomalies and those enriched
in kaolinite and halloysite, points towards reducing
conditions, at the time of their formation. Most of
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the clay fraction of the bole horizons show positive
0Ce anomalies (Fig. 4) and suggest oxidizing
conditions at the time of their formation. The
variations in the positive Ce anomalies in the bole
clays is, however, due to fluctuations in the
atmospheric oxygen or soil oxygen during the
formation of the weathering profile at different stages
of Deccan activity in the province. The La/Lu ratio
varies from 31-240. The (La/Yb), value shows HREE
enrichment relative to LREE for all the bole clays. It
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