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In the Samarkiya area, located at the central part of the Aravalli-Delhi Fold Belt (ADFB), uranium miner-
alization is hosted both by the basement Mangalwar Complex and the overlying supracrustal rocks of the
Pur-Banera belt. The present study aims to appraise the geochemical and temporal evolution of uranium
mineralization from the basement and the adjoining supracrustals in the Samarkiya area integrating tex-
tural features, geochemistry, and in situ U-Th-PbTotal dating of uraninite.
Uraninite occurs as inclusions in the major rock forming minerals, viz. plagioclase, quartz, biotite, and

chlorite. Based on the shape, location in the host mineral (well inside/at the grain boundary/along or con-
nected to micro-cracks etc.) and association with other secondary uranium minerals, uraninites are clas-
sified into different groups, which are compositionally distinct, barring some exceptions. Integrating
texture, geochemistry and in situ electron probe dating we propose that in addition to an old event at
�1.88 Ga in the basement rocks, there are two major events of uraninite formation at �1.24–1.20 Ga
and �1.01–0.96 Ga in both the basement and supracrustal rocks. Although none of the pristine, unaltered
uraninites that formed during the above mentioned events contain significant intrinsic minor or rare
earth elements, the basement uraninites are consistently much enriched in thorium compared to those
from the supracrustal. Based on the compositions, we propose that the basement uraninites formed from
a high temperature magmatic/metamorphic fluid, whereas those in the supracrustal rocks crystallized
from a low temperature, presumably oxidized fluid. Back-scattered electron images, X-ray elemental
mapping of selected elements and EPMA spot analysis of large uraninite grains (both from the basement
and the supracrustals) collectively demonstrate that subsequent to the major mineralizing event at
�1.24–1.20 Ga, the mineralized rocks were subjected to fluid-mediated alteration, which resulted in
P

REE + Y- and Si (Ca)-enrichment of existing �1.24–1.20 Ga uraninites in the basement and supracrustal
rocks, respectively. We cannot constrain the exact timing of this alteration event. However, as this event
altered the �1.24–1.20 Ga uraninites and as spot ages of the altered grains yield ages largely between
�1.24 and 0.96 Ga, it is reasonable to place this event between the second and third stages of uranium
mineralization/mobilization at �1.20 Ga and �1.01 Ga, respectively. The last event that took place at
�1.01–0.96 Ga most likely represent an episode of recrystallization/alteration of existing uraninite lead-
ing to complete Pb-loss and resetting of the isotopic clock. However, we do not entirely reject the possi-
bility of neo-mineralization.
The discrete events deciphered from uraninite in the Samarkiya area can also be broadly linked to some

major magmatic-metamorphic events, identified from other independent studies, in the ADFB. For exam-
ple, the earliest �1.88 Ga event displayed by basement uraninite is most likely related to a pervasive
magmatic-metamorphic event (�1.86–1.82 Ga) that affected the basement, whereas the last/latest event
�1.01–0.96 Ga can be linked to a pervasive metamorphic event that affected perhaps the entire ADFB.
This last episode can also be linked to the tectono-thermal event related to the Rodinian amalgamation.
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The �1.24–1.20 Ga event appears to be somewhat enigmatic in the context of well-known geological
events in the area. However, based on some very recently published data, we interpret this to be a
post-peak metamorphic (�1.37–1.35 Ga) hydrothermal event or even a newmetamorphic event, hitherto
unknown.

� 2017 Elsevier B.V. All rights reserved.
P

1. Introduction

The Proterozoic unconformity-related uranium deposits (e.g.,
Athabasca Basin, Canada; Kyser et al., 2000) constitute the third
largest reasonably assured uranium resources of the world (IAEA,
2016). These very high grade (e.g., �20% U3O8 at McArther deposit;
Jefferson et al., 2007; Mercadier et al., 2013) large tonnage depos-
its, particularly those of Canada, collectively top the lowest cost
category of the reasonably assured resources (IAEA, 2016). Conse-
quently, Proterozoic unconformities are extensively explored as
potential environs for uranium mineralization. Such deposits pre-
sently constitute �9.95% of India’s reasonably assured resources
(IAEA, 2016). Some of the deposits associated with the Proterozoic
rocks in India include those located in the Cuddapah basin (Rao
et al., 2010; Deb and Pal, 2015; and references therein) and in
the Singhbhum Shear Zone (Pal and Rhede, 2013) (Fig. 1a). The
�700 km long NNE-SSW trending Aravalli-Delhi Fold Belt (ADFB,
Fig. 1a and b), being the largest Proterozoic belt in the northwestern
India, has attracted the interest of the Atomic Minerals Directorate
for Exploration and Research (AMDER), an organization responsi-
ble for U exploration in India. Subsequently, significant radioactive
anomalies were reported from the metasedimentary rocks of the
ADFB during the last two decades (viz., Umra and Rohil deposits
near Udaipur and Jaipur, respectively in Rajasthan; Fig. 1b). In
addition, >200 potential sites of anomalous radioactivity have been
identified in and around the �320 km long zone of albitite-microcli
nite-pyroxinite, also referred to as the ‘‘Albitite line” (Ray, 1990)
(Fig. 1b), in Rajasthan and Haryana (Singh et al., 2013).

The central part of the ADFB hosts the polymetamorphic terrain
of the Banded Gneissic Complex (BGC; Gupta, 1934; Heron, 1953;
Fig. 1b), which forms the basement to the supracrustal rocks of the
Pur-Banera basin (PB; Fig. 1b), where the present investigation is
carried out. In 2005, the AMDER discovered surface radioactive
anomaly from the Samarkiya area, within the PB (Fig. 1c) and
thereby considered the area as a potential target for uranium
exploration. Subsequent petrographic and X-ray diffraction (XRD)
studies revealed U-enriched minerals from the basal Pur quartzite
of the Samarkiya area (Shaji et al., 2007). Shaji et al. (2007)
proposed episodic uranium mineralization, involving mobilization,
during the protracted magmatic/metamorphic evolution
(�1.9–1.4 Ga) of the host rocks. However, detailed geochemical
characters and temporal status of individual uranium mineraliza-
tion/mobilization events, linked to tectono-metamorphic evolution
of the host rocks, have so far eluded us.

In the Samarkiya area, uraninite is volumetrically the most
abundant U-bearing mineral (Shaji et al., 2007). Amongst all the
primary U-bearing minerals, uraninite hosts the highest
U-content in its structure (i.e., up to 88.2 wt%). Due to auto-
oxidation caused by radioactive decay of uranium, pure uraninite
(U+4O2) phase is very rare in nature (Dahlkamp, 1993), and thereby
the non-stoichiometry and defects in the mineral favors cationic
substitution (Janeczek and Ewing, 1992), which modifies and alters
its formula to ðU4þ

1�x�y�zU
6þ
x REE3þ

y M2þ
z Þ O2+x–(0.5y)–z (Janeczek and

Ewing, 1992; Finch and Murakami, 1999). Previous studies have
demonstrated that uraninite is chemically active and readily
exchanges elements or recrystallizes during subsequent fluid cir-
culation events (Grandstaff, 1976; Kotzer and Kyser, 1993). Addi-
tionally, the content of trace (REEs and Y; hereafter REY) and
minor (Si, Ca, Fe, Al, K, and Na) elements within uraninite is a func-
tion of the physico-chemical conditions (temperature, redox state,
and fluid composition) prevalent during uraninite formation
(Alexandre and Kyser, 2005; Bonhoure, 2007; Mercadier et al.,
2011; Eglinger et al., 2013; Pal and Rhede, 2013). Consequently,
the concentrations of other elements in uraninite can act as
geochemical tracers pertinent to its environment of formation.
Further, geochemical characterization in conjunction with in situ
dating of uraninite can provide constraints on the timing of miner-
alization and subsequent alteration, if any (Kempe, 2003; Deditius
et al., 2007; Pal and Rhede, 2013). In this study, integrating geo-
chemical characteristics and in situ chemical dating of uraninite,
we aim at deciphering the mineralization types and geochemical
vis-à-vis temporal evolution of uraninite.
2. Geological setting

2.1. Regional Geology

The ADFB comprises three major geological units, which in
chronological order, from oldest to youngest, include the Banded
Gneissic Complex (BGC), the Aravalli Supergroup and the Delhi
Supergroup (Gupta, 1934; Heron, 1953; Raja Rao, 1976; Gupta
et al., 1997; Fig. 1b). The BGC is divided into two disconnected ter-
rains, BGC-I and BGC-II respectively constituting the southern and
the central parts. The BGC-I is dominated by tonalite-trondhje
mite-granodiorite suite and granitoids of the Archaean age (3.30–
2.50 Ga; Wiedenbeck and Goswami, 1994; Roy and Kröner, 1996;
Wiedenbeck et al., 1996). The BGC-II includes meta-igneous gran-
ulites (Sandmata Complex), and the meta-granitoids, amphibolites,
and metasedimentary rocks, namely the Mangalwar Complex (MC;
Guha and Bhattacharya, 1995). The rocks of the BGC-II mainly dis-
play Paleo-Neoproterozoic ages with vestiges of Archaean compo-
nent (i.e., �2.50–0.95 Ga) (Buick et al., 2006, 2010; Bhowmik et al.,
2010; Roy et al., 2012; Ozha et al., 2016a). They are polychronous
in nature, preserving Proterozoic crustal unit with an early
metamorphic event (5.5 kbar and 520–550 �C) at �1.82 Ga and a
later high pressure event (8.0 kbar and 590–640 �C) at �0.95–
1.05 Ga (Buick et al., 2006, 2010; Bhowmik et al., 2010; Ozha
et al., 2016a).

The MC constitutes vast stretch of schist and para- to ortho
gneisses in the western part (i.e., at the contact of Sandmata Com-
plex) of the BGC-II (Buick et al., 2006). On the contrary, in the cen-
tral parts, the MC host garnetiferous biotite schist, which is
unconformably overlain by the linear supracrustal belt of PB that
evolved as pull-apart basin (Sinha-Roy et al., 1998) starting at
�1.74 Ga (Ozha et al., 2016a). The PB is a major syncline compris-
ing rock units of quartzite/conglomerate (Pur Formation), metape-
lites, amphibolites, calc-silicate gneisses (Rewara Formation),
banded iron formations (Tiranga Formation), and quartzite, mica
schist with intercalations of marble and calc-silicate bands
(Samodi Formation) (Fig. 1c). According to the recent petrological
and geochronological studies of Ozha et al. (2016a), both the base-
ment (MC) and the supracrustal (PB) rocks were subjected to two
discrete amphibolite facies metamorphic events at �1.37–1.35 Ga
and �1.05–0.99 Ga. In addition, a much older Paleoproterozoic



Fig. 1. (a) A map of India showing locations of Proterozoic uranium mineralization and the Aravalli-Delhi Fold Belt (ADFB); (b) Regional geological map of the ADFB, showing
the distribution of different lithological components (modified after Heron, 1953; Gupta et al., 1997; Ozha et al., 2016a); chronology of the major geological events are after
(1) Wiedenbeck et al. (1996); (2) Gopalan et al. (1990); (3) Wiedenbeck and Goswami (1994); (4) Hazarika et al. (2013); (5) Volpe and Macdaugall (1990); (6) Biju-Sekhar
et al. (2003); (7) Bhowmik et al. (2010); (8) Sarkar et al. (1989); (9) Buick et al. (2006), (2010); (10) Tobisch et al. (1994); (11) Deb et al. (2001); (12) Pant et al. (2008); (13)
Pandit et al. (2003); (14) Ozha et al. (2016a); (15) Yadav et al. (2016); (16) Hazarika et al. (in press); (17) Kaur et al. (2017); the black dashed line marks the limits of Albitite
line (after Ray et al., 1990; Singh et al., 2013); all the ages shown (in Ga) are lithology specific rather than their locations; (c) Geological map of the Samarkiya area (modified
after the Atomic Minerals Directorate for Exploration and Research, AMDER), showing the location of the six bore holes; (d) Longitudinal section (modified after the AMDER)
along the six bores holes (shown in ‘c’) showing the distribution of different litho units and sample location. CB: Cuddapah Basin, SC: Singhbhum Craton.
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metamorphic event (�1.82 Ga) (Buick et al., 2010; Ozha et al.,
2016a) has been recorded from the basement MC. Furthermore,
recently, Hazarika et al. (in press) reported a hydrothermal event
in the MC rocks at �1.28–1.27 Ga postdating the �1.37–1.35 Ga
peak metamorphism. Although, the BGC terrain has experienced
several events of granitic magmatism in late Archaean-early
Proterozoic (�3.00–2.40 Ga; Choudhary et al., 1984; Gopalan
et al., 1990; Roy and Kröner, 1996; Wiedenbeck et al., 1996)
elsewhere (viz., Berach granite, Gingla granite, Untala granite,
Amet granite, Jahazpur granite, and Udaisagar granite), such felsic
magmatism has not been reported from the MC adjoining the PB.
2.2. Local Geology

The present study area lies in the southern part of the PB basin
(Fig. 1c and d), which forms an antiformal structure overturned
toward west with its closure towards NE of Samarkiya
(Figs. 1c, 2a and b). The area comprises deformed and foliated
garnetiferous metapelites belonging to the Potla Formation of the
basement MC, which is unconformably overlain by basal quartzite
of the PB Group (Figs. 1d and 2c). The basal part of the Pur Forma-
tion is represented by the Pur quartzite (PQ), which is commonly
massive to micaceous and locally conglomeratic in nature



Fig. 2. Aerial (a) and panoramic view (b) of the Samarkiya antiform and field photographs (c–h) showing different litho units; (c) contact between the rocks of the Mangalwar
Complex (MC) and the Pur-Banera (PB); (d) and (e) are massive Pur quartzite and its conglomeratic parts respectively; (f), (g) and (h) respectively are brecciated radioactive
Pur quartzite, massive Pur quartzite, and brecciated vein, comprising predominantly of illite and quartz fragments in Pur quartzite.
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(Fig. 2d and e). The exposed quartzite in the area occurs mostly as
weather resistant ridges forming the Samarkiya hill, whereas the
basement (i.e., MC rocks) lies in the valley trending NNE in general
with steeply dipping (73�78� towards east) foliation plane
(Fig. 2b and c). The Pur quartzite is greyish to light brown in color
(Fig. 2d) and exposed intermittently as three isolated outcrops
(PQ-I, II, and III in Fig. 2b), of variable width (200–500 m) and steep
NNE trending bedding planes. The contact of the quartzite with the
basement is locally marked by pods/sacks of massive, fractured,
brecciated, and highly silicified quartzite (Figs. 1d, 2c and f), which
are pink to brown in color (Fig. 2g). Intense fracturing and
hydrothermal activity associated with vein development is exhib-
ited by quartzite (Fig. 2h) and occasionally by conglomerate
(Fig. 2e).

Shaji et al. (2007) reported surficial radioactive anomaly from
the Samarkiya area in the basal Pur quartzite, which lies within
four sub-parallel bands ranging in length from 50 to 320 m, and
width varying between 0.5 and 2 m. Uranium mineralization is
confined to the fractured and brecciated zones of the silicified
quartzite (Fig. 2f and g) in PQ-II, while the foliated and the con-
glomeratic parts are barren. The highest radioactive anomaly is
reported from the PQ-II outcrop, and accordingly six boreholes
were drilled by AMDER on this outcrop (Fig. 1c and d). Further,
local radioactive anomalies were noted in the southernmost part
of the PQ-I and PQ-III outcrop (Fig. 2b). Based on XRD studies,
Shaji et al. (2007) identified uranium minerals such as uraninite,
brannerite, uranophane, carnotite, kasolite and masuyite from
the PQ-II outcrop. On the contrary, the exposed MC rocks in the
area are devoid of anomalous radioactivity.
3. Methodology and analytical conditions

Systematic sampling along and across the strike length of
radioactive bands/lenses were carried out in the fractured and
fresh exposures of the Pur quartzite. Hand-held thallium-doped
NaI (Tl) scintillation counter was used to detect radioactivity of
the samples in the field. Based on higher radioactivity recorded
by scintillation counter, a few hand specimens from the exposed
Pur quartzite (as shown by red colored zones in Fig. 2b), and one
from the drill core (SMK5, Fig. 1c and d) were collected. Polished
thin sections were prepared for optical microscopic and back-
scattered electron (BSE) imaging studies. Subsequently, few sam-
ples were selected for electron probe micro (EPM) analyses of
uranium-bearing minerals and chemical dating of uraninite.

BSE imaging and preliminary semi-quantitative energy disper-
sive spectroscopic (EDS) analyses were carried out with the help
of a JEOL JSM 6490 scanning electron microscope (SEM). Major
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(U, Pb, Th, and Y), minor (Si, Fe, K, Ca, Al, and Na), and trace (La, Ce,
Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Yb, and Lu) element analyses of ura-
ninite were carried out using a Cameca SX-100 EPMA equipped
with four wavelength dispersive spectrometers (WDS). Four differ-
ent crystals were used: thallium acid phthalate (TAP in WDS 1),
lithium fluoride (LIF in WDS 2), large pentaerythritol [LPET crystal
(in WDS 3)], and PET (in WDS 4). CAMECA SX-100 software was
used for calibration, overlap correction, quantification, and age cal-
culations. High-resolution X-ray element maps for Y, Th, U, Si, and
Pb of the uraninite grains were obtained in the same instrument.
Uraninite spot analyses were performed at acceleration voltage
of 20 kV, beam current of 40 nA, and beam size of 1 mm using a
LaB6 electron source. High-resolution WDS scans were performed
in various uraninite grains prior to calibration to identify all the
possible elements present and to monitor the spectral interfer-
ences of elements of interest. Accordingly, accurate background
positions were calculated for respective elements. Special care
was taken during selection of background positions for the REEs
due to many possible cross-interferences. Both natural and syn-
thetic reference materials were used for calibration. The details
of analyzed line, analytical time, background positions, standards,
and detection limits are provided in Supplementary Appendix A1.
For background measurement of Pb Ma line, the exponential back-
ground fit was adopted to the curvature of the background values
(Jercinovic and Williams, 2005; Williams et al., 2006, 2007). For
uranium, the U Mb line was preferred over the U Ma line to avoid
interference of the latter with Th Ma (Suzuki and Kato, 2008). Dur-
ing quantification, small overlapping corrections of Y Lc2, Y Lc3
lines of yttrium on Pb Ma and Th Mc, Th M3N4 of Th on U Mb,
Ho Ln on Gd Lb, Sm Lc3 on Ho Lb, Eu Lb7 on Er La, and Nd La on
La La were corrected by using the Peak Sight Software in-built in
CAMECA SX-100. X-ray imaging was carried out at accelerating
voltage of 15 kV and a beam current of 150 nA with 100 ms dwell
time at 0.2–0.6 mm step length depending upon the grain size. It
should be noted that, several studies were conducted on REE geo-
chemistry of uraninite using secondary ion mass spectrometer
(SIMS; e.g., Bonhoure, 2007) and laser ablation inductively coupled
mass spectrometer (LA-ICP-MS; e.g., Mercadier et al., 2011;
Eglinger at al., 2013; Frimmel et al., 2014; Alexandre et al.,
2015), whereas the usage of EPMA for such studies are very scanty
(e.g., Pal and Rhede, 2013; Macmillan et al., 2016; Mukhopadhyay
et al., 2016). In the present study, small grain size (maximum
60 mm) of the uraninites in the samples hindered us to perform
LA-ICP-MS analysis for quantifying the distribution of the REEs
within the grains. Therefore, the same was undertaken using
EPMA, wherein the REEs were analyzed using LIF and LPET crystals
with high counting time (i.e., 40–60 and 20–30 s) for the peak and
the background, respectively (Supplementary Appendix A1). The
concentrations of Eu and Lu in all the analyzed uraninites are
below detection limit (bdl), thus not included in the data (see
Table 2, Supplementary Appendices A2 and A3).
4. Description of host rocks and modes of occurrence of
uraninite

4.1. Basement (MC)

The exposed MC rocks constitute deformed and metamor-
phosed garnetiferous metapelites (Fig. 2c) comprising predomi-
nantly of quartz, biotite, muscovite, chlorite, garnet, plagioclase,
staurolite, and kyanite as major phases (Fig. 3a). Although these
rocks contain radioactive minerals like zircon and monazite as
accessory phases (Ozha et al., 2016a), none of them exhibits
anomalous radioactivity in the field probably due to the low abun-
dance of these minerals and absence of uraninite. On the contrary,
the sub-surface drill core sample belonging to the MC, collected
from a depth of 127 m from the bore hole #SMK5 (25�12038.200N,
74�27016.800E; Fig. 1c and d) exhibits high radioactivity. In addition
to the common minerals found in the exposed MC, the drill core
sample also contains K-feldspar, sericite, clay (illite), apatite, urani-
nite, xenotime, and thorite (Fig. 3b). Additionally an unidentified
LREE-bearing phase (Fig. 3d, f, and g) and rare coffinite (Fig. 3c)
occur in these samples. The pervasive foliation is defined by ori-
ented flakes of biotite and muscovite that commonly warp around
garnet (Fig. 3a). The major minerals (i.e., biotite, plagioclase, kyan-
ite, garnet, muscovite, and quartz) in the exposed sample represent
the peak metamorphic assemblage for the last metamorphic event
at �0.99 Ga (Ozha et al., 2016a).

Uraninite grains are �5 to �50 mm in size, euhedral to anhedral
in shape and occur as inclusions in the major minerals, viz. plagio-
clase, biotite, chlorite and quartz (Fig. 3c–h). Uraninite at places is
closely associated with REE-minerals (Fig. 3g and h). Based on the
shape, relative position with respect to the grain boundary of the
host mineral and textural relations with the REE-bearing minerals,
uraninite inclusions are classified into three different groups that
define three different compositional types (see section on geo-
chemistry of uraninite below). These are (1) UMC-1: anhedral to
subhedral inclusions, well inside the host mineral (Fig. 3c–e); (2)
UMC-2: subhedral to euhedral inclusions at the grain boundary of
the host mineral (Fig. 3f); (3) UMC-3: anhedral inclusions rimmed
and/or replaced by REE-minerals, viz. monazite and xenotime
(Fig. 3g and h; See Table 1 for a summary of textures, compositions
and ages). At places, UMC-1 uraninites show different gray shades in
BSE image indicating intra-grain compositional heterogeneity
(Fig. 5g; see section on uraninite geochemistry).

The rock (#SMK5) as such does not have any evidence of large-
scale alteration features, presumably due to the obliteration of
such features, if any, during subsequent metamorphism. However,
uraninite grains included in plagioclase commonly show circular
radiation damage-controlled alteration halos (Fig. 3c, d, f and h).
Based on the distribution, texture and composition of the alter-
ation minerals, Ozha et al. (2016b) proposed a post-
mineralization sequential alteration in which plagioclase was
replaced by K-feldspar, and K-feldspar in turn was replaced by clay
mineral (i.e., illite) implying an acidic alteration following potassic
alteration. In addition to the common presence of large biotite that
defines foliation, small flakes and irregular patches of biotite
appear to replace plagioclase (Fig. 3c). Chlorite replaces biotite
along cleavages and grain boundaries (Fig. 3b–c, and f) and in the
radiohalo zone (Fig. 3e). It is uncertain whether biotitization of pla-
gioclase and chloritization of biotite (excepting those in the radio-
halo zones) can be linked to the same post-mineralization potassic
and acidic alteration as observed in the alteration halo. Presence of
unidentified REE-bearing phases (Fig. 3c–d, f and h) in the alter-
ation halo suggests introduction or re-distribution of REEs, at least
in the micro-domain scale during such post-mineralization alter-
ation. It is uncertain whether the discrete REE-bearing phases that
are associated with UMC-3 uraninite formed during this stage.

4.2. Supracrustals (PB)

The Pur quartzite shows variable surface radioactive anomalies
restricted to the silicified quartzite, in which the mineralization is
disseminated and localized, with a very poor lateral continuity.
However, high radioactivity counts are associated with the frac-
tured, jointed and brecciated zones of the quartzite
(Fig. 2f and g). Fracture-filled brecciated veins comprising quartzite
fragments in illite matrix, were occasionally encountered
(Figs. 2h and 4f) in the PQ-II outcrop. Accordingly, samples were
collected from various sites of the quartzite with high radioactivity
counts (as shown in Fig. 2b). The Pur quartzite is composed domi-



Fig. 3. Representative photomicrograph (a) and back-scattered electrons images (BSE; b through h) showing overall rock fabric and documenting modes of occurrence of
uraninite respectively in the basement Mangalwar Complex; (a) the host rock containing garnet, quartz, kyanite, plagioclase, chlorite, biotite, and muscovite, where biotite
and muscovite define the schistosity; (b) general distribution of uraninite, xenotime, and monazite; uraninites occur well within host minerals (UMC-1) viz. plagioclase (c–d)
and biotite (e), at or close to the grain boundaries (UMC-2) of these minerals (f) and at places associated with and replaced by REE-bearing phases (UMC-3; g–h). Note that the
uraninite inclusions in plagioclase are invariably surrounded by alteration halos filled with K-feldspar, LREE-phase, and clay in host plagioclase while the halo in biotite is
represented by chlorite. Also note that patchy biotite and chlorite replaces plagioclase and biotite respectively (c). Numerals in this and subsequent figures correspond to
analysis numbers and ages, given in Table 2. Mineral abbreviations in this and other figures are after Whitney and Evans (2010). See text for discussion.
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Table 1
Summary of different textural and compositional classifications of uraninite and their corresponding ages from the basement and the supracrustal rocks.

Textural
classification

Textural description Composition Compositional
classification

Age Sketch of
uraninite texture

Basement UMC-1

(Fig. 3c–e)
Isolated and well inside the host
mineral

Nearly pure uraninite
with very low content
of Y + REEs and minor
elements

High PbO aMCG-1a 1196 ± 5

Pl Qz

UMC-1

UMC-1
UMC-2

(Fig. 3f)
Isolated and at the grain
boundary

Low PbO MCG-1b 955 ± 6 Ma

Pl

UMC-2

UMC-3

(Fig. 3g–h)
Rimmed/replaced by REE-
bearing minerals

Elevated contents of Y
+ REEs

Variable PbO MCG-2 Variable; extrapolated
age considering Y
+ REEs to be zero is
1220 ± 14

Supracrustal UPB-1

(Fig. 4b–d)
Isolated and well inside the host
mineral

Nearly pure uraninite
with very low content
of REEs and minor
elements

High PbO PBG-1a 1239 ± 5

UPB-2

(Fig. 4b–d)
Isolated and at the grain
boundary or connected to the
grain boundary of the host
through micro-cracks

Low PbO PBG-1b 1006 ± 7

Mag

M
ic
ro
-c
ra
ckUPB-2

UPB-3

(Fig. 6g–h)
Rimmed/replaced by U-silicates Elevated content of

minor elements
Variable PbO bPBG-2 Variable: extrapolated

age considering minor
elements to be zero is
1211 ± 27 Qz

UPB-1
UPB-3

a some UMC-1 grains are chemically heterogeneous, wherein the fresh and altered parts respectively are MCG-1a and MCG-2 in composition (Fig. 5g).
b some UPB-3 grains are chemically heterogeneous, wherein the fresh and altered parts respectively are UPB-1a and UPB-2 in composition (Fig. 6g); in addition remnants of

PBG-1a and new PBG-2 (Fig 6h-i) occur in some association.
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nantly of quartz, with minor/accessory phases such as muscovite,
garnet, biotite, chlorite, zircon, and rare monazite.

Quartzite from the vicinity of the brecciated zones
(Fig. 2f and g) contains strained and elongated quartz with sutured
grain contact and sporadic biotite, muscovite, chlorite, and garnet
(Fig. 4a and b). These samples contain radioactive uraninite, coffi-
nite and uranophane (Figs. 4b–d and 6g–i). Non-radioactive ore
minerals include magnetite (replaced by hematite; Fig. 4e), pyrite,
and galena (Fig. 6h–i). The quartzite sample, collected from close to
the brecciated vein (Fig. 2h) contains U-bearing phases in the wall
rock quartzite (Fig. 4g and h), and in the fragments of quartzite
enclosed in the veins (Fig. 4f), whereas the vein containing illite
is devoid of these phases (Fig. 4f). Unlike the common presence
of the REE-phases, viz. monazite, xenotime and unidentified REE-
minerals in the basement, commonly coffinite and at places urano-
phane are associated with uraninite in the supracrustal rocks.

Similar to the basement rocks, the supracrustal uraninite also
occurs as inclusions in different minerals. However, based on their
shape, position with respect to the grain boundary of the host min-
eral and association with U-silicate minerals, uraninite inclusions
are classified into three different types. These are (1) UPB-1: anhe-
dral to subhedral inclusions well inside the host mineral (Fig. 4b–
d); (2) UPB-2: subhedral to euhedral inclusions at the grain bound-
ary and/or closely associated with micro-cracks (Fig. 4c–d and 4g–
h); (3) UPB-3: commonly anhedral inclusions rimmed and partly
replaced by U-silicates such as coffinite and uranophane (Fig. 6g–
i; See Table 1 for a summary of texture, composition and ages).
UPB-1 uraninites are included in quartz (Fig. 4c–d and 4f–h) and
magnetite (Fig. 4b), the latter at places is partly included in garnet.
Some large UPB-3 uraninite show different gray shades in BSE image
suggesting intra-grain compositional variation (Fig. 6g; see section
on uraninite geochemistry).

Unlike the basement rocks, the studied PB rocks do not show
any evidence either of large-scale/micron-scale alteration, presum-
ably due to the fact they are composed primarily of quartz. How-
ever, the rocks were subjected to silicification and K+/H+

metasomatism as evident from the presence of quartz and illite
veins.

5. Geochemistry of uraninite

Uraninite occurs as inclusions in different minerals and host
rocks in the basement and the supracrustal. It is therefore neces-
sary to recognize the differences, if any, in the compositions
between uraninites of the basement and supracrustal. In this sec-
tion, we first describe the general geochemical character of urani-
nites and then geochemistry of different textural types. As BSE
images indicate possible compositional variations in individual
grains, we examine such intra-grain compositional variations in
the context of general compositional characteristics vis-à-vis tex-
tures of uraninite. Representative compositional data of uraninite
from the basement and the supracrustals rocks are presented in
Table 2 and complete analytical data are given in Supplementary
Appendices A2 and A3.

5.1. Uraninite in the basement: Inter- and intra-granular variations

A total of 99 EPM analyses were obtained from 65 basement
uraninite grains and all the compositional data are presented in
Supplementary Appendix A2. The obtained total elemental oxide
content of these grains is mostly �100, while few spots exhibit a
lower total (with a minimum value of 96.49). Low totals may be
attributed to the presence of U+6 in the structure of uraninite, alter-
ation/hydration and development of pores, and also to the pres-
ence of elements which were not analyzed (e.g., Pal and Rhede,
2013; Frimmel et al., 2014). Near 100 totals in most grains indi-
cates, even if present, U+6 contents in the studied uraninites are
negligible and therefore self-oxidation due to radioactive decay



Fig. 4. Photomicrograph (a) and BSE images illustrating textural relationship of uraninite within the brecciated quartzite (b–e) and fracture filling vein (f–h) from the Pur
quartzite. Uraninite occurs within (UPB-1) and at the contact of (UPB-2) magnetite and quartz (b–d); hematite formed after magnetite (e); note that the fracture filling vein is
barren (f) while uraninite (UPB-1 and UPB-2) occurs in the fragments of quartzite (f–h); coffinite and uranophane are found in the vicinity of uraninite (in b, c, and h) but do not
appear to have replaced uraninite.
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Fig. 5. Concentrations (in oxide wt%) of different major, minor and trace elements of different textural types in the basement uraninite (a through f). The major compositional
types corresponding to each textural type are shown in parentheses. Although texturally different uraninites are indistinguishable from each other in terms of total minor
element content (e), UMC-1 and UMC-2 uraninites are depleted in

P
REY2O3 compared to UMC-3 and define a populations (marked by grey shade; compositional type MCG-1)

distinctly different from UMC-3 (marked by yellow shade; compositional type MCG-2) (c). Note that UMC-1 is characteristically more enriched in PbO compared UMC-2 (b to e)
and thus define two compositional populations namely MCG-1a and MCG-1b. SEM-BSE image (g) and X-ray element maps (h) of a plagioclase-hosted large uraninite grain,
connected to the grain boundary through micro-cracks and surrounded by alteration halo, exhibits intra-granular compositional difference. The uraninite in (g) texturally
belongs to the UMC-1, but represents two compositional types, MCG-1a and MCG-2.
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Fig. 6. Concentrations (in oxide wt%) of different major, minor and trace elements of different textural types in the supracrustal uraninite (a through f). The major
compositional types corresponding to each textural type are shown in parentheses. Even though texturally different uraninites are indistinguishable from each other in terms
of

P
REY2O3 content, some UPB-3 uraninites contain much elevated concentrations of minor elements (compositionally PBG-2) compared to UPB-1 and UPB-2 (compositionally

PBG-1) that shows strong negative correlations with PbO (d–f). Note that the UPB-1 uraninites are enriched in PbO than UPB-2 and define two compositional groups namely PBG-

1a and PBG-1b (b, d–f). BSE images and X-ray element maps of three large uraninite grains associated with and partly replaced by coffinite (g–i) show intra-grain compositional
heterogeneity, preserving both PBG-1a and PBG-2 compositions (g), presence of two compositional types (PBG-1a and PBG-2) of uraninite (h) and also retention of earlier
compositions (PBG-1a) in the remnants of earlier grain (h and i).
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Table 2
Representative mineral composition with respective calculated chemical ages for the Basement (Mangalwar Complex) and supracrustal (Pur-Banera) rocks.

Basement (Mangalwar Complex)

Figure 3c 3d 3d 3e 3e 3f 3f 3 g 3 h 5 g 5 g 5 g 5 g
Mineral Urn Urn Urn Urn Urn Urn Urn Urn Urn Urn Urn Urn Urn
Texture UMC-1 UMC-1 UMC-1 UMC-1 UMC-1 UMC-2 UMC-2 UMC-3 UMC-3 UMC-1 UMC-1 UMC-1 UMC-1

Composition MCG-1a MCG-1a MCG-1a MCG-1a MCG-1a MCG-1b MCG-1b MCG-2 MCG-2 MCG-1a MCG-1a MCG-2 MCG-2

Analysis No. 1 2 3 4 5 6 7 8 9 10 11 12 13

SiO2 0.12 0.08 0.12 bdl 0.09 bdl 0.13 0.05 0.79 0.11 bdl bdl 0.07
Al2O3 bdl bdl bdl bdl bdl bdl bdl bdl 0.33 bdl 0.03 bdl bdl
CaO 0.1 0.05 0.1 0.07 0.2 0.16 0.12 0.08 0.37 0.29 bdl 0.09 bdl
FeO bdl bdl bdl bdl 0.47 0.5 0.26 0.15 bdl 0.28 0.29 0.56 0.23
Na2O bdl bdl bdl bdl bdl 0.04 0.07 bdl 0.07 bdl bdl bdl bdl
K2O 0.16 0.19 0.16 0.19 0.3 0.29 0.27 0.26 0.19 0.27 0.25 0.18 0.25
Y2O3 0.15 0.12 0.15 0.1 0.08 0.11 0.23 0.33 0.44 0.97 0.45 2.3 1.06
La2O3 bdl bdl bdl bdl bdl bdl bdl 0.42 bdl bdl bdl bdl bdl
Ce2O3 bdl bdl bdl bdl bdl bdl bdl 0.14 bdl 0.01 bdl bdl bdl
Pr2O3 bdl bdl bdl bdl 0.43 0.15 0.3 0.33 bdl 0.43 0.39 bdl 0.39
Nd2O3 bdl 0.14 bdl bdl bdl bdl bdl 0.31 0.2 0.15 bdl 0.18 bdl
SmO bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.24 bdl
Gd2O3 0.32 bdl 0.32 bdl bdl bdl 0.2 bdl 0.31 0.23 bdl 0.6 0.13
Dy2O3 bdl bdl bdl bdl bdl bdl 0.07 bdl 0.14 0.17 0.06 0.63 0.29
Ho2O3 0.22 0.14 0.22 0.21 bdl bdl bdl bdl 0.24 bdl bdl 0.26 bdl
Er2O3 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.08 0.28 0.18
Yb2O3 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.26 0.11
UO2 82.21 83.21 82.02 82.69 82.46 84.73 80.57 81.07 78.71 78.35 76.26 74.28 74.12
ThO2 1.11 1.11 1.1 1.4 1.05 1.59 3.53 3.77 3.14 3.78 5.32 7.16 8.69
PbO 15.11 15.25 15.11 14.99 15.05 11.96 11.94 13.8 13.9 14.23 14.17 11.93 12.67
Total 99.29 100.3 99.6 99.85 100.2 99.61 97.77 100.7 98.8 99.44 97.38 98.98 98.33
Minors 0.38 0.32 0.38 0.26 1.06 0.99 0.85 0.54 1.75 0.95 0.57 0.83 0.55
SiO2 + CaO 0.21 0.13 0.22 0.07 0.29 0.16 0.25 0.13 1.15 0.4 bdl 0.09 0.07
RREE2O3 0.55 0.28 0.54 0.21 0.43 0.15 0.57 1.2 0.89 0.99 0.53 2.45 1.1
RLREE2O3 bdl 0.14 bdl bdl 0.43 0.15 0.3 1.2 0.2 0.59 0.39 0.42 0.39
RHREE2O3 0.55 0.14 0.54 0.21 bdl bdl 0.27 0 0.69 0.4 0.14 2.03 0.71
RREE2O3 + Y2O3 0.7 0.4 0.69 0.31 0.51 0.26 0.8 1.53 1.33 1.96 0.98 4.75 2.16

Age (Ma) 1217 1212 1217 1199 1207 959 996 1125 1167 1192 1209 1056 1111
2 s error (Ma) 25 24 25 24 35 28 29 33 24 34 35 23 32

(continued on next page)
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Table 2 (continued)

Supracrustal (Pur-Banera)

Figure 6i 6 h 6 h 6 g 6 h 6 g 4b 4c 4c 4 h 4 g 4d 4d 6i 6 h 6 g 4d 4b 4b 4d 4f
Mineral Cof Urn Urn Urn Urn Urn Urn Urn Urn Urn Urn Urn Urn Urn Urn Urn Urn Urn Urn Urn Urn
Texture – UPB-3 UPB-3 UPB-3 UPB-3 UPB-3 UPB-2 UPB-2 UPB-1 UPB-2 UPB-2 UPB-2 UPB-1 UPB-3 UPB-3 UPB-3 UPB-1 UPB-1 UPB-1 UPB-1 UPB-1

Composition PBG-2 PBG-2 PBG-2 PBG-1a PBG-1a PBG-1b PBG-1a PBG-1a PBG-1b PBG-1b PB-G-1b PBG-1a PBG-1a PBG-1a PBG-1a PBG-1a PBG-1a PBG-1a PBG-1a PBG-1a

Analysis No. 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34

SiO2 15.16 8.92 10.61 0.43 0.11 bdl 0.28 0.24 bdl 1.13 0.16 0.13 0.56 0.18 0.04 0.07 bdl 0.08 0.08 0.04 0.45
Al2O3 bdl 0.15 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.06
CaO 2.59 1.83 1.7 0.76 0.1 bdl 0.09 0.04 0.05 0.9 0.09 0.05 0.28 0.27 0.11 bdl 0.10 0.07 0.06 0.15 0.12
FeO bdl 0.18 bdl 0.14 bdl bdl bdl bdl bdl 0.25 0.31 bdl bdl 0.19 0.05 bdl 1.38 0.03 0.01 bdl bdl
Na2O 0.08 0.11 0.06 0.2 0.26 bdl 0.04 0.06 bdl 0.06 0.2 0.02 bdl bdl 0.07 bdl bdl bdl 0.18 bdl 0.15
K2O 0.28 0.28 0.26 0.29 0.3 0.18 0.3 0.29 0.29 0.28 0.29 0.7 0.2 0.28 0.29 0.21 0.28 0.27 0.3 0.28 0.29
Y2O3 bdl bdl bdl 0.43 bdl 0.08 0.12 0.2 0.11 0.07 0.11 0.08 bdl 0.37 0.44 bdl 0.27 0.05 0.15 0.26 bdl
La2O3 bdl 0.26 0.07 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Ce2O3 0.37 0.53 0.13 0.01 0.01 bdl 0.01 bdl bdl bdl bdl 0.02 bdl 0.04 bdl bdl 0.05 bdl bdl bdl bdl
Pr2O3 0.2 0.21 0.34 0.61 0.31 bdl 0.28 0.46 0.43 0.3 0.41 0.34 bdl 0.5 0.51 bdl 0.61 0.43 0.38 0.42 0.31
Nd2O3 bdl 0.12 bdl 0.1 0.23 bdl 0.15 bdl bdl bdl bdl bdl bdl bdl 0.18 bdl 0.27 0.13 0.11 0.23 0.08
SmO bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.11 bdl bdl bdl bdl
Gd2O3 0.08 bdl bdl 0.24 bdl bdl bdl bdl 0.11 bdl 0.21 0.12 bdl 0.12 0.22 bdl 0.08 0.18 bdl 0.25 bdl
Dy2O3 bdl bdl bdl 0.13 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Ho2O3 bdl bdl bdl bdl bdl 0.25 bdl bdl bdl bdl bdl bdl 0.18 bdl bdl 0.26 bdl bdl bdl bdl bdl
Er2O3 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.10 bdl bdl bdl bdl
Yb2O3 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
UO2 70.83 78.32 73.9 85.63 85.12 83.34 86.67 83.44 82.22 86.02 88.66 81.49 82.66 80.85 80.75 83.78 80.76 81.14 82.71 81.15 80.26
ThO2 bdl bdl bdl 0.03 bdl bdl 0.03 bdl bdl bdl bdl bdl bdl 0.03 0.2 bdl 0.16 bdl bdl 0.03 bdl
PbO 3.17 6.8 8.12 9.95 15.25 15.09 12.74 12.65 15.94 11.54 13.2 12.2 15.09 14.8 14.99 15.56 15.92 16 16.42 16.13 16.34
Total 92.87 97.84 95.26 98.94 101.8 99.07 100.8 97.4 99.1 100.5 103.7 95.18 99.09 97.76 97.94 100.3 100.1 98.4 100.4 99.04 98
Minors 18.11 11.47 12.63 1.82 0.77 0.18 0.71 0.62 0.34 2.61 1.05 0.9 1.04 0.92 0.56 0.28 1.76 0.45 0.63 0.47 1.06
SiO2 + CaO 17.75 10.75 12.31 1.19 0.21 bdl 0.37 0.28 0.05 2.03 0.25 0.18 0.84 0.45 0.15 0.07 0.10 0.15 0.14 0.19 0.57
RREE2O3 0.65 1.12 0.54 1.09 0.55 0.25 0.44 0.46 0.54 0.3 0.62 0.48 0.18 0.66 0.91 0.26 1.21 0.74 0.49 0.9 0.39
RLREE2O3 0.57 1.12 0.54 0.72 0.55 bdl 0.44 0.46 0.43 0.3 0.41 0.36 bdl 0.54 0.69 bdl 1.03 0.56 0.49 0.65 0.39
RHREE2O3 0.08 bdl bdl 0.37 bdl 0.25 bdl bdl 0.11 bdl 0.21 0.12 0.18 0.12 0.22 0.26 0.18 0.18 bdl 0.25 bdl
RREE2O3 + Y2O3 0.65 1.12 0.54 1.52 0.55 0.33 0.56 0.66 0.65 0.37 0.73 0.56 0.18 1.03 1.35 0.26 1.48 0.79 0.64 1.16 0.39

Age (Ma) 327 616 767 852 1192 1203 1000 1028 1277 921 1012 1016 1212 1215 1229 1230 1295 1296 1304 1305 1332
2 s error (Ma) 7 12 15 24 20 24 18 30 36 16 18 30 24 35 35 24 37 36 22 37 22

Note: Minors = R(SiO2 + Al2O3 + CaO + Na2O + K2O + FeO); Abbreviations: Urn: Uraninite, Cof: Coffinite, bdl: Below detection limit; UMC-1–UMC-3 and UPB-1–UPB-3: Texturally different uraninite; MCG-1a and PBG-1a etc. are different
compositional types.
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was minimal (Dahlkamp, 1993). Compositionally, the analyzed
grains show variable contents of UO2 (71.49–86.61 wt%), and PbO
(10.68–16.14 wt%). The ThO2 content of the grains vary from 0.86
to 9.47 wt% (Fig. 5a). Concentrations of other minor/trace elements
are also variable, amongst which the content of the REEs (bdl-
2.45 wt% of REE2O3) and Y (bdl–3.66 wt% of Y2O3) are substantial.
Besides, minor amounts of K2O (0.16–0.30 wt%), FeO (bdl–1.46 wt
%), SiO2 (bdl-0.79 wt%) and CaO (bdl-0.42 wt%) are detected in
most cases. Very few grains have higher content of SiO2 (4.36 wt
%; See Supplementary Appendix A2) and CaO (max. 2.73 wt%). Con-
sidering that almost all uraninites in the basement contain <1.0 wt
% total minor element, these stray values may appear to be the
result of contamination from matrix or sub-surface inclusions.
However, these grains are also enriched in REYs. Therefore, compo-
sitional modification due to alteration (discussed later) is highly
possible. The concentrations of Al2O3 and Na2O are below detection
limits excepting in few grains (Supplementary Appendix A2). Thus,
the basement uraninite grains display large variation in composi-
tion. For a better understanding on the possible reasons of such
compositional variations, an assessment of the compositions of dif-
ferent textural types of uraninite and compositional variations
within single uraninite grains (as indicated by BSE images) is
necessary.

The different textural types have overlapping ranges in the
concentrations of UO2 and ThO2 (Fig. 5a). Similarly the
R(SiO2 + Al2O3 + K2O + CaO + FeO + Na2O) contents of all textural
types are low and randomly distributed without forming distinct
populations (Fig. 5e), Therefore concentrations of UO2, ThO2 and
total minor elements cannot readily discriminate the different tex-
tural types. However, the UMC-1 and UMC-2 uraninites are character-
ized by very low and restricted concentrations of RREY2O3 (i.e.,
�1.0 wt%, excepting a couple of spots). The UMC-3 uraninites, on
the contrary, contain higher and variable concentrations of the
same (RREY2O3 >1.00 to 5.93 wt%) (Fig. 5b and c). Thus, based on
RREY2O3 contents uraninites in the basement can be classified into
two distinct compositional groups, namely MCG-1 (low total REY)
and MCG-2 (high total REY). Although both UMC-1 and UMC-2 urani-
nites belong to MCG-1 compositional group, a close examination of
compositions demonstrates that the UMC-1 uraninites invariably
contain higher PbO compared to the UMC-2 uraninites. Based on
these compositional variations we further divide the MCG-1 compo-
sitional group into two subgroups namely, MCG-1a (low REY and
high PbO; represented by UMC-1 textural type) and MCG-1b (low
REY and low PbO; represented by UMC-2 textural type). Some of
UMC-3 uraninites contain higher ThO2 compared to the UMC-1 and
UMC-2 uraninites. The compositional relation between UO2 and
PbO illustrate two discrete populations (Fig. 5a and b), wherein
the somewhat negative trend defined by UMC-1 and UMC-2 together
(belonging to MCG-1 compositional group) may be explained by the
production of radiogenic Pb at the expense of U in a closed system.
The UMC-3 uraninites do not show any well-defined trend perhaps
due to variable substitution of Pb and/or U by trace elements dur-
ing subsequent processes. Although the compositional characters
can largely be linked to the textures, there are deviations from this
general pattern as is evident from the following description.

We have mentioned that some large uraninite grains show dif-
ferent grey shades in BSE images indicating compositional hetero-
geneity. For a better understanding on such compositional
heterogeneity and its implications on the multiple compositional
types described above, a representative large uraninite inclusion,
belonging to the UMC-1 textural type, (Fig. 5g) was studied integrat-
ing BSE image, X-ray element maps (U, Th, Pb, and Y; Fig. 5h) and
EPM spot analysis. BSE image shows that the central channel-like
part and small patches at the margin (the right margin of uraninite
in Fig. 5g) is extremely fractured and dark, while the rest parts (as
small patches) are smooth and bright. Note the presence of micro-
cracks in the host plagioclase, some of which are extended up to
the grain boundary. Although the maps do not illustrate sharp
compositional zoning, significant depletion of U and Pb and enrich-
ment of Th and Y at the fractured zones are observed. The same is
confirmed by spot analysis from different zones (analyses 10, 11,
12, and 13; Table 2). It is uncertain whether the heterogeneously
distributed fractured zones are the result of more radiation dam-
age due to the elevated concentrations of radioactive elements in
these zones or actually represent fluid-induced dissolution cavi-
ties. Importantly, compositions obtained from the smooth- and
fractured zones are equivalent to that of MCG-1a and MCG-2 respec-
tively. Based on this intra-grain variation, we propose that the
MCG-2 compositions are the results of modification of MCG-1a com-
positions, originally displayed by UMC-1 uraninite. Micro-cracks,
extended to the grain boundary, likely acted as the fluid conduit
and facilitated post-mineralization alteration. Such intra-grain
compositional variations further explain why a particular textural
type cannot always be uniquely linked to a particular composi-
tional type and vice versa. Based on above discussion we propose
that the MCG-1a and MCG-1b represent the pristine compositions,
whereas the MCG-2 represents the modified compositions.

5.2. Uraninite in the supracrustals: Inter- and intra-granular variation

For the supracrustal rocks, a total of 126 spot analyses were
obtained from �85 uraninite grains. Most of the analytical totals
are less than or close to 100 and rarely exceed 101 (Fig. 6a; Supple-
mentary Appendix A3). Very few grains exhibit high analytical
totals (�103), which may be attributed to contamination from
the host mineral or sub-surface inclusions. Unlike uraninites in
the basement, the ThO2 contents of the uraninites in the supracrus-
tal are either below detection limit or very low (maximum ThO2 is
�0.4 wt%; Fig. 6a). The UO2 and PbO contents of the grains vary
from 73.90 to 88.66 wt% and 6.80 to 18.88 wt%, respectively
(Fig. 6a and b). The highest concentration of Y2O3 is 1.13 wt% (Sup-
plementary Appendixes A3). The RREY2O3 contents vary from 0.13
to 2.33 wt% (Fig. 6c), wherein most values are <2.0 wt% (Table 2
and Supplementary Appendix A3). The minor elements (Fig. 6d)
in these uraninites have wide variation in concentration (SiO2:
bdl to maximum 10.61 wt%; CaO: bdl to 2.98 wt%; K2O: 0.18–
0.83 wt%). Iron is detected in most of the grains, wherein high
FeO (up to 1.39 wt%) concentrations are predominantly found to
be associated with tiny grains in proximity to magnetite, presum-
ably indicating Fe excitation of magnetite hosting uraninite grains
during analysis (cf. Pal and Rhede, 2013). The Al2O3 and Na2O con-
tents in uraninites are below detection limit excepting in few
grains (Supplementary Appendix A3).

Unlike those from the basement, the different textural types of
supracrustal uraninites are indistinguishable from each other in
terms of their

P
REY2O3 content (Fig. 6c). The total minor element

contents are also not very distinctive (Fig. 6d), excepting elevated
contents of total minor elements, particularly of SiO2 in few UPB-3

grains (Fig. 6e). The minor element and PbO content of these grains
and the associated coffinite, show strong negative correlation
(Fig. 6d–f). Based on this observation, the supracrustal uraninites
are classified into two groups, namely PBG-1 and PBG-2, character-
ized respectively by very low and elevated contents of minor ele-
ments respectively. Although both UPB-1 and UPB-2 uraninites
belong to PBG-1 compositional type, it is evident (Fig. 6b) that
UPB-1 uraninites contain higher PbO than the UPB-2 uraninites. Thus
PBG-1 uraninites can further be sub-divided into two subgroups,
namely PBG-1a and PBG-1b, based on their PbO content. The PBG-1a

and PBG-1b uraninites are characterized by high and low contents
of PbO respectively.

To decipher the relation between UPB-3 with U-silicates three
representative grains, occurring along thin micro-cracks in quartz
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and rimmed/replaced by coffinite, were investigated integrating
BSE image, X-ray element maps (U, Pb, and Si; Fig. 6g–i) and EPM
spot analysis. The grain in Fig. 6g, shows multiple zones in BSE
image, wherein dark, pitted and patchy zones (close to the center
and towards top right), extended or linked to the grain boundary,
occur in an otherwise smoother, brighter uraninite. The X-ray
maps display considerable depletion of Pb and enrichment of Si
in the pitted areas (Fig. 6g; Table 1). Importantly the fresh and
altered parts belong to compositional type PBG-1a and PBG-2 respec-
tively. Fig. 6h illustrates an association of phases in contact with
muscovite and quartz, comprising rounded uraninite grains, likely
to be remnants of partially resorbed earlier grains, which are sur-
rounded by somewhat darker domains. X-ray maps demonstrate
depletion of U and Pb and enrichment of Si in these domains com-
pared to uraninite. High U and Si and low Pb content of some of
these spots (#15 & #16) indicate that they are either partly coffini-
tized uraninite or coffinite formed from existing uraninite. Besides,
the Pb-enriched phase towards the top and the dark phase in con-
tact with coffinite (towards right in the BSE) respectively are
galena and pyrite. The domain in Fig. 6i, demonstrates a similar
association in which a euhedral uraninite is encircled by coffinite
(in BSE). The interior of the uraninite appears to be pitted and
partly replaced by coffinite as is evident from depletion in U and
Pb (excepting the red spots in Pb-map, which are galena) and
enrichment in Si (Fig. 6i and element distribution maps). The above
textures and compositional characteristics of the chemically
heterogeneous uraninite (Fig. 6g) suggest that the uraninites with
PBG-2 composition are likely the product of alteration of PBG-1a ura-
ninite during an event of coffinitization/coffinite formation. Preser-
vation of PBG-1a compositional types in these associations indicates
that all UPB-3 uraninites do not belong to PBG-2 compositional type
and therefore an individual textural type cannot always be specif-
ically linked to a particular compositional type and vice versa. In
the light of above discussion, we propose that the PBG-1a and
PBG-1b represent the pristine compositions while the PBG-2 repre-
sents the modified compositions.
6. Chemical age dating of uraninites

The EPMA U-Th-PbTotal age determination of uraninite has been
used by various workers in the last three decades (Kempe, 2003;
Alexandre and Kyser, 2005; Cross et al., 2011; Pal and Rhede,
2013). This technique can be used on the fulfillment of two obliga-
tory conditions. These are: (i) incorporation of no common Pb dur-
ing mineral growth and (ii) no disturbances of the U, Th, and Pb
systematics after crystallization of the mineral (Kempe, 2003). Ura-
ninite satisfies the first criterion but many workers (Janeczek and
Ewing, 1995; Kempe, 2003; Alexandre and Kyser, 2005; Deditius
et al., 2007) have demonstrated that most natural uraninites are
chemically heterogeneous at micron scale level, resulting analyti-
cal complications, if used for dating. Further, incompatibility of
radiogenic Pb in the crystalline uraninite structure (Alexandre
et al., 2015) and substitution of radiogenic Pb by other cations
(e.g., Si, Ca, and Fe) during subsequent alteration (Alexandre and
Kyser, 2005; Alexandre et al., 2015) may also affect chemical age.
However, if trace and minor elements enter into uraninite mainly
substituting radiogenic Pb, a meaningful age can be obtained by
extrapolating the sum of the concentrations of minor (Si, Ca, K,
Na, Al and Fe) and trace (REY) elements to zero, in age vs. concen-
tration diagram, provided the pristine, unaltered uraninites did not
contain significant trace and minor elements respectively
(Alexandre and Kyser, 2005; Pal and Rhede, 2013).

Taking into account all necessary precautions, and considering
all Pb to be radiogenic, we have first used the formulation of
Montel et al. (1996) to determine the spot ages from the EPMA
data. In general, the obtained uraninite ages from both the base-
ment and the supracrustal rocks show wide ranges (Supplemen-
tary Appendices A2 and A3). However, as the uraninites are
texturally and compositionally diverse and there are visible, textu-
ral and chemical evidence of alteration, the obtained ages need to
be sorted and evaluated integrating textural and chemical features
for a meaningful interpretation (e.g., Kempe, 2003). Ages obtained
from grains or part of grains (unaltered parts in chemically hetero-
geneous grains), without any visible sign of alteration and having
negligible concentration of total minors and/or REEs (represented
by compositional types MCG-1a, MCG-1b, PBG-1a and PBG-1b) are sta-
tistically evaluated to get the most probable age. For the spot ages
obtained from grains, containing higher contents of trace/minor
elements (compositional types MCG-2 and PBG-2) we have adopted
the method of extrapolation (Alexandre and Kyser, 2005; Pal and
Rhede, 2013) to obtain a meaningful age. Summary of different tex-
tural types, their compositional characters and ages is given in
Table 1.
6.1. Basement

Spot ages obtained from the pristine uraninites (MCG-1a and
MCG-1b) in the basement range between 864 and 1896 Ma (Supple-
mentary Appendix A2). The relative probability plots, constructed
using IsoplotnEx (Ver. 3.70; Ludwig, 2000), show two prominent
probability peaks at �0.96, and �1.20 Ga, apart from a minor peak
at �1.88 Ga (Fig. 7a). Uraninites, belonging to UMC-1 textural type
and MCG-1a compositional type, consistently yield the intermediate
age of �1.20 Ga, excepting the altered grains which composition-
ally belong to MCG-2. On the contrary, uraninites, belonging to
UMC-2 textural type and MCG-1b compositional type, yield the
youngest age (�0.96 Ga).

Uraninites with MCG-2 compositions and represented mainly by
UMC-3 textural types, display strong negative correlation between
RREY2O3 contents and corresponding ages (Fig. 7b), which indicate
significant control of trace elements in the modification of actual
age. Strong negative correlation between

P
REY2O3 and PbO

(Fig. 5c) further suggests that the ages were modified mainly due
to the substitution of Pb by these elements. The role of

P
REY2O3

and PbO in the modification of ages is also evident from chemically
heterogeneous grains (Fig. 5g), in which the intermediate age is
obtained from the REE-poor, PbO-rich fresh zones (compositionally
MCG-1a) and lower and variable ages from the REE-rich, PbO-poor
altered zones (compositionally MCG-2). An age of �1.22 Ga, similar
to that of UMC-1/MCG-1a uraninites, is obtained for the UMC-3/MCG-2

uraninites by extrapolating the
P

REY2O3 content to zero, using a
best fit line on the age vs.

P
REY2O3 binary plot (Fig. 7b). The cor-

relation between the concentrations of minor elements with the
corresponding ages is very weak (Fig. 7c) and thus these elements
had insignificant influence on the modification of actual age of the
basement uraninite.
6.2. Supracrustals

The uraninite grains in quartzite yield spot ages varying from
616 to 1520 Ma (Supplementary Appendix A3). The ages obtained
from the unaltered grains, having very low minor and trace ele-
ment contents (PBG-1a and PBG-1b) document a bimodal distribu-
tion, comprising one population at �1.24 Ga and the other at
�1.01 Ga (Fig. 7d). The UPB-1 uraninites having PBG-1 compositions
invariably belong to the older population (�1.24 Ga). In addition,
UPB-3 uraninites, retaining the PBG-1a compositions at places, also
yield this older age (Fig. 6g–i; Table 2). On the contrary, UPB-2 ura-
ninites having PBG-1b composition belong to the younger popula-
tion (�1.01 Ga).



Fig. 7. (a) Relative probability plots and histograms showing statistically significant age peaks for the UMC-1 and UMC-2 uraninites that retain pristine compositions (MCG-1a

and MCG-1b respectively) from the basement and define two distinct ages; (b) age vs.
P

REY2O3 plot of MCG-2 compositions, interpreted as modified product, show strong
negative correlation defining an age of 1220 ± 14 at zero value of

P
REY2O3; (c) no correlation between age and total minor elements indicating insignificant control of minors

on the ages; (d) relative probability plots and histograms showing statistically significant age peaks for the UPB-1 and UPB-2 uraninites retaining pristine compositions (PBG-1a

and PBG-1b respectively) from the supracrustal define two distinct ages; (e) and (f) show strong correlations between age with total minors and SiO2 of PBG-2 compositions,
interpreted as modified products, defining ages of 1211 ± 27 Ma 1196 ± 25 Ma respectively at zero concentrations of total minors and SiO2.
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The PBG-2 uraninites, along with coffinite, show negative
correlation between concentrations of total minor elements
(SiO2 + Al2O3 + K2O + FeO + CaO + Na2O) and calculated ages
(Fig. 7e) implying influence of minor elements on the modification
of ages. Further, the influence of SiO2 is significantly higher as com-
pared to the other minor elements (Fig. 7f). Negative correlation
between minor elements and PbO (Fig. 6d–f) lends support to the
fact that substitution of PbO by minor elements, particularly
SiO2, leading to coffinitization at places, was responsible for such
modification. Such a mechanism is also evident from the composi-
tionally heterogeneous UPB-3 grain (Fig. 6g), wherein the interme-
diate age is obtained from the minor element-poor, PbO-rich
fresh zones (compositionally PBG-1a) and lower and variable ages
from the minor element-rich, PbO-poor altered zones (composi-
tionally, PBG-2). An age of �1.21 Ga is obtained for the PBG-2 urani-
nites by extrapolating the total minor element contents
(SiO2 + Al2O3 + K2O + FeO + CaO + Na2O) to zero, using a best fit line
in the age vs. minor elements binary plot (Fig. 7e). Unlike the mod-
ified uraninites in the basement, the RREY2O3 (Supplementary
Appendix A3) contents of the modified uraninites in the supracrus-
tal quartzite are low and do not show strong correlation either
with age or PbO and therefore, the influence of the REEs on the
ages is minimal.
7. Discussion

7.1. Geochemical and geochronological evolution of uranium
mineralization

Uraniummineralization in the Samarkiya area is very low grade
in nature and therefore uraninite, the main ore mineral of uranium,
is scanty. Uraninite occurs as inclusion in different minerals and
can be broadly classified into different textural types based on
their shape, relative position in the host mineral and association
of secondary minerals. However, there is no (a) distinct relation
among the different textural types, (b) obvious difference in their
modes of occurrence or (c) unique relation with the metamor-
phic/deformation fabric and metamorphic minerals. This hinders
proposition of any meaningful paragentic sequence, based solely
on proposed textural classification, which could be used to develop
a model of geochemical and geochronological evolution of uranium
mineralization. However, the different compositions and ages of
diverse textural types of uraninites in tandem with intra-grain
compositional and age variations collectively provide important
clues to geochemical and geochronological evolution of uranium
mineralization.

Uraninites from the basement show strong compositional vari-
ations defining three populations based on

P
REY2O3 and PbO con-

tent. The compositionally distinct uraninites define distinct age
populations. The oldest age of �1.88 Ga, obtained only from two
grains, suggests either very minor contribution of this event in
mineralization or the footprints of this event was obliterated dur-
ing subsequent superimposed episodes. Barring the exception of
these two uraninites, the unaltered,

P
REY2O3-poor pristine urani-

nites (MCG-1a and MCG-1b) define two distinct ages of �1.20 Ga and
�0.96 Ga. The �1.20 Ga age is represented by UMC-1 uraninites,
occurring inside the host mineral, which are neither connected to
the grain boundary throughmicro-crack nor replaced by secondary
minerals (e.g., Fig. 3d and e). After being included, these grains
were therefore likely shielded by the host mineral from subse-
quent fluid-assisted alteration, if any, and thus preserved the
actual age. Based on the ubiquitous presence of uraninite defining
this age, we propose that �1.20 Ga event is the first major event
(second after the 1.88 Ga event) of uranium mineralization in the
basement. The youngest age of �0.96 Ga is displayed by UMC-2
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euhedral uraninites that occur close to the grain boundary of the
host mineral (e.g., Fig. 3f). These uraninites may represent neo-
mineralization through fresh influx of uranium or neo-
crystallization of remobilized uranium from existing uraninite.
Although the studied uraninites occur at the grain boundary, they
are included in the host minerals and their compositions are other-
wise indistinguishable from the �1.20 Ga uraninites excepting the
PbO contents. Therefore, a fluid-mediated recrystallization or per-
vasive alteration of existing �1.20 Ga uraninite resulting in com-
plete Pb loss and resetting of isotopic clock at �0.96 Ga remains
a strong possibility. Migration of fluids along the grain boundary
likely facilitated the process.

The compositionally distinct REY-rich uraninites commonly
occur in association with REE-phases and at the first instance
may appear to be the product of new event of mineralization
(e.g., Fig. 3g). However, strong negative correlation between PbO
and RREY2O3 (Fig. 5c), indicate that high REY-content is not the
product of primary crystallization rather reflects later substitution
of radiogenic Pb by

P
REY. This proposition is further substantiated

by the partial replacement of low-REY, high-PbO uraninite
(belonging to MCG-1a) by this high-REY, variable PbO uraninite
(MCG-2). Moreover, the best fit line in

P
REY2O3 vs. age yields an

age (�1.22 Ga) very similar to that of the pristine �1.20 Ga urani-
nite at zero value of

P
REY2O3 further supporting derivation of

REY-rich uraninites from the �1.20 Ga uraninites. The associated
micro-cracks likely acted as the fluid conduit. It is recalled that
post-uraninite hydrothermal alteration is evident from alteration
halos in plagioclase surrounding uraninite inclusions and from
other mineral-alterations. The source of REEs is uncertain. From
the association of partially resorbed patchy monazite with REY-
and Th-rich uraninite (Fig. 3g) we infer monazite to be one of the
possible sources of Th + REY. Previously, Alexandre et al. (2015)
have suggested that monazite can act as a potential local source
of Th for uraninite. We have described that the alteration halos
in plagioclase at places contain REE-bearing unknown phases.
Therefore, REEs may be freshly introduced or redistributed during
the alteration, which formed the REY-rich uraninite. This may be
the case where REE-minerals replace the existing uraninite result-
ing in REY-enrichment of the latter. We cannot confirm the age of
this alteration event. However, as this event modified the �1.2 Ga,
REY-poor MCG-1a uraninites only (evident from texture and conver-
gence of ages obtained from probability histogram of unaltered
grains and best fit line of altered grains) it stands to reason that
this event took place sometime between 1.20 and 0.96 Ga.

Similar to those in the basement, uraninites in the supracrustal
rocks are also compositionally diverse and define three composi-
tional types based on total content of minor elements and PbO.
Most uraninites, however, are poor in minor and trace elements
excepting a few that contain elevated contents of minor elements.
The unaltered, pristine, UPB-1 uraninites occurring within quartz
and magnetite, define the highest age of �1.24 Ga. As these grains
were perhaps not affected by later hydrothermal event, we pro-
pose that the major event of uranium mineralization in the supra-
crustal rocks took place at �1.24 Ga. Euhedral uraninite belonging
to UPB-2 textural types, commonly associated with micro-cracks,
yield the younger age of �1.01 Ga. These uraninites may represent
in situ precipitation from a new influx of U-rich fluid (hence neo-
mineralization) or remobilized uranium from earlier uraninites.
However, as these uraninites are compositionally indistinguishable
from �1.24 Ga uraninites (UPB-1) except having lower PbO content,
they may be the product of fluid-mediated recrystallization or per-
vasive alteration of existing �1.24 Ga, UPB-1 uraninites, which
resulted in complete Pb loss and resetting of isotopic clock at
�1.01 Ga. Although few data are available, a strong negative rela-
tionship between SiO2 + CaO and PbO (Fig. 6f) of the minor
element-rich uraninites and associated coffinite suggest the
derivation of this uraninite composition through substitution of
radiogenic Pb by minor elements during the process of coffinitiza-
tion. The chemical texture of large uraninite, wherein the unaltered
and altered parts represent the low-minor, high PbO and high-
minor, variable PbO uraninite respectively, is unambiguous evi-
dence of formation of the latter from the former. This is also sup-
ported by the age, obtained by extrapolating the total minor
element concentrations to zero in total minor elements vs. age
plot, similar to that of the �1.24 Ga, PBG-1a uraninites. This alter-
ation event is presumably linked to the process of silicification,
the brecciated and silicified quartzite was subjected to. Besides,
formation of galena is perhaps due to redistribution/removal of
radiogenic Pb during sulfidation, assisted by extensive fracturing
during replacement of uraninite. Presence of pyrite in such associ-
ation lends support to such sulfidation event. This explains why
the uraninites of such association are occasionally characterized
by low and variable PbO contents and therefore the obtained spot
ages cannot be directly used in probability diagram.

On the basis of the elemental distributions within the pristine
and modified uraninite grains, it is proposed that the composi-
tional variations of uraninites in the Samarkiya deposit is con-
trolled by both original compositional variations during
crystallization and subsequent incorporation and expulsion of ele-
ments during superimposed hydrothermal alteration. Thus, the
uraninites demonstrate diverse events of uraniummineralization/-
mobilization and modification of earlier uraninite compositions by
later superimposed hydrothermal episodes (e.g., Pal and Rhede,
2013; Macmillan et al., 2016).

7.2. Nature of uranium mineralization

Our study demonstrates substantial substitution of different
trace and minor elements (Th, REY, Ca, Si, Fe, and K) into the struc-
ture of uraninite. By virtue of similar ionic radii and similar charges
(which can be balanced easily through one-to-one or coupled sub-
stitution) of Th4+ (1.05 Ǻ), REE3+ (0.98–1.16 Ǻ), and Y3+ (1.02 Ǻ) as
that of U4+ (1.00 Ǻ), uraninite can accommodate these elements
(Shannon, 1976) during its formation. Moreover, previous workers
have also reported late incorporation of elements (viz., REY, Si, Ca,
K, and Na) into the uraninite structure during later events (Kempe,
2003; Alexandre and Kyser, 2005; Pal and Rhede, 2013; Alexandre
et al., 2015; Macmillan et al., 2016). Incorporation of elements into
the structure of uraninite is essentially a function of temperature
and element availability. The incorporation of Th+4 into the struc-
ture of uraninite is also influenced by the processes related to
enrichment of uranium in the fluid or melt that precipitates urani-
nite (Alexandre et al., 2015). For example, in intrusive and high
temperature metasomatic deposits, initial enrichment of uranium
as U+4 results during partial melting of the parent rock, fractional
crystallization of the melt and exsolution of a magmatic-
hydrothermal fluid due to incompatible behavior of U+4 (Cuney
and Kyser, 2009). The same is also true for Th+4 as it is readily sol-
uble and behaves similarly at high temperature magmatic environ-
ment (Mercadier et al., 2011; Depiné et al., 2013; Cuney, 2010;
Frimmel et al., 2014). Therefore, Th+4 is available in the vicinity
and is easily ‘‘camouflaged” at the site of U+4 in uraninite structure
during crystallization (Alexandre et al., 2015). On the contrary, in
cases where U mobilizes in the form of U+6 under oxidizing condi-
tion that prevails in most low temperature, surface-derived diage-
netic or hydrothermal fluid, Th+4 is insoluble and therefore is
decoupled from uranium (Takeno, 2005). Consequently, uraninite
precipitated by reduction of U+6 to U+4 (e.g., in sandstone-hosted
deposits), from such a fluid, are depleted in Th+4 (Alexandre
et al., 2015). At higher temperatures, the uraninite structure per-
mits substantial incorporation of trace elements such as REE2O3

and Y2O3, apart from negligible amount of minor elements (e.g.,
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SiO2 and CaO), while at lower temperature minor elements are
more easily substituted than REEs in uraninite (Alexandre and
Kyser, 2005; Bastrakov et al., 2010; Mercadier et al., 2011;
Depiné et al., 2013; Frimmel et al., 2014; Macmillan et al., 2016).
The fractionation of REE2O3 into uraninite strikingly increases with
the crystallization temperature (Eglinger et al., 2013). From the
foregoing discussion, it stands to reason that the concentrations
of different elements and the UO2/ThO2 ratio can be used as prox-
ies to decipher the origin of uraninite and for semi-quantitative
estimation of temperature of uraninite formation (Fryer and
Taylor, 1987; Mercadier et al., 2011; Frimmel et al., 2014;
Mukhopadhyay et al., 2016). However, we emphasize that in a
deposit, which was subjected to post-mineralization hydrothermal
fluid influx resulting in compositional modification of existing ura-
ninite, it is mandatory to distinguish between original and modi-
fied concentrations of the proxy-elements for any meaningful
interpretation of composition.

The ca. 1.88 Ga ages were obtained only from two grains in the
basement. Although these grains contain elevated ThO2 and
P

REY2O3, we neither found intra-grain compositional heterogene-
ity nor we could use element correlation plots to examine whether
these elements are pristine or introduced during subsequent pro-
cesses. Therefore, we cannot comment on their possible origin
based on the concentrations of these elements. All the �1.20 Ga
and �0.96 Ga uraninites (UMC-1 and UMC-2 belonging to MCG-1a

and MCG-1b compositions respectively) along with the modified
grains (MCG-2 compositions) having high REY-content are charac-
terized by high absolute concentrations of ThO2 (Supplementary
Appendix A2). This indicates their derivation from high tempera-
ture, such as magmatic, magmatic-hydrothermal and metamor-
phic process (e.g., Grandstaff, 1981; Frimmel et al., 2014;
Alexandre et al., 2015). Strong negative correlation between UO2

and ThO2 (Fig. 5a) in combination with the hyperbolic trend
defined by UO2/ThO2 vs. ThO2 (Fig. 5f), suggest primary incorpora-
tion of ThO2 into the uraninite structure, during crystallization
from a high temperature fluid (Grandstaff, 1981; Mukhopadhyay
et al., 2016). Additionally, this inference is further substantiated
from the U/Th vs.

P
REE binary diagram, wherein these pristine

grains typically plot within the high temperature (>450 �C; Fig. 8)
magmatic/metamorphic field. We have demonstrated that the high
P

REY2O3 contents of the modified uraninites are not primary and
Fig. 8. U/Th vs. total
P

REE plot (in wt%) for uraninite grains from the basement and
the supracrustal (after Mercadier et al., 2011; Frimmel et al., 2014). Note that the
uraninites from the basement are likely related to high temperature, mag-
matic/magmatic-hydrothermal/metamorphic process, whereas those from the
supracrustal crystallized from a low to moderate temperature fluid.
were incorporated during hydrothermal alteration. Therefore, high
REY contents of these uraninites cannot and should not alone be
used to decipher their origin, although this suggests a high temper-
ature alteration of MCG-1a uraninites.

Unlike the uraninites in the basement, none of the uraninites in
the supracrustal contain significant ThO2 or

P
REY2O3. It therefore

stands to reason that both the �1.24 Ga and �1.0 Ga uraninites
formed either at a much lower temperature compared to the base-
ment uraninites or resulted from decoupling of Th from U during
their transport from the source to the depositional site by an oxi-
dized fluid. Besides, some of the modified uraninites in the supra-
crustal contain high and variable concentrations of minor
elements, but low

P
REY2O3 unlike the modified uraninites in the

basement. Primary incorporation of Ca into the uraninite structure
is possible, due to the close similarity between the ionic radii of
Ca+2 and U+4 (Frimmel et al., 2014). However, the invariable
increase of Ca along with SiO2 (Fig. 6e and f) and higher concentra-
tions of these elements in the modified parts of uraninite collec-
tively support later incorporation of CaO into the structure of
uraninite during a low temperature alteration. The proposition of
low temperature formation and subsequent low temperature alter-
ation of uraninite is further supported by distinct clustering of
supracrustal uraninites (those with detectable amount of ThO2)
within low temperature (<350 �C) to slightly high temperature
(>450 �C) field (i.e., away from the basement uraninites) in the
U/Th vs.

P
REE binary diagram (Fig. 8).

7.3. Uranium mineralization in the context of known geological events

The oldest Paleoproterozoic 1876 ± 21 Ga age, even though con-
strained only by two uraninite analyses, overlaps with the age
(�1.82 Ga) estimated for one of the phases of metamorphism in
the central part of the ADFB (Buick et al., 2010; Ozha et al.,
2016a). Further, recently, Kaur et al. (2017), reported granitic mag-
matism at ca. �1.86–1.81 Ga from the northern part of the ADFB
(i.e., Khetri area; Fig. 1b). Thus, the �1.88 Ga age, obtained from
the basement uraninite can be related to the pervasive tectono-
metamorphic-magmatic event in the ADFB, and represents the first
stage of U mineralization in the MC rocks. Derivation from a high
temperature magmatic, magmatic-hydrothermal or metamorphic
process can suitably explain the high Th and REY content of this
earliest recognized uraninite in the basement.

The ubiquitous presence of uraninites yielding �1.20 and
�1.24 Ga ages in the basement and the supracrustals respectively
suggest a major mineralization during �1.24–1.20 Ga in Samarkiya
area. Distinct compositional differences between uraninites in the
basement and in the supracrustals are suggestive of different pro-
cesses or fluid involved in this mineralization. It is uncertain
whether the �1.20 Ga and �1.24 Ga ages obtained from uraninite
in the basement and the supracrustal respectively represent two
discrete events. However, uraninite ages obtained from probability
diagram and best fit line are collectively indistinguishable between
the basement and the supracrustal. It is thus highly probable that
uraninites of these ages are the product of same geological event.
From the Samarkiya and surrounding areas, Ozha et al. (2016a)
have reported �1.37–1.35 Ga ages both within the MC and the
PB rocks that represent the age of an amphibolite facies metamor-
phic event (M2). Recently, Hazarika et al. (in press) reported a
hydrothermal event at �1.28–1.27 Ga postdating this peak meta-
morphic event from the MC rocks of the Samarkiya area. Hence,
in the light of the available age data, it is reasonable to infer that
the age (�1.24–1.20 Ga) obtained from the basement and the
supracrustal rocks represent a post-peak metamorphic (M2 event
of Ozha et al., 2016a) retrograde or hydrothermal event of neo-m
ineralization/remobilization. Presence of uraninite as inclusions
in the host metamorphic minerals suggests that uraninite crystal-
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lized either prior to or along with the host minerals. Moreover, as
the uraninite alteration took place sometime between �1.20–
0.96 Ga and there is definite control of relative position of uraninite
in the host on the extent of uraninite alteration, the process of ura-
ninite incorporation in the host mineral must have taken place
prior to the formation of last stage uraninite. It is possible that
these uraninites crystallized during or incorporated in the host
mineral during a new metamorphic event following the �1.37–
1.35 Ga but prior to the �1.0 Ga event. There is no robust and
well-construed data on such an event from the study area.
McKenzie et al. (2013) reported abundant detrital zircon of
�1.20 Ga from the Alwar Group of the Delhi Supergroup. It is pos-
sible that a metamorphic event at �1.20 Ga was responsible for
uranium mineralization or incorporation of uraninite in the host
metamorphic minerals. More studies are warranted in this
direction.

The youngest ages �0.96 and �1.01 Ga obtained from the base-
ment and the supracrustal rocks respectively, is the last event of
uraninite formation in the Samarkiya area. The textures and com-
positions of uraninites representing this age collectively suggest
that this event may represent in situ recrystallization, alteration
of existing uraninite or formation of new uraninite from fresh
influx of uranium. Similar ages (�1.0 Ga) were widely reported
from different parts of the ADFB (Buick et al., 2006, 2010;
Bhowmik et al., 2010; Ozha et al., 2016a; Hazarika et al., in
press) (Fig. 1a and b), which represent the onset of the Grenvillian
orogeny in the belt and thereby formation of the Rodinian crust.
Further, recently, Yadav et al. (2016) have reported near similar
U-Pb (concordant) and Pb-Pb (isochron) age of davidite
(0.93–0.90 Ga) associated with uraninite and brannerite from the
Bhicun area (Fig. 1b), which they infer to be the age of the U
mineralization in the area. These authors have further linked the
mineralization age with the tectono-thermal event related to the
Grenvillian orogeny. Consequentially, we infer the last event of U
mineralization/mobilization in the area to be related to this major
tectono-thermal event and formation of the Rodinia superconti-
nent. Further, the Neoproterozoic age (�1.01–0.96 Ga) of the pre-
sent study validates the extension of the proposed Grenvillian
front (by Bhowmik et al., 2010) towards further east as previously
suggested by Ozha et al. (2016a).
8. Conclusions

In the Samarkiya area, central Rajasthan, uranium mineraliza-
tion is hosted by deformed and metamorphosed rocks, in which
uraninite occurs as disseminated inclusions in various major rock
forming minerals. Uraninites do not have any compelling textural
and morphological character or distinctive association with
metamorphic minerals and structural fabric, which can be used
to develop a convincing paragenetic sequence or can be linked to
the tectono-metamorphic evolution of the host rock. However, in
this study we demonstrate that meaningful model of origin, and
geochemical-temporal evolution of uranium mineralization in
such cases can be developed integrating texture, geochemistry,
and spot age determinations including intra-grain compositional
and age variations. The present study deduces three stages of
uranium mineralization/mobilization (at �1.88, �1.24–1.20,
�1.01–0.96 Ga). The oldest age of �1.88 Ga, obtained from urani-
nite in the basement, represents the first stage of mineralization.
Similar mineralization age has been reported from uraninite and
allanite in the Proterozoic Singhbhum Shear Zone, eastern India
(Pal et al., 2011; Pal and Rhede, 2013) and is considered to be
the earliest recorded event of uranium mineralization in that shear
zone. It therefore stands to reason that such an event of uranium
mineralization may be linked to the overall Proterozoic crustal
evolution in the Indian subcontinent, although the details are yet
to be unraveled. A large number of uraninites, both from the base-
ment and the supracrustal, preserve an age of �1.24–1.20 Ga,
which we interpret to be the major and pervasive event of uranium
mineralization in the Samarkiya area. We suggest that more rigor-
ous studies on the geochronology of metamorphic and igneous
rocks are required for detailed understanding of the tectono-
thermal evolution vis-à-vis mineralization during this period. Sub-
sequently, the mineralized rocks were subjected to fluid-induced
alteration which eventually modified/altered the compositions of
pristine uraninites. Retention of compositions and ages of older
uraninite even in partially altered single grains indicate that the
alteration process was not pervasive enough to obliterate the ear-
lier geochemical footprints in large grains and therefore provides
invaluable archives of previous events. The REY-enrichment in
the basement uraninite and Si (-Ca) enrichment in the supracrustal
uraninite perhaps suggest redistribution of these elements in the
respective host rock and not addition from extraneous sources.
Later, during Neoproterozoic (�1.01–0.96 Ga), either some of exist-
ing uraninites were altered leading to complete Pb-loss, or new
uraninite crystallized/re-crystallized as a consequence of fresh
hydrothermal event, which is inferred to be the third and the
youngest hydrothermal event in the area. Thus, the Samarkiya area
witnessed multiple metamorphic/hydrothermal events resulting in
uraninite precipitation, alteration and recrystallization, the foot-
prints of which are preserved in uraninite. Further, the three dis-
crete episodes spanning �0.92 Ga represents growth of different
generation of uraninite where the last one pertains to formation
of Rodinia. Thus, our study demonstrates the potential of uraninite
geochemistry and dating in archiving the timings of various pri-
mary mineralization and associated later alteration events as well
as in deciphering their probable origin.
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