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Disequilibrium in the uranium series is a vital para-
meter to ascertain the state of equilibrium between
uranium group (parent uranium) and its daughters,
i.e. radium group of elements. The ***U isotope of ura-
nium is the parent of 14 daughter isotopes forming the
uranium series. The first five isotopes of 2**U series,
i.e. 28U, 2*Th, ®*Pa, 2*U and *'Th form uranium
%EOUP 35“1 thz‘isSith;mto la§1t4 isotzol es ozfl 0238U 2slgriesz,l 0i.e.
Ra, “°Rn, “"Po, “"Pb, “"Bi, ““Po, “"Pb, “"Bi, “ "Po
and *"°Pb form radium group. Isotopes in the uranium
and radium group usually remain in equilibrium with-
in the group, but disequilibrium commonly exists bet-
ween the two groups. In an open system, the mobility
of radium is significant due to radon gas produced as
a daughter element in the radium series. Anomalies
with excess radium are commonly found around
springs and seepages, whereas uranium anomalies are
usually found under reducing environments. A study
was carried out in Devri area, Surajpur district,
Chhattisgarh, India, to decipher the state of disequili-
brium in the area by analysing the drill core samples
(n =4470) from 43 boreholes. This study has revealed
a strong disequilibrium (65%) in favour of the parent
uranium. This disequilibrium is due to cycles of disso-
lution and deposition of parent uranium; aided by the
movement of groundwater and diverse geochemical
behaviour of different radionuclides. In addition, loss
of radon from the system might have also contributed
to the disequilibrium in favour of the parent uranium.
Linear regression coefficient between U;Oj3 (parent
uranium) and RaEq.(U;Og) was calculated to be 0.82.
Strong disequilibrium in favour of the parent uranium
will enhance the uranium ore reserve in Devri area.

Keywords: Beta—gamma method, disequilibrium fac-
tor, linear regression coefficient, radium group, uranium
mineralization.

NUCLEAR power is a sustainable source of energy in
which uranium is used as a fuel. In India, the Atomic
Minerals Directorate for Exploration and Research is
carrying out extensive uranium exploration programmes
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in different parts of the country. To quantify the total
tonnage of uranium reserves in a natural repository, the
state of disequilibrium in uranium ore must be known
to avoid poor estimation of uranium reserves'”. In the
uranium series, equilibrium is achieved when the rate of
formation of each member is equal to the rate of its
decay. Two primary processes which are responsible for
disequilibrium are migration of uranium to its present
location in a time less than that required by its daughter
products to reach approximate equilibrium and preferen-
tially greater leaching of daughter products than of
uranium’. The importance of these aspects is being
evaluated in uranium mineralization in Devri area, Suraj-
pur district, Chhattisgarh, India. A study of the uranium
series disequilibrium of drill core samples of Devri area
has been done using gamma ray spectrometry and beta—
gamma method of uranium estimation.

Geology and uranium mineralization in the study
area

Devri area is located 10.50 km, NNE of Jajawal uranium
deposit (Figure 1). The Precambrian rocks in the Devri—
Pakni—-Dumbhath area consist of a wide variety of meta-
somatic rocks, para- as well as ortho-metabasic rocks,
and younger acidic and basic rocks. The older meta-
sedimentary rocks are represented by quartzites, schists,
calc-silicate rocks and amphibolites, which have been
co-folded, migmatized and granitized. Trend of shear
zone varies from E-W to NNE-SSW and is marked by in-
tensely sheared, brecciated, silicified and mylonitized
rocks of granites and gneisses. Dumhath—Chui and God-
katava streams represents a fault zone, and flow through a
highly crushed and pulverized zone with general trend of
N70°E-S70°W. Ferruginous quartzites, quartz—mica—
schist, granite—cataclasites, granite—gneisses and pegma-
tites are exposed in the southern part of the exploration
block. Granite—gneisses/migmatite, containing pink
feldspar with some xenoliths of meta-sediments and meta-
basics are exposed in the northern side of explored area®.
Uranium mineralization intercepted in boreholes is
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Figure 1.

mainly associated with granite, granite mylonite, migma-
tite, granite—gneisses and pegmatite. Subsurface explora-
tion in Devri area has revealed the presence of several
uraniferous bands. Petrographically, radioactive core
samples have been identified as granite cataclasite,
sheared and brecciated granite, migmatite, gneisses and
pegmatites. Radioactive phases identified are mainly ura-
ninite, coffinite and brannerite, while at places uranium is
adsorbed on hydrous iron oxide. Other associated ore
minerals are pyrite, chalcopyrite, sphalerite, galena,
ilemanite and rutile.

Sampling and analysis

In the process of uranium exploration, 43 boreholes were
drilled and drill-core samples (n = 4470) were analysed.
The samples were also subjected to disequilibrium study.
Based on the borehole data, it was found that uranium
mineralization exists up to 500 m depth beginning from a
shallow depth of 7.10 m. Interestingly, the grade of mine-
ralization varied from 0.012% to 0.117% eU30Os.

The drill core samples were crushed to —120 mesh to
attain homogeneity and analysed using Nal(TI)-based
gamma ray spectrometry and beta—gamma method to
estimate their %U;05, %RaEq.(U;03), %ThO, and %K
content. The %U;0g content in the sample was estimated
by beta—gamma method using pancake-type Geiger Mul-
ler tube and 1.75” x 2” Nal(T1) scintillation detector. By
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Geological map and borehole plan of Devri Area, Surajpur district, Chhattisgarh, India.

simultaneous beta and gamma counting, it is possible to
estimate the parent uranium concentration in the sample,
irrespective of its state of equilibrium’.

The %U3;0g estimation was carried out using the
formula:

%U;305 = Ug+ C(Ug—U,),

where Ug is the apparent uranium concentration due to
beta activity, U, the apparent uranium concentration due
to gamma activity and C is the radium beta/uranium beta.

The beta—gamma technique was validated by analysing
IAEA wuranium reference standard RGU-1 (U305=
470 ppm). The U;0q4 content of RGU-1 estimated by this
technique was 456 ppm + 15 ppm.

Estimation of %RaEq.(U3;0g) and %ThO, concentra-
tion in the sample was carried out using 5” x 4” Nal(T)-
based gamma ray spectrometry method®. For the estimation
of RaEq.(UsOg) and ThO, contents in the sample,
1.76 MeV of gamma-ray energy emitted by *'*Bi, which
is one of the daughters of the ***U series, and 2.62 MeV
of gamma-ray energy emitted by ***T1, which is one of
the daughters of the **Th series, were used respectively.
Energy calibration of gamma-ray spectrometry was done
using mono-energetic gamma-ray sources " Cs and “Co.
The standards and samples were taken in the same poly-
ethylene containers to nullify the geometry effects. The
samples were kept on the detector and counting was done
for sufficient time to minimize the error. To quantify the
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concentration of RaEq.(U;Og) and ThO, in the sample,
the net peak areas of characteristic gamma-ray energies,
i.e. 1.76 and 2.62 MeV respectively, divided by their
respective sensitivities’. The following formulae were
used for the quantification of RaEq.(U;Og) and ThO; in
the sample.

%RaEq.(U;0g) = [(Ny-aN3)/(1 — a@)]/Sy,
%ThO, = [(N; — aN)/(1 — ac))/St,

where N, and N; are net counts in the uranium and
thorium channel. « and a are the stripping factors. «
represents counts in uranium window per unit count in
thorium window, and a represents counts in thorium
window per unit count in uranium window, Sy and Sty are
the sensitivities of uranium and thorium channel: Sy
represents counts per second per unit concentration of
uranium; St, represents counts per second per unit con-
centration of thorium.

Nal(Tl) detector-based gamma-ray spectrometry was
validated by analysing IAEA uranium and thorium refer-
ence standard RGU-1 (U303 =470 ppm) and RGTh-1
(ThO, =910 ppm). The RaEq.(U;0;) content of RGU-1
estimated by this technique was 457 = 5 ppm, while ThO,
content was 895 + 12 ppm.

Results and discussion

Rosholt® had proposed the following general types of
radioactive disequilibrium involving the uranium series:
(i) Deficiency of daughter products where the relation-
ship is U>eRa®®. (ii) Time-related daughter product
deficiency. (iii) Deficiency of Th**’. (iv) Daughter pro-
duct excess is represented by low uranium content.
(v) Excess of Ra?*® and its immediate daughter products.
(vi) The occurrence of radium isotopes with very little or
no U, Th*’, Pa®*! or Th**?.

The type of disequilibrium condition shown by the
samples from Devri area falls under type (i) of the classi-
fication of Rosholt detailed above®. It would indicate an
excess of uranium as a result of recent deposition
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Figure 2. Linear regression plot between %Ra(eU;Os) and %U;O5 of

borehole core samples (n = 4470).
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or deficiency of daughter products, mostly of radium
group.

Disequilibrium factor by regression analysis

A regression line (Figure 2) was plotted between
%RaEq.(U;0;) and %U30g contents of 4470 core samples
of 43 boreholes (Figure 2)° and the following regression
equation was obtained %U;O0g = 1.65(%RaEq.(U;0g)) —
0.001 with R* = 0.82. This shows a disequilibrium factor of
1.65.

A correlation coefficient of 0.82 was found, which
shows significant enrichment of the parent uranium in
Devri area. Disequilibrium factor was calculated for 4470
drill-core samples having U;Og content 100 ppm and
above. A total of 205 samples had U;Og content less than
100 ppm and some of them were in favour of the daugh-
ters. These have not been considered for the calculation
of disequilibrium factor (as samples having U;Og content
less than 100 ppm cannot be estimated by the beta—
gamma method). These represent only 4%-5% of total
samples (n = 4470) and therefore do not have much signi-
ficance.

Disequilibrium factor by mean

Disequilibrium factor of individual samples was calcu-
lated using the following formula

Disequilibrium factor = {%U3;0g/%Ra(eU;0g)}
in a given sample.

Average disequilibrium factor of total 4470 samples of 43
boreholes was 1.65. Regression analysis of these samples
gave the same disequilibrium factor (average disequili-
brium factors of boreholes are given in Table 1 whose
mean is also 1.60), which shows enrichment of uranium
due to the cycle of dissolution, remobilization and deposi-
tion in Devri area. Leaching of daughter products and
escape of radon, one of the gaseous members of the ura-
nium series, further supports the enrichment of uranium.
Most of the core samples of 43 boreholes also had signi-
ficant ThO, concentration, and average %ThO, concen-
tration of the boreholes varied from 0.007% to 0.025%
(Table 1). Uranium tonnage of Devri area thus should be
estimated based on the results of the beta—gamma
method, due to the presence of abundant ThO, values
instead of eU;0g values obtained by gamma-ray logging
of boreholes. Table 1 provides details of average of
%U305g, %ThO,, %Ra(eU305) and disequilibrium factors
of the 43 boreholes.

Conclusion

From the study of disequilibrium behaviour of uranium
mineralization in Devri area, we can conclude the
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Table 1. Average %U;0Os, average %ThO,, average %Ra(eU;Os) and average disequilibrium factor
of boreholes Devri area
Total no. of Average Average Average Average
Borehole no. samples %U;0g %ThO, %Ra(eUs;0g) disequilibrium factor
DEV/1 94 0.072 0.004 0.041 1.64
DEV/2 23 0.017 0.017 0.009 1.97
DEV/3 41 0.018 0.007 0.014 1.53
DEV/4 185 0.026 0.009 0.016 1.67
DEV/S 200 0.029 0.006 0.018 1.65
DEV/6 143 0.029 0.007 0.022 1.52
DEV/7 115 0.037 0.009 0.024 1.65
DEV/8 76 0.012 0.014 0.009 1.57
DEV/9 88 0.014 0.016 0.009 1.65
DEV/10 39 0.014 0.023 0.008 1.95
DEV/11 72 0.018 0.019 0.011 1.68
DEV/12 110 0.027 0.008 0.018 1.58
DEV/13 34 0.022 0.010 0.017 1.39
DEV/14 115 0.030 0.016 0.019 1.58
DEV/15 22 0.014 0.016 0.009 1.69
DEV/16 145 0.022 0.014 0.015 1.53
DEV/17 13 0.012 0.025 0.008 1.59
DEV/18 215 0.021 0.012 0.014 1.58
DEV/19 146 0.024 0.012 0.015 1.54
DEV/20 132 0.042 0.014 0.025 1.62
DEV/21 46 0.028 0.011 0.016 1.59
DEV/22 86 0.035 0.017 0.025 1.66
DEV/23 103 0.020 0.014 0.012 1.62
DEV/24 81 0.021 0.019 0.013 1.93
DEV/25 88 0.023 0.019 0.012 1.90
DEV/26 83 0.015 0.016 0.009 1.77
DEV/27 140 0.017 0.020 0.009 1.89
DEV/28 75 0.026 0.020 0.014 1.84
DEV/29 89 0.021 0.011 0.014 1.56
DEV/30 102 0.020 0.011 0.014 1.56
DEV/31 104 0.019 0.010 0.013 1.51
DEV/32 89 0.020 0.011 0.013 1.61
DEV/33 212 0.022 0.012 0.014 1.65
DEV/34 257 0.029 0.011 0.020 1.54
DEV/35 79 0.020 0.015 0.012 1.85
DEV/36 134 0.025 0.010 0.014 1.84
DEV/37 67 0.017 0.011 0.013 1.54
DEV/38 86 0.026 0.014 0.014 1.70
DEV/39 106 0.022 0.011 0.014 1.57
DEV/40 45 0.025 0.007 0.016 1.59
DEV/41 144 0.019 0.011 0.012 1.69
DEV/42 121 0.034 0.013 0.019 1.79
DEV/43 125 0.024 0.011 0.016 1.57

following: (a) Average disequilibrium factor is
1.65 £ 0.01, which indicates strong equilibrium in favour
of the parent uranium. High amount of ThO, is also
present along with U;Og. (b) Therefore, while calculating
total tonnage of uranium deposit in Devri area, we have
to consider the average disequilibrium factor of 1.65.
This will further add to the total tonnage of uranium in
the area.
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