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ABSTRACT

Metamict minerals contain uranium and thorium, which contribute to physical
degradation or metamictization of their crystal structures over geologic time. The
damage occurs primarily through progressive overlapping recoil nuclei collision
cascades from a-decay of 23U, #?Th, ?**U and their daughter products. We
measured ??Rn and ?°Rn emanations from metamict samples of nine oxides
(brannerite, davidite, fergusonites, pyrochlores, samarskites and uraninite), two
phosphates (monazites), and eight silicates (cerite, gadolinites, perrierite, rinkite,
thorite, turkestanite and vesuvianite). The total absorbed o-doses ranged from 1.4 x
10" to 6.1 x 10" o-decay mg™” for cerite and uraninite, respectively. The ?’Rn
emanation coefficients varied from 5 x 10°% (uraninite) to 2.5 % (turkestanite). The
>2Rn emanation coefficients varied from 7 x 10°% (gadolinite Ytterby) to 6.2%
(gadolinite Marysin). The lowest *’Rn emanation coefficients occurred among
metamict minerals containing the highest concentrations of U (i.e., uraninite,
samarskites and brannerite). Overall, the ?°Rn and Rn emanation coefficients

observed in this study fall significantly below previously reported values.

INTRODUCTION

Metamict minerals develop from initially crystalline phases that experience
physical damage to their crystal lattices due to the decay of radioactive elements.
Metamictization (amorphization) is primarily caused by progressive overlapping
nuclear recoil collision cascades from a-decay of 28U, 2*?Th, 2*°U and their daughter
products (Ewing et al. 2000). Age, as well as U and ?**Th concentrations,

determine the degree to which minerals undergo metamictization. The radon isotopes
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222Rn (T4 = 3.64 d) and %*°Rn (referred to as ‘thoron’, Ty, = 55.6 s) belong to the
238 and #?Th decay series, and occur as inert gases that are detectible in U- and
Th-bearing mineral phases. The o-decay of **°Ra (E, = 4.77 MeV) is accompanied
by recoil of the ??Rn nucleus with an energy of 86 keV. The a-decay of ?**Ra (E,, =
5.67 MeV) is accompanied by recoil of the ??°Rn nucleus with an energy of 103 keV.
The estimated direct recoil lengths of ??Rn and ?*’Rn within the relevant solid
materials typically range from 30 — 50 nm. Sakoda et al. (2010a) for example,

reported a “?Rn recoil length of 34 nm for quartz (SiOy).

Emanation coefficients (expressed in percentage) measure the number of
radon or thoron atoms released per the number of radon or thoron atoms produced
within the decay series for a given mineral. This ratio provides a quantitative measure
of the quality of the sample’s internal structure. Six fundamental mechanisms have
been proposed to account for radon isotope emanations from solids. These include
direct recoil, diffusion through the material, indirect recoil, the knock-out effect,
penetrating recoil and radium distribution (Semkov 1990, 1991; Morawska and
Phillips 1992). Moisture content and grain size also affect radon emanations from
these phases (Semkov 1991; Barillon et al. 2005; Sakoda et al. 2010a). The ?*?Rn
emanation coefficients reported for rock forming minerals and certain rock
compositions typically range from about 1% to 25% (Krishnaswani and Seidemann,
1988; Sakoda et al. 2011). Extremely high emanation coefficients (~40%) were
reported for minerals associated with weathered granitic soil (Sakoda et al. 2010b).

Literature sources have often used different mineral preparation methods to
analyze emanations and thus report inconsistent results. Systematic studies that
were strictly devoted to five metamict minerals crushed to grain sizes ranged from 63
to 2000 um, were done by Garver and Baskaran (2004). The results obtained in that
work and those reported by Landa (1987) for three types of uranium ores are given in
Tab. 1. Table 1 lists previously reported radon emanation coefficients for metamict
minerals, ranging from 0.53% (uraninite) to 17% (cerite). The mass emanation rates
varied from 10 to 1860 atoms g' min™ for monazite and uraninite, respectively.
Estimated radon emanation coefficients for uranium ores ranged between 2%
(autunite) to 19% (carnotite).

The purpose of this work is to determine the relationship between ??Rn and

220Rn emanations and absorbed o-doses for a representative group of metamict
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minerals. This paper provides experimental data concerning ?Rn and #°Rn

emanations for metamict oxides, silicates and phosphates.

MATERIALS and METHODS

Nineteen samples of metamict minerals were collected from many different
global locations. Table 2 lists basic physical characteristics and ages of samples
analyzed. The surface area of each mineral was accurately determined and the
projecting method was used to calculate it. Each mineral face was carefully projected
onto graph paper. The squared meshes were added up. All of the larger irregularities
such as cracks, concavity or convexity were taken into account. Quantitative
measurements of the smallest irregularities were not feasible. The surface emanation
rates presented here should thus be regarded as the upper limits of emanations.
The samples differ in terms of mass and surface area (e.g., m=0.242gand S = 1.82
cm? for turkestanite, to m = 160.595 g and S = 62.29 cm? for uraninite), and range in
age from 270 Ma (davidite) to 2660 Ma (fergusonite Mukinbudin). Mineral samples
were analyzed for their X-ray diffraction (XRD) patterns using a PHILIPS X'Pert
diffractometer in the -0 system and CuKa radiation in scan mode with step size of
0.02°. Sample XRD patterns are shown in Figure 1.

The activity concentrations of ?*U and ?*Th were determined for each mineral
based on the gamma-ray activities of ?'*Pb and #'*Bi (**®U), and ?®Ac (***Th). The
activity concentrations of ?*°U were calculated based on the natural abundance of
2382y = 137.88. The activities of the radionuclides were calculated from the
following gamma transitions (energy in keV): 2"Pb (242.9, 295.2 and 351.9), #'*Bi
(609.3, 786.3, 1120.3 and 1764.5) and ®Ac (338.3, 911.6, 964.5 and 969.1)

Gamma-ray spectra were recorded using a GX3020 system consisting of a
coaxial HPGe detector (32% efficiency, crystal length 59 mm and diameter 56.6 mm)
in a lead and copper shield (60 mm) with a multichannel buffer (InSpector 2000
DSP). The detector bias voltage was 4000 V and the energy resolution was 0.8 keV
at 122 keV and 1.7 keV at 1.33 MeV. Two software packages were used for the
efficiency calibration and the determination of radionuclides: LabSOCS (Laboratory
Sourceless Calibration Software) and Genie 2000 v.3. The total duration of a single
measurement varied from about 3 to 7 days. Since y-emitters in both uranium series
(**MPa — #°Ra — 2"*Pb — 2"Bi) and thorium series (**Ac — #**Ra — ?'?Pb — 2'?Bj
— 2%87]) were found in radioactive equilibrium for each mineral, we assumed that
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activity concentrations of 22Rn and 2°Rn were the same as those for 22U and 2*?Th.
The 23U activity concentrations for these minerals exhibit an extremely wide range
from 0.36 Bqg™ (cerite) to 9465 Bqg™ (uraninite). The ?*?Th activity concentrations for
these minerals range from 5.1 Bqg™' (uraninite) to 1054 Bqg™ (thorite). These activity
concentrations corresponded to a calculated total absorbed o-dose range of 1.36 x
10" a-decay mg™' (cerite) to 6.09 x 10" a-decay mg™ (uraninite). Table 3 lists the
integrated o-doses for each of the mineral samples analyzed.

We used a RAD7 radon system (Durridge Company, Inc.) to measure
222Rn and #*°Rn emanations. The system contains a solid-state ion-implanted planar
silicon detector and a built-in pump with a flow rate of 1 Lmin™". It has a desiccant
(CaSO0y4) unit and inlet filters (pore size 1 um). The RAD7's internal sample cell is a
0.7 L conducting hemisphere with a 2200 V potential relative to the detector that is
placed at the center of the hemisphere. The detector operates in internal humidities
of 0% to 10% with a sensitivity of 4 Bqm™ and an upper linear detection limit of 800
kBgm™ (8 MBgm™ using additional extender). The detector was manufactured with a
calibration accuracy of + 5%. The spectra are in 200 channels and grouped into 8
windows of energy ranges. A, B, C, and D are the major windows and E, F, G and H
are the diagnostic windows. Window A covers the energy range from 5.40 to 6.40
MeV, showing the total counts from 6.00 MeV a particles from the 3-minute 2'®Po
decay (daughter of ?°Rn). Window B covers the region 6.40 MeV to 7.40 MeV,
showing the total counts of the 6.78 MeV a particles from the 0.15-second ?"°Po
(*®Rn daughter). Window C represents the total counts of the 7.69 MeV « particles
from 2"Po (the fourth nuclide in the *Rn decay chain), while window D represents
the total counts of the 8.78 MeV o particles from the decay of *'?Po (the fourth
nuclide in the ?°Rn decay chain). The measurements presented here were carried
out in sniff mode. Sniff mode means that the RAD7 calculates ?*’Rn concentrations
from the data in window A only and 220Rn concentrations from the data in window B,
while the data from windows C and D are ignored. In this mode, the built-in pump
runs continuously. The mineral sample was placed in a stainless steel cylinder (¢ = 8
cm, h = 3 cm) with two inlets on opposing sides. Following sample insertion, the
cylinder was firmly affixed and the inlets were connected to a desiccant chamber and
to the RAD?7 inlet (Fig. 2). The drying unit remained open to the ambient environment

(open loop mode). Measurements consisted of a 15 minute analysis repeated over
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ten cycles for a 150 minute run time. Tabulated results represent the average of
these three measurement runs. Temperatures ranged from 21 - 23 °C during
analytical runs and external relative humidity ranged from 13 - 15%. The ambient
?22Rn background level ranged from 4.6 to 6.8 Bgm™, whereas #°Rn background
levels fell below detection limits. Radiometric measurements were performed at the
Laboratory of Natural Radioactivity (Faculty of Earth Sciences, University of Silesia).
Total emission rates for ??Rn (E222) and #°Rn (Ezxz0) from the mineral samples

were calculated in atoms s according to the following equations:

E_ = Cop -V
2276-10* - Ay

and

=1.28-0220-V
220 6-10° - Ay

where Ca», Cao are the #?Rn and %*Rn concentrations minus ambient
concentrations (Bgm™); v = 1 Lmin™" is the flow rate; A2z2 = 2.1 x 10° s and Aaz =
0.012 s™ are the decay constants of ?°Rn and 2?°Rn. Our experimental set-up (Fig.
2) included a 20 s delay between emission and measurement by the RAD7 unit. The
Ca20 term is therefore multiplied by 1.28. The mass and surface emanation rates of

222Rn and %?°Rn for each mineral were calculated as:

e _ E222 e _ E222
m222 — ’ s222 S

and

e _ =220 e _ E220
m220 — m ’ $220 — S

where emz» and emazo are the respective *?Rn and %°Rn mass emanation rates,
222 and egp0 are the surface emanation rates of ??Rn and **Rn, and m and S
respectively refer to the mass and the surface area of the sample.

The surface area of each mineral was accurately determined but quantitative
measurements of cracks and irregularities were not feasible. Surface emanation

rates presented here should thus be regarded as upper limits of emanations. The
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161 2*’Rn and ?°Rn emanation coefficients (exz2 and ez, respectively) were calculated
162  as the ratio of the ??Rn and ?*°Rn atoms emitted from a mineral (min™") and the total

163 amount of ?*Rn and ?*°Rn produced inside the mineral:

E
164 €, = N222
222

165 and

166 €, = Em

220
167 where Ny and Nayo represent the production rate (atom s™) of 22Rn and %°Rn
168  nuclei in the samples, assuming radioactive equilibrium conditions within the 238 and
169  2*Th decay series. In these equations Ez; and Exo are expressed in atom min™ in
170  order to compare ez and ey with the results reported by Garver and Baskaran
171 (2004).

172 RESULTS

173 Table 4 lists emissions, mass and surface emanation rates, and calculated
174  %’Rn and #°Rn emanation coefficients for all 19 samples. Tables 5 and 6 list
175  correlation matrix values for ?Rn and %°Rn emanations, and other calculated

176  variables for metamict oxides and silicates, respectively.

177 As shown in Table 4 and Figure 3, turkestanite, cerite, monazite Petaca and
178 thorite gave the highest e, values. Uraninite, samarskites and fergusonite
179 Madawaska gave the lowest ez, values. The *Rn emanation coefficients varied

180 over five orders of magnitude from 4.9 x 10°% (uraninite) to 2.49 % (turkestanite).

181 Gadolinite Marysin, thorite, turkestanite and rinkite gave the highest ez
182  values for ?Rn, whereas gadolinite Ytterby, samarskite Centennial Cone, uraninite
183 and vesuvianite gave the lowest ex values (Fig. 4). The ?*Rn emanation
184  coefficients varied within three orders of magnitude from 0.007% in gadolinite Ytterby
185 to 6.24% in gadolinite Marysin. This latter sample represents an intermediate state
186  between a highly metamict and crystalline morphology for gadolinite, and was also

187  subjected to hydrothermal alteration over geological time (Janeczek and Eby 1993).
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The calculated ?*?Rn mass emanation rates (emz) ranged from 3 to 2910
atoms g'1 s (Fig. 5a, Table 4). Samples THO, MPE and TUR gave the highest em22
values (2910 - 1540 atoms g’ s'), whereas samples GYT, SCC and MBU gave the
lowest values (3 - 15 atoms g s™; Fig. 5a). The ?*’Rn (esz22) surface emanation
rates varied from 2 to 1460 atoms cm™ s™' (Fig. 5b). Samples MPE, THO and TUR
gave the highest eg, values (1460 - 207 atoms cm? s™') whereas samples GYT,
SCC and CER gave the lowest values (2 - 9 atoms cm™ s™). The majority of emz22
(12) and es22 (13) observations fell within the range of 10-100 atoms g™ s™ or atoms
cm? s’ (respectively). Three samples exhibited values for emz22 in excess of 1000

' and two samples gave mass emanations below 10 atoms g’ s™.

atoms g’ s
Conversely, two samples gave es, in excess of 1000 atoms cm™? s and three

samples gave surface emanations below 10 atoms cm™ s (Fig. 5a and b).

As expected, ?°Rn emanation rates fell below those observed for **Rn (Fig.
6a and b). The calculated *Rn mass emanation rates (ema220) ranged from 0.001 to
79 atoms g s (Fig. 6a). Similar to ?*’Rn, samples THO, MPE and TUR gave the
highest emz20 values (79 - 12 atoms g'1 3'1). Samples GYT, URA and VES gave the
lowest emzo values (0.001 - 0.02 atom g~ s7). The calculated ?*°Rn surface
emanation rates (es2z0) varied from 8 x 10 to 38 atoms cm™? s™ (Fig 6b). Samples
THO, MPE and TUR again gave the highest es2 values (38 - 2 atoms cm™ s™') and
samples GYT, VES and URA gave the lowest ?°Rn surface emanations (8 x 10™ -
0.013 atom cm? s™) (Fig. 6b). The majority of both emzo (11) and eso (14)

1 1

observations fell within the ranges of 0.01 to 1 atom g”' s and atom cm? s™,

respectively. In the case of emzz0, Six observations fell within the 1 to 100 atoms g'1 s
! range whereas three observations fell within the 1 to 100 atoms cm? s™' range for
€s220. As shown in Figure 6a and 6b, two observations for both ey and esyz fell

below 0.001 atom g™ s and atom cm™ s, respectively.
Correlations

Oxides

Table 5 shows that the total a-dose, D1, and D23g are perfectly correlated (Dr -
D23s, r = 1), whereas Dt and Dy3, are uncorrelated (Dt - D23z, r = 0.03) for metamict
oxides. This indicates that o-decay within the #*®U series provides the dominant

contribution to the total a-dose, evident in similar relationships between the Dt and
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Dass parameters for other mineral classes within the sample suite. The ?*’Rn mass
emanation rates (emz22) show a significant correlation with 22T series a-dose (ema22
- D232, r = 0.87). The highest coefficient associated with esz22 exists between Dasg and
Dt (r=0.92). The em220 and D232 parameters also had a higher correlation coefficient
(r = 0.94), which contrasts with the weaker relationship observed between eg and
D232 (r = 0.69). Values for exy exhibited a noteworthy negative correlation with D23g (-
0.46) and D23; (-0.25). For metamict oxides, the e; and ezxp emanation coefficients
exhibit strong correlation (r = 0.85). The 220Rn emanation correlates with €225 but not

with em222, €m220 and eszz0 (Table 5).

Silicates

As shown in Table 6 for metamict silicates, the total o-dose, D+, perfectly
correlates with D23g and D3, (r = 0.99 and 1, respectively). This indicates that the
total absorbed a-dose is equally distributed between Dgyss and Dys. The strong
relationship between Da3g and Doz (r = 0.99) indicates that these doses contribute
the same degree of o-dose in the samples examined. The emanation rates emz22,
€s222, €m220 and eg220 correlate strongly with D, and have r values ranging from 0.9 to
1.0. In contrast to those of oxide samples, the e, and ez emanation coefficients for
metamict silicates do not correlate (r = -0.02). Mass and surface emanations for both
22Rn and #*°Rn showed a high degree of correlation, evident as r values of 0.94
(ém222 -€m220) and 1 (es222 - €m220). The esx22 showed a weak correlation with emaos (r =
0.38). Correlation coefficients between eyyo and parameters other than e;,, varied

within the narrow range of 0.52 (e220-D23s) t0 0.57 (e220-€s222 and €220-€m220) (Table 6).

DISCUSSION

Emanation coefficients for **’Rn generally decrease with increasing total o-
dose, Dt (Fig. 3 and Table 4). Metamict oxides showed the lowest *Rn emanation
coefficients for the highest absorbed o-dose. The oxide samples with a total dose Dt
< 10" for o-decay mg™ (DAV, PDF and PLF) generally exhibited higher emanation
coefficients than oxides with the highest D+. Surprisingly, among the silicate samples,
the fully metamict gadolinite from Ytterby showed the lowest e, values (10%).
Oxides consist of close packed, ionically bonded structures that typically have fewer
cation sites than those available in silicate phases, which are characterized by more

open and complex lattice structure (Ewing and Haaker 1980). A uraninite sample
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gave the lowest emanation coefficient (10°%) in spite of having the highest 22U
concentrations and absorbed o-dose. Among the minerals analyzed, uraninite has
the simplest structure and chemical composition. The structure of the URA sample
shows a significant degree of crystallinity (long range order). The condition of the
sample and its compact structure explain the apparently independent relationship
between emanation coefficients and o-dose observations. The structure of uraninite
is also practically dose independent due to its high rate of self-annealing process
(Janeczek et al. 1996). Wang et al. (1998) observed similar patterns among simple
oxides phases irradiated by ion beams.

With the exception of the brannerite sample (BRA), the oxide samples exhibiting the
lowest ey, values (SCC, SRM and FMA) were completely metamict. Vitrification
resulting from the metamictization process can occlude void spaces in the structure
and thus hinder gas permeability in altered samples.

The ey values for cerite, monazite, uraninite and thorite resemble those
reported by Garver and Baskaran (1993). Their research reported an ez value of
0.98% for a monazite Petaca, which resembled the 0.73% value reported here for a
similar sample. Garver and Baskaran (1993) also reported emanation coefficients of
17 - 23%, 0.53%, and 5.38% for cerite, uraninite and thorite, respectively. Their
coefficients are markedly higher than those reported here (0.79%, 4.9 x 10°% and
0.30% for cerite, uraninite and thorite, respectively). Landa (1987) reported
significantly higher ey, values for uranium-bearing minerals, autunite (2 - 4%),
carnotite (12 - 19%), and uraninite (12 - 15%; Table 1).

Figure 3 shows that > Rn emanations produce visible peaks for metamict
phases having ??Th concentrations in excess of 2.8 wt.% and D3 > 26 x 10" o-
decay mg'1 (TUR, FMA, BRA, MPE, and THO; Tables 2 and 3). Excluding these
observations, the relationship between e, and total dose (Dt) values can be fitted
by the exponential function:
€,,(%) =2, +a, exp(-~D;b,)+a, exp(~D;b, )+ a, exp(~D;b;)
where ap=5.14 x 10°, a; = 1.63 x 10°, a, = 0.29, a3 = 6.82, by = 5.83 x 107%, by =
4.96 x 10" and by = 1.78 x 107"°.

Sample SRM was the only evident outlier relative to the fitted curve. For Dt <
10" a-decay mg™', e approaches 7.1%, and for Dy > 10" o-decay mg™, ex»

behaves as a constant equal to 5.14 x 10 %.
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Samples TUR, MPE, THO, FMU and BRA form a distinct group deviating from
the fitted relationship, and justifying their exclusion from it. The weighted average
energy of recoil nuclei in the 2*?Th and ?*®U decay series explains their variation
relative to other samples. The weighted average o particle energy of 6.18 MeV, and
the weighted average energy of recoil nuclei of 114 keV were calculated for the 2*’Th
decay series using standard nuclide reference sources (Firestone, 1996). These
values exceed those for the U decay series (5.34 MeV and 98 keV, respectively).
Recoil nuclei from the ?*Th decay series can therefore potentially cause greater
radiation damage than those from the ?*®U series, creating linked microcracks that
penetrate the mineral structure more deeply than is possible given the direct recoil
length of ??Rn and ?*°Rn (i.e., ~ 40 nm).

The impact of a-decay from the ?*2Th series is particularly evident in mass and
surface emission rates (Fig. 5 and 6). Silicate samples with the highest #*?Th
concentrations (THO, MPE and TUR) gave the highest values both for °Rn and
*2Rn mass and surface emission rates. The effect of 2*Th series o-decay on ?*’Rn
emanations also appears to influence metamict oxides, contributing to an emz22 - D232
correlation coefficient of 0.87. This indicates that both the surface (esp22 — Dass, r =
0.92) and deeper layers of the minerals contribute to ?’Rn emanations as a result of
232Th series o-decays.

Unlike ?*2Rn, the °Rn emanation coefficients were apparently independent of
Dr for all of the investigated minerals (Fig. 4). Samples with the most glassy
appearance (gadolinite from Ytterby and samarskite from the Centennial Cone)
exhibited the lowest ez values (7-10° and 0.02%, respectively). For other minerals,
€220 values varied within a relatively narrow range of 0.1 - 10% (Fig. 4).

Two significant differences exist between metamict oxides and silicates with
respect to *?Rn and %°Rn emanations. For metamict oxides, °Rn emanation
coefficients are about two orders of magnitude higher than ??Rn emanations (Fig.
8a). This observation likely arises from the lower production rate of 2°Rn atoms
relative to *?Rn atoms (3-4 orders of magnitude) in uranium-rich oxides. Closed
system behavior of ?°Rn leads to a relatively high ratio of ’Rnescapeq relative to total
*2Rn within the sample (Eq. 3). Semkov (1991) reported an empirically derived
exno/ex ratio of 1.84 for pitchblende. This ratio, 1.84, was explained by **’Rn’s

broader physical range relative to *’Rn, which allows the former to penetrate surface
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irregularities to a greater degree, thus producing more emanation channels. Among
metamict silicates, €222 and exy values are comparable but uncorrelated (Fig. 8b).
The two samples of monazites analyzed differed markedly in terms of their ??Rn and
*Rn emanations. The partially metamict MPE sample exhibited an e,z value about
three times higher and an ey value about 15 times higher than those of MBU, a
highly crystalline sample with few irregularities. Mass and surface emission rates for
MPE were also much higher than those of MBU (Fig. 5 and 6). These differences
may arise from the significant age differences and thorium and uranium
concentrations between the two samples. Consequently, the total absorbed a-dose in
MPE exceeds that of MBU by about two orders of magnitude. Gadolinites exhibited
the opposite trend wherein the fully metamict GYT sample showed definitely lower
€222 and ey values than those observed for the partially metamict GMA sample.
Different oxide samples of the same mineral phase (PDF and PLF; SCC and SRM)
subjected to comparable absorbed a-doses, for example, exhibited similar emanation
coefficients (Fig. 3). The emanation properties of thorium-rich minerals having
varying degrees of metamictization require further analysis and interpretation.

For the most part, the emanation results presented here can be explained by
Semkov’'s (1991) fractal model of radon emanation from solids. The model
emphasizes the salient effects of the fractal dimensions of the mineral surface on
radon emanations. A comprehensive model of ?Rn and ?*°Rn emanations from
metamict minerals should also consider the internal transport of 22Rn and %?°Rn
within microcracks. This mechanism seems to be especially important for silicates

with high concentrations of Th.

IMPLICATIONS

Changes in the emanation coefficients and emanation rates of *?Rn and **°Rn
for metamict minerals are significant for assessing open- and closed- system
behavior for minerals whose internal structure is affected by a-decay in the U,
22Th and #°U decay series. These constraints on alteration can thus help to
determine which minerals are suitable analytical targets for Pb/U and Th
geochronology. The results presented here can also help to assess the material

suitability for high-level nuclear waste (HLW) forms.
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FIGURE CAPTIONS

FIGURE 1.

X-ray diffraction (XRD) patterns of mineral samples analyzed for radon emanations.
FIGURE 2.

Experimental apparatus for measuring ?*’Rn and ?°Rn emanations.

FIGURE 3.

222Rn emanation coefficients (e222) for metamict samples vs. total absorbed a-dose.
FIGURE 4.

220Rn emanation coefficients (e220) for metamict samples vs. total absorbed a-dose.
FIGURE 5.

(a) Mass (emz22) and (b) surface (es222) 2?Rn emanation rates for metamict samples
analyzed. Estimates of ?*’Rn atoms emitted are noted above bars for each sample.

FIGURE 6.

(a) Mass (emz20) and (b) surface (es220) 2°Rn emanation rates for metamict samples
analyzed. Estimates of ?°Rn atoms emitted are noted above bars for each sample.

FIGURE 7.

Emanation coefficients for 2?Rn vs. total absorbed a-dose, excluding samples BRA,
FMU, MPE, THO and TUR. The solid line represents fitted exponential function
described by Eq. 4. The multiple regression coefficient is 0.74.

FIGURE 8.

Comparison of (a) ez, vs. absorbed total a-dose for metamict oxides and (b) ez Vvs.
absorbed total a-dose for metamict silicates. @®%?°Rn; M ?°Rn.
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TABLE 1.

Previously reported radon emanation rates and coefficients for metamict minerals and

uranium ores as measured at room temperature.

Mineral* Fraction *°Ra Mean emanation rate  Emanation
(um) (Bag™") (atoms g' min™) coefficient (%)
Cerite <63 42.7+0.5 430 £ 1 16.8 £ 0.2
Monazite <63 176104 21.7+£0.3 2.05+0.03
1000-2000 176 +04 104 +£0.2 0.98 +0.02
Thorite <63 104 £ 2 336.7 £ 1 5.38 £ 0.08
Uraninite <63 5829 + 69 1842 + 4 0.53 £ 0.01
1000-2000 5829 + 69 1860 + 5 0.53 £0.01
Zircon <63 50+0.5 314+£0.2 1.04 £ 0.01
1000-2000 50+0.5 14.1 £ 0.1 0.47 £ 0.01
Uranium ore’
Autunite 149-530 209-216 2-4
Carnotite 149-530 9.4-10.2 12-19
Uraninite 149-530 302-322 12-15

*Garver and Baskaran (2004).
T Landa (1987).



TABLE 2
Locality, U and Th activity concentrations, and ages of the samples analyzed. Sample abbreviation tags are given in parentheses

next to the phase name.

238U 232Th Ag e

Mineral Chemical formula Locality (qu.l) (qu.l) (106 year)

Oxides
Crokers Well Granite,

Brannerite (BRA) UTi,O4 South Australia 3639(108) 335(4) 1579.2(15)*
Permian granitoid

Davidite (DAV) (La,Ce,Ca)(Y,U)(Ti,Fe**),00ss massif Bektau-Ata, 103(6) 10.1(3) 251-299
Kazakhstan
Pegmatites, John Cole

Fergusonite Madawaska (FMA) YNbO, Quarry, Madawaska, 832(23) 53.9(5) 1050-1090"
Ontario, Canada
Pegmatites, Mukinbudin

Fergusonite Mukinbudin (FMU) Quarry, Western 386(12) 114(2) 2657-2675$
Australia

Pyrochlore (dark fraction) (PDF) AomBoXeY 1. pHo0 Eﬁgg:t'tes’ SouthUral, o158 244(2)  315.375%

A =Na, Ca, U, Th,3 Y, REE;
. . B = Nb, Ta, Ti, Fe**, Zr; X=0; Pegmatites, South Ural, &
Pyrochlore (light fraction) (PLF) Y=0,O0H F: Russia 609(15) 13.2(1) 315-375

REE = rare earth elements
Pegmatites, Centennial
Samarskite Centennial Cone (SCC) ABO, Cone, Jefferson Co., 1303(50) 74.2(7) 1400-1700"
Colorado, USA
Metamorphic rocks,

— : 2+ 3+ . —
A=Ca,Ti Fe™, Fe”, REE, U, Th,B= pics Mine, Yancy Co.,  2503(97) 22.2(3)  1000-1200%

Samarskite Ross Mine (SRM)

Nb, Ta North Carolina, USA
Uraninite (URA) o, gak?fsga”;jn 9465(216) 5.1(2) 1968(50)*
Phosphates
Pegmatites, Petaca, Rio
Monazite Petaca (MPE) (Ce,La,Nd,Th)PO, Arriba Co., New Mexico, 26.7(8) 637(5) 1400(200)§

USA
Pegmatites, Buenopolis,

s
Minas Gerais, Brazil 0.74(4) 15.1(2) 700(35)

Monazite Buenopolis (MBU)




Silicates

Cerite (CER)

Gadolinite Marysin (GMA)

Gadolinite Ytterby (GYT)

Perrierite (PER)

Rinkite (RIN)

Thorite (THO)

Turkestanite (TUR)

Vesuvianite (VES)

REEq(Fe** Mg)(SiO.)s(SiOs0H)(OH)s

REE,Fe*'Be,Si,01

REE4Fe®*(Fe* Al),Ti,0g(Si,07).

(Ti,Nb,AI,Zr)(Na,Ca)g(Ca,Ce)4(Si207)2(O,F)4

(Th,U)SiO,

Th(Ca,Na)x(Ki.x x)SigO20

Ca1g(A|,Mg,Fe,Ti,Mn)13(B,A|,:)0_5Si18059

(O,0H,F)q

Pegmatites, South Ural,
Russia

Pegmatites, near
Szklarska Poreba, SW
Poland

Pegmatites, Ytterby,
Sweden

Granitoids near
Ambherst, Bedford Co.,
Virginia, USA
Pegmatites, Khibiny
massif, Kola Peninsula,
Russia

Pegmatites, Kemp
Uranium Prospect,
Cardiff Twp., Canada
Sandy shales, Dzhelisu
massif, Kyrgyzstan
Pegmatite vein,
Sludyanka, Baikal,
Russia

0.36(2)

31.6(8)

12.0(4)

3.4(3)

11.7(5)

120(9)

7.8(4)

27.3(7)

20.0(2)

25.8(3)

10.6(1)

10.8(1)

50.4(5)

1054(22)

452(4)

15.9(3)

315-375%
328(12)*
1795(2)*

1000-1200%
362(17)F

1250-13402
299-306¢

447.3(24)°

* Ludwig and Cooper (1984). #carretal (2000). ¥ Blight et al (1984). & Leech and Stockli (2000). TBryant et al (1981). ¥ Mesoproterozoic age. ¥ Janeczek

et al (1996). § Garver and Baskaran (2004). z Lumpkin and Ewing (1988). “Pin et al (1987). # Romer and Smeds (1994). £Age of the Lovozero complex. e

Easton (1992). € Kabalov et al (1998). © Reznitskii at al (2000)



TABLE 3.

Calculated a-doses for metamict mineral samples analyzed in this study.

Sample D2ss D2ss D232 Dr

(10" o-decay mg™) (10" a-decay mg™) (10" a-decay mg™) (10" a-decay mg™)
Oxides
BRA 1640 142 104 1886(54)
DAV 7.2 0.33 0.52 8.1(8)
FMA 244 16.3 11.2 272(9)
FMU 322 51.7 62 436(13)
PDF 28 1.3 16 31(3)
PLF 54 2.6 0.87 58(5)
scc 577 49.7 23 650(78)
SRM 758 515 4.8 814(89)
URA 5500 589 2.00 6091(274)
Phosphates
MPE 10.5 0.8 175 186(14)
MBU 0.14 0.008 2.0 2.2(1)
Silicates
CER 0.032 0.002 1.3 1.36(12)
GMA 27 0.126 1.62 4.4(2)
GYT 6.3 0.61 3.78 10.7(3)
PER 1.0 0.07 23 3.4(4)
RIN 1.10 0.052 3.5 4.7(2)
THO 44 33 269 316(15)
TUR 0.61 0.028 26.2 26.8(5)
VES 3.19 0.16 1.37 4.7(1)

Doses were calculated as: Dsg = 8 X Npag(™*®° — 1), Dogs = 7 X Nogs(€™*>° — 1), Dogz = 6 X Nogp(€™* — 1) and
Dt = Dgsg + Dyss + Doso. Nosg, Nozs and N3, are the present number of atoms of 28y 2%y and ®?Th per
milligram, A,ss, A2ss and Ap3, are the decay constants of 28y, 2%y and *Th (respectively), and t is the
geologic age. The absorbed ?**U a-doses were calculated assuming a natural atomic abundance of 22U/?*°U
= 137.88.



TABLE 4.

Total emission rates, mass and surface emanation rates, and 2*’Rn and ??°Rn emanation coefficients for the metamict minerals
analyzed.

Sample N2272 . B2z . €maz2 €222 €222 N2239 . E220 . €m220 €220 €220
(10"atoms™) (atoms™) (atomsTg”) (atomsTcm™) (%) (10°atoms™) (atoms™) (atoms g’) (atomsTcm®) (%)
Oxides
BRA 69 143 360 53 0.0012 11.1 0.62 1.56 0.23 0.33
DAV 5.65 85.2 73.9 30.2 0.009 0.97 0.28 0.24 0.098 1.73
FMA 689 478 27.6 304 0.00042 77.8 2.4 0.14 0.15 0.18
FMU 20.8 112 98.9 41.4 0.0032 10.8 0.95 0.84 0.35 0.53
PDF 83.4 218 39.2 22.6 0.0016 104 1.55 0.28 0.16 0.89
PLF 73.7 135 52.9 28.2 0.0011 2.8 0.48 0.19 0.1 1.03
SCC 828 106 7.91 7.07 0.000077 825 0.32 0.024 0.022 0.023
SRM 292 136 55.4 44.8 0.00028 4.53 0.12 0.05 0.04 0.16
URA 72400 5900 36.8 94.8 0.000049 68.3 0.82 0.005 0.0132 0.072
Phosphates
MPE 8.32 10200 1560 1460 0.74 347 89.3 13.7 12.8 1.54
MBU 0.15 54.6 12.7 11.5 0.22 54 0.094 0.022 0.02 0.10
Silicates
CER 0.156 205 22.5 9.17 0.79 15.2 3.48 0.38 0.156 1.37
GMA 85.9 130 227 40.1 0.091 1.23 1.28 2.24 0.39 6.24
GYT 6 27.7 2.64 219 0.0028 9.28 0.011 0.001 0.00084 0.0071
PER 0.61 85.2 22.7 16.4 0.084 3.37 0.92 0.25 0.18 1.64
RIN 212 274 71.8 48.2 0.077 16 4.8 1.26 0.85 1.80
THO 321 16300 2910 1400 0.30 493 442 78.7 37.7 5.38
TUR 0.091 377 1540 207 2.49 9.19 3.03 12.4 1.67 1.98

VES 1.27 45.8 47 16.9 0.022 1.29 0.02 0.02 0.0073 0.093




TABLE 5.

Correlation matrix for ??Rn and #°Rn emanations and o-dose parameters from

metamict oxides.

D23

Dt
€m222
€s222
€222 (%)
€m220

€s220
€220 (%)

D23s
0.02

1.00
0.08
0.92
-0.33
-0.06
-0.35
-0.45

D23
0.03
0.87
0.12
-0.06
0.94
0.69
-0.25

0.09
0.92
-0.33
-0.04
-0.34
-0.46

€m222
0.23
0.07
0.94
0.49
-0.02

€s222
-0.19

0.12
-0.13
-0.33

€222 (%)
0.1
0.21
0.85

€m220
0.75

0.01

€s220
0.13



TABLE 6.

Correlation matrix for ??Rn and #°Rn emanations and o-dose parameters from

metamict silicates.

D232

Dt
€m222
€s222
€222 (%)
€m220

€s5220
€220 (%)

Da2ss
0.98
0.99
0.84
0.97
-0.14
0.97
0.99
0.52

D232
1.00
0.91
1.00
0.00
1.00
1.00
0.55

0.90
1.00
-0.02
1.00
1.00
0.55

€m222
0.93

0.38
0.94
0.89
0.55

€s222
0.04
1.00
1.00
0.57

€222 (%)

0.06 €m220

-0.05 0.99 €s220
-0.02 0.57 0.56
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