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Radiohalos in a Radiochronological and Cosmological Perspective

Abstract. New photographic evidence, data on halo ring sizes, and x-ray fluo-
rescence analyses provide unambiguous evidence that polonium halos exist as a
separate and distinct class apart from uranium halos. Because of the short half-
lives of the polonium isotopes involved, it is not clear how polonium halos may
be explained on the basis of currently accepted cosmological models of Earth

formation.

I have examined some 105 or more
radiohalos, mainly from Precambrian
granites and pegmatites located in sev-
eral continents. In addition to U and
Th halos, originally studied (f, 2) for
information on the constancy of the
a-decay energy E, and the decay con-
stant A, I have discussed X halos (2,
3), dwarf halos (3), and giant halos
(4), and explained how these remain
prime candidates for identifying un-
known a-radioactivity and, not impos-
sibly, unknown elements as well.

I have also reported (5) on a class
of halos which had been tentatively
atiributed (6, 7) to the a-decay of
210Pg, 214Po, and 2!%Po. Earlier inves-
tigators (2, 7-10), possessing only a
sparse collection of Po halos, at times
confused them with U halos or invented
spurious types such as “emanation”

halos (2) or “actinium™ halos (8) to
account for them. (Figure 1, a to d, is
a schematic comparison of U and Po
halo types with ring radii drawn pro-
portional to the respective ranges of
a-particles in air.) To explain Po halos,
Henderson (7) postulated a slow ac-
cumulation of Po isotopes (or their
respective B-decay precursors) from U
daughter product activity. I demon-
strated that this secondary accumula-
tion hypothesis was untenable and
showed, using the ion microprobe (3),
that Po halo radiocenters (or inclu-
sions) exhibit anomalously high 20%Pb/
2TPb isotope ratios which are a neces-
sary consequence of Po e-decay to
206ph,

Recently, these ion microprobe re-
sults have been gquestioned, Henderson's
results misinterpreted, Po halos con-



sidered to be only U halos, and allu-
sions made to the geological difficulties
that Po halos would present if they
were real (/1) [see (I2) for com-
ments].

Admittedly, compared to ordinary
Pb types, the Pb isotope ratios of
Po halos are unusual, but new ion mi-
croprobe analyses have confirmed (13)
my earlier results (3). It is also appar-
ent that Po halos do pose contradic-
tions to currently held views of Earth
history.

For example, there is first the prob-
lem of how isotopic separation of sev-
eral Po isotopes [or their 8-decay pre-
cursors (/3)] could have occurred
naturally. Second, a straightforward
explanation of ?18Po halos implies that
the 1-um radiocenters of very dark halos
of this type initially contained as many
as 5 X 10? atoms (a concentration of
more than 50 percent) of the isotope
218Po (half-life, 3 minutes), a problem
that almost defies reason. A further
necessary consequence, that such Po
halos could have formed only if the
host rocks underwent a rapid crystalli-
zation, renders exceedingly difficult, in
my estimation, the prospect of explain-
ing these halos by physical laws as
presently understood. In brief, Po halos
are an enigma, and their ring structure

Fig. 1. The scale for all photomicrographs
is 1 cm =~ 25.0 um, except for (h’) and
(r'), which are enlargements of (h) and
(r). (a) Schematic drawing of **U halo
with radii proportional to ranges of o-
particles in air. (b) Schematic of #°Po
halo. (c¢) Schematic of #¢Po halo. (d)
Schematic of “*Po halo. (e) Coloration
band formed in mica by 7.7-Mev *‘He
ions. Arrow shows direction of beam pene-
tration. (f) A *U halo in biotite formed
by sequential a-decay of the **U decay
series. (g) Embryonic **U halo in fluorite
with only two rings developed. (h) Nor-
mally developed **U halo in fluorite with
nearly all rings visible. (h’) Same halo
as in (h) but at higher magnification. (i)
Well-developed *U halo in fluorite with
slightly blurred rings. (j) Overexposed
**U halo in fluorite, showing inner ring
diminution. (k) Two overexposed **U
halos in fluorite showing inner ring dimi-
nution in one halo and obliteration of
inner rings in the other. (1) More over-
exposed *U halo in fluorite, showing
outer ring reversal effects. (m) Second-
stage reversal in a *U halo in fluorite.
The ring sizes are unrelated to *U a-
particle ranges. (n) Three #*Po halos of
light, medium, and very dark coloration in
biotite. Note the differences in radius. (o)
Three *°Po halos of varying degrees of
coloration in fluorite. (p) A “*Po halo in
biotite. (q) Two “*Po halos in biotite. (r)
Two #*Po halos in fluorite. (r') Same
halo as in (r) but at higher magnification.

as well as other distinguishing charac-
teristics need to be made abundantly
clear.

In order to ascertain the E, corre-
sponding to a specific halo radius, I
have produced a new series of standard
sizes against which halo radii may be
compared without relying on estimates
derived from ranges of a-particles in
air. Standard sizes may be prepared
by irradiation of halo-bearing mineral
samples with ¢He ions (4); the colora-
tion bands thus produced show varying
sizes (as measured from edge to colora-
tion extinction) which are dependent
on energy, total dose, and dose rate,
the latter two factors not being ac-
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counted for in other comparative meth-
ods.

I made more than 350 irradiations
1 to 10* seconds in duration using ‘He
ions with energies ranging from 1 to
15 Mev, on over 40 samples of biotite,
fluorite, and cordierite (14). Selecting
the band sizes which correspond to the
energies of the 238U qa-emitters (see
Table 1) permits a direct comparison
with new as well as previous (I, 9,
10, 15) U ha'o measurements in bio-
tite, fluorite, and cordierite. Figure le
shows a coloration band in biotite pro-
duced by 7.7-Mev 4He ions, and Fig.
2a shows a densitometer profile of
Fig. le.
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N.M., not

induced bands; L— D and L. — M indicate light to dark and light to medium; these were

visually determined. Gentry’s measurements were made with a filar micrometer readable to 0.07 um. The estimated overall uncertainty was *0.3 ,m. Other abbreviations:

Table 1. Comparison of sizes of induced bands (columns 1 to 5) with halo radii (columns 8 to 21). Column 6 gives the *‘He ion energies at which the induced bands were formed, or the
measured; N.R., not resolved; N.P., not present.

a-particle energies corresponding to the nuclides in column 7. Thus, the nuclide or o-particle energy that produced any halo ring in columns 8 to 21 can be found from column 6 or T "I'he
letters K-L, H, 8§, M, and G represent halo measurements by Kerr-Lawson (/5), Henderson (I, 6, 7), Schilling (9), Mahadevan (10}, and Gentry. Subscripts L, M, and D indicate light, medium
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Fluorite
Py
21. G

1Py
20. G

19, Gy

Po halo radius {gm)} in
218P0

Biotite
ﬂiPO

15. Gp—»p 16, H 17. Gi—»y 18 H

ﬂﬂpo

14. H

erite

Cordi-
13. M

Fluorite
12, G

11. 8

10. G
12.2-513.0

U halo radius {(um)

Biotite

Nuclide

E

(Mev)

erite

Cordi-

Fluo-

rite

3. Gp

14.2

Biotite
2. Gy
13.8
16.7

Coloration band size {um)

G

1.

N.P
N.P
N.P.
N.P
19.8

Ay Ay Ay ay o0
ZZZZZ
mmﬁm:
ZZLEZLZ
A AR A
ZzZzZ
5

A o Ay By 1
ZZZZ
=
[T
ZZZZ]
<

L2
elalal=k]
ZZZZ e
%

Ay Ay Ry Ay 00
zZzzz
cafal
o= pd
=szRz

0
9
8
9
3

14
16
15
16
19

14.8+15.8
NR

148158
NR

12.7
15.3
N.R.
15.3
N.R.

12.3
154
N.R.
154

mU__)

Ra—

20Th—s

el D20 .
apo—  NR.
=R

2
77
4.66
78
3
49
0
69

«—4
—4

16.2
19.2
N.M.
19.2
225

14.1
173
N.M.
173
19.6

N.M.
N.M.
N.M,

20.0

N.M.

16.7
19.3

N.M.
N.M.
N.M.
N.M.
N.M.

134

23.7
349

N.P.

P.
P.
P

N
N
N

23.3
34.0

NP,
24.0

325338 340

NP.

NP
N.P.

N.P.
N.P.
345

N.P.
N.P.
N.P.

N.P.
N.P.
NP.

23.5
26.5
38.5

20.5
235
347

5
5
5

20

23
34

18.1—19.0
21.5-522.7
30.8-33.0

19.2
23.0
34.1

18.6
220
330

AEPo—»

aipg_

N.M.
26.7
38.7

NM.
23.6
34.6

211
239
344

20.5
23.0
339

N.M.

331

The coloration extinction boundary
is poorly defined near threshold colora-
tion; only a few very light bands in
biotite could be reliably measured. Re-
producible measurements were obtained
in the plateau region (I14), where varia-
tions in band size are minimal. Darker
halos in biotite generally have slightly
larger radii than lighter halos (3, 4).
Also, reversal effects in some biotites
immediately exterior to the terminus of
a halo ring cause apparent diminution
of the radius. Therefore, while there
are differences between the sizes of
medium coloration bands {(Table 1,
column 2) and the radii of U halos
in biotite (Table 1, columns 8, 9, and
10) that could be interpreted in terms
of an actual change in K, and A ([6),
such differences more likely arise from
a combination of dose and reversal
effects (15, 17), producing stightly dimin-
ished radii. Diminution of U halo
radii* may also result from attenuation
of a-particles within the small but
relatively dense zircon radiocenters.
Even though slight differences between
band sizes and U halo radii do exist
in biotite, the idealized U halo ring
structure (Fig. 1a) compares very well
with an actual U halo in biotite (Fig.
).

Biotite and fluorite are good halo
detectors, but fluorite is superior be-
cause the halo rings exhibit more de-
tail, often have smaller radiocenter di-
ameters (<1 am), and have almost
negligible size variations due to dose
effects in the embryonic to normal
stages of development. Figure 1g shows
an embryonic U halo in fluorite with
only the first two rings fully developed;
the other rings are barely visible be-
cause, due to the inverse square effect,
threshold coloration has not been
reached. Figure 1h shows a U halo in
fluorite in the normal stage of develop-
ment, when nearly all the rings are
visible. This halo closely approximates
the idealized U halo in Fig. la. Under
high magnification even separation of
the 21°Po and 222Rn rings may be seen.
Figure 1i shows another U halo in
fluorite, with a ring structure that is
clearly visible but not adequate for ac-
curate radius measurements.

In Table 1, columns 4, 11, and 12,
the fluorite band sizes agree very well
with the U halo radii measured in this
mineral by myself and Schilling (9),
This suggests that the differences be-
tween U halo radii and band sizes in
biotite are not due to a change in E,.
However, experimental uncertainties in
measuring U halo radii preclude estab-

lishing the constancy of A to within
35 percent, and under certain assump-
tions U halos provide no information
at all in this respect (76).

While halos with point-like nuclei
which show well-defined, normally de-
veloped rings (as in Fig. lh) can be
used to determine the E,’s of the radio-
nuclides in the inclusion, there are pit-
falls in ascertaining what constitutes a
normally developed ring. In contrast to
the easily recognizable U halos in fluo-
rite in Fig. 1, g to i, the overex-
posed fluorite U halo in Fig. 1j shows
a diminutive ghost inner ring, which
could be mistaken for an actual 238(J
ring. Figure 1k shows two other par-
tially reversed U halos, one of which
shows the diminutive inner ring, while
in the other all the inner rings are ob-
literated. The U halo in Fig. 1l is even
more overexposed, and encroaching re-
versal effects have given rise to another
ghost ring just inside the periphery.
Figure 1m shows a still more over-
exposed U halo; in which second-stage
reversal effects have produced spurious
ghost rings that are unrelated to the
terminal a-particle ranges.

Since this association of the halos in
Fig. 1, 1 and m, with U a-decay cannot
be easily proved by ring structure anal-
ysis alone, I have utilized electron-
induced x-ray fluorescence to confirm
this identification. Figure 3a shows the
prominent Ca x-ray lines of the fluorite
matrix (the F lines are below detection
threshold) along with some background
Ag and Rh lines which are not from the
sample, but are produced when back-
scattered electrons strike a Ag-Rh alloy
pole piece in the sample chamber. Fig-
ure 3b, the x-ray spectrum of a halo
radiocenter typical of the halos in Fig.
1, 1 and m, clearly shows the x-ray
lines due to U {as well as a small
amount of §i) in addition to the maftrix
and background peaks. A more detailed
analysis (/8) reveals that the U line
masks a small amount of Pb probably
generated by in situ U decay.

The variety of U hales shown in
Fig. 1, g to m, establishes two points:
(i) only a thorough search will reveal
the numerous variations in appearance
of U halos, and (ii) unless such a
search 1s made, the existence of halos
originating with «-emitters other than
288U or *2Th could easily be over-
looked.

So far, three criteria have been used
to establish the identity of U halos:
(i) close resemblance of actual halos
in biotite (Fig. 1f) and fluorite (Fig.
lh) to the idealized ring structure



Fig. 2. Densitometer profiles of the photo-
graphic negatives of (a) Fig. le, (b) Fig.
If, (c) the light “**Po halo in Fig. 1n, (d)
the mediom ?°Po halo in Fig. 1n, (e} the
dark “*Po hale in Fig. 1n, and (f) Fig. 1p.

(Fig. la), (ii) identification of lines in
x-ray fluorescence spectra, and (iii)
agreement between U halo radii and
equivalent band sizes (very good in
fluorite and fair in biotite and cordi-
erite). Using the third criterion (either
band sizes or U halo radii), I can de-
termine E, for a normally developed
fluorite halo ring to within + 0.1 Mev.
For biotite halos, U halo radii may
form a suitable standard for determin-
ing E, for rings that show reversal or
other effects characteristic of U halos
in the same sample. If good U halos
are not available, and if the halos with
variant sizes show well-developed rings
without reversal effects, then the band
sizes form a suitable standard for E,
determination when coloration intensi-
ties of variant halos and band sizes are
matched.

Therefore, if halos result from the
a-decay of 219Pg to 206Pb, their appear-
ance should resemble the idealized sche-
matic {Fig. 1b), and the light and
dark halos of this type in biotite should
exhibit radius variations consistent with
the differences between lower and
higher coloration band sizes (Table 1,
columns 2, 3, 6, 14, and 15). Further,
such halos, whether very light or very
dark, should appear without any outer
ring structure, as illustrated in Fig. 1n.
Compare also the densitometer profiles
of the halo negatives of Fig. 1f (the
U halo) and Fig. 1n, shown in Fig. 2b
and Fig. 2, ¢ to e, respectively. Fig. lo
shows three similar halos in fluorite;
here, irrespective of coloration differ-
ences, the halo radii are the same and
correspond to the E, of 21°Po (Table
1, columns 4, 6, and 20}. Accordingly,
the halos in Fig. 1, n and o, are desig-
nated 21°Po halos. {Actually I should
emphasize that since not all biotites
exhibit the same coloration responses,
the radius measurements in Table | are
strictly valid only for the particular
micas I used. T did try to illustrate a
range of responses by utilizing four dif-
ferent biotites for the U halo and
the three Po halo types.)

By analogy, the moderately devel-
oped biotite halo in Fig. 1p shows a
marked resemblance to the idealized
halo that would form from the se-
quential e-decay of 2!4Po and *°Po
{see Fig. 1c). Table 1, columns 2, 3,
6, 7, 16, and 17, shows the corre-

spondence of the radii with band sizes.
The prominent unmistakable feature of
the 214Po halo is the broad annulus
separating the inner and outer rings
[see the densitometer profile of Fig. 1p
shown in Fig. 2f and figures 7 to 9
in (6)]. With respect to comments in
{(11) it should be noted that the 2"Po
halo can easily be distinguished from
a U halo.

The last correspondence to be estab-
lished is the resemblance of the two
three-ring halos in biotite (Fig. 1q)
and two similar halos in fluorite (Fig.

1r) to the idealized 2!%Po halo (Fig.
1d) showing the ring structure from the
sequential a-decay of 218Po, 214Po, and
210Pp, In biotite such halos may ap-
pear very light to very dark with radii
correspondingly slightly lower and
higher (excluding reversal effects) than
those measured for medium coloration
bands (compare Table 1, columns 2,
3, 18, and 19). Cursory examination
of inferior specimens of this halo type
could lead to confusion with the U
halo, especially in biotite, where ring
sizes vary slightly because of dose and
other effects. However, good specimens
of this type are easily distinguished
from U halos, even in biotite. In fluo-
rite, where the ring detail is better, a
most important difference between 25U
and 218Po halos is delineated, that is,
the presence of the 222Rn ring in the U
halo (Fig. 1a) in contrast to its ab-
sence in the 218Po halo (Fig. 1d). For
example, note the slightly wider an-
nulus (3.9 um) between the 219Po and
218Pg rings of the 218Po halo compared
to the equivalent annulus (3.0 pm) in
the 48U halo (Fig. 1, a, d, h, ', r, and
r"). This is evidence that the 2'*Po halo
indeed initiated with 218Po rather than
with 222Rn or any other a-decay pre-
cursor in the U chain. As further proof,
Table 1 (columns 4, 11, 12, and 21}
shows that the #'8Po halo radii agree
very well with equivalent band sizes
and U halo radii in this mineral. Addi-
tional Po halo types also exist (3) but
are quite rare. [As yet I have found
no halos at all in meteorites or lunar
rocks (I9)].

The preceding discussion has shown
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Fig. 3. Scanning electron microscope—x-ray fuorescence spectra of (a) the fluorite
(CaF.) matrjx, (b) a U halo radiocenter in fluorite characteristic of Fig. 1, 1 and m,
and (c) a ™Po halo radiocenter in fluorite characteristic of Fig. 1r.



that Po halos can be positively identified
by ring structure studies alone. That
x-ray fluorescence analyses also provide
quite convincing evidence is seen in
Fig. 3c, where I show for the first time
the x-ray spectra of a Po halo radio-
center (specifically, a *2%Po halo).
Comparison of Fig. 3, b and ¢, reveals
that the Pb in the Po halo radiocenter
in fluorite did not arise from in situ
decay of U. [Longer runs have shown
small amounts as Se as well as U in
some Po halo radiocenters (/8).] On
the other hand, the presence of Pb
is to be expected in a 2'*Po halo
radiocenter because the decay product
is 206Pb. That the parent nuclide was
28Pg and not a Q-decaying isomer
precursor (I3, 20) follows from half-
life considerations of the WU halo
U/Pb ratio (> 10); the proposed iso-
mer, if formed at nucleosynthesis,
should now be detectable in Po halo
radiocenters. No trace of this isomer
has yet been found, and I thus view
the isomer hypothesis as untenable.

The x-ray data in Fig. 3¢ are unam-
bigucus and should remove any doubt
that previously reported 205Pb/207Pb
mass ratios (3, 13) actually are Pb iso-
tope ratios, and in fact represent a new
type of Pb derived specifically from Po
a-decay. In summary, the combined re-
sults of ring structure studies, mass
spectrometric analyses, and electron
induced x-ray fluorescence present a
compelling case for the independent ex-
istence of Po halos. The question is,
can they be explained by presently ac-
cepted cosmological and geological con-
cepts relating to the origin and develop-
ment of Earth?

RoBERT V. GENTRY

Chemistry Division,
Oak Ridge National Laboratory,
Oak Ridge, Tennessee 37830
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