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Abstract The paper presents the uranium (U) concentration
and distribution pattern in the Paleoproterozoic phosphorites
of Lalitpur district of Uttar Pradesh. The study of thin
sections, SEM and XRD reveal that apatite is the essential
phosphate mineral while quartz and feldspars are the dom-
inant gangue in the phosphorites of the investigated area.
The collophane is observed to be mostly oolitic in form and
microspherulitic in texture. The major element geochemistry
indicated that the phosphorite samples are rich in P,Os,
Ca0, SiO, and Fe,O5; whereas depletion of MgO, MnO,
K,0 and Al,0O; was observed. The CaO/P,0s5 ratio ranges
from 1.13 to 1.46 which is slightly lower than that of cations
and anions substituted francolite (1.621) and close to that of
carbonate-fluorapatite (1.318). The trace element geochem-
istry indicates that the phosphorites of Lalitpur have the
significant range of U concentration (1.67 to 129.67 ug/g)
which is more than that of Th (0.69 to 0.09 ng/g) among the
analysed trace elements in the phosphorite samples of the
area. The positive correlation of U with P,Os, CaO and
U/P,0s indicates a close association of U with phosphate
minerals like collophane (apatite), whereas negative correlation
of U with SiO, and Fe,O; may be due to mutual replacement.
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The antipathetic relationship of U with Ni may be an indication
of high oxidizing conditions, whereas sympathetic relationship
of U with K,O points towards higher alkaline conditions of the
basin of deposition during phosphatization. The variable con-
centration of U and its relationship with significant major and
trace elements in most of the phosphorite samples lead one to
believe that the deposition of these phosphorites might have
taken place in highly alkaline medium during fairly oxidizing
to weakly reducing environmental conditions of geosynclinal
basin.
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Introduction

Phosphorites are widely used as a raw material for the produc-
tion of phosphatic fertilizers. Major and trace element studies
are important for the elucidation of general relations in the
behaviour of elements in sedimentary rocks and for the practi-
cal agrochemical utilization of phosphorites. Some trace ele-
ments in phosphorites are micro-fertilizers, whereas others, for
instance, uranium (U), etc., are ecologically hazardous
(Grashchenko et al. 1981; Zanin and Zamirailova 2007).
Phosphatic rocks distributed among Proterozoic, Mesozoic
and Tertiary Formations are known to be secondary potential
sources of U in the world. Early Proterozoic phosphorites of
Aravalli, Bijawar and Cuddapah are reported to be rich in
elements like U, V, Mo and Ni and form large tonnage of
low-grade uranium deposits (Rao et al. 2004). The
Proterozoic rocks of the Bijawar Group of Sonrai, bordering
southern fringe of the Bundelkhand massif, constitute a
metallogenic province in the southern part of Uttar Pradesh.
Geological investigations by different organizations (DGM,
UNDP, GSI and AMD) resulted in establishing a polymetallic
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(Cu—Pb—Zn—-U) mineralization belt in the Bijawar Group of
rocks of Sonrai Basin (Roy et al. 2004).

Generally, phosphorites which are characterized by high
U concentration have attracted the attention of researchers in
the second half of the twentieth century in view of the
development of atomic energy industries. Phosphorites were
considered as a source of radioactive materials, and the
behaviour of U, therein, has been discussed by several
workers (Altschuler 1980; Gulbrandsen 1966; II’in and
Volkov 1994; Sokolov 1996; Zanin et al. 2000a; Baturin
and Kochenov 2001; Bejaoui et al. 2012). The high concen-
tration of U in the apatite of sedimentary phosphorites is a
common feature. Altschuler (1980) suggested the U concen-
tration range of 30 to 260 pg/g with an average of 120 ug/g
in phosphorites. U in apatite has been utilized as a dating
tool (Kolodny and Kaplan 1970; Veeh et al. 1973), and
because of rising fuel prices, the potential of U recovery
from phosphate rocks became attractive. U in phosphorites
has been found to occur in mixed oxidation states, i.e. both
tetravalent and hexavalent. U is also known to be incorpo-
rated in the carbonate-fluorapatite (CFA) lattice which
would consequently lead to an enrichment of U in phospho-
rites formed under suboxic conditions (Altschuler et al.
1958; Kolodny and Kaplan 1970; Burnett and Veeh 1977;
Jarvis et al. 1994; Arning et al. 2009).

The present investigation is an attempt to study the abun-
dance, distribution pattern and inter-relationship of U with
significant major and trace elements of the Paleoproterozoic
phosphorites of the Lalitpur district, Uttar Pradesh, using
advance analytical instrumental techniques in order to de-
lineate the genetic significance of U in the depositional
environment of the basin.

Geological set-up

The Paleoproterozoic Bijawar Group (2-1.4 Ga) of rocks
overlie the Archacan Bundelkhand Granitic Complex (3.3—
2.5 Ga) and underlie the rocks of the Vindhyan Supergroup
(1.4-0.5 Ga) (Jha et al. 2012). The rocks of the Bijawar—
Sonrai groups were deposited in marginal basins surrounding
Bundelkhand Craton (Sharma 2000; Jha et al. 2012). These
basins occur in Sonrai, Hirapur and Gwalior areas, located
south, south-east and north-west directions of the
Bundelkhand Craton (Fig. 1), respectively. They preserve
volcano-sedimentary units of Late Archaean to Early
Proterozoic age (Sharma 2000; Jha et al. 2012; Khan et al.
2012a). The study area is located at the extreme south western
corner of Uttar Pradesh (Fig. 1). The basin is 28 km long and
5 km wide, and shows an east-west extension. The phospho-
rites are found to occur at Sonrai (24° 18' 00"; 78° 46' 00"), are
associated with the rocks of Jamuni and Rohini Members of
the Sonrai Formation and are mainly concentrated in a stretch
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of 27 km with a width of 5 km between Pisnari (24° 19' 00”;
78°44'30") and Berwar (24° 18' 30”; 78° 54' 00") (Kothiyal et
al. 2002; Khan et al. 2012b). In the study area, the linear
Bijawar—Vindhyan sequence is unconformably resting over
pre-existing Berwar Formation. The lithostratigraphic units of
the Bijawar Group near Sonrai basin are better exposed and
are divided into three formations: the Berwar, Sonrai
and Solda Formations, as shown in Table 1 (Prakash
et al. 1975; Roy et al. 2004).

Detached and lenticular phosphorite bodies having length
of a few metres to 4 km and width from thin bands to about
125 m occur at four distinct stratigraphic levels in the Lalitpur
district of the Bijawar Group. The base is the first horizon
containing massive to brecciated phosphorites which occurs
within the lower reddish shales. The second horizon occurs at
the base of the brecciated quartzite member overlying the
black shales and consists of brecciated phosphorites
containing lensoid bodies with phosphorite cement. The phos-
phorite could be the basal part of the brecciated quartzite. The
third horizon within the brecciated quartzite consists of mas-
sive to brecciated phosphorites. This horizon contains angular
to subangular fragments of quartzite cemented by high-grade
phosphorites. The fourth, the uppermost horizon, overlies the
brecciated quartzite which is the most important phosphorites
in the Sonrai Basin. It is massive at places but elsewhere is
brecciated with angular to subangular fragments of phospho-
rites embedded within high-grade phosphorite matrix. This
horizon is overlying by ferruginous quartzites (Pant et al.
1989; Khan et al. 2012a, b).

Methodology

Thin sections of the representative samples of different
lithological units were prepared in the laboratory. The min-
eralogical and petrographic characters of phosphorites of the
area were systematically and carefully examined under the
plane polarized light and between crossed nicols. The X-ray
diffractometer (XRD) and scanning electron microscope
(SEM) studies were carried out at National Institute of
Oceanography, Goa. The diffraction data were obtained with
a RIGAKU-ULTIMA IV X-ray diffractometer using nickel
filtered Cu K« radiation. The samples were then observed
under JEOL 5800LV scanning electron microscope (SEM),
attached with EDS analyzer at various magnifications to see
the shape, size and nature of the grains of phosphate min-
erals, and good images were obtained with maximum reso-
lution at an acceleration voltage 20 kV facility.

Twenty six fresh samples of phosphorites were selected,
crushed and powdered for the preparation of solution.
Geochemical analyses of the samples were carried out at
the laboratories of the National Geophysical Research
Institute (NGRI), Hyderabad, India. Major elements were
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Fig. 1 Modified geological map of Bijawar Group of the Lalitpur district, Uttar Pradesh, India (after Prakash et al. 1975; Roy et al. 2004)

determined by X-ray fluorescence spectrometry (XRF)
using a Philips MAGIX PRO Model 2440 by using pressed
pellets of the samples as described by Roy et al. (2009). Trace
elements including U were analysed by inductively coupled
plasma mass spectrometry, Perkin Elmer SCIEX ELAN DRC
[T using the open acid digestion technique as described by Roy
et al. (2007). National Institute of Standards and Technology
(NIST) 120C, a certified reference material, was used for
external calibration which was adopted for the analysis using
Rh as an internal standard. Overall accuracy, by comparing the

values obtained for certified reference material NIST-120C
with that of certified values Govindaraju (1994), was found to
be better than 2 % with a spread of =3 in majority of the cases.
The precision obtained is <2 % RSD for almost all the analyses.

Mineralogy

Megascopic study of the phosphorite samples reveals that
the phosphorites are reddish brown in colour and fine to
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Table 1 The stratigraphy of Bijawar Group of the Lalitpur district, Uttar Pradesh, India (after Prakash et al. 1975; Roy et al. 2004)

Vindhyan supergroup

Rohini supergroup

( Solda member
Solda formation J

Dhorisagar member
L Chlorotic shale

( Bandai member
Kurrat volcanics

Rohini member
Sonrai formation

Gorakalan shale

\ Jamuni member

Berwar formation

Rajaula formation

Basement complex/Bundelkhand granite

—————— Unconformity- ---

---Uunconformity- ---

Ferruginous shales

Massive quartzite and grits

Sandstone

Calcareous interbedded with calcilutite
and well laminated bituminous shale
with massive pink and grey carbonates
and silicified phosphatic breccias at
the base.

Grey to black carbonaceous shale
often pyritic

Calcareous laminated shale,
calcirudite, brown thick bedded
limestone, dolomite and grit

medium grained. The rock is composed essentially of innu-
merable angular fragments of chert and quartz embedded in
a groundmass of iron oxides and secondary silica. The rock
is hard, compact, bedded and ferruginous but non-laminated
(Fig. 2a). Microscopic studies of these samples indicate that
the collophane [3Ca3(PO,),.Ca (CO;,F, O)(H,0)], a cryp-
tocrystalline mineral (Kerr, 1959), is the dominant phos-
phate mineral of Lalitpur phosphorite deposits. The colour
of the collophane ranges from greyish yellow to greenish
black. It is isotropic to weakly anisotropic between crossed
nicols. The form of the collophane is oolitic which generally
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lacks concentric structures and called as ‘pseudo-ooliths’ or
more commonly ‘pellets’ (Fig. 2b). Slansky (1986) also ob-
served the same form in the phosphorites. The collophane
groundmass appears as fibrous mass of fine apatite needles
which are randomly oriented or show radiating arrangement
giving the rock a ‘microspherulitic texture’ (Fig. 2c). The same
has also been reported by Deer et al. (1962) and Cook (1972).
Scanning electron microscopic (SEM) studies of freshly frac-
tured phosphorites show good hexagonal apatite crystals
(Fig. 2d). The SEM images of phosphorites show unaltered
and pure microcrystalline apatite (Fig. 2e). X-ray diffraction
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Fig. 2 Photomicrographs showing a sample photographs of phospho-
rites. b Thin section photomicrographs showing pseudo-ooliths and
pellets of collophane in plane polarized light. ¢ Photomicrographs
showing collophane groundmass of fibrous apatite needles with
radiating arrangement as ‘microspherulitic texture’ between

study indicates that carbonate-fluorapatite (CFA) is the major
apatite phase in these phosphorites (Fig. 2f), whereas quartz
and feldspars are the dominant gangue. Similar findings were
reported by Nagaraju et al. (2011) for the phosphatic breccia in
Proterzoic metasedimetary sequence in the Betul district of
Madhya Pradesh.
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crossed nicols. d, e Scanning electron microscope (SEM) photo-
micrographs showing crystalline hexagonal apatite of phospho-
rites. f X-ray diffraction (XRD) patterns indicating carbonate-
fluorapatite (CH4), quartz (Q) and feldspar (F) minerals in phos-
phorites of the Lalitpur district

Results

The major element geochemistry reveals that the phosphorite
samples are rich in P,Os, CaO, SiO, and Fe,O3 but depleted in
MgO, MnO, K,0 and Al,O3. The P,0s, SiO,, CaO, Fe,05,
MgO, Al,O3;, MnO and K,O concentrations ranges from
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28.78 t0 31.84 wt.%, 5.20 to 21.44 wt.%, 35.80 to 44.92 wt.%,
0.551t0 2.89 wt.%, 0.27 to 0.31 wt.%, 0.12 to 3.06 wt.%, 0.01
to 0.03 wt.% and 0.01 to 1.91 wt.%, respectively (Table 2).
The trace element geochemistry indicates that U has signifi-
cant range of concentration (1.67 to 129.67 ng/g) which is
greater than that of Th (0.69 to 0.09 pg/g) among the analysed
trace elements in the phosphorite samples of the area. The
other trace elements like Ni, Cu, Cr, Co, Zn, V, Sr and Pb
range from 23.81 to 78.51 ng/g, 8.36 to 154.82 ug/g, 37.41to
64.57 ng/g, 7.80to0 170.61 ng/g, 16.67 to 285.36 ng/g, 4.75 to
75.18 ug/g, 4.79 to 172.98 ug/g and 20.52 to 645.74 ug/g,
respectively (Table 3). The concentrations of U in phospho-
rites reported by many earlier workers—15-29 pg/g
(Adesanwo et al. 2009), 50-80 png/g (Rao et al. 1984), 43.6—
103 pg/g (Rao et al. 2008), 6.2—139.5 pg/g (Stamatakis 2004)
, 2.0-194 ng/g (Rao et al. 2002), traces to 0.1 pg/g (Pitawala
et al. 2003) and an average 53 pg/g (Imamoglu 2009). As
reported by Baturin and Kochenov (2001), most of the

phosphorites of Precambrian and Cambrian age observed to
be microgranular, and granular varieties have a low concen-
tration of U as 26 and 16 pug/g, respectively.

Discussion

The geochemical depositional environment and sources of
phosphorite-hosted uranium is an essential issue. Although,
there are various models of phosphate deposition, but many
researchers assume that the primary formation of phospho-
rites and U accumulation therein occurred in a reductive
medium (Altschuler et al. 1958; Baturin 1978; Burnett and
Veeh 1977; Kholodov and Paul 1995; Kolodny 1981;
Baturin and Kochenov 2001). Generally, the sedimentary
phosphate deposits have a positive correlation between ura-
nium (U) and phosphate concentrations (P,Os) (Lucas and
Abbas 1989; Follmi 1996; Brookfield et al. 2009). In the

Table 2 Major element geochemistry (wt.%) and ratio of the Paleoproterozoic phosphorites of the Lalitpur district, Uttar Pradesh

P,Os  Si0, Ca0  Fe,03 MegO  ALO;  MnO  K,O  CaO/P,0s  UP,0Os  P,Os/Fe;0s  U/Fe,0;

TO-8 2912 1477 3923 076 028 031 - 002 135 0.50 38.32 19.28
SN-11 2878  17.18 3880  1.41 028 025 001 011 135 0.08 20.41 1.59
G-14 31.84 2058 3805  0.67 028 0.8 002 010 120 0.16 47.52 773
G-17 31.82 1955 3801  0.64 028  0.18 002 010 1.19 0.21 49.72 10.47
P-25 3036 1521 40.07  0.60 028  0.15 003 001 132 0.65 50.60 32.74
P-26 2999 1547 3863  0.74 028  0.18 001 002 129 0.67 40.53 27.02
p-27 2878  17.68 3780  0.72 028  0.17 001 002 131 0.10 39.97 3.90
P-28 3069 531 4492 0.85 028  0.60 002 007 146 423 36.11 152.55
SN-33 2878  18.06 3782  0.55 028  0.16 002 002 131 0.09 52.33 4.64
TO-43 2878  17.50 3780  1.32 028 022 003 003 131 0.12 21.80 2.65
TO-45 2944  11.02 4053  0.76 031  2.64 0.01 149 138 0.37 38.74 14.28
TO-50 2977 9.0  41.67  0.76 031 270 0.01 1.62  1.40 0.40 39.17 15.63
TO-52  29.90 835 4219 0.65 031  2.83 0.01 177 141 1.14 46.00 52.40
TO-53  29.69  9.31 4145 0.69 031  3.06 0.01 191 1.40 0.85 43.03 36.53
TO-54 3072 520 4491  1.02 028  0.80 001 022 146 4.15 30.12 125.09
TO-56  30.19 734 4316  1.04 029 144 002 073 143 2.16 29.03 62.72
TO-59 2971 1042 4147  1.00 028  0.48 002 010 140 1.66 29.71 49.33
TO-60 3046  6.88 4395 0.87 027  0.14 001 001 144 2.78 35.01 97.19
TO-66 2886 1626  38.15  1.06 028 023 001 002 132 0.23 27.23 6.29
TO-67 2878 1675  37.81  2.89 028 0.9 001 003 131 0.09 9.96 0.91
SM-69  30.78 2053 3780  0.76 028  0.17 002 002 123 0.08 40.50 3.16
SM-70 3178 2130 3580  1.53 028 027 001 002 113 0.15 20.77 3.16
B-73 2998 2055 3780  1.90 028 0.0 - 003 126 0.15 15.78 2.40
B-75 3078 1947  39.81  0.58 028  0.16 001 010 129 0.05 53.07 2.88
B-77 3078 2144 3779 1.07 028 017 001 011 123 0.07 28.77 1.97
B-79 2998  21.14 3780  1.62 028  0.12 001 012 126 0.14 18.51 2.51
Avrg 3002 1486 3974  1.02 028  0.70 001 034 132 0.82 34.72 28.42
Min 2878 5.0 3580  0.55 027  0.12 001 001 1.13 0.05 9.96 0.91
Max 31.84 2144 4492 2.89 031  3.06 003 191 146 423 53.07 152.55
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Table 3 Trace element geochemistry (pg/g) including uranium (U) of Paleoproterozoic phosphorites of the Lalitpur district, Uttar Pradesh, India

Ni Cu Cr Co Zn A% Sr Pb Th U Th/U
TO-8 71.46 37.17 53.98 51.16 285.36 24.50 35.64 229.80 0.39 14.65 0.03
SN-11 43.22 8.36 42.83 121.88 55.74 16.43 7.01 26.98 0.09 2.24 0.04
G-14 77.71 13.23 45.22 82.67 31.95 33.35 56.55 - 0.17 5.18 0.03
G-17 62.72 16.69 50.11 170.61 50.89 5.10 15.57 427.31 0.17 6.70 0.03
P-25 40.98 14.23 42.52 46.05 16.67 4.75 29.88 224.60 0.23 19.65 0.01
P-26 32.07 154.82 41.03 40.33 23.13 7.19 22.73 155.78 0.19 20.00 0.01
P-27 55.06 10.26 51.91 138.54 39.79 14.19 10.70 91.33 0.25 2.81 0.09
P-28 28.04 32.18 37.41 11.18 93.70 28.02 139.58 42.61 0.29 129.67 0.00
SN-33 41.87 11.76 47.47 98.71 24.67 4.89 4.79 57.00 0.12 2.55 0.05
TO-43 54.78 40.21 51.71 100.13 52.50 15.49 11.25 28.90 0.22 3.50 0.06
TO-45 48.18 22.98 55.20 25.64 113.81 75.18 39.24 221.12 - 10.85 -
TO-50 49.68 15.06 55.89 19.68 125.83 66.50 60.66 151.47 - 11.88 -
TO-52 46.55 13.61 48.45 14.89 61.92 70.96 104.67 645.74 - 34.06 -
TO-53 60.23 17.07 50.79 16.60 69.87 65.08 103.73 - - 25.21 -
TO-54 78.51 22.33 43.01 7.80 215.07 3532 172.98 - 0.78 127.59 0.01
TO-56 23.81 25.98 46.09 9.70 98.70 40.65 91.07 70.55 1.11 65.23 0.02
TO-59 34.81 135.57 46.74 35.34 51.09 27.05 41.26 42.54 0.79 49.33 0.02
TO-60 28.48 41.22 40.51 15.91 111.75 14.19 47.90 4291 0.10 84.55 0.00
TO-66 49.30 - 58.40 59.55 45.16 15.20 20.26 22.56 0.22 6.67 0.03
TO-67 41.85 26.03 39.80 136.37 24.71 52.94 16.10 23.32 0.10 2.64 0.04
SM-69 40.37 25.08 49.35 103.16 21.36 6.13 28.48 20.52 0.19 2.40 0.08
SM-70 47.84 23.93 64.57 82.24 29.65 30.22 82.92 28.61 0.30 4.84 0.06
B-73 56.45 - 62.87 98.11 24.22 51.43 6.91 22.16 0.21 4.57 0.05
B-75 37.33 12.98 40.34 101.36 49.76 5.80 23.12 22.52 0.17 1.67 0.10
B-77 46.96 15.68 42.46 100.92 21.63 28.38 35.66 24.06 0.20 2.11 0.09
B-79 64.31 13.34 5543 138.91 23.23 6.11 15.44 27.92 0.19 4.06 0.05
Avg 48.56 31.24 48.62 70.29 67.78 28.66 47.08 115.23 0.60 24.79 0.04
Min 23.81 8.36 37.41 7.80 16.67 4.75 4.79 20.52 0.09 1.67 0.00
Max 78.51 154.82 64.57 170.61 285.36 75.18 172.98 645.74 1.11 129.67 0.10

study area, the relationship of U versus P,Os is positive in
phosphorite samples (Fig. 3a) which indicates that most of
the U fraction seems to be held by the francolite phase. This
is further supported by the studies of Soudry et al. (2002),
Brookfield et al. (2009) and Banerjee et al. (2012). In the
light of previous literature, this significant interpretation
reveals that (a) the phosphorus system has a better chemical
affinity with uranium in which divalent Ca™ followed by
many divalent ions with U*® in the apatite crystal lattices;
(b) high oxidizing conditions due to absence of organic
matter, microorganisms and pyrite; (c) co-precipitation of
phosphorus and uranium in the sedimentary environment in
which the Eh and pH of the basinal waters were close to
each other for their precipitation; (d) the deposition took
place in the low lying and stable areas in which the influx of
the clastic material was small in the shallower marine con-
ditions; (e) the adsorption of uranium may be on the surface
of apatite, ferruginous and clayey minerals by diagenesis

processes; (f) the reduction of U™ to U™* may have taken
place due to the presence of cryptocrystalline clay minerals;
(g) the uranium is associated with phosphatic content and
other gangue minerals by secondary enrichment processes
and this may be released to minor unconformities or diastem
in the area; (h) the occurrences of uraniferous phosphatic
rocks formed in oxidizing conditions further indicate that
the uranium might have leached, remobilized and
reprecipitated by episodes of mild weathering. In addition,
the sympathetic relationship of U with CaO (Fig. 3b) in-
dicates that phosphatization may have occurred under the
shallow marine conditions during which minor substitution
of Ca™ by U™ was possible in the apatite structure. The
enrichment of uranium in these phosphorites may be due to
absorption and adsorption on the mineral surfaces. The
mutual ionic substitution of calcium (Ca) by uranium (U)
may be due to their similar/close ionic charge and ionic
radii. This is in accordance with the findings of Howard
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and Hough (1979), Altschuler (1980) and Banerjee et al.
(1982). In the phosphorite samples, the negative relationship
between U and SiO, (Fig. 3c¢) indicates that the SiO4 might
have been replaced by PO, during the early stages of phos-
phatization in which the UO, was replaced in the apatite
lattices. In the phosphorites, the SiO, might have been
weathered by groundwater and marine conditions in which
the U content increased slowly. The remobilized uranium
might have reprecipitated at a suitable pH and Eh of the
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waters. The part of the U content may be present as sorption
by gangue minerals as supported by Pric and Rose (1981).
The phosphorite samples show the weak positive relation-
ship between U and K,O (Fig. 3d) indicating partial substi-
tution of Ca™ by K" in the apatite lattice and also the
higher alkaline medium of the basin during phosphatization.
The antipathetic relationship of U with Fe,O5 (Fig. 3e) in
these phosphorites indicates the high oxidation—reduction
conditions of the Bijawar basin and absence of iron sulphide
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minerals like pyrite, etc. The U content might have been
brought by iron oxides, and the same was later on fixed on
the surfaces of phosphate minerals as collophane and
gangue as well. The U/P,O5 ratio (0.05 to 4.23), as given
in Table 2, shows a progressive positive correlation with
P,Os5 content (Fig. 3f) which may be interpreted as (a) the
phosphatization may have taken place during marine condi-
tions, i.e. oxidizing state basinal waters; (b) leaching of ores
by mild weathering; (c) open sedimentary environment of
deposition which took place during ancient period (early
Proterozoic). This is in accordance with the findings of
Burnett and Gomberg (1977) and Al-Bassam et al. (1983).
U/Fe,05 shows negative relationship with Fe,Oz in the
phosphorite samples (Fig. 3g) which indicates that the

deposit is free from sulphide mineralisation. The phospha-
tization took place in the Bijawar basin after precipitation of
iron bearing minerals like hematite, magnetite, limonite, etc.
The goethitic and iron oxide coatings are the secondary
features which took place at the time of diagenetic process-
es. The positive relationship between U/Fe,O; and
P,0s/Fe,05 (Fig.3h) may be an indication of formation of
phosphate and iron minerals during Proterozoic period in
the highly oxidising conditions. This is also supported by
the adsorption of P,Os content by iron particularly in sec-
ondary phosphorite samples in the marine environment.
The low concentration of U (1.67 to 11.88 pg/g) in a few of
the samples of the study area may be due to its removal from
the crystal lattice of carbonate-apatite during catagenesis as also
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reported by Zanin et al. (2000) and Zanin and Zamirailova
(2007). The negative correlation of U-Ni in the phosphorites
(Fig. 4a) may be due to mutual ionic substitution during highly
oxidizing marine conditions of the basin before the precipita-
tion of apatite. The same findings and interpretation were given
by Debrabant and Paquet (1975), Lucas et al. (1978) and Khan
et al. (2012c). The meagre evidence of organic content in the
phosphorites of the study area may suggest that the organisms
did not play any significant role in the environment during the
formation of these sediments, which is also supported by the
work of Pant et al. (1989) and Khan et al. (2012a). The
occurrence of large masses of clay, ferruginous and phosphatic
minerals and their colloidal gels may be responsible for the
adsorption of the trace elements. The weaker correlation be-
tween U and V in phosphorites (Fig. 4b) indicates that perhaps
there was not a proper mutual substitution of these elements in
the apatite crystal lattices during the inorganic processes of the
phosphorites (Khan et al. 2012c). The antipathetic relationship
of U and Cr (Fig. 4¢c) in the samples of phosphorites indicates
the mutual substitution of these elements in the apatite crystal
lattices. This is also in line of the findings of Howard and
Hough (1979) and Khan et al. (2012¢). U-Cu plot (Fig. 4d)
in the samples of the phosphorites shows sympathetic relation-
ship indicating the formation of these rocks during highly
oxidizing to slightly reducing, shallow marine environmental
conditions of the Proterozoic basin. Furthermore, it may be
suggested on the basis of above findings that during the geo-
chemical environment of the basin, there might be mutual
substitution of ions vis-a-vis Ca™> by Cu'? and of P*> by U'®
in the apatite crystal lattices. The relationship between U and
Cu may be due to the leaching and lateritic remobilization
generated by groundwater action. The weathering,
remobilization and redeposition of these phosphorites may
perhaps be responsible for the enrichment of secondary urani-
um, which is also reported by Verma (1980), Al-Bassam et al.
(1983) and Khan et al. (2012c). The absence of correlation
between U and Pb in the phosphate samples (Fig. 4e) supports
the depositional environment accompanied by sedimentary
processes during phosphatization. The absence of correlation
between these elements may be due to weathering and/leaching
of the ore by groundwater action. U shows positive correlation
with Th (Fig. 4f) in the phosphorites of the study area, indicat-
ing close association of Th with U. According to Rao (1984),
the presence of Th in phosphorites is considered to be due to the
substitution of Ce in the phosphate structure.

Conclusion
On the basis of forgoing discussion, following inferences may
be postulated about the genetic significance of uranium (U)

content in the phosphorite deposits of the Paleoproterozoic
Bijawar basin:

@ Springer

(1) The apatite is the dominant phosphate mineral as evi-
dent from the thin section, SEM and XRD studies of
these phosphorites, whereas quartz and feldspars are
the dominant gangue. The pseudo-ooliths and
microspherulitic texture of the phosphate minerals like
collophane are prominent textural features.

(2) Geochemical studies reveal that U content in most of
the phosphorite samples ranges from 1.669 to
129.668 ng/g, except a few of them which have low
U concentration that may be due to its removal from
the crystal lattice of carbonate-apatite during
catagenesis. The sympathetic relationship of U with
P,0s, CaO, U/P,05 and K,O indicates a close associ-
ation of uranium with phosphate minerals like
collophane (apatite), etc. and their syngenetic forma-
tion during alkaline medium, whereas antipathetic re-
lationship of U with SiO,, Fe,Os, Ni and Cr may be
due to mutual replacement during their precipitation.

(3) The association, fixation, adsorption, sympathetic and
antipathetic correlation of uranium (U) with significant
major and trace elements lead one to believe that the
precipitation and formation of these phosphorites
might have taken place in fairly oxidizing to slightly
reducing sedimentary environment at suitable Eh and
pH in shallow marine alkaline conditions, followed by
remobilization, leaching and diagenetic processes in
geosynclinal basin of deposition.
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