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of weathered chances zones within hydrological soil group 
‘D’ having poor infiltration rate and run-off (> 130 mm) 
with a slope of > 15% in the village of A. Vellodu and 
Dindigul town. 
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Concentric rings of radioactive halo in 
chlorite, Turamdih uranium deposit, 
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a possible result of 238U chain decay 
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Transmitted light microscopy of quartz-chlorite schist 
from Turamdih uranium deposit in Singhbhum Shear 
Zone has revealed the presence of distinctly circular 
aureoles of radiation damage, commonly referred to 
as radioactive halos or radiohalos, in chlorite surround-
ing inclusions of uraninite in the Turamdih uranium 
ore; particularly those surrounding tiny (< 2 µµm) radio-
centres show spectacular concentric aureoles. In well-
developed halos, four distinct rings of discoloration are 
clearly visible in host chlorite. The radiohalo pattern 
is in good agreement with the theoretical radiohalo 
pattern of 238U based on αα-penetration ranges in air. 
Radii of individual rings surrounding tiny radiocentres 
(< 2 µµm) in diametral/near-diametral sections are con-
sistent and the mean radii of 32.4 µµm (outermost), 
22.0, 18.3 and 15.2 µµm (innermost) compare well with 
the experimentally determined, theoretically calculated 
and observed penetration depths of αα-particles emitted 
by 214Po (the outermost ring), 218Po, 210Po/222Rn, and 
226Ra/234U/230Th (innermost ring) in biotite. Such ring 
structures can be assigned to the decay chain of 238U 
in which the above radioactive atoms correspond to 
daughters in the decay series and each of them emits 
αα-particles of different energies. The undeformed cir-
cular nature of the radiohalos is indicative of their post-
kinematic origin. Petrographic studies also indicate possi-
ble mobilization of uranium by some later processes. 

IN some minerals, notably biotite, fluorite, chlorite, cordie-
rite, etc. tiny aureoles of discoloration, commonly referred 
to as radioactive halo or radiohalo are found and in many 
instances such aureoles are characterized (on microscopic 
examination) by concentric dark and light rings surround-
ing a central radioactive inclusion. The causes of such dis-
coloration of minerals are commonly assigned to radiation 
damage. Understanding radiation damage in synthetic and 
natural samples is extremely important, particularly in 
relation to the containment of radioactive wastes. Sheet 
silicates and clays are common minerals found in a variety 
of rocks and are common constituents in engineered-
barriers in high-level nuclear waste site. These minerals 
can significantly reduce the migration of radionuclides1 
through groundwater by adsorbing them on the surface or 
incorporating some of the elements at inter-layer sites. 
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However, such properties of these minerals may be lost 
by long-term radiation-induced amorphization1. Under-
standing radiation damage in sheet silicates and clays is 
therefore critical to assess long-term repository behaviour. 
Studying natural samples is one of the best ways to under-
stand long-term radiation effects. Amongst the sheet sili-
cates, radiohalo patterns, penetration depths of α and nature 
of damage in natural samples have possibly been best 
documented in case of biotite2–6. Although chlorite has 
the potential to record radiohalos similar to biotite, such 
studies, particularly in natural samples, are virtually lacking 
possibly because of non-availability of reported and well-
documented radiohalos in chlorite. Petrographic characteri-
zation of radiation damages forms the foundation of any 
detailed study using modern techniques. The objective  
of the present study is to identify the radiohalo pattern 
and quantify the aureoles of radiation damages in chlo-
rites surrounding uraninite from Turamdih and compare 
them with available data on a sheet silicate like biotite. 
 Radiation damage in minerals is caused mainly by α-
emission from radioelements, although contribution from 
β-emission has also been advocated7. α-particles cause 
damage in crystal lattice mainly8 (a) by ionizing atoms 
along their path, (b) by knocking-off atoms producing 
interstitial atoms and vacancies, known as Frenkel pairs, 
and (c) by producing very high temperature for a very 
short period of time along their path and causing thermal 
damage. Metamictization, particularly of zircon, is one of 
the most commonly studied types of radiation damage and 
recent investigations suggest that long-term accumulation 
of damages by α-decay events causes transformation of 
initial crystalline material to amorphous state of metamict 
minerals9–11. Such damages are caused dominantly by recoil 
of heavy daughter nuclei on emission of α-particles, and 
contributions of other processes like ionization, formation 
of point defects and spontaneous fission are negligi-
ble12,13. Radiohalos, on the other hand, are possibly the 
result of short-term accumulation of damages4. In a com-
prehensive study, Nasdala et al.4 have shown that ioniza-
tion by α-particles produces a sphere of radiation, which 
appears as a full circle in thin sections surrounding radia-

tion source. On the contrary, spherical shell of radiation 
damage that appears as concentric ring in thin sections 
(not as full circles) and commonly found in natural bio-
tites2, is generated by atomic displacements producing 
Frenkel pairs at the end of the path of α-particles. The 
penetration depths of α-particles and hence the radius of 
ring/circle is dependent on the energies of α-particles and 
the nature of the medium through which they penetrate2–4. 
Since a particular radioactive atom emits α-particles with 
specific characteristic energy, the radius is characteristic of 
a particular radionuclide in a given medium. Consequently, 
if a radiocentre contains a radionuclide that produces a 
decay series, a group of concentric rings/circles is possible 
provided none of the α-emitters in the series leaves the 
system before producing discernible damage. The radius 
of each ring will correspond in such a case to a step in 
the decay series. 238U is one of such radionuclides and it 
decays through eight alpha-decay steps (Table 1). The α-
emitters in the decay chain of 238U are 238U, 234U, 230Th, 
226Ra, 222Rn, 218Po, 214Po and 210Po. Accordingly, eight 
concentric rings are expected in well-developed radiohalos. 
However, as shown in Table 1, the energies of α particles 
in air (Eα) emitted by 234U, 230Th and 226Ra are very close. 
Similarly, Eα for 222Rn is close to that of 210Po. Consequ-
ently, characteristic rings of 234U, 230Th and 226Ra and those 
of 222Rn and 210Po cannot be distinguished in the resolu-
tion of common transmitted light microscope. Thus on 
microscopic examination, five distinct rings corresponding 
to 214Po, 218Po, 222Rn/210Po, 234U/226Rn/230Th and 238U are 
often visible in well-developed radiohalos. Best ring struc-
tures are developed when the radiocentre is extremely small 
in size. Larger radiocentres generally develop poor ring 
structure, partly because of overlapping thick shells/sphe-
res produced by alphas emitted from the centre as well as 
those from the boundary of radioactive inclusion. 
 Singhbhum Shear Zone, extended over a length of 
approximately 200 km, is one of the most important eco-
nomic belts in India and is well known for its rich mine-
ralization of U and Cu and other base and noble metals as 
by-products. Uranium and copper mineralization in Turam-
dih is hosted by occasionally feldspathized quartz-chlorite 

Table 1. α-decay events, reported penetration depths of α in biotite and mean ring radius  
(penetration depth) observed in the present study 

    
    

Penetration depth in biotite (µm)       

α-decay event 
α-energy (Eα) 

in MeV@ 

4He-induced coloration 
bands# (µm) 

Observed 
radius# (µm) 

Monte Carlo 
simulation$ (µm) 

Mean radius of damaged 
aureoles in chlorite 

(this study; µm)             
 238U à 234Th 4.198   13.4–13.8 12.2–13.0 13.5  
 234U à 230Th 4.775   16.7 14.9–15.6 16.2  
230Th à 226Ra 4.688  – NR 15.7 15.2 
226Ra à 222Rn 4.784   16.7 14.9–15.6 16.2  
222Rn à 218Po 5.489   20.5 17.9–18.8 19.7  
218Po à 214Pb 6.022   23.0 21.7–22.2 22.5 22.0 
214Po à 210Pb 7.687   33.1–33.9 31.0–32.9 32.7 32.4 
210Po à 206Pb 5.304   19.3 NR 18.8 18.3             
@After Firestone and Shirley15; #After Gentry2; $After Nasdala et al.4. 
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schist containing variable proportions of muscovite and 
biotite. Tiny but discrete grains of uraninite are concen-
trated mostly in chlorites. Chalcopyrite, pyrite, magnetite 
and ilmenite are the other ore minerals. Sarkar14 observed 
concentric zones of intense absorption of light in host 
mineral surrounding uraninite from Singhbhum Shear 
Zone. However, detailed characterization of such halos 
and correlating them with specific α-emitters are lacking. 
In the present case radiohalos were studied under trans-
mitted light microscope in thin polished sections (≈ 30 µm 
thickness) of rock samples collected from the underground 
mines at Turamdih. Radiation damages are noted sur-
rounding uraninite and also some silicates (epidote). How-
ever, the present study is restricted mainly to the radio-
halos surrounding uraninite in chlorite of the host rock. 
Figure 1 a shows the overall view of radiohalos observed 
in chlorite surrounding uraninite. Radiohalos surrounding 
silicates (epidote) are characterized by even discoloration 

and concentric rings are absent (Figure 1 b). This may be 
due to the comparatively much larger size of silicate inclu-
sions producing overlapping zones of damaged shells. 
However, the presence or absence of concentric rings is 
also dependent on the nature of radionuclide(s) present in 
the radiocentre and also on the nature of radiation damage 
(ionization vs atom displacement). 
 Uraninites in Turamdih are commonly equant in shape 
and the long axis rarely exceeds 10 µm. Such small size 
of uraninites inhibits detailed study of these grains under 
reflected light microscope. However, they are identified 
by brownish-grey colour, very low reflectivity (slightly 
less than that of magnetite) and isotropic nature. In oil 
medium, the reflectivity of uraninite falls and the reflecti-
vity contrast between magnetite and uraninite is enhanced. 
Radiohalos surrounding tiny inclusions are generally less 
intensely coloured and display spectacular ring structures 
defined by alternate dark and light bands. On the contrary, 

 
Figure 1. a, Photomicrograph of generalized view of circular radiohalos in chlorite surrounding uraninite from Turamdih uranium deposit. The 
greyish mass is chlorite and the white patches on the top right and bottom left are quartz. Photograph taken under plane polarized light. b, Photo-
micrograph showing even discoloration of chlorite surrounding radioactive silicate (epidote). 

 

 
Figure 2. a, Photomicrograph showing large radioactive halo in chlorite surrounding a large uraninite inclusion. The radius of the outermost halo 
of damaged aureole is 38.7 µm and the inclusion diameter is approximately 13.7 µm. b, Photomicrograph showing homogenous discoloration. Note 
the absence of the radiocentre and also the presence of micro-fractures filled with unidentified dark minerals. 
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radiohalos surrounding large inclusions are more intensely 
coloured and the concentric rings are rarely discernible 
(similar to those found surrounding silicates). The aureoles 
of discoloration are also much larger in case of large 
inclusion producing some gigantic halos (Figure 2 a). In 
some cases the halo is characterized by homogenous dis-

coloration of chlorite and this is particularly the case where 
the central radioactive inclusion is missing. The absence 
of radiocentres may be due to (i) the section not being a 
diametral one (passing through the centre of the spherical 
shell and hence through the radiocentre) or (ii) the radio-
centre having been leached-off, particularly where the halo 
is closely associated with micro-fracture (Figure 2 b). It 
is to be noted that the radius of these halos in many cases 
is comparable with the maximum radius of the damaged 
aureoles in chlorite observed in the present study. Consi-
dering that the average thickness of the prepared thin 
sections is 30 µm and that the maximum radius of dama-
ged aureole is generally 30–35 µm, it is difficult to explain 
the absence of the radiocentres on the basis of the non-
diametral section. Hence, leaching-off of uranium by some 
later processes seems to be more plausible. If mobiliza-
tion of uranium by later processes is pervasive, precaution 
should be taken while using U–Pb geochronological methods 
in deciphering the age of uranium mineralization. In some 
cases, concentric halos line up along the foliation planes 
(Figure 3 a), possibly indicating entry of radiocentres along 
the available favourable locales. Similar trails of haloed 
uraninite in mylonitic quartz-chlorite rocks from Jaduguda 
are also reported by Sarkar14. The circular radiohalos are 
truncated and disturbed at places by late quartz (Figure 
3 b) and muscovite (Figure 3 c). Interestingly, in muscovite/ 
sericite-rich samples radiohalos and the corresponding 
radiocentres are few. Even in a single sample, where mus-
covite/sericite replaces chlorite, the radiohalos are indistinct 
and the radiocentres are absent in many cases. This prob-
ably suggests that during the process of sericitization and 
silicification (possibly by late hydrothermal fluid), the 
radiocentres were selectively leached. This microscopic 

 
Figure 3. a, Photomicrograph of trails of haloed uraninite paralleling 
the overall schistosity of quartz-chlorite schist. The schistosity runs 
nearly east-west. b, Photomicrograph showing truncation of circular 
radioactive halo by late-quartz. At least three halos are clearly dissec-
ted by this quartz (colourless). Note the concentration of radiohalos in 
chlorite-rich part. c, Photomicrograph showing replacement of chlorite 
(greyish) by sericite (white), partially destroying the radiohalo ring sur-
rounding uraninite. 

 

 
Figure 4. Photomicrograph of a typical radioactive halo in chlorite 
surrounding uraninite showing concentric rings of radiation damage. At 
least four damaged aureoles can be identified. The radiocentre diameter 
is 1.87 µm and the radii of the four rings are 31.9 , 21.9, 18.1 and 
15.0 µm from the outermost to the innermost ring. See Table 1 and text 
for discussion. 
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observation is in accordance with field observation, where 
it was found that quartz-sericite schists are generally not 
mineralized and mark the limit of mineralized zones in 
Turamdih. 
 In thin section, the radius of radiation damage is a func-
tion of the nature of radiation source, the surrounding 
medium, the size of the radiocentre and the section of the 
damaged sphere. Theoretically, the best characteristic radius 
(maximum radius) of radiation damage would be repre-
sented in the diametral section and when the radiocentre 
is infinitely small. In the present study, for quantitative 
characterization, radiohalos with tiny (1–2 µm) radiocen-
tres were chosen and measurements were taken on the 
plane where the radiocentres were focused. Radiocentres 
lying on the surface or near the surface of the thin section 
were preferred. After capturing images of such radiohalos, 
measurements were done using image analysing software 
(LEICA–QWIN). For individual rings in a radiohalo, 4–5 
radii were measured and the mean of these measurements 
was taken to represent the radius of that particular ring in 
that radiohalo. 
 At least four clear rings are discernible in many halos. 
Typical concentric radiohalo rings in chlorite from the 
Turamdih U-ore are shown in Figure 4. Schematic diagram 
of 238U radiohalo pattern based on penetration depths of 
alpha in air2 is shown in Figure 5 a. Figure 5 b shows the 
line drawing of different rings of the radiohalo from Fig-
ure 4. A fifth inner ring was suspected under higher 
magnification. However, the boundary of this ring is not 
clear and hence it is marked by a dotted curve. Statistical 
data for this curve could not be obtained because of 
unclear boundary. Comparison of the Figure 5 a and b 
reveals that there is excellent matching between the 
theoretical radiohalo patterns of 238U based on air alpha 
ranges (Figure 5 a) and those found in chlorite from 
Turamdih (Figure 5 b). Ring diameters were measured 

from fifty such radiohalos where ring-boundaries are 
clearly visible and relevant data are given in Table 1. The 
mean radii of the four rings from outermost to innermost 
are 32.4, 22.0, 18.3 and 15.2 µm. These data compare 
well with the theoretically calculated ring diameters in 
biotite4, 4He-induced coloration bands in biotite2 and also 
with the observed ring diameters in natural biotite2,3. For 
comparison, these data are given in Table 1. The four rings 
(marked by solid curves in Figure 5 b and data in Table 1) 
from outermost to innermost, correspond to the penetration 
depths of alpha particles emitted by 214Po (outermost ring), 
218Po, 210Po/222Rn, and 226Ra/234U/230Th. The gaseous 222Rn 
can escape the micro-system related to each radiohalo 
through favourable conduits in the form of micro-fracture 
and cleavage. However, the presence of radiohalos related 
to the daughters (218Po 214Po, 210Po) of 222Rn indicates that 
radon loss was not pervasive, though part of it can escape 
the system. The suspected fifth ring, mentioned earlier, may 
correspond to 238U (innermost ring with dotted boundary 
in Figure 5 b). Strong radiation damage caused by 234U/ 
226Rn/230Th resulting in dark discoloration surrounding 
the radiocentre might have smeared the fifth ring. The 
ring pattern as found in the present study can thus be 
assigned to the chain decay of 238U. 
 This study provides petrographic documentation of 
radiohalo patterns in chlorite caused by the decay chain of 
238U. It has shown that the damage pattern and penetra-
tion depths of α-particles are similar to those found in 
biotite. To the best of the author’s knowledge, such stu-
dies are not available on natural chlorites, at least from 
India. The observational data presented here will add to 
the existing data and this study offers an opportunity for 
future research to characterize and understand the nature 
of radiation damages in sheet silicates in general and 
chlorite in particular, using modern techniques like laser-
Raman spectroscopy, optical absorption micro-spectro-

 
Figure 5. a, Schematic diagram of ring pattern expected in a typical radioactive halo associated with the chain decay of 
238U based on the energies of α-particles emitted by different daughters of the 238U-decay chain. Modified after Gentry2. 
b, Line drawing of different concentric rings as presented in Figure 4. A fifth ring is suspected and is shown as dotted 
circle. Note the excellent matching of patterns in Figure 5 a and b. Also note the corresponding α-emitters. 
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scopy, high-resolution transmission electron microscopy, 
etc. Preliminary investigation in this direction is currently 
underway. It is also interesting to note that although the 
rock is highly deformed, none of the radiohalos observed 
in the present study shows any signature of deformation 
of the host mineral. This is a clear indication of the post-
kinematic origin of the radiohalos. Trails of radiocentres 
with their characteristic radiohalos along foliation planes 
in tandem with the undeformed nature of the radiohalos 
are also possible indications of the post-kinematic origin 
for the radiocentres. Possible leaching of uranium by later 
processes may have important implications in U–Pb geo-
chronological investigation. 
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Model studies of ocean bottom 
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gas-hydrate exploration 
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We model the P- and S-wave velocities of gas hydrates 
and free gas-bearing sediments and obtain the travel-
time response for suitably spaced ocean bottom seismo-
meters (OBS) on sea floor. The different models are 
presented with contrasting physical properties which 
produce the travel time curves corresponding to the 
gas hydrate and free gas layers for varying source–
receiver offsets of the OBS. 2D ray tracing is done on 
models of different configuration, i.e. varying depths 
of sea floor, gas hydrate zone (GHZ) and free gas zone 
(FGZ) with the same sediment thickness. The best 
representative model is selected for each case, which 
produces the significant ray bending and travel time 
skips at contrasting velocity horizons of gas hydrate-
bearing sediment layer underlain by significantly low 
velocity layer of free gas. Our results indicate that 
OBS should be deployed at a minimum of 5 km sepa-
ration for getting better travel time response for GHZ 
and FGZ. The present exercise aims to provide some 
synthetic data that could be useful in deriving a 
physical model and in planning future OBS experi-
ments for gas-hydrate exploration. 

OCEAN bottom seismometers (OBSs) are considered to be 
the most useful components for measuring P- and S-waves 
more accurately. High quality P- and S-wave data can be 
obtained from the OBSs to derive accurate subsurface 
geological information. Seismic techniques for remote 
detection of gas hydrates and associated shallow gas are 
getting focused on some basic observations from OBS 
studies. Quantification of gas-hydrate reserves and asso-
ciated petro-physical properties could be estimated from 
the observed P- and S-wave data1–4. 
 In ocean bottom seismics, the source or receiver is 
located at the seafloor. This procedure is more complex and 
hence expensive, but is significant in terms of data imag-
ing and geological knowledge. OBS data are necessary to 
investigate layers that are deeper than bottom simulating 
reflector (BSR; from refracted waves) and to investigate 
the VP and VS structures5,6. In fact, low compressional 
velocity zone can be identified by the presence of free 
gas zone. 
 The important aspect of shear wave information in 
investigating gas hydrate-bearing sediments comes from a 
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