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The Mesoproterozoic A-type granites from Chapoli-
Chowkri area, South Khetri Belt (SKB) of Aravalli
craton are characterized by high content of thorium
and uranium with variable Th/U ratio. Average radi-
ogenic heat production of Udaipurwati granite, Chapoli
granite and albitite are 6.67 uWm™, 6.90 pWm™ and
6.92 pyWm respectively, which are much higher than
the average RHP values for continental crust and the
granites of North Khetri Belt (NKB). Average contri-
bution of RHP due to thorium (56.86%) is higher than
uranium (40.84%) and potassium (2.28%). Based on
the heat production and their geochemical behaviour,
these granites from South Khetri Belt are classified as
moderate to high heat producing granites. Study on
heat flow suggested that the high levels of radiogenic
heat production in the uppermost crust could be the
reason for high heat flow in the area.

Keywords: Albitites, Chapoli—-Chowkri area, Chapoli
granite, RHP, Southern Khetri Belt, Udaipurwati granite.

CONCENTRATION of radiogenic heat producing elements
(***U, #°U, **Th and *K) is high in earth’s crust and
therefore serves as an important heat source in continen-
tal crust. Granite, a prominent constituent of continental
crust, typically contains higher concentration of radioactive
elements than any other rocks. Distribution of these ele-
ments and combined determinations of radiogenic heat
production (RHP) and surface heat flow provide basic in-
formation about the thermal field and the structure of the
Earth’s crust'®. While reviewing the radiogenic element
contents and heat production of granites from various
parts of the globe, Artemieva et al.” suggested that bulk
heat production in granitic rocks of all ages is ca.
2.0 uWm * and there is a remarkable peak in heat produc-
tion in Middle Proterozoic granites (presently 4.36 %
2.17 uWm?). The A-type (anorogenic) granites contain
higher radioactive elements concentration and RHP’.
Several studies on heat flow and RHP of rocks from
different parts of India including Aravalli-Delhi fold
belts have been published during the past few decades®°.
However, RHP data for the major rock types, in particular
the felsic igneous rocks, are inadequate to characterize
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the thermal structure of the different geological province/
regions. Some of the Proterozoic age granites, exposed in
the Aravalli craton (NW India), have been studied for
their RHP. High radioelement (K, Th and U) concentra-
tion for many of the granites from Middle to late Protero-
zoic Erinpura—Malani Igneous Suit (EMIS) with high
heat production values has been reported in the litera-
ture’ '®. Similar studies on RHP from the granitic rocks
of Khetri Belt, which is divided as Northern Khetri Belt
(NKB) and Southern Khetri Belt (SKB) (Figure 1), from
NE part of Aravalli Delhi Fold belts, are also availa-
ble'>!"!® Most of these granites are studied for their
RHP, fall in the NKB. RHP data from SKB granites is
lacking.

To bridge the gap, the present paper reports new data
on the radioelement enrichment and heat production from
the granites which are also associated with fluorite mine-
ralization of Chapoli—~Chowkri area in SKB. Attempt is
also made to compare it with other granites from the
province and relate with the heat flow values.

Geology and petrography

Basic geological structure for the Precambrian terrain of
Rajasthan is the basement Banded Gneissic Complex
overlain by cover sequences of Proterozoic supracrustal
rocks of Aravalli and Delhi fold belts**>. The NE-SW
oriented Khetri Belt, a part of North Delhi Fold Belt, is
located in the northeastern most part of the Aravalli—
Delhi mountain range extending for about 100 km from
Pacheri (Jhunjhunu district) in northeast to Sangarva (Si-
kar district) in southwest. It is divided into NKB and
SKB. NKB is truncated in the south by an E-W trending
fault named as the Kantli Fault. The present area of study
falls in the southern part of Khetri Belt and particularly
restricted to south of Kantli Fault. The rock types ex-
posed in the area belong to Alwar and Ajabgarh Groups
of Meso- to Neo-Proterozoic Delhi Supergroup intruded
by granites, amphibolites, pegmatites and quartz veins.
Udaipurwati granite (UG), Chapoli Granite (CG) and
albitites are three prominent and extensive felsic igneous
rock exposures present in the SKB. Albitite, which is
formed by the metasomatism, appears to play an impor-
tant role in fluorite mineralization of Chapoli—-Chowkri
area.
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Figure 1. Geological map of Khetri Belt showing zone of albitization (after Kaur et al.*®).

The CG (1680 = 12 ma; ref. 23) is an oval-shaped
intrusive (5 km X 2 km) occurring in the core of an anti-
form of quartzite. CG is leucocratic and fine to medium-
grained rock. It is characterized by hypidiomorphic
nature and consists of quartz, microcline, orthoclase, pla-
gioclase with subordinate amounts of biotite and
hornblende. Microcline is being replaced by albite giving
rise to prominent chess board twinning (Figure 2 a). Zir-
con, titanite and apatite are present as accessory phases.

The UG complex (1678 + 23 ma, ref. 24) is the largest
elliptical massif (7.5 % 1.5 km) of the Khetri Belt. It
occupies the axial zone of a major antiform of quartzite
and metapelitic schist”>. UG is pink, medium to coarse-
grained rock. It essentially consists of quartz, microcline
and plagioclase with minor biotite and hornblende. K-
feldspar is present in considerable proportion in the rock
with microcline dominating over orthoclase. Titanite,
zircon and allanite (Figure 2 b) are present as accessory
phases. Opaque mineral grains are also present in small
amounts.

Albitite is a brick red coloured, medium to coarse-
grained rock and is exposed at Salwari. The presence of
newly formed minerals due to metasomatism, mainly al-
bite (Figure 2 ¢) and quartz is the characteristic feature.
Chief mineral constituents of albitite in order of decreas-
ing abundance are albite (An,—Anj,), quartz, hornblende,
biotite, allanite and opaque minerals. Titanite, chlorite,
rarely K-feldspars, muscovite, zircon, fluorite, apatite and
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rarely monazite and uranothorite are the minor mineral
phase. Prominent feature of albitite is the occurrence of
chessboard twining (Figure 2 d) which is considered to
have formed by the complete replacement of microcline
by albite during albitization.

Analytical techniques and major oxide
geochemistry

Representative samples of granitic rocks were chosen
carefully after petrographic studies for the geochemical
analysis. Care has been taken to collect fresh samples
from the field. Chips of rock samples were powdered to
—200 mesh using TEMA swing mill maintaining the homo-
geneity and representativeness of samples. Major and
selected trace elements were analysed by wavelength dis-
persive XRF system (Siemens SRS-3000) at Wadia Institute
of Himalayan Geology, Dehradun. Analysis was perfor-
med at accelerating voltage of 20/40 kV (for major ele-
ments) and 55/60 kV (for trace elements) using Rh X-ray
tube with no filter path. International Geostandards for
granitic rock, including GS-N and MA-N were used as
reference standards. The average precision was better
than 2.0% (ref. 26).

Major oxides for the rocks of study area are summa-
rized in Table 1. Granites of the area show higher con-
centration of SiO,, Al,O;, total alkalies and Fe,O3 and are
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Figure 2.

Table 1. Average values of major oxide analysis of the Udaipurwati
granite, Chapoli granite and albitite (in wt%)
Udaipurwati granite  Chapoli granite Albitite
Oxide (n=4) (n=06) (n=15)
Si0, 72.75 £ 1.66 73.30 £2.69 74.39 £ 6.63
AlLO3 13.56 £ 0.37 13.54 +0.57 14.19 £2.56
Na,O 2.78 £0.16 7.81 £0.28 8.84 £2.04
K,O 5.56 £0.49 0.50 £0.30 0.21 £0.23
Fe,03 3.04£0.38 2.15+0.87 1.63 £0.95
CaO 1.01 £0.09 0.72 £0.27 0.46 £ 0.26
TiO, 0.33£0.07 0.49 +£0.18 0.21£0.13
MgO 0.36 £0.07 0.53£0.28 0.10 £ 0.09
MnO 0.03 £0.01 0.02 £0.01 0.01 £0.00
P,0s 0.06 +£0.02 0.13 £0.05 0.03 £0.01
Total 99.46 £1.22 99.19 £ 0.87 100.06 £ 1.71

low in CaO and MnO than the average granite. Granites
and albitite from the area show high SiO, content with an
average of 73.30%, 72.75% and 74.39% for CG, UG and
albitite respectively.

Albitite show pervasive to semi-pervasive alteration
and show wide range for AI,O; with an average of 14.2%.
Na,O content in albitized samples goes high up to
12.07% with an average of 8.84%. The higher concentra-
tion of Na,O in these granites is due to albitization.
Average K,0O content in CG is 0.49% which is, in
general, lower than the K,O content of UG (average
K,0 =5.56%). Albitites also show low K,O ranging with
an average of 0.21%. This is also evident by the petrogra-
phic studies on the CG and albitites where replacement of
microcline by albites is clearly seen (Figure 2 a, d). When
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a, Chess board twinning showing replacement of microcline by albite; b, Allanite crystal in plagioclase feldspar; ¢, New albite is
formed at the expense of early albite; d, Chess board twinning seen in albite rock; e, EPMA image of minerals in albitite; f, Pockets of coloured
zoned fluorite in albitite (dia of coin is 2.19 cm).

the rocks of study area plot in Ga versus Al,O;, all the
rocks fall in A-type granite field”’.

Radioelement concentration and heat production

U, Th and K contents of CG, UG and albitite are given in
Table 2. Both CG and UG are characterized by high con-
centration of radioactive elements, U (av. 8.25 ppm and
7.43 ppm respectively) and Th (av. 61 ppm and 67 ppm
respectively) with higher content of thorium. Th/U ratio
for these granite ranges between 6.35-12.5 and 5.89-10.32
respectively. Albitite, however, shows higher content of
uranium (av. 16.92 ppm) than the studied granites which
is also supported by the presence of uranothorite in the
albitite (Figure 2 e). Th/U for albitite is lower than the
other granites and ranges between 0.84 and 4.3.

Overall average concentration of all the studied granites
from SKB for Th (54.80 + 23.82) and U (10.92 + 7.52) is
much higher than the trace radioelement concentration of
the average A-type granites (Th=23 + 11 and U =5 + 3)*.
In granitoid rocks, U and Th tend to concentrate in acces-
sory minerals such as zircon, monazite, apatite, titanite
and allanite or as impurity in fluorite and mica®™. The
studied granite contains most of these accessory minerals
(zircon, allanite, apatite, titanite) and is highly enriched
in their SiO, content (>72%). Potash is depleted in some
of the granites due to alteration/albitization. The higher
values of U and Th of CG, UG and albitites are hence
attributed to their mineralogical composition.

Based on the surface abundance of U, Th and K of
granites from the area, the heat production by the granites
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Table 2. Heat production, radioelement and heat generation data of rocks
Heat production Contribution due to
Total (uWm™) due to U, Th and K (in %)
U Th K heat production

Sample Rock type (ppm)  (ppm) (wt%) Th/U (WWm'?) U Th K U Th K

RM1 Udaipurwati granite ~ 9.30 96.00 4.39 10.32 9.60 2.44 6.74 0.43 25.37 70.19 4.44
RM2 6.80 48.00 4.92 7.06 5.63 1.78 3.37 0.48 31.64 59.86  8.50
RMI16 7.30 43.00 5.00 5.89 5.42 1.91 3.02 0.49 35.30 55.73 8.97
RM17 6.30 57.00 4.16 9.05 6.06 1.65 4.00 0.40 27.24 66.08 6.68
RM4 Chapoli granite 10.70 68.00 0.38 6.36 7.61 2.80 4.77 0.04 36.81 62.70  0.49
RMS5 7.20 90.00 0.32 12.50 8.23 1.89 6.32 0.03 22.90 76.72  0.38
RM6 11.50 81.00 0.07 7.04 8.70 3.01 5.69 0.01 34.60 65.32  0.08
RM12 5.00 43.00 0.52 8.60 4.38 1.31 3.02 0.05 2991 68.94 1.15
RM14 10.40 69.00 0.35 6.63 7.60 2.72 4.84 0.03 35.83 63.72  0.45
RM15 4.70 51.00 0.81 10.85 4.89 1.23 3.58 0.08 25.17 73.22 1.6l
RM7 Albitite 10.00 43.00 0.49 4.30 5.69 2.62 3.02 0.05 46.07 53.09 0.84
RMS8 16.90 16.00 0.09 0.95 5.56 4.43 1.12 0.01 79.63 20.21 0.16
RM9 34.30 29.00 0.04 0.85 11.02 8.98 2.04 0.00 81.49 18.47 0.04
RM10 17.40 67.00 0.20 3.85 9.28 4.56 4.70 0.02 49.11 50.68 0.21
RM11 6.00 21.00 0.05 3.50 3.05 1.57 1.47 0.00 51.51 4833 0.16

is calculated using the method given by Ashwal er al.”.
According to this method, heat production can be calcu-
lated by the formula

Heat production (A) in uWm™ = p(0.0966 cU
+0.026 c¢Th + 0.036 cK),

where cU and c¢Th are an abundance of U and Th in ppm
respectively and cK is the abundance of K in wt% and
o= density of rock (in this case 2.7 g/cm®).

Calculated heat production by UG, CG and albitite is
given in Table 2. RHP values for UG, CG and albitite
range between 5.42 uWm > and 9.60 uyWm>, 4.38 uWm
and 8.70 uWm, and 3.05 uWm > and 11.02 pWm " res-
pectively. Heat production from different elements is taken
as HP U, HP Th, HP K and are calculated using the above
mentioned method. The ratios of heat production due to
U (HPU/HPTotal): Th (HPTh/HPTotal) and K (HPK/HPTotal) are
taken as contribution by radioelement for all the studied
samples and are listed in Table 2. It shows that the aver-
age contribution from the two elements (Th and U) com-
bined is about 97% of the total heat production. Higher
heat production of CG, UG and albitites are hence attri-
buted to their higher U and Th content.

Discussion

Upper continental crust plays a major role in the global
thermal budget'®, because most of heat producing elements
are concentrated in granitic rocks. Therefore, knowledge
of radioelement concentration and heat production in gra-
nitic rocks is pivotal for understanding thermal structure
of any geological province.

Th/U ratios

Th/U ratio of continental crust shows significant variabi-
lity. Average Th/U ratio of upper part of continental crust
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is estimated as 4.2 (ref. 30). Globally, there is a signifi-
cant variation in Th/U ratio in felsic rocks between, less
than 1 to 10 with an overall constant Th/U ratio of ¢ =~ 4
in granites®'. It has been estimated” that the global aver-
age Th/U value for the Archaean—Early Proterozoic gra-
nites is around 3.50 £2.18 whereas for Middle—Late
Proterozoic granites, it is 3.63 = 1.95. Studied granite
from SK is of Middle Proterozoic age and shows Th/U
value ranging from 5.89 to 12.5 with an average value of
6.52 which is much higher than the average Th/U ratio
for the granites of Middle to Late Proterozoic age from
all over the globe and also from the average value for the
upper continental crust.

The present study also reveals that Th/U ratio can be
variable within the same area. Albitites which are result
of sodic metasomatism in the area shows high variability
in the area for Th/U ratio ranging from 0.85 to 4.30
(av. =2.69). Udaipurwati and CGs vary in similar range
from 5.89 to 12.5 with an average of 8.4. This variation
in Th/U ratios or Th and U concentrations, particularly in
albitite is due to its higher concentration of U, may be
because of the source composition as well as later meta-
somatic processes. When U and Th concentrations of stu-
died granites and albitites from SKB are plotted along
with the granites of NKB and granites from EMIS, they
show similar trend as of the granites from the NKB and a
general positive trend (Figure 3).

Heat production classification and comparison
with other granites

Some authors**** have constrained the definition of HHP
granites as evolved calc-alkaline granites which have
comparatively higher content of Th, U, K and total REE
and responsible for nearly half of the crustal heat flow
through radiogenic decay of isotopes of Th, U and K.
However, there are diverse views on fixing the RHP
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threshold to qualify any granite as HHP granite. Huston>*
proposed 8 uWm ™ for high-heat-producing granites and a
range of 4-8 uWm™ for moderate-heat-producing gra-
nites while others proposed RHP values greater than
5 uWm sufficient to be considered as HHP granites®”.

UG and CG fall in A-type granite category (Figure 4)
and have been also found belonging to calc-alkaline gra-
nites with higher content of radioelements and total
REE®®. Further, the RHP values for the studied granites
(av. for UG = 6.67 uWm™ and avg. for CG = 6.90 uWm )
and albitite rocks (av. 6.92 uWm™) classify as moderate
to high heat producing granites.

RHP values of granites from SKB are compared with
the reported RHP values for granites from NKB and from
EMIS of the Aravalli craton for evaluating regional heat
production variability (Figure 4). The present study sug-
gests that the granites from SKB shows higher RHP
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values than the granites from NKB but lower compared to
granites of EMIS. In particular, the granites of Jhunjhunu
and Kundal show high heat production values among other
EMIS rocks, whereas the Jalor granite show fewer values
when compared with Khetri granite.

It has been established that heat production values are
controlled basically by U and Th concentrations (85% of
the total RHP) and to a lesser extent to the K concentra-
tion’. In the present study also, the heat generation con-
tributions by various radio elements (Table 2) suggest
that the heat production values are primarily controlled
by U and Th concentrations and much less by K. When
the heat production data from the granites of Aravalli cra-
tons are plotted against their Th and U concentration, a
good positive relationship between the heat production
and Th and U concentration of granite is observed (Figure
5 b and ¢) much like the global data trend”.

Many researchers have tried to correlate the heat pro-
duction values of granites with their ages. It has been repor-
ted that the heat production values of Archaean samples
are always lower than Post-Archaean’. A remarkable
peak in heat production of Middle Proterozoic granites
(4.36 £2.17 uW/m’) was found in comparison with the
Archaean-Early Proterozoic granitic rocks (1.67 £ 1.49
and 1.25+0.83 uW/m’ respectively) followed by a
gradual decrease towards Phanerozoic granites (3.09 £
1.62 uW/m’)’. Present study area belongs to Middle Prote-
rozoic Granites and have a higher RHP value (6.85 uWm ™),
confirming the findings of Artemieva et al.’.

Significance of high heat producing granites

Granite contributes significantly in the heat production in
continental crust and regionally varies from ca. 30% to
80-90% (ref. 37). Whalen®® carried out compilation of
148 compositions of A-type granites, suggesting the typi-
cal RHP values range between 0.52 and 12.7 uWm™. In
the upper crust, concentration of U is 3—4 ppm and con-
centration of Th is 1015 ppm®®. Average value of RHP
is 1.65uWm™ for upper continental crust’’. Granitic
rocks of the present study show higher concentration of
uranium (10.92 = 7.52) and thorium (54.80 + 23.82) with
much higher average RHP value of 6.85 uWm™ than the
average continental crust.

We also examined the correlation between surface heat
flow and heat production in granites. Few workers have
observed a linear relationship between high heat pro-
duction and surface heat flow and suggested that the vari-
ation of surface heat flow within a given heat flow
province is related to variations in the total crustal heat
production’*"**. Mantle contribution to surface heat flow
(‘reduced heatflow’ in the concept of ‘heat flow provinc-
es’), however, may also be significantly different in dif-
ferent regions. From the Aravalli craton, nine heat flow
values are reported” which suggest that high and variable

CURRENT SCIENCE, VOL. 121, NO. 7, 10 OCTOBER 2021
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heat flow ranges from 46 to 96 mW/m”. The highest heat
flow value (96 mW/m?) is recorded in Tusham granitic
region, located within the Trans-Aravalli igneous suite®.
Heat flow at Khetri Belt is estimated as 74 mW/m’ but all
these values were calculated from the NKB®. In our study
area, in particular, there are no specific heat flow values
available. RHP values for Tusham granites (9.45 mWm )
and Khetri granites (6.85 mWm™) indicate that the high
levels of radiogenic heat production in the uppermost
crust could be the reason of high heat flow in the
area®** It is also concluded that in recent times there is
no evidence of tectonothermal events, so the high heat
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flow is explained on the basis of high heat production of
the crustal rocks’.

The Khetri Belt is famous for its mineral resources of
Cu—Au, Fe-oxides, fluorite and uranium mineralization.
The study area is also mineralized with high quality fluo-
rite. Knight er al* reported that high-heat producing
granites in the Khetri complex host IOCG and uranium
mineralization. Also, within the Khetri Belt, uranium mi-
neralization in NKB is less when compared to SKB*.
HHP granites act as ‘heat engine’ and prolong the circula-
tion of ore-bearing hydrothermal fluids which ultimately
may lead to the formation of a mineral deposit*’. It is
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suggested that the widespread occurrence of high heat
production and A-type granite bodies in the Khetri Belt
might have provided the heat source for driving the fluids
responsible for widespread albitization and fluorite mine-
ralization in the area.

Conclusion

Mesoproterozoic A-type granites from Chapoli—Chowkri
area, Southern Khetri Belt of Aravalli craton have a high
concentration of radiogenic heat producing elements.
Th/U ratios for studied granites are much higher than the
global average of Th/U ratio for Middle to Late Protero-
zoic age granites and upper continental crust. Average
contribution of RHP due to thorium (56.86%) is higher
than uranium (40.84%) and potassium (2.28%). The
present study suggests that the granites are classified as
moderate to high heat producing granites and show lower
RHP values than EMIS but show higher RHP values than
the granites from the NKB. It is construed that high levels
of radiogenic heat production in the uppermost crust
could be the reason for high heat flow in the area.

1. Birch, F., Roy, R. F. and Decker, Heat flow and thermal history in
New York and New England. In Studies of Appalachian Geology
(eds Zen, E. et al.), Northern and Maritime, Interscience, New
York, 1968, pp. 437-451.

2. Chapman, D. S., Thermal gradients in the continental crust. Geol.
Soc. Spec. Publ., 1986, 24, 63-70.

3. Vila, M., Fernandez, M. and Jimenez-Munt, 1., Radiogenic heat
production variability of some common lithological groups and its
significance to lithospheric thermal modeling. Tectonophysics,
2010, 490, 152-164.

4. Mareschal, J.-C. and Jaupart, C., Radiogenic heat production,
thermal regime and evolution of continental crust. Tectonophysics,
2013, 609, 524-534.

5. Artemieva, I. M., Thybo, H., Jakobsen, K., Sorensen, N. K. and
Nielsen, L. S. K., Heat production in granitic rocks: global analy-
sis based on a new data compilation GRANITE2017. Earth-Sci.
Rev., 2017, 172, 1-26.

6. Rao, R. U. M., Rao, G. V. and Narain, H., Radioactive heat gener-
ation and heat flow in the Indian shield, Earth Planet. Sci. Lett.,
1976, 30, 57-64.

7. Roy, S. and Rao, R. U. M., Heat flow in the Indian shield. J. Geo-
phys. Res., 2000, 105(25), 587-604.

8. Ray, L., Senthil Kumar, P., Reddy, G. K., Roy, S., Rao, G. V.,
Srinivasan, R. and Rao, R. U. M., High mantle heat flow in a
Precambrian granulite province: evidence from southern India.
J. Geophys. Res., 2003, 108(B2), 2084.

9. Kochhar, N., High heat producing granites of the Malani Igneous
Suite, northern peninsular India. Indian Min., 1989, 43(3—4), 339-
346.

10. Sharma, R., High heat production (HHP) granites of Jhunjhunu
area, Rajasthan, India. Bull. Ind. Geol. Assoc., 1994, 27, 55-61.

11. Srivastava, P. K., High heat producing granites of Degana, Rajas-
than. Indian J. Geochem., 2003, 18, 149-155.

12. Qazi, M. A. and Sukhchain, Radionuclide heat production of rare
metal bearing Dhanota granites. Indian J. Geochem., 2006, 21(2),
442-452.

13. Singh, A. K. and Vallinayagam, G., Radioactive element distribu-
tion and rare—metal mineralization in anorogenic acid volcano-

918

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

plutonic rocks of the Neoproterozoic Malani Felsic Province,
Western Peninsular India. J. Geol. Soc. India, 2009, 73, 837-853.

. Singh, L. S. and Vallinayagam, G., High heat producing volcano-

plutonic rocks of the Siner Area, Malani Igneous Suite, Western
Rajasthan, India. Int. J. Geol., 2012, 3, 1137-1141.

. Shrivastava, K. L., Deva Ram and Gaur, V., High heat producing

radioactive granites of Malani Igneous Suite at Northeast of Jodh-
pur, Northwestern India. J. Geol. Soc. India, 2017, 89, 291-294.

. Sharma, R., Kumar, N. and Kumar, N., Signatures of high heat

production and mineralization associated with plutonic and vol-
canic acidic rocks from Tosham Ring Complex, Southwestern
Haryana. India Himal. Geol., 2019, 40(2), 239-247.

. Kaur, P., Chaudhri, N., Hofmann, H. W., Raczek, I., Okrusch, M.,

Skora, S. and Koepke, J., Metasomatism of ferroan granites in the
northern Aravalli orogen, NW India: geochemical and isotopic
constraints, and its metallogenic significance. Int. J. Earth Sci.,
2014, 103(4), 1083—1112.

. Kaur, P., Chaudhri, N. and Hofmann, H. W., New evidence for

two sharp replacement fronts during albitization of granitoids from
northern Aravalli orogen, northwest India. /nt. Geol. Rev., 2015,
57(11-12), 1660-1685.

. Nagaraju, P., Ray, L., Singh S. P. and Roy, S., Heat flow, heat

production, and crustal temperatures in the Archaean Bundelkhand
craton, north—central India: implications for thermal regime be-
neath the Indian shield. J. Geophys. Res. Solid Earth, 2017, 122,
5766-5788.

Pandey, O. P., Geodynamic Evolution of the Indian Shield: Geo-
physical aspects. Society of Earth Scientists Series, Springer Nature,
Switzerland, AG, 2020.

Heron, A. M., The geology of central Rajputana. Mem. Geol. Surv.
India, 1953, 79, 389.

Roy, A. B. and Jakhar, S. R., In Geology of Rajasthan (Northwest
India) Precambrian to Recent, Scientific Publishers (India),
Jodhpur, 2002, p. 421.

Sivaraman, T. V. and Raval, U., U-Pb isotopic study of zircons
from a few granitoids of Delhi-Aravalli Belt. J. Geol. Soc. India,
1995, 46, 461-475.

Biju-Sekhar, S., Yokoyama, K., Pandit, M. K., Okudaira, T., Yo-
shida, M. and Santosh, M., Late Paleoproterozoic magmatism in
Delhi Fold Belt, NW India and its implication, evidence from
EPMA chemical ages of zircons. J. Asian Earth Sci., 2003, 22,
189-207.

Gupta, P. and Guha, D. B., Stratigraphy, structure and basement-
cover relationship in south Khetri Belt, Rajasthan. Indian J. Geol.,
1998, 70, 91-106.

Saini, N. K., Mukherjee, P. K., Rathi, M. S., Khanna, P. P. and
Purohit, K. K., A new geochemical reference sample of granite
(DG-H) from Dalhousie, Himachal. Him. Geol. Soc. India, 1998,
52(5), 603—606.

Whalen, J. B., Currie, K. L. and Chappell, B. W., A-type granites:
geochemical characteristics, discrimination and petrogenesis. Con-
trib. Mineral. Petrol., 1987, 95(4), 407-419.

Rogers, J. J. W. and Adams, J. A. S., Uranium and thorium. In
Handbook of Geochemistry (ed. Wedepohl, K. H.), Springer-
Verlag, Berlin, 1969, vol. 113, pp. 11-14.

Ashwal, L. D., Morgan, P., Kelley, S. A. and Percival, J. A., Heat
production in an Archaean profile and implications for heat flow
and mobilization of heat-producing elements. Earth Planet. Sci.
Lett., 1987, 85, 439-450.

Van Schmus, W. R., Natural radioactivity of the crust and mantle.
In Global Earth Physics, A Handbook of Physical Constants, AGU
Reference Shelf 1, 1995.

Hasterok, D. and Webb, J., On the radiogenic heat production of
metamorphic, igneous, and sedimentary rocks. Geosci. Front.,
2018, 9(6), 1777-1794.

Morgan, P. and Sass, J. H., Thermal regime of the continental
lithosphere. J. Geodyn., 1984, 1, 143—166.

CURRENT SCIENCE, VOL. 121, NO. 7, 10 OCTOBER 2021



RESEARCH ARTICLES

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Plant, J. A., O’brian, C., Tarney, J. and Hurdley, J., Geochemical
criteria for the recognition of high heat production granites. In
High Heat Production (HHP) Granites, Hydrothermal Circulation,
and Ore Genesis, Trans. Institution of Mining and Metallurgy,
London, 1985, pp. 263-286.

Huston, D. L. (ed.), An Assessment of the Uranium and Geother-
mal Potential of North Queensland, Geoscience Australia, Record,
2010, vol. 14, pp. 1-108.

Siegel, C., Bryan, S., Purdy, D., Gust, D., Allen, C., Uysal, T. and
Champion, D., A new database compilation of whole-rock chemi-
cal and geochronological data of igneous rocks in Queensland: a
new resource for HDR geothermal resource exploration. Proceedings
of 2011 Australian Geothermal Energy Conference, Melbourne.
Geosci. Austr., 2012, 239-244,

Magotra, R., Fluid inclusion studies and geochemistry of Chow-
kri—Chhapoli fluorite deposit, Rajasthan (India), Ph.D. thesis, 2017.
Artemieva, I. M. and Mooney, W. D., Thermal structure and evo-
lution of Precambrian lithosphere: a global study. J. Geophys.
Res., 2001, 106, 16387-16414.

Whalen, J. B., Geochemistry of an island arc plutonic suite: the
Uasilau-Yau Yau intrusive complex, New Britain PNG. J. Petrol.,
1985, 26, 603—632.

Taylor, S. R. and McLennan, S. M., The Continental Crust: Its
Composition and Evolution, Blackwell, Oxford, UK, 1985, p. 312.
Rudnick, R. L. and Gao, S., Composition of the continental crust.
Treatise Geochem., 2003, 3, 1-64.

Roy, R. F., Blackwell, D. D. and Francis Birch, Heat generation of
plutonic rocks and continental heat flow provinces. Earth Planet.
Sci. Lett., 1968, 5(1), 1-12.

Lachenbruch, A. H., Preliminary geothermal model of the Sierra
Nevada. J. Geophys. Res., 1968, 73, 6977.

Sundar, A., Gupta, M. L. and Sharma, S. R., Heat flow in the
Trans-Aravalli igneous suite, Tusham, India. J. Geodyn., 1990, 12,
89-100.

44. Gupta, M. L., Thermal regime of the Indian shield. In Terrestrial
Heat Flow and Geothermal Energy in Asia (eds Gupta, M. L. and
Yamano, M.), IBH, Oxford, 1995, pp. 63-81.

45. Knight, J. et al., The Khetri Copper Belt, Rajasthan: Iron Oxide
Copper-Gold Terrane in the Proterozoic of NE India. In Hydro-
thermal Iron Oxide Copper-Gold and Related Deposits: A Global
Perspective, 2 (ed. Porter, T. M.), PGC, Adelaide, 2002, pp. 321—
341.

46. Mishra, B., Kumar, K., Nanda, L. K. and Khandelwal, M. K.,
Uranium mineralization in the Khetri Sub-Basin, North Delhi Fold
Belt, India. International symposium on uranium raw material for
the nuclear fuel cycle: exploration, mining production, supply and
demand, economics and environmental issues (URAM-2018), June
2018, pp. 285-288.

47. Fehn, U., Cathies, L. M. and Holland, H. D., Hydrothermal con-
vection and uranium deposits in abnormally radioactive plutons.
Econ. Geol., 1978, 73, 1556-1566.

48. Kaur, P., Chaudhri, N., Raczek, I., Kroner, A., Hofmann, A. W.
and Okrusch, M., Zircon ages of late Palacoproterozoic (ca. 1.72—
1.70 Ga) extension-related granitoids in NE Rajasthan, India: re-
gional and tectonic significance. Gondwana Res., 2011, 19(4),
1040-1053.

ACKNOWLEDGEMENTS. We acknowledge the financial support
received from the University Grants Commission, for carrying out this
research work. We are grateful to the reviewers for constructive re-
views on the manuscript.

Received 23 December 2019; re-revised accepted 24 August 2021

doi: 10.18520/cs/v121/i7/912-919

CURRENT SCIENCE, VOL. 121, NO. 7, 10 OCTOBER 2021

919




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


