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In this work, unusual enrichment of uranium and thorium in duricrusts associated with
palaeochannels, palaeo alluvial plains and delta of the Thar Desert, India, is investigated.
Optical and microwave satellite data, digital elevation model and 3D geographic infor-
mation system were used to identify exposed, buried channels and associated duricrusts.
It is evident from field radiometric surveys, geochemistry of soil and groundwater
samples that zones of higher uranium (max 190 ppm) and thorium (max 142 ppm)
concentration exist in the Thar. These enrichments are unusual and could be of economic
significance.

1. Introduction

The recent discovery of near-surface secondary uranium deposits associated with palaeo-
channels and playas in Australia, South Africa and USA have received the attention of
geoscientists from exploration perspectives (Carlisle 1978; Hambleton-Jones, Heard, and
Toen 1984; Mann and Deutscher 1978; Arakel 1988; Hartleb 1988; Hou et al. 2007; Bowell
et al. 2008; Noble, Gray, and Reid 2011). High concentration of radioactive minerals
occurrence reported in these deposits is mainly confined to the palacochannel systems
(Hou et al. 2007). Source rocks, arid to semi-arid climate, geochemical transporting agents,
evaporation, geochemical barriers, and suitable physical chemical conditions for precipita-
tion are important factors which control secondary uranium enrichment in calcite (calcrete)-
dominated and gypsum (gypcrete)-dominated duricrusts (Carlisle 1983; Arakel 1988;
Bowell et al. 2008). These duricrusts can be easily mapped from hyperspectral as well as
multispectral data using various processing techniques such as band ratio (Crosta and Mc.
Moore 1989; Tangestani and Moore 2000; Ranjbar, Honarmand, and Moezifar 2004), linear
mixture modelling (Bryant 1996), data fusion with decorrelation stretching (Kavak 2005)
and spectral analysis (Crowley 1993; Ramakrishnan et al. 2013; Bharti and Ramakrishnan
2014). The aim of this article is to evaluate the potential of secondary uranium enrichments
in parts of Thar Desert, India, using multispectral and hyperspectral remote sensing in
conjunction with y-ray spectrometry, fluorimetry and conventional geochemical approaches.

2. Study area

The study area is bounded by latitudes 24°-29° N and longitudes 70°-76° E covering the
northern part of Gujarat and western part of Rajasthan, India. From source rock
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Figure 1. Map showing distribution of source rocks, palacochannels, palacodeltas and sampling
sites.

perspectives, the investigated area has wide distribution of granites, rhyolites and albitite
(Figure 1). These rocks have uranium (U), thorium (Th), vanadium (V) and potassium (K)
in reasonable quantities (about 5 ppm). Fluvial and lacustrine deposits of Neogene and
early Quaternary periods of the Thar Desert testifies extensive weathering and well-
knitted palaeodrainage system that has the potential of flushing the soluble salts from
the source rocks. These flushed salts are precipitated along the palacochannels and Palaeo
Deltas (PD) where the redox potential of the solution changes. The onset of aridity since
the Holocene period accentuated the evaporative concentration of salts and their precipita-
tion (Sinha, Stueben, and Berner 2004). Considering the source rocks, processes and
changes in climatic regimes, the study area offers scope for potential secondary uranium
enrichment.

3. Methodology

The methodology adopted in this study includes (i) delineation of palaeochannel
courses using Radarsat-1, Landsat Enhanced Thematic Mapper Plus (ETM+) data
and Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM), (ii)
analysis of Hyperion data for mapping the spatial distribution of duricrusts, (iii) field
radiometry and collection of duricrust and groundwater samples for analyses and (iv)
geochemical analyses to estimate the concentration of radioactive elements. From the
raw data of Radarsat-1, multilook images were derived and subsequently enhanced
using Lee-Sigma filter for delineating surface and near-surface drainage patterns
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following the procedures of Ghoneim and El-Baz (2007). In addition to Radarsat-1
data, Landsat-7 ETM+ optical data were also used. The channels delineated from the
Radarsat-1 and ETM+ were subsequently laid over the SRTM DEM using 3D geo-
graphic information system (GIS) to validate the flow gradient. For this purpose,
topographic profiles (elevation versus distance) were constructed at several transects
(along and across the piedmont slope) to identify the channel cross sections and their
gradients.

For mapping the duricrusts, Hyperion data were used. Out of 242 bands, calibrated
and noise-free 158 spectral bands were subjected to atmospheric correction (Adler-Golden
et al. 1999) using Fast Line-of-Sight Atmospheric Analysis of Spectral Hypercubes
(FLAASH) module of Environment for Visualization software. Noise reduction of visible,
near-infrared and shortwave infrared bands was achieved independently by using mini-
mum noise fraction (Green et al. 1988) algorithm. Finally, Spectral Angle Mapper (SAM)
technique (Equation (1); Kruse et al. 1993) was used to map the spatial distribution of
calcrete and gypcrete by measuring the similarity between the reference (measured
calcrete spectra) and unknown (pixel) spectra.

| Do i
1 1
(Cr, ) 2(xe, ) 2

where ¢; is the target spectrum (image), r; is the reference spectrum (library), i is the
number of input spectral bands (1, 2, 3, ..., n) and « is the angle between target and
reference spectrum.

By overlaying the palaeochannel and duricrust layers in GIS, potential sites of valley
calcrete/gypcrete were identified. Subsequently, field radiometric survey was carried out
in these areas using y-ray spectrometer (Radiations Solutions 230 Bismuth Germanium
Oxide detector). This calibrated equipment can be directly employed in the field to
estimate the concentrations of K (%), U (ppm) and Th (ppm). Calcrete, gypcrete and
groundwater samples were also collected from the anomalous areas (identified through
y-ray spectrometer) for further geochemical analyses. For uranium analysis, pH of water
samples was maintained below 2 using nitric acid to prevent it from biological activities
and precipitation (Tosheva, Stoyanova, and Nikolchev 2004; Waterwatch 2005; Jobbagy
et al. 2009; Kumar et al. 2011).

0 = COS

()

4. Results and discussions

The distribution of palaecochannels and playas was mapped by overlaying ETM+
colour composite (blue:band 7, green: principal component 1 and red:band 4) and
processed Radarsat-1 data on DEM. It is evident from Figure 1 that drainage network
of the investigated area belongs to three different trends and ages (Roy and Jakhar
2001). This includes (i) the oldest NNE-SSW trending drainage system running
parallel to the Aravalli mountain front and draining its waters to Little Rann of
Kutch; (ii) the older, westerly flowing drainage network along the piedmont slope of
the Aravalli mountains and draining its waters to Indus and, finally, (iii) the palaeo
and present Luni river system with a NE-SW trend, which drains into the Great Rann
of Kutch. Accordingly, three different migration pathways and areas of chemical deltas
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were identified (PD1-PD3). These chemical deltas are distributed around Little Rann
of Kutch (PD1), Jaisalmer area (PD2) with several active and dry playas, and the zone
developed by the present and palaco Luni river system adjoining the Great Rann of
Kutch (PD3). It is interesting to note that several of the prevailing and defunct playas
are aligned along these palacodrainage paths and appear to have evolved due to
blocking of river systems.

Though U has characteristic reflectance spectral absorption features in the visible
region, it is often difficult to identify their presence based on this due to low concentration
(usually in ppm). However, in pheritic environment, U®" species co-precipitate with
Mg-calcite and dolomite (Bharti and Ramakrishnan 2014; Gabitov et al. 2008; Nash
1981), which can be effectively exploited to identify and map the potential zones. Since
scatter plot between MgO and U content of calcretes of the investigated area has high
correlation (R* = 0.82, Figure 2), the Mg-calcrete was considered as a proxy for uranium
mapping. Accordingly, the prominent Mg-calcite absorption feature occurring between
2.30 and 2.35 um wavelength (Figure 3) was used to map the groundwater calcrete using
Hyperion data. As the magnesium (Mg) content increases in calcrete, the 2.35 um
absorption feature shifts to 2.30 um wavelength (Hunt and Salisbury 1970; Clark 1999;
Christensen et al. 2000; Van-der-Meer 2004; Bharti and Ramakrishnan 2014). Based on
this fact, representative lab-measured spectra of Mg-calcrete, processed Hyperion data and
SAM technique were used to map the spatial distribution of Mg-calcrete (Figure 4) with
72.15% overall accuracy.

Table 1 depicts the concentration of radionuclides (U, Th and K) and major oxide
chemistry. The values of uranium, thorium and potassium measured in the field
ranges from 0.9 to 8.0 ppm, 0.9 to 35.0 ppm and 0.5 to 18.0%, respectively.
Misra et al. (2011) have reported significantly higher uranium concentration in
calcrete samples ranging from 13.5 ppm to 190.0 ppm from deep borehole samples
in this area. The uranium concentration in water samples collected in this work

40
n
30 -
T
§20 -
2
10 |
v = 1.4041x + 2.9929
R2=0.8274
0 . :
0 10 20

MgO (wt %)

Figure 2. Scatter plots showing the strong, positive correlation between magnesium and uranium
content of calcretes.
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Figure 3. Characteristic spectral absorption features of some of the Mg-calcretes of the investi-
gated area.

varies between 0.2 x 10 and 1791.7 x 10 mg 1"' (Table 2). From the spatial
distribution of anomalous concentrations (20 x 10°-1791.7 x 107 mg I'") it is
evident that such zones are typically located very close to the confluence of
palaeochannels and deltas.

In the investigated area, source rocks of U, V and K such as albitite, Erinpura-,
Malani-and Jalore-granite (Figure 1) are abundant (Kochhar 1989; GSI 1999, 2011). In
addition to this, palaeo climate favoured intense weathering (Sinha, Stueben, and Berner
2004; Ramakrishnan and Tiwari 2006) of the above-mentioned source rocks and avail-
ability of well-knitted palaecochannel systems (Bajpai 2004; Jain, Tandon, and Bhatt 2004)
to carry the U, V and K, supported the secondary uranium enrichments. The Thar Desert
thereby satisfies all necessary conditions for secondary uranium enrichment in duricrusts
associated with chemical deltas and palaeochannels. Thus mapping the distribution of
duricrusts along the palacochannels is an important component for exploring such
deposits. The optical and microwave remote sensing data in conjunction with DEM is
observed to be very efficient in delineating the palacochannels and playas. The 3D GIS is
particularly useful in perceiving the overall gradient changes and hence to identify the
buried channels in pockets with high dunal cover. Hyperion data with 10 nm bandwidth is
found to be very efficient in discriminating the Mg-calcretes from non-Mg-calcretes. This
aspect is very vital in delineating the groundwater calcretes from other pedogenic calcretes
of lesser importance.

It is evident from the field radiometric surveys that anomalous concentrations of U and
Th exist in the duricrusts and groundwater samples. Prevalence of zones with very high
concentrations of uranium (up to 190 ppm) associated with palacochannels and playas
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Figure 4. Results of SAM classification depicting distribution of Mg-calcretes. In the background,
FCC of Hyperion (red: 0.72 pm; green: 0.58 pm; blue: 0.48 um) is displayed.

certainly indicate their enrichment in secondary environment. Presence of very high
concentration of uranium (21.9 x 10°~1791.7 x 10~ mg 1"") in groundwater also points
to such enrichment process. These values are remarkably higher than the reported values
of (1 x 10°=700 x 10> mg 1", with 14 x 10~ mg "' mean value) Northern Yilgarn
deposit (Noble, Gray, and Reid 2011). To sum up, this work mainly showcases the
potential of adopted methodology involving optical and microwave remote sensing,
y-ray spectrometry and geochemical techniques in exploration of such unusual occur-
rences of uranium enrichment.
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Location name

In situ values

Major oxide chemistry (percentage weight)

U Th K
(ppm) (ppm) (%)

CaO F6203 Kzo MgO PZOS 8102 A1203 Na203

Indawar-1
Indawar-2
Indawar-3
Paylan Kalan-2
Paylan Kalan-3
Khirod
Thob
Ratangarh
Ranasar Beekan
Sambhra Playa
Kaparda
Jodhpur to
Dangiyawas
Dujar
Malawas
Khatu Khurd-2
Didwana*
Charan Ka Bas*
Lachhiri*

2.2 14 118
2.2 09 177
8.0 30.7 8.0
3.6 12.9 1.5
3.6 12.9 1.5
1.5 3.6 120
4.0 15.6 18.0
4.0 140 21
5.0 20.0 2.0
1.6 102 17.0
46.9 - -
43.2 - -

11.4 61.0 05
43.2 .
61.7 - -
190 - -
49.5 - -
13.5 - -

4.8
50.4
15.4
14.1
21.5
31.1
16.6
26.7
36.8

5.4
47.5

4.7

74.4
66.6
3.1

95 30 33 0.1
19 14 1.1 00
40 0.7 0.8 0.0
46 1.7 18.0 0.0
52 20 43 0.1
65 31 21 00
6.1 21 85 02
42 18 138 0.
31 1.3 13.0 0.1
57 23 40 02

28 05 29 0.04
57 38 29 0.07
07 05 13 0.02
08 14 15 0.04

0.04

24 04 26

483 303 0.6
385 65 03
48.1 309 02
50.1 11.0 04
542 124 03
433 137 02
529 13.0 07
450 78 0.6
390 60 0.8
68.8 129 0.8
384 6.8 1.1
633 183 1.2

185 44 02
250 44 04
829 80 06

Note: *After Misra et al. (2011).

Table 2.

Concentration of uranium in groundwater samples.

Location name

U (102 mg1h

Location name

U (x10° mg1h

Sardarshahar
Lunkaransar
Aajdoli
Haryasar
Mankeria
Churu
Dandalwas
Deriya
Indawar
Bagar
Dadawadi Temple
Hadda Village
Ladnun to Didwana
Ber Village
Ber Village
Jhardiya
Kishanpura
Jalore
Doongri
Bhukan-1
Bhukan-2

122 +£0.9
4.1 +0.6
112.8 £2.9
219 £3.1
188 +£1.2
427 +£22
7.8 £0.7
459 +£29
0.8+0.3
72+£1.6
0.2 +0.1
2.0+0.5
16.7 £ 1.8
11.5+0.7
11.0 £ 1.9
72 £0.8
122 +£1.3
81.9 +£20.3
1.5+03
20.0 £4.9
383+£39

Bengti Kalan and Kundal
Near Gomat
Rajpura

Gelawas

Sev ki Galan
Mokalsar
Munthala Kaba-1
Munthala Kaba-2
Aampura

Tharad
Matasukh
Kotarwada
Sikhar

Sopra Village
Khatu Khurd
Thob Gypsum Mine
Malawas

Dujar Village
Somaser
Parihara
Chandan

2.1+04
124 + 1.0
10.8 £ 0.6
503.0 + 61.4
445.0 £ 41.1
39+£05
216.8 £35.6
401.6 = 52.8
50.1 £ 15.9
1508.2 + 126.9
1791.7 + 159.6
920 £ 56.2
0.5+0.1
55+05
10.2 £0.9
719 £58
6.8 +0.7
219+19
20.7 £ 1.8
13.8+1.6
18.8 £ 1.7
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