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Abstract: Clays associated with the Precambrian unconformity-related (sensu lato) uranium mineralization that occur
along fractures of Rohini carbonate, Bandai sandstone and clay-organic rich black carbonaceous Gorakalan shale of
the Sonrai Formation from Bijawar Group is significant. Nature and structural complexity of these clays have been
studied to understand depositional mechanism and palaeoenvironmental conditions responsible for the restricted
enrichment of uranium in the Sonrai basin. Clays (<2 μm fraction) separated from indurate sedimentary rocks by
disaggregation, chemical treatment and centrifugation were examined using X-ray Diffraction (XRD) and Scanning
Electron Microscopy (SEM). Presence of tv-1M type illite is inferred from the Rohini and Bandai Members of the
Sonrai Formation, indicative of high fluid/rock interaction and super-saturation state of the fluids available in proximity
with the uranium mineralization. It is observed that the Sonrai Formation is characterized by kaolinite > chlorite > illite
> smectite mineral assemblages, whereas, Solda Formation contains kaolinite > illite > chlorite clays. It has been found
that the former mineral assemblage resulted from the alteration process is associated with the uranium mineralization
and follow progressive reaction series, indicating palaeoenvironmental (cycles of tropical humid to semi-arid/arid)
changes prevailed during maturation of the Sonrai basin. The hydrothermal activity possibly associated with Kurrat
volcanics is accountable for the clay mineral alterations.

Keywords: Clay mineral assemblages, Illite crystallinity, Uranium mineralization, XRD patterns, Bijawar Group, Sonrai
basin.

INTRODUCTION

In Sonrai basin (Latitpur district of U.P.), uranium
mineralization  is associated with shale hosted bitumen,
sandstone and carbonate rocks of the Sonrai Formation and
chloritic shale of the Solda Formation of the Bijawar Group
(Prakash et al. 1975; Singh and Bagchi, 1994; Mishra, 1996
and Roy et al., 2004).  Fertile K- feldspar rich granitic
basement, large number of fractures zones, high degree of
illitization and Proterozoic age with unconformable
sedimentary contacts represent an ideal set-up for hosting
unconformity related (sensu lato) mineralization in this area
as almost similar observations were reported by Roy et al.
(2008) in the Gwalior basin. Roy et al. (2004) have reported
considerable grade (0.037-0.066 % eU3O8 at the cut off grade
of 0.01) of uranium mineralization in bituminous shale of
the Rohini Member of the Sonrai Formation, suggesting
different phases of mineralization that initiated high degree
of remobilization. The organic matter and inorganic collides

interact with each other and forms clay organic complexes.
In this context the presence of organic carbon rich black
carbonaceous shale and Precambrian unconformity-related
uranium mineralization in Sonrai area is significant. The
major clay minerals associated with sedimentary rocks are
detrital in origin. They strongly reflect characters of their
source material and slightly modified by their depositional
environments (Weaver, 1958b, 1958c). Most of the ancient
sedimentary rocks composed ~ 70% of mudstones
containing ~50% clay-size fraction (Blatt et al. 1980). Clay
minerals form one of the major constituents of alteration
halos in the Precambrian Unconformity-Type of Uranium
deposits (Hoeve and Quirt, 1987; Percival and Kodama,
1989; Iida, 1993 and Pacquet and Weber, 1993). They are
significant in the understanding of hydrothermally altered
halos and also provide ideas about mysterious conditions
of uranium deposition. Crystal structures and crystal
chemistry of clay minerals were studied (Velde, 1985;
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Beaufort et al. 1992; Essene and Peacor, 1995) in the past,
and these minerals have been used as indicators for the
assessment of environmental conditions, including
temperature, chemistry of fluids, fluid/rock ratio and redox
conditions that prevailed at the time of their growth.
Moreover, alterations of clay minerals offer information
about uranium ions, commonly associated with clays and
clay-organic complexes. They help in the understanding of
the depositional mechanism and palaeoenvironmental
conditions of the basin available at the time of diagenesis
and hydrothermal processes. Borovec (1981) studied
adsorption of uranyl species to kaolinite, illite, smectite, and
chlorite particles and found that the removal of uranium by
clay minerals is more effective in solution having low ionic
strength.

Sonrai basin is a siliciclastic basin and possesses
favourable structural features as well as hydrothermal
signatures for uranium mineralization. The fractured parts
of the Bandai and Gorakalan black shale is occupied by
uranium-bitumen and Cu-Pb-Zn veins (Prakash et al. 1975).
In this area, Bijawar hosts the uranium mineralization in the
sandstones inter-bedded with a sequence of carbonate rocks
(Mahadevan, 1986).  Mishra (1996) stated that the uranium
mineralization is in the bituminous shale of the Rohini
member. Roy et al. (2004) have reported high uranium
content (0.05 to 0.08% of U3O8) from the Bijawars of the
Sonari basin and suggested three episodes of uranium
mineralization  (413 Ma in the bitumen, 51 Ma as fracture
fill, and 1-13 Ma as U-Si complex). Uranium in bituminous
shale is primarily intercepted in the boreholes rather than
on the surface. The bituminous portion of the samples is
pitch-black in colour, light, soft and friable, showing vitreous
luster. Largely, bitumen is present in the form of fillings in
the weak planes and also disseminations. The rock samples
are composed of clay > fine quartz > chlorite > muscovite >
sericite. Pitchblende grains associated with bitumen contain
high UO2 (90.26%) and CaO (2.34%). Dehydrogenation of
organic matter due to radiation from uranium and its daughter
products resulted in the high reflectivity of the bitumen,
present in vicinity of pitchblende (Berger, 1974).

Proterozoic sedimentary basins not only associated with
the accumulation of younger strata, but linked with the
changes in the basin configuration, reactivation of various
faults, hydro-geological and hydrothermal systems
(Ramaekers et al. 2005a, b). Increasing paleo-weathering
and hydrothermal processes were genetically related to
bleaching alteration, associated with the unconformity type
uranium deposit (Sopuck et al. 1983; Laverret et al. 2006).
These systems have altered sedimentary and metamorphic
minerals to hydrothermal clays. Chlorite and illite minerals

are commonly associated with the ubiquitous secondary
K-rich feldspar in the rocks located immediately above and
below Precambrian-Palaeozoic unconformity (Ziegler and
Longstaffe, 2000). Study on these minerals, occurring in
the Sonrai area is important, offer greater insight into the
nature, origin, and timing of the fluids which are responsible
for the alteration of Precambrian granites and overlying
rocks.  Chlorite and albite form at the initial stage of
alteration but, illite is considered as one of the last alteration
products of K-feldspar (Harper et al. 1995). Laverret et al.
(2006) have stated that the unconformity-related uranium
deposits are surrounded by a host-rock alteration halos,
enriched with clay minerals. Frequently, illite forms one of
the main clay mineral components of the halos and displays
variable crystal structures. However, mineralogical studies
on clay minerals with special reference to their alteration in
the Precambrian rocks of this area have not received any
attention. Present work was carried out with the primary
objectives aimed at the composition and structure of the
clay minerals associated with the mineralized litho-units of
the uranium hosted Bijawar meta-sediments to understand
geochemical reasons for restricted enrichment of uranium
in the clay sediments, palaeoenvironmental changes and
their possible linkage with the uranium mineralization in
the area. For comparison, similar but limited investigations
were also carried out on the non-mineralized litho-units
also.

GEOLOGICAL  SET-UP

The rocks of the Bijawar-Sonrai groups were deposited
in maginal basins surrounding Bundelkhand craton (Sharma,
2000), where the E-W faults represent reactivation of rift
related earlier listric faults in the granitic basement, which
initiated formation of Bijawar basin (Prakash et al. 1975;
Srivastava, 1989). These basins occur in Sonrai, Hirapur
and Gwalior areas, located south, south-east and north-west
directions of the Bundelkhand Carton (Fig.1a), respectively.
They preserve volcano-sedimentary units of Late Archaean
to Early Proterozoic age (Sharma, 2000). The Sonrai basin
(longitudes 78°45'-78°56' and latitudes 24°15' - 24°20',
covers an area of 28 km length and 5-7 km width) is intra-
cratonic and rectilinear in shape, trending E-W and gently
dip in south direction (Fig.1b). These Palaeoproterozoic
Bijawar Group (2-1.4 Ga) of rocks overlie Archaean
Bundelkhand Basement Complex (3.3-2.5 Ga) and lie below
rocks of the Vindhyan Supergroup (1.4-0.5 Ga). In this area,
the linear Bijawar-Vindhyan sequences are unconformable,
rest over pre-existing Berwar Formation. The mafic-
ultramafics (meta-peridotite, meta-pyroxenite, serpentinites



JOUR.GEOL.SOC.INDIA, VOL.79, FEB. 2012

CLAY  MINERALOGICAL  STUDIES  ON  BIJAWARS  OF THE  SONRAI  BASIN 119

and gabbro members) of Madaura Formation cutting across
Berwar Formation and Basement Gneissic Complex
(Prakash et al. 1975).

Comprehensive stratigraphic framework proposed by
various workers (Singh and Goyal, 1972; Prakash et al. 1975;
Srivastava, 1989; Upadhyaya et al. 1990) for Sonari area is
summarized in Table 1. Singh and Goyal (1972) outlined a
brief stratigraphy, but detailed stratigraphy of this area was

first established by Prakash et al. (1975) who have proposed
two fold sub-divisions for Bijawar rocks - Sonrai and Solda
Formations and they sub-divided it into eight members.
Srivastava (1989) and Upadhyaya et al. (1990) further
modified the stratigraphy as proposed by Prakash et al.
(1975). For the present work, the stratigraphy as proposed
by Prakash et al. (1975) was considered, where the Sonrai
Formations is grouped into five members such as – Jamuni

Fig.1. Map of the study area shows (a) Proterozoic metasedimentary (Sonrai, Hirapur and Gwalior) basins along the periphery of the
Bundelkhand craton and (b) detailed geological map of the central part of the Sonrai basin (modified after Prakash et al. 1975).
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carbonate, Gorakalan shale, Rohini quartzite, Rohini
carbonate and Bandai sandstone. As per the presently
proposed modifications in this stratigraphy, the Rohini
member is divided in to Lower Rohini quartzite and Upper
Rohini carbonates where, Kurrat volcanic is considered as
intrusive cutting the Rohini carbonates. For better resolution
and reliability of the data pertaining to spatio-temporal
relationship between mineralized and non-mineralized units
in the stratigraphic succession, these modifications were
incorporated in Table 1. Bijawar rocks unconformably
overlies the Mehroni Group (Basement complex), marked
by basal conglomerate with highly weathered and eroded
surface.

FIELD  STUDIES

In study area, highly weathered outcrops and undulating
topography (400 - 430 m. a. s. l.) with gentle slopes were
observed. Seven traverses were undertaken across (N-S
direction, perpendicular to the E-W strike) the basin for
collection of fresh and in-situ seventy samples (each of
½ to 2 kg) from Sonrai, Solda, Madaura and Berwar
Formations covered  under the topographic sheet 54 L/15,
(scale of 1:50,000) of Survey of India (1976). These samples
were kept in the double screw capped plastic bottles to avoid
contamination. Based on megascopic characters, eighteen
samples were selected (representing at least 1-2 samples)
from each unit of the formation for analyses (Table 2). For
reconstruction of structural and geological maps of the
central part of the Sonrai basin, topographic sheets and
published geological maps (Prakash et al. 1975; Srivastava,
1989; Upadhyaya et al. 1990; Roy et al. 2004) have been
used. The modified map divided into grids and plotted the
sample locations with their respective latitude and longitude
(Fig.1b). 

X-RAY  DIFFRACTION  STUDIES

For separation of clay (< 2μm) fraction, each sample
was subjected to washing, crushing, grinding, disaggregating
and chemical treatment in combination of procedures as
suggested by Jackson (1969), Wilson (1987) Keil et al.
(1994), Yang and Apline (1997), and Tan (2005) is
summarized  in Fig. 2. For preparation of oriented mounts,
the clay fraction is separated from the bulk sample by
centrifugation and decantation methods and mounted as
an oriented aggregate for clay-mineral identification. The
oriented aggregate mounts force the clay mineral particles
(usually plate-shaped phyllosilicates) to lie flat, allow to
direct the incident X-ray beam down the Z axis of the

Fig.2. Chemical and mechanical procedures that were adopted
for clay separation (Jackson, 1969; Wilson, 1987; Yang
and Apline, 1997; Tan, 2005)

minerals and to record diagnostic basal diffractions. The
Z axis shows the extent or intensity of d-spacing (expansion
and contraction), indicative of certain clay minerals during
subsequent treatments (Poppe et al. 2002). For this purpose,
Filter-Membrane Peel Technique (Drever, 1973; Pollastro,
1982) was followed which allows a rapid and highly uniform
diffraction mounts by filtering a clay suspension through
the membrane filter and transferring the clay film onto a
glass slide. The XRD spectra obtained by scanning, 2θ
between 5 to 40° with a scanning speed of 1°/minute using
Philips X Pert (Model: PW 3710) diffractometer with Cu-
Kα radiations. The mineral phases were identified by
comparing these spectra with standard X-ray diffraction
data of the clay minerals available in the JCPDS/IDD Files
(Brown, 1961; Wilson, 1987; Tucker, 1988; Tan, 2005). Clay
(smectite, chlorite, Illite and kaolinite) and non-clay minerals
(quartz, dolomite, feldspar, pyrite, gypsum, calcite and
hematite/goethite) were identified from the Bijawar
metasediments in the Sonrai basin. In these samples, two
types of octahedral sheets are present in the clay minerals
as discussed by Madejova (2003).

CLAY SEPARATION PROCEDURE

Rock /Soil sample

Sample washing with deionized water and dried at 80°C

Primary jaw crushing (size 20-200mm)

Pulverization and sieving (size <2mm)

Homogenization (in agate mortar, )size <1mm

Disaggregation by Freeze-Thaw method
(Freezing for 5-25 H, melting at 80 )°C, 10-20 times

Ultrasonic treatment for 10-15 min

H O treatment for removal of organic matter

Add 500 ml solution, stirring and rest for 24H
22

2 2(3% H O + 97% Water)

Glacial acetic acid treatment for removal of carbonate
Add 500 ml solution, stirring and rest(25% Acid + 75% Water) for 24H

Boil with NaOH for allophane and silica gel
Add 500 ml (20g NaOH + 1Liter Water) solution, boil for 2.5 min

Remain sample centrifuge 2000 RPM for 35 min

Collect supernatant containing clay size fraction (< 2 )μm

Sample wash

Sample wash

Sample wash

Supernatant descant-off

Supernatant descant-off

Supernatant descant-off

Sediment discard
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In dioctahedral type, two-third of octahedral sites are
occupied mainly by trivalent central atoms (Al+3 or Fe+3)
and in trioctahedral type, most of the octahedral sites
occupied by divalent central atoms (Mg+2 or Fe+2). Different
species of dioctahedral (kaolinite, dickite) and trioctahedral
(chrysotile) minerals exist. The best-known clay minerals
of the 2:1 layer type are the smectite group. The Jamuni
carbonate of the Sonrai Formation shows high abundance
of calcareous material, thus entire sample was removed
during chemical treatment and clay fractions cannot be
separated from the sample. The Gorakalan shale contains
16-29% chlorite, 11-50% kaolinite, less amount of smectites
and high percentage (66-86%) of quartz (Table 3). The Mg-

rich chlorites were also identified yielding basal (001)
reflections at 14-14.4Å with readily observed series of high
order 003 reflections at 4.7-4.8 Å and 005 reflections at
2.8 Å (Fig. 3a). Changes in the intensity or position of the
basal reflections have not been observed after glycolation
or moderate heating. Although, in case of GKT14 and M5
specimens (Fig. 3a), there are changes in their characteristic
basal peaks (14.5- 14.7 Å) after ethylene glycol treatment
(Fig. 3a) which is due to the presence of intercalated smectite
layers. The characteristic basal peaks (Fig. 3a) of the
kaolinite show reflections at 7.1-7.2 Å (001), 3.6 Å (002)
and 3.5 Å (004). All the observed peaks are sharp and
symmetrical. No change in the intensity or position of the

Table 2. Summarized megascopic characters of different rock units of the Bijawar Group of rocks occurring in the Sonrai basin

S. Samples Formations Rock Units Location Megascopic Characters
No. (Lat. / Long.)

1 M8 Shale N 24°14'43.3" Fine gained, thin laminated grey
E 78° 51'75.5" colour shale

2 M6 Shale N 24°14'43.3" Fine grained, light grey colour
E 78° 51'75.5" laminated shale

3 M3 Shale N 24°13'24.4" Dark black, fine grained and laminated
E 78° 52'55.9" massive shale

4 M2 Vindhyan basal shale Dhasan river Lakhanjar Reddish brown, fine grained, laminated
ferruginous shale

5 M1 Vindhyan basal shale Dhasan river Lakhanjar Light grey, fine grained laminated shale

6 GKT8 Dhorisagarshale N 24°17'37.2" Fine grained, laminated with
E 78° 48'20.3" ferruginous shale.

7 M4 Chloritic shale N 24°17'11.7" Grey colour, thin laminated, silty shale
E 78° 51'51.8"

8 TDB8 Chloritic shale N 24°17'01.0" Dark grey, fine gained, massive
E 78°51'00.7" laminated shale

9 PDB6 Chloritic shale N 24°18'34.1" Dark grey, fine grained, massive
E 78°49'29.0" laminated shale

10 M7 Bandai shale N 24°17'11.7" Dark grey, fine grain shale
E 78° 51'51.8"

11 PDB7 Bandai sandstone N 24°18'25.0" Ferrugenous dark brown, medium grained,
E 78°49'31.3" calc-sandstone

12 TDB14 Rohini carbonate N 24°18'27.8" Dark grey, siliceous, laminated carbonate
E 78°51'06.3" rock

13 TDB16 Dolomitic carbonate N 24°18'35.6" Light grey, laminated, sandy carbonate rock
E 78°51'05.5"

14 ST10 Rohini carbonate N 24°19'05.1" Siliceous, arenaceous, grey colour dolomite
E 78°45'55.9"

15 M5 Gorakalan shale Gorakalan village Dark black, massive, fine grained shale

16 GKT14 Gorakalan shale N 24°18'44.0" Grey, massive layered, sandy shale
E 78°48'19.8"

17 GKT18 Graphitic shale N 24°19'04.0" Dark, siliceous, fine gained, graphitic shale
E 78°46'23.9"

18 GKT16 Jamuni carbonate N 24°18'56.1" Fine gained, reddish grey carbonate rock
E 78°47'46.9" with pyrite
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basal reflections after glycolation or moderate heating is
observed. Small amount of pyrite is identified at 2.39-2.4
Å. Rohini carbonate of the Sonrai Formation is dominated
by dolomite at 2.8-2.9 Å (104), 2.67 Å (006), quartz 4.06-
4.28 Å (100), 3.35 Å (101), little amount of clays (smectite,
illite, chlorite and kaolinite) and less amount of pyrite
(Fig. 3b). The smectite is identified by its basal (001)
reflections in the region of 13.9-15 Å (Fig. 3b). When
smectite is saturated with Ca and Mg-ions in the layer

charges, a strong basal reflection at ~15 Å is observed (Laird,
2006). In case of montmorillonite, the expansion of two-
layered structure is increased (up to 19 Å) due to the presence
of water. After ethylene glycol treatment, this reflection is
shifted to ~14.5-15.7 Å (Fig. 3b). Illite is abundant in the
argillaceous rocks, shows strong basal (001) reflection at
10-10.3 Å in TDB14 and TDB16 specimens (Fig. 3b). The
basal reflections at 10 Å are diffused and tailing towards
low angle, indicating degraded nature of the mineral. Pink

�

Fig.3. X-ray diffraction patterns of clay fractions obtained from (a) Gorakalan shales, (b) Rohini carbonates, (c) Bandai sandstone of the
Sonrai Formation, (d) Chloritic shales, (e) Dhorisagar shales and (f) Lower Vindhyan shales.
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siliceous carbonate (TDB14) of Rohini Member shows sharp
peak of illite at 10 Å (Fig. 3b). The secondary (002) peak
was also observed at ~5.03 Å in samples (ST10, TDB14
and TDB16). The 002 reflection is usually about one third
of the intensity of the 10 Å reflections, indicating an
aluminous dioctahedral nature.

The second order reflection was very weak, suggesting
a trioctahedral polymorph and its presence is supported by
the reflection at 1.54 Å (Fig. 3b). If the polymorph is
trioctahedral, the strong third order and weak fifth order
reflections suggest high Fe content (Grim et al., 1951). Illite
occurring as one of the major clay phases, indicates
temperature of their formation (Izquierdo et al. 1995). In
the study area, the convective heat transferred from Kurrat
volcanics is possibly responsible for the high proportion of

hydrothermal illite at shallower depth of the basin. Bandai
sandstone (PDB7) dominantly shows quartz (~70%) at 4.2
Å (100), 3.3 Å (101), 2.4 Å (110) reflections and weak
reflections of smectite, illite, kaolinite and pyrite (Fig. 3c).
Due to induration and compactness of samples, clay fractions
cannot be separated in sufficient quantity. In case of sandy
shale (M7), sharp peaks of clay minerals such as smectite,
illite is observed. The basal reflections (001) of smectite,
illite and kaolinite found at ~ 14.6 Å, 10.2 Å and 7.1 Å,
respectively. Secondary reflection of kaolinite is also
observed at 3.5 Å.  Hydrothermal clay minerals (illite and
chlorite) are used as thermo-indicators because their
structure and chemical composition is sensitive to thermal
changes. Temperatures based on proportion of clay minerals
are in good agreement with those proposed for other

Table 3. Semi-quantitative estimation of mineral phases present in the clay (0.2-2 μm) fractions obtained from Sonrai and Solda Formations

Samples Groups Fms. Members Rock Mineral Phases

units Sm Chl Ill K Qt Fld Dol Cal Py Gy Hem

M8 Light grey 5 9 10 75
shale

M6 Grey shale 2 15 8 71 5

M3 Dark black 3 6 2 88
shale

M2 Reddish pink 2 2 32 60 3
shale

M1 Grey shale 2 96 2

GKT8 Ferr. Shale 8 23 5 64 3

PDB6 Light grey 4 13 74 4 4
shale

TDB8 Dark grey 9 5 13 57 5 4 7
shale

M4 Dark shale 10 9 37 32 7 3

M7 Bandai shale 5 5 12 26 47 2 2

PDB7 Bandai 6 8 7 71 8
sandstone

ST10 Grey calc 4 vw 3 7 78 5 2
carbonate

TDB16 Laminate 3 1 25 60 vw
calc carb.

TDB14 Siliceous 5 6 3 8 32 41 3
carbonate

M5 Dark black 6 16 11 67
shale

GKT14 Greenish 30 51 19
grey shale

GKT18 Graphitic vw 98
shale

Abbreviations: Sm = Smectite, K = Kaolinite, Ill = Illite, Chl = Chlorite, Qt = Quartz, Dol = Dolomite, Cal = Calcite, Fld = Py = Pyrite,
Gy = Gypsum, Hem/Goe = Hematite/Goethite and vw = Very weak peak.
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geothermal systems (Izquierdo et al., 1995). In deeply buried
conditions, kaolin is most often illitized in the sandstone
(Lanson et al., 2002). Chloritic shales of Solda Formation
consist of clay minerals such as illite, kaolinite and chlorite.
These samples also contain non-clay minerals including
quartz, feldspar, calcite, and hematite. PDB6 is characterized
by illite (001) 10.1 Å, (002) 5.04; quartz, feldspar, hematite
and calcite (Fig. 3d). In TDB8 sample, clay minerals exhibit
basal reflections (001) of illite at 10.2 Å and kaolinite at 7.2
Å and secondary reflections of illite (002) at 5 Å, and
kaolinite (002) at 3.6 Å. The sample M4 is characterized by
sharp peak of basal (001) reflections of chlorite (14.3 Å),
illite (10 Å) and kaolinite (7.2 Å). No appreciable change
in the diffractogram is observed after glycolation and heat
treatment. Iron rich clays such as glauconite and celadonite
have severely suppressed 5Å peaks. The formation of illite
from a smectite precursor via intermediate mixed-layer illite-
smectite (I-S) has been discussed (Hower et al., 1976; Boles
and Franks, 1979). The direct precipitation of illite minerals
from a kaolinitic precursor in sediments buried at shallow
depths at temperatures ranging from 90 – 95°C have been
discussed by Ehrenberg et al. (1993) and Lanson et al.
(2002). Besides these, the stability of kaolinite with respect
to illitization needs to be considered. Dhorisagar
ferruginous shale (GKT8) consists of clay minerals (illite
23%, kaolinite 5% and chlorite 8%), quartz 64% and
hematite 3% (Fig.3e). Illite is characterized by symmetric
and basal reflections (001) at 10 – 10.2 Å and secondary
reflections (002) as observed at 5.02 Å. Kaolinite is
characterized by 7.2-7.3 Å reflections (001) and chlorite is
identified at 3.6 Å (004). For comparison, Vindhyan shales
were also considered, characterized by the presence of
authigenic clays such as illite, kaolinite and less amount of
chlorite (Fig. 3f).

The semi-quantitative analysis is used for quantification
of clay minerals in the bulk samples. The peak intensity of
an individual mineral is proportional to its concentration
present in the sample. The intensity of diffraction patterns
generally estimated either as peak height ratio or preferably
peak area of a mineral in the mixture (Biscay, 1965; Tucker,
1988; Tan, 2005). Internal standard method has been used
(Alexander and Klug, 1948) where quartz is used as an
internal standard (Hooton and Giorgetta, 1977; Tucker,
1988). The Powder-X software is used for the measurement
of relative peak height and full width at half-height (FWHM).
Calculated weight percentage of mineral phases in the bulk
samples is given in Table 3. Clay and non-clay mineral
assemblages and their semi-quantitative analysis show
distinction between Sonrai and Solda Formations. Bijawar
and Vindhyan Groups also represent differences in their

kaolinite + chlorite ± illite ± smectite clay contents whereas;
non-clay mineral assemblage of quartz ± dolomite ± pyrite
± gypsum is associated with the Sonrai Formation (Table
4). The Gorakalan Shale consists of black graphitic shale
(GKT18) and dark grey to black shales (GKT14 and M5),
characterized by dominant presence of quartz (4.3 Å),
kaolinite (7.1 Å), chlorite (14 Å) and smectite (13-15.2 Å),
suggestive of dissolution of detrital quartz in response to
pressure-solution mechanisms at the time of compaction of
sandstones, accountable for the redistribution of silica in
the secondary quartz overgrowths and consequently to rock
cementation (Patrier et al. 2003). Clay mineral assemblage
(K > Chl > Sm) represents large amount of authigenic
kaolinite and smectite, formed by intensive weathering of
rocks under high fluvial conditions in the region of humid
tropical climate. The kaolinite is converted into illite and
chlorite (Hower et al., 1976 and Iman and Shaw, 1985). In
clay assemblage (K > Chl > Sm) from Gorakalan graphitic
shale, the absence of illite indicates the zone of alteration,
where most of the illites are converted into chlorite due to
diagenetic or hydrothermal alterations. The Rohini
Carbonates associated with siliceous carbonate (TDB14)
and grey laminated calcareous carbonate (TDB16, ST10),
characterized by dolomite (2.8-2.9 Å), quartz (3.3 Å),
kaolinite (7.1-7.3 Å), smectite (13.9-15 Å), illite (10-10.2
Å), chlorite (4.7 Å) and pyrite (2.4 Å).

The clay assemblage (K > Sm > Ill > Chl) for Rohini
carbonates indicates hydrothermal alteration in this unit,
where kaolinite and smectite altered into illite and chlorite.
This unit is highly altered due to paleo-weathering, tectonics
and thermal activities. The Bandai Calc-Arenaceous
Sandstone (PDB7) is inter-bedded with shale that shows
combination of quartz (3.3 Å), kaolinite (7.1 Å), illite (10.2
Å), smectite (13.1-14.6 Å), chlorite (4.7 Å) and pyrite (2.7
Å).  Bandai sandstone is characterized by clay mineral
assemblage (K > Ill > Sm > Chl) that shows high alteration
effects on illite and chlorite, atrributated to the hydrothermal
conditions that prevailed during Kurrat volcanism in the
Sonrai Formation. The Chloritic Shales characterized by
quartz (3.3, 4.2 Å), kaolinite (7.1-7.2 Å), illite (10.1-10.2
Å), chlorite (14.3, 4.8 Å), calcite (2.9 Å) and goethite (2.4-
2.5 Å). Light grey, fine laminated shales are characterized
by the absence of kaolinite clay. Chloritic shales have a
common clay mineral assemblage (K > Ill > Chl) that
indicates high fluvial condition and diagenetic alteration
effect on illite and chlorite. The Dhorisagar Member consists
of ferruginous quartzite, pink ferruginous shale and
sandstone (GKT8). The pink ferruginous shale is
interbedded, characterized by quartz (3.3 Å), illite (10 Å
and 5 Å), chlorite (3.6 Å) and kaolinite (7.2 Å). These shales
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are characterized by a common clay mineral assemblage
(Ill > Chl > K) that indicates warm arid to semi-arid climate
that existed for a longer period. Illite shows diagenetic
effects. The Lower Vindhyan Shale consists of dark black
fine laminated shale (M3), pinkish shale (M2) and grey
shales (M1, M6 and M8). Grey shale (M1) dominantly
comprises quartz (96%) and small amount of illite (10.1 Å)
and calcite (2.9 Å). Grey shale samples (M6 and M8) show
similar X-ray diffraction patterns. These shales containing
quartz, illite (10-10.1 Å), kaolinite (7.1 Å, 3.35 Å) and
smectite (4.5-4.6 Å).The black and pink coloured shales
show similar mineral assemblage of quartz (3.3 Å), illite
(10.1 Å), kaolinite (7.2 Å, 3.6 Å) and chlorite (2.5 Å). These
shales are characterized by a common clay minerals
assemblage (K > Ill > Sm > Chl) that indicates high fluvial

treatment. The kaolinite and illite data when plotted (Fig. 4)
across the stratigraphic succession indicates that the cycles
of tropical humid to arid/semi-arid climatic conditions were
prevalent during sedimentation in the Sonrai basin.

SEM-EDS  STUDIES

A high resolution scanning electron microscope (ZEISS
Model - EVO50) was used to study microstructures. For
this purpose, samples were coated with thin gold film to
obtain maximum resolution and good quality photographs
at high acceleration voltage (20 kV). The area of interest
was examined in the point as well as window modes at
different magnifications (10-25 KX). Clay particles acquire
shape of fine plates, lamellae and tubules or elongated

Table 4. Distinct clay mineral assemblages in the samples collected from different rock-units

Samples Groups Fms. Members Rock units Clay Mineral Assemblages Average Clay Mineral
(in decreasing order) Assemblages

(in decreasing order)

M8 Light grey K > Ill > Sm
shale

M6 Grey shale Ill > K > Sm

M3 Dark black Ill > Chl > K K > Ill > Sm > Chl
shale

M2 Reddish pink K > Ill > Chl
shale

M1 Grey shale Ill

GKT8 Ferr. Shale Ill > Chl > K Ill > Chl > K

PDB6 Light grey Ill > Chl
shale

TDB8 Dark grey K > Chl > Ill K > Ill > Chl
shale

M4 Dark shale K > Chl > Ill

M7 Bandai shale K > Ill > Chl > Sm K > Ill > Sm > Chl

PDB7 Bandai Ill > K > Sm
sandstone

ST10 Grey calc Sm > K > Ill
carbonate

TDB16 Laminate Ill > K K > Sm > Ill > Chl
calc carb.

TDB14 Siliceous K > Chl > Sm > Ill
carbonate

M5 Dark black Chl > K > Sm
shale

GKT14 Greenish K > Chl K > Chl > Sm
grey shale

GKT18 Graphitic Sm
shale

Abbreviations: Sm = Smectite, K = Kaolinite, Ill = Illite and Chl = Chlorite
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plates. Rohini carbonate (TDB16 and ST10) of the Sonrai
Formation shows large, rectangle crystals of dolomite
showing alteration into micro-aggregates (Fig. 5a and 5b).
Smectite and illites show flaky and platy structures similar
to that of tv-1M polytype illite that shows tube like fibrous
structures. They provide porous medium or space for the

clay and organic material filling along the weak zones,
facilitated trapping condition for uranium ions by the process
of ionic substitution and replacement.   Kaolinite is found
in rounded to sub-rounded form, having < 1μm size. Bandai
sandstone (M7) shows large sheets of kaolinite and large
flakes of smectite. On the basis of the textural and structural

Fig.4. Clay mineralogical variation across lithostratigraphic succession of the Sonrai area, showing inverse relationship between kaolinite
and illite. Kaolinite content reaches maximum (51%) in the Sonrai Formation, whereas, illite is maximum (23%) in the Solda
Formation.
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criteria, two illite populations have been distinguished: (i)
tv-1M polytype, exhibit thin (sub-micrometer) hair like
shape, and (ii) cv-1M polytype (several micrometers wide),
rigid lath-like illite. Fibrous illite (tv-1M type) is abundantly
found in the sample (Fig. 5c). The process of illitization
involves the formation of large population of illite
(hydrothermally) from pre-existing kaolinite and smectite
indicating uranium mineralization in this unit. Large smooth
quartz crystals were also observed. Chloritic shale (TDB8)
of the Solda formation showed large hexagonal shape of
kaolinite and micro-laths (cv-1M polytype) of illite
(Fig. 5d).

DISCUSSION

The Kurrat volcanics possibly provided hydrothermal
conditions for the uranium enrichment along fractures and
weak zones. The formation of clay minerals within gouges
is associated with the fault activities (Hashimoto et al. 2008)

where fluid-rock interaction and frictional heat controls clay
composition along the fault. Uranium mineralization is
accompanied by intense chloritization, hence chlorite is the
main gangue mineral present in the uraniferous veins.
Continental rift basins contain significant amount of neo-
formed clays, commonly formed in saline or hypersaline
conditions (Jones and Galan, 1988).

These conditions also have influence over the type of
clays that occur in Sonrai basin, but inherited clays (illites
and chlorite) normally predominate in the shields areas. A
series of reactions (smectite → mixed-layer illite/smectite→
illite → muscovite) that characterize progressive increase
in the illite crystallinity and decrease in the crystal defect
densities; lattice strain and compositional variability as illite-
muscovite becomes better ordered (Peacor, 1992). The
formation of intermediate and metastable mixed-layer
minerals in dioctahedral and trioctahedral 2:1 clays
suggestive of the reaction progress, obeys Ostwald Step
Rule (Morse and Casey, 1988; Essene and Peacor, 1995).

Fig.5. SEM-Back scattered electron images and XRD patterns (in the insets) with respect to clay fractions of (a) Rohini carbonate
(TDB16) that shows crystalline dolomite and smectite, (b) Rohini dolomitic carbonate (ST10) shows large crystals of dolomite
and tube like illite, (c) Bandai sandstone (M7) shows laths of smectite, kaolinite and intense population of needle or hair-like (tv-
1M polytype) illite crystals, whereas (d) Chloritic shale (GKT8) shows dense micro-laths of (cv-1M polytype) illite.
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The reaction series (smectite→ mixed-layer chlorite/smectite
→chlorite) of trioctahedral clays is observed in a wide
variety of environments (Alt, 1999; Merriman and Peacor,
1999). Trioctahedral smectite is the scarce component in
the Sonrai area, whereas chlorite is a common end-product
of this reaction series, suggests that Fe and Mg (necessary
for chlorite formation) is contributed from other reactions,
most likely from dioctahedral smectite where, Fe+Mg is
usually higher than that of the reaction product such as illite
(Hower et al. 1976; Drief and Nieto, 2000). Although,
product of the kaolin 1:1 group of minerals have been
reported as minor constituents of the clay assemblages in
the succession. The kaolinite transformation reaction series
(kaolinite → dickite/nacrite → pyrophyllite) is well known
in the sandstone (Ehrenberg et al. 1993; Ruiz Cruz and
Andreo, 1996). The formation of illite or chlorite is observed
in kaolinite-bearing mudstones by break down (Fe and Mg)
products of kaolinite (Boles and Franks, 1979) and dickite
replacement by illite in sandstone (Patrier et al. 2003). The
transformation of smectite to illite is complete at this stage
of evolution of the Sonrai basin, indicates effects of
converting soft clays and mudstone into well-lithified,
brittle mudstones and shales (e.g. Gorakalan and chloritic
shales of Sonrai basin). The reaction-progress is measured
using percentage of illite in the illite-smectite mixed clays,
or clay “crystallinity”. Three types of observations and
measurements (Merriman and Peacor, 1999) have been made
to evaluate reaction progress in transformed clay minerals
(indicate maturity of sedimentary basin) - clay mineral
assemblage, quantification of mixed-layers and clay mineral
“crystallinity”. Clay minerals are subjected to complexity
in nature by tectonic deformations and recycling of alteration
process several times in the Sonari basin. It is well
established (Tucker, 1988) that illite is characterized by
minimal leaching conditions as in the temperate and higher
latitudes. Chlorite is also formed under this condition, where
it is easily oxidized. Illite and chlorite form under arid
conditions where chemical processes are limited. Smectite
is produced where the degree of leaching is intermediate or
poorly drained. They also form in alkaline and arid
conditions. Kaolinite forms in the tropical environment,
where acid leaching is intensive. There are evidences for
chemical alteration of clays, such as Na, Mg and K absorbed
on the clay surfaces and into their internal structure for Ca
exchange. In the burial diagenetic environment, there is a
progressive alteration of the clay minerals with rising
temperature. One of the first transformations is the smectite
to smectite-illite (mixed-layer) and then it proceeds to illite
(Van de Kamp, 2008). Retallack (1986a) demonstrated that
the kaolinite decreases with increasing illite and chlorite.

Illite-rich illite-smectite complexes and chlorite found in
this area indicate that clay matrix is still at the deep diagenetic
stage.

The value of full width at half-height (FWHM) for the
illite (001) reflection is referred to Kubler Index (Kubler,
1984) or the ‘illite crystallinity index’ which is used to
measure degree of metamorphism of very low-grade, pelitic
rocks (Frey and Robinson, 1999; Guggenheim et al., 2002).
The width of the illite (001) peak is related to crystal-
chemical factors such as domain size and swelling. X-ray
diffraction data obtained from oriented clay specimens have
been used. Notable increase in the degree of crystallinity
indicates changes in the chemical composition of the illite
in the late diagenetic to early stage of metamorphism. The
grade of metamorphism increases with the rise in the ratio
of the Al/Fe+Mg as calculated from the intensity ratio of
the illite 5 Å and 10 Å I(002) / I(001) peaks (Dunoyer de

Fig.6. The trend of metamorphism increases with the increase in
the ratio of Al / (Fe + Mg) that corresponds to the intensity
ratios of the illite (I(002) / I(001)) at 5 Å and 10 Å reflection
peaks over X-ray diffractograms  for (a) Rohini Carbonates
of the Sonrai Formation, (b) Chloritic Shales of the Solda
Formation and (c) Basal Lower Vindhyan Shales.
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Segonzac, 1970). Corresponding to intensity ratio of the
illite peaks, Rohini carbonates of the Sonrai Formation is
characterized by low grade of metamorphism. Laminated
calcareous carbonate (GKT16) shows relatively high degree
of metamorphism as compared to the siliceous carbonates
(TDB14, ST10) samples (Fig. 6a). Chloritic shales of the
Solda Formation are characterized by relatively moderate
degree of metamorphism by their corresponding I(002) / I(001)

peaks intensity ratios. Grey shales (TDB8, PDB6) show
relatively high grade of metamorphism (Fig. 6b) than the
dark shale (M4). Dark and grey shales (M3 and M8 samples)
represent (Fig. 6c) higher grade of metamorphism comparing
to grey (M1, M6) and pink shales (M2). Using Srodon
intensity ratio (Srodon, 1984), crystallinity of illite was
determined from the air-dried and glycolated diffraction
patterns. The full width of the basal reflection (I001) of illite
was measured (Table 5) at half-height above background
level, using equation [Ir = (001/003) air dried / (001/
003)glycolated]. But, in the present study, the basal reflection
of illite at 10 Å and 5 Å is considered as maximaum reflection
peaks.

The value of Srodon intensity ratio (Ir) determined by
KI values from illite (001) and illite (002) in °2θ of both air
dried and ethylene glycol solvated diffraction data (Table
5). This ratio is very sensitive and varies with the presence
of swelling layers in the illite. If the value of Ir > 1.0, the
illite has swelled to some degree but, if Ir = 1.0, the illite
has no detectable tendency to swell. Detectable range of
expendability (1.04-2.96) indicates that the Sonrai samples
are of highly swelling type within the combination of
tetrahedral and octahedral layers due to hydration and cation
exchange capability. The crystallinity index and the Srodon
intensity ratio measured for illite samples plotted (Fig. 7) to
determine mean X-ray scattering domain size and
expandability, shows three metamorphic zones as defined
on the basis of the Kubler Index (Kisch, 1983).

The crystallinity index of illite have a variety of
expandabilities depending on the value of (N). It is
postulated that the broadening of illite peak is due to swelling
and structural distortions, attributed to the presence of
coherently diffracting chlorite layers in the illite crystals
(Ahn et al., 1988) affecting peak width. Most of the data

Table 5. Srodon Intensity Ratio (KI) for illite (100) 10Å and illite (002) 5Å values for different samples

Rock source Bulk-rock Clay mineral Samples KI of 10Å Intensity KI of 5Å Intensity Srodon FWHM
mineral assemblages illite (001) ratio of illite (002) ratio of intensity of
assemblages (Value in °2θ) AD (Value in °2θ) EG ratio Illite

(001)

AD        EG AD         EG

Lower Vindhyans

Grey shales M6 0.08 0.12 0.32 0.16 0.20 0.71 2.23 1.06

Pink ferr. Shales (K + Ill + (K + Ill + M2 0.32 0.12 0.59 0.24 0.32 0.78 1.32 1.03

Grey shales Chl + Sm+ Chl + Sm) M1 0.96 0.96 0.91 0.96 0.94 1.00 1.10 1.04

Light grey shales Qt + Cal + M8 0.12 0.12 0.33 0.40 0.32 0.46 1.37 1.00

Black shales Dol) M3 0.16 0.60 0.14 0.48 0.64 0.40 2.96 1.06

Madanpur Formation

Bijawar Group

Dhorisagar ferr. Shales (K + Ill + GKT8 0.08 0.12 0.74 0.12 0.16 0.94 1.28 1.06

Chloritic dark shale Chl + Qt + (K + Ill + M4 0.08 0.10 0.47 0.10 0.10 1.07 2.28 1.05

Light grey shales Hem/Goe+ Chl) PDB6 0.12 0.24 1.00 0.08 0.20 1.04 1.04 1.00

Dark grey shales Cal  ± fld) TDB8 0.12 0.16 1.18 0.12 0.24 0.76 0.64 0.78

Solda Formation

Bandai shales M7 0.20 0.12 0.37 0.32 0.16 0.45 1.23 0.86
Interbedded sandstone PDB7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Rohini grey carbonates ST10 0.20 0.24 1.75 0.24 0.24 1.20 0.69 1.16
Siliceous carbonates (K + Chl ± (K + Chl ± TDB14 0.10 0.20 0.77 0.16 0.32 0.54 0.70 1.04
Laminat grey carbonates Ill ± Sm Ill ± Sm) TDB16 0.08 0.20 0.47 0.32 0.24 1.37 2.91 0.82

Qt  ± Dol ±
Gorakalan grey shales Py ± Gy) GKT14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Black shales M5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Graphitic shales GKT18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sonrai Formation

Abbreviation: AD = values from air-dried and EG = values from ethylene glycol-solvated XRD patterns. K = Kaolinite, Ill = Illite, Sm = Smectite, Chl=
Chlorite, Qt = Quartz, Dol = Dolomite, Cal = Calcite, Py = Pyrite, Gy = Gypsum, Hem = Hematite and Goe = Goethite.
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plots for these samples lie within the diagenetic region (Fig.
7). Rohini carbonates are characterized by 6-8% swelling
and expandability (N > 50), indicate thick layer of illite that
exists in the oriented slide. Values obtained for Bandai
Sandstone of the Sonrai Formation is N =10 and swelling
of 6%. Chloritic shales of Solda Formation shows values in
the range of N = 10 - 50 and swelling of illite layers found
to be 4-6% (Fig. 7). Dhorisagar Ferruginous Shales shows
values of 8% for swelling and expandability N =10. Lower
Vindhyan shales are characterized by 2-6% swelling and N
= 5-10 expendability. Formation of illite particles, having
high values of N is favoured by pore fluids which are slightly
supersaturated with respect to illite solubility. Under these
conditions, illite crystals show spiral growth patterns,
reflecting availability of hydrothermal systems or the area
is regionally metamorphosed (Eberl and Srodon, 1988).
Variation in the structural and textural properties of illite
resulting from the nucleation and growth kinetics is
indicative of changes in the flow regime and saturationstate
of the fluid during their formation. The tv-1M illite present
in the Bandai Sandstone (Fig.5c) is favoured in the
environment characterizing high fluid/rock ratios andsuper-
saturation state of the fluids available in proximity with the
U mineralization (Beaufort et al. 2005).

CONCLUSIONS

In the present study, an attempt is made to understand
the nature of clay minerals formed due to paleo-weathering

and alteration of pre-existing minerals or rocks in different
climatic set-up and their spatio-temporal relationship with
uranium mineralization in Sonrai basin. The presence of high
amount of kaolinite and less amount of illite in the lower
units of the Sonrai Formation indicates high rainfall in
tropical humid climatic conditions which led to intense
weathering, swift erosion and rapid sedimentation in initial
stage of deposition. Increasing amount of illite and their
crystallization (illitization) and decreasing kaolinite for
Rohini carbonates and Bandai calc-sandstone shows slightly
warm or semi-arid climatic conditions and scanty or low
rainfall. The consequent effect of hydrothermal activity
possibly associated with the Kurrat volcanics during reacti-
vation of rift is accountable for high degree of illitization
within Rohini and Bandai members. Thick sequence (200 m)
of chloritic shales of Solda Formation contains superior
kaolinite and lesser quantity of illite that indicates repetition
of humid tropical climatic conditions with heavy rainfall
for a longer duration. It was possibly a prominent region for
the deposition of massive and thick pile of chloritic shale in
the basin. The arid and warm climatic conditions prevailed
during the formation of the upper sequences of the Solda
Formation. Data reflect high proportion of illite whereas,
kaolinite shows negative anomaly for the deposition of
Dhorisagar ferruginous shale inter-bedded with sandstone
and Solda Ironstone. Illite has been used as thermal indicator
for the past thermal activity, grade of metamorphism, and
rock-water interactions during the diagenesis or the
maturation of the basin. Clay minerals are usually crystalline
throughout the reactions, occur during basin diagenesis
accompanied by the loss of water which leads to mobilize
variable amount of cations (e.g. Ca, Na, K and Si) from the
clay structures. Hexavalent form of uranium (U6+) is readily
soluble in oxidizing conditions. The dissolved uranium is
absorbed by an ion-exchange mechanism in clay minerals
(Davey and Scott, 1956). The Sonrai basin being structurally
(faulting, fracturing, folding, and unconfomities) controlled
having potential to host uranium mineralization.
Mineralization is confined to the Gorakalan graphitic shales,
Rohini carbonates, Bandai sandstone and shales of the Sonrai
Formation due to Kurrat volcanic (hydrothermal) activity
that provided time and space (reducing conditions) for the
precipitation of uranium in and along the fractures or weak-
zones. These rock units are pyrite bearing clay-organic rich
facies where the pre-existing clays (kaolinite and smectite)
have been hydrothermally altered into chlorite and illite (tv-
1M polytype) in the vicinity of weak-zones. Illitization/
chloritization is the characteristic feature of the
unconformity-related Proterozoic uranium mineralization in
the world. It is concluded that the Illite-chlorite-Mg-smectite

�

Fig. 7. Srodon intensity ratios plotted for the determination of
mean XRD scattering domain size (N) and percentage of
swelling layers (%) for illite using crystallinity index
(FWHM) of Rohini carbonates, Bandai sandstones,
Chloritic shales, Dhorisagar shales and Vindhyan shales.
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clay mineral assemblage is associated with uranium
mineralization and kaolinite-chlorite-Na-smectite is related
to barren rocks. These deposits are found almost entirely in
reducing conditions. The organic carbon is considered as
one of the most possible reductant to remove uranium from
the solution as carbonate from ore zones contains some
organic carbon (Brookins, 1981). Uranium ions most likely
carried in the solution in oxidation state as oxy-ions, although
possibility of transport of these ions as organic complexes
cannot be ruled out. Remobilization and re-precipitation of
these ions under the redox conditions redistribute ore at the

time of their formation. Present study on clay mineral
assemblages / clay-types, palaeoclimatic conditions and
clay-crystallinities demonstrate occurrence of uranium
mineralization in the Sonrai Formation as well as possibility
of migrated uranium concentration along the unconformities
of the Sonrai basin.
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