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ABSTRACT

Zircon (ZrSiO4) contains small amounts of U and Th substituted for Zr in the crystal matrix. This can cause structural

damage through progressive overlap of recoil nuclei collision cascading from a-decay of 238U, 232Th, 235U, and their daughter

products. Radioactivity can ultimately lead to metamictization and associated open-system behavior of parent-daughter

radionuclides within the mineral. We measured 222Rn and 220Rn emanations, along with uranium and thorium concentrations,

from 10 large zircon crystals of differing ages and from different global locations. The calculated total absorbed a-doses ranged
from 1.63 1014 a-decay mg–1 (Seiland zircon) to 5.33 1015 a-decay mg–1 (Grass Lake zircon). 222Rn emanation coefficients

ranged from 10–4 % (Renfrew zircon) to 4310–2 % (Miask zircon), while 220Rn emanation coefficients varied from 3310–4 %

(Minas Gerais zircon) to 7 3 10–2 % (Miask zircon). Both 222Rn and 220Rn emanation coefficients observed in this study

correlate strongly with the absorbed a-dose from the 232Th decay series. Radon emanations, however, do not correlate with the

total absorbed a-dose.

Keywords: zircon, radon and thoron, emanation coefficients, metamict minerals, alpha-doses.

INTRODUCTION

Due to its prevalence and suitability for geochro-

nology and radiation studies, zircon (ZrSiO4) is one of

the most widely studied mineral phases (Meldrum et

al. 1998, Nasdala et al. 2005). Zircon is susceptible to

metamictization caused by radiation from a-decay in

both the U and Th series. The mineral can exhibit a

wide range of damage stages from highly crystalline to

fully metamict (amorphous) (Weber & Maupin 1988).

Few studies have addressed radon emanations from

zircon and only one study has considered emanations

from large crystals (Rama & Moore 1990). Table 1

lists previously reported values of 222Rn emanation

coefficients from zircon crystals of different sizes.

These coefficients vary from 0.001% (crystals. 1 cm)

for a Tuxedo zircon to 2.21% (125–250 lm) for a

Malawi zircon. Values reported by Eakin et al. (2016)

were obtained using a complex method described in

Mathieu et al. (1988), which may overestimate results.

Emanation coefficients measured from the same

zircons using a more direct method (RAD7) gave

significantly lower values (Krupp et al. 2017) (Table

1). A previous study of the relationship between

absorbed a-dose (D) and radiation damage in zircons

indicated three stages of metamictization. Stage 1 (D

, 33 1015 a-decay mg–1) is characterized by sharp X-

ray diffraction peaks and damage primarily resulting

from the accumulation of isolated point defects. These

defects anneal over geologic time. Stage 2 (3 , D , 8

3 1015 a-decay mg–1) is characterized by significant

decreases in the intensity of X-ray diffraction maxima

associated with increasing contribution of the diffu-

sion-scattering component. This stage is marked by

amorphous regions formed from a-recoil nuclei

cascades and crystalline remnants. Stage 3 (D . 8 3
1015 a-decay mg–1) is associated with doses of 1016 a-
decay mg–1, at which point the zircon crystal structure
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becomes completely amorphous to X-ray diffraction

analysis (Murakami et al. 1991, Woodhead et al. 1991,

Balan et al. 2001, Pidgeon 2014).

Radon isotopes 222Rn (referred to as ‘radon’, T1/2¼
3.82 d) and 220Rn (referred to as ‘thoron’, T1/2 ¼ 55.6

s) occur as inert monoatomic gases detectible in U-

and Th-bearing mineral phases. When 226Ra decays as

part of the 238U series by a-emission (Ea¼ 4.77 MeV),

a daughter 222Rn nucleus forms with an energy of 86

keV. Similarly, 224Ra decays as part of the 232Th series

by a-emission (Ea¼5.67 MeV) with a recoil energy of

103 keV for the daughter 220Rn nucleus. 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, pene-

trating recoil, and radium distribution (Semkow 1990,

1991, Morawska & Phillips 1993). Estimated direct

recoil lengths for 222Rn and 220Rn within solids

typically range from 30–50 nm (Sakoda et al. 2010,

Ishimori et al. 2013). Emanation coefficients (ex-

pressed in percentages) measure the number of radon

or thorium atoms released from the mineral per radon

or thorium atoms produced within the decay series.

This ratio provides a quantitative measure of the

sample’s internal structure (Malczewski & Dziurowicz

2015). Emanation coefficients may reflect the extent of

structural void space and cracks created by radiation

damage in zircons.

The purpose of this study was to determine the

relationship between 222Rn and 220Rn emanations and

absorbed a-doses for large zircon crystals. This paper

provides empirical evidence that absorbed a-doses
from the 232Th series influence both 222Rn and 220Rn

emanation rates in zircon below the metamictization

threshold of 13 1016 a-decay mg–1.

MATERIALS AND METHODS

The 10 zircon crystals selected for this study derive

from granitic plutons and pegmatites from different

global locations. Samples range from dark brown and

reddish brown to olive in color and vary in size from

about 1 to 7 cm along their long axes (Fig. 1). These

zircon crystals do not show any visible signs of

thermal or chemical alteration. Table 2 lists the basic

characteristics of the samples. The samples range in

age from 85 Ma (Minas Gerais, MIG) to 1185 Ma

(Grass Lake, GRL). Their 238U activity concentrations

range from 0.8 Bq g–1 (Seiland, SEI) to 16 Bq g–1

(Ceylon, CE4), whereas 232Th activities vary from 0.2

Bq g–1 (Seiland, SEI) to 8.5 Bq g–1 (Miask, MIA).

Ages and activities correspond to calculated total

absorbed a-doses, which ranged from 0.16 3 1015 a-
decay mg–1 (SEI) to 5.33 1015 a-decay mg–1 (GRL).

Table 3 lists the D238, D232, D235, and integrated a-
doses (DT) for each of the zircon crystals analyzed.

The activity concentrations of 238U and 232Th were

determined based on the c-ray activities of 214Pb and
214Bi for the former and 228Ac for the latter. The

activity concentrations of 235U were calculated

assuming a 238U/235U natural abundance of 137.88.

Gamma-ray spectra were collected using a GX4018

system that consists of a coaxial HPGe detector

(45.2% efficiency) in a lead and copper shield (102

mm) equipped with a multichannel-buffer Lynx

instrument. Radionuclide activities were calculated

from the following gamma transitions (energy in keV):
214Pb (241.9, 295.2, and 351.9), 214Bi (609.3, 768.3,

1120.3, and 1764.5), and 228Ac (338.3, 911.6, 964.6,

and 969.1). The total duration of a single measurement

was 2–3 days. Two software packages were used to

calibrate efficiency and determine radionuclides:

TABLE 1. PREVIOUSLY REPORTED RADON EMANATION COEFFICIENTS FOR ZIRCON SAMPLES

MEASURED AT ROOM TEMPERATURE

Reference Locality Fraction 226Ra (Bq g–1)

Emanation

coefficient (%)

Rama & Moore (1990) Tuxedo, NM, USA (four samples) .1 cm 4.5–8 0.001–0.01

El Afifi et al. (2006) Rosetta City, Egypt ,1 mm 4.91 6 0.13 0.6 6 0.1

Garver & Baskaran (2004) Goias, Brazil ,63 lm 50.1 6 0.5 1.04 6 0.01

Eakin et al. (2016) Bancroft, Canada 125–250 lm 80.3 6 0.6 2.11 6 0.35

Malawi, Africa 125–250 lm 8.87 6 0.07 2.21 6 0.23

Mud Tank, Australia 125–250 lm 0.39 6 0.01 1.76 6 0.64

Krupp et al. (2017) Bancroft, Canada 250–500 lm 80.3 6 0.6 0.18 6 0.01

63–125 lm 0.21 6 0.01

Malawi, Africa 250–500 lm 8.87 6 0.07 0.35 6 0.02

63–125 lm 0.40 6 0.02

Mud Tank, Australia 250–500 lm 0.39 6 0.01 ,0.01

63–125 lm 0.72 6 0.30
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FIG. 1. Photographs of the zircon samples analyzed. All photos by D. Malczewski. (a) Zircon from Brevik (BRE); ~1.3 cm

across. Collection of F. Roemer, 1859. (b) Zircon from Ceylon (CE2); 1.5 cm in length. Collection of M. Websky, 1871. (c)

Zircon from Ceylon (CE4); 1 cm in length. Collection of M. Websky, 1871. (d) Zircon from Fredriksvärn (FRE); 1.5 cm in

length. (e) Zircon from Grass Lake (GRL); 2 cm in length. (f) Zircon from Kola Peninsula (KOL); ~0.5 cm in length. (g)

Zircon from Miask (MIA); 2.5 cm in length. (h) Zircon from Minas Gerais (MIG); 2 cm in length. (i) Zircon from Renfrew

(REN); 7 cm in length. (j) Zircon from Seiland (SEI); 3 cm in length.
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LabSOCS (Laboratory Sourceless Calibration Soft-

ware) and Genie 2000 v.3.4.

Zircon samples were also analyzed for their X-ray

diffraction (XRD) patterns using a PANanalytical

XPert PRO MPD diffractometer (PW3040/60) with

H-H geometry and CuKa radiation with a step size of

0.028 using HIGHSCOREþ Panalytical v.4.6 software.

Figure 2 shows a sample XRD patterns. As seen in

Figure 2, the samples exhibited well-defined crystal-

line structure; however, partially metamict structure

TABLE 2. LOCALITY, U, AND Th ACTIVITY CONCENTRATIONS, ALONG WITH AGES OF ZIRCONS ANALYZED

(ACTIVITY AND AGE UNCERTAINTIES ARE GIVEN IN PARENTHESES)

Sample

name Locality 238U (Bq g–1) 232Th (Bq g–1)

Age

(106 year)

BRE Brevik, Langesundsfjord area, Norway 0.58(3) 4.54(13) 280.5(7)a

CE2 Ceylon, Sri Lanka 13.1(6) 0.56(8) 561(26)b

CE4 Ceylon, Sri Lanka 15.9(8) 1.31(10) 561(26)b

FRE Fredriksvärn, Larvik Plutonic Complex (ring 4), Norway 5.53(25) 2.68(11) 294(4)c

GRL Grass Lake, St. Lawrence, NY, USA 13.9(7) 1.37(6) 1185(8)d

KOL Kola Peninsula, Russia 2.80(15) 3.97(19) 362(17)e

MIA Miask, South Ural, Russia 0.29(4) 8.53(26) 345(30)f

MIG Minas Gerais, Caldas, Brazil 1.43(8) 8.35(24) 85(3)g

REN Renfrew County, Ontario, Canada 10.8(8) 1.15(7) 1062(60)h

SEI Seiland, Seiland Igneous Province, Norway 0.81(5) 0.24(2) 574(5)i

a Pedersen et al. (1995). b Gottfried et al. (1956). c Petersen (1978). d Lupulescu et al. (2011). e Age of the Lovozero

complex. f Leech & Stockli (2000). g Takenaka et al. (2015). h Grice & Gault (1982); Grenville orogeny. i Roberts et al.

(2010).

FIG. 2. X-ray diffraction (XRD) patterns for the zircon crystals analyzed.
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was evident for samples CE4 and GRL, especially on

the high 2H side of the diffraction maxima.

A RAD7 radon system (Durridge Company, Inc.)

was used to measure 222Rn and 220Rn emanations.

Detailed description of RAD7 electronics and

measurement configurations are provided by

Durridge Company, Inc. (2000) and in Malczewski

& Dziurowicz (2015). The detector operates with a

sensitivity of 4 Bq m–3, an upper linear detection

limit of 800 kBq m–3, and a manufacturer’s

calibration accuracy of 65%. After inserting the

zircon sample into a stainless-steel cylinder (/ ¼ 8

cm, h ¼ 3 cm) with two inlets on opposite sides, the

lid was firmly tightened. Inlets were then connected

to a desiccant and to the RAD7 inlet (Fig. 3). The

drying unit remained open to the ambient air (open

loop mode). Measurement for a given crystal

occurred over a 15 min cycle repeated 10 times for

a total experimental time of 150 min. Each

measurement was conducted independently using

three RAD7 detectors operated within a temperature

range of 22–24 8C and 3–13% humidity. The final

results represent the average of these three experi-

ments.

The total emission rates for 222Rn (E222) and
220Rn

(E220) from the sample were calculated in atoms s–1

according to the following equations:

E222 ¼ C222 3 v

63 104 3 k222
ð1Þ

and

E220 ¼ 1:283C220 3 v

63 104 3 k220
ð2Þ

where C222 and C220 are respective 222Rn and 220Rn

concentrations minus the ambient concentrations (Bq

m–3) and v the flow rate of 1 L m–3. The terms k222 and
k220 were decay constants for

222Rn and 220Rn of 2.13
10–6 and 0.012 s–1, respectively. Our experimental

setup (Fig. 3) included a 20 s delay between the

emission and measurement by the RAD7 unit; the C220

term was therefore multiplied by 1.28.

The 222Rn and 220Rn emanation coefficients (e222
and e220, respectively) were calculated as the ratio of
222Rn and 220Rn atoms emitted from the zircon crystal

(s–1) and the total amount of 222Rn and 220Rn produced

TABLE 3. CALCULATED a-DOSES FOR ZIRCON SAMPLES ANALYZED IN THIS STUDY

Sample

D238

(1015 a-decay mg–1)

D235

(1015 a-decay mg–1)

D232

(1015 a-decay mg–1)

DT

(1015 a-decay mg–1)

BRE 0.042 0.002 0.244 0.288(9)

CE2 1.94 0.052 0.061 2.05(13)

CE4 2.35 0.053 0.142 2.55(18)

FRE 0.42 0.019 0.151 0.59(3)

GRL 4.62 0.32 0.32 5.26(25)

KOL 0.263 0.012 0.275 0.55(3)

MIA 0.026 0.001 0.564 0.60(6)

MIG 0.031 0.001 0.135 0.167(8)

REN 3.16 0.21 0.238 3.61(35)

SEI 0.123 0.006 0.027 0.156(9)

Doses were calculated as: D238 ¼ 83 N238(e
tk238–1), D235 ¼ 73 N235(e

tk235–1), D232 ¼ 63 N232(e
tk232–1) and DT ¼

D238þD235þD232. N238, N235, and N232 are the present number of atoms of 238U, 235U, and 232Th per milligram; k238,
k235, and k232 are the decay constants of 238U, 235U, and 232Th (respectively); and t is the geologic age. The absorbed
235U a-doses were calculated assuming a natural atomic abundance of 238U/235U¼ 137.88.

FIG. 3. Experimental setup for measuring 222Rn and 220Rn

emanations.
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within. Coefficient equations were as follows:

e222 ¼
E222

N222

ð3Þ

and

e220 ¼
E220

N220

ð4Þ

where N222 and N220 represent respective estimates of
222Rn and 220Rn nuclei in the samples. Since the

activities of c-emitters occur as part of the radioactive

equilibrium for both uranium (234mPa � 226Ra �
214Pb � 214Bi) and thorium series (228Ac � 224Ra �
212Pb � 212Bi � 208Tl), we assumed that 222Rn and

220Rn activity concentrations were the same as those

for 238U and 232Th.

RESULTS

Table 4 lists the total emission rates and calculated
222Rn and 220Rn emanation coefficients for all zircon

samples analyzed.

222Rn emanation coefficients versus a-doses

As shown in Table 4 and Figure 4, the zircon

crystals from Miask (MIA) and Brevik (BRE) gave the

highest e222 emanation coefficient values, whereas

samples from Renfrew (REN) and Seiland (SEI) gave

the lowest e222 values. Generally, 222Rn emanation

coefficients varied over two orders of magnitude from

about 10–4 to 10–2 %, with an average of 63 10–3 %.

Emanation coefficients e222 are negatively correlated

(r ¼ –0.31) with total absorbed a-dose (Fig. 4). A

similar negative correlation (r ¼ –0.38) was observed

between e222 and the absorbed a-dose in the 238U

decay series D238 (Fig. 5a). A surprisingly high

correlation (r ¼ 0.80) also exists between e222 and

the a-dose from the 232Th series D232 (Fig. 5b). As

seen in Figure 5b, emanation coefficients e222 increase

with increasing D232 for the crystals analyzed.

220Rn emanation coefficients versus a-doses

Similar to the 222Rn emanation coefficients, the
220Rn emanation coefficients (e220) from the zircon

crystals range from about 10–4 to 10–2 % with an

average value of 1.8 3 10–2 %. The e220 coefficients

are slightly positively correlated with the total a-dose
DT (Fig. 6) but uncorrelated with the a-dose from the
238U decay series D238 (Fig. 7a). As may be expected,

a very strong correlation (r ¼ 0.92) exists between

TABLE 4. TOTAL EMISSION RATES AND 222Rn AND 220Rn EMANATION COEFFICIENTS FOR THE ZIRCON

CRYSTALS ANALYZED

Sample N222 (106 atoms) E222 (atom s–1) e222
a (%) N220 (103 atoms) E220 (atom s–1) e220

b (%)

BRE 0.82 135 0.0164 1.12 0.273 0.0243

CE2 15 61.9 0.0004 0.112 0.0082 0.0073

CE4 7.79 39.7 0.0005 0.112 0.0059 0.0052

FRE 8.35 82.5 0.001 0.71 0.0626 0.0088

GRL 14.3 120 0.0008 0.246 0.0868 0.0353

KOL 15.3 206 0.0013 3.80 0.286 0.0075

MIA 0.76 290 0.0382 3.15 2.29 0.0727

MIG 3.30 65.1 0.002 3.44 0.0105 0.0003

REN 483 444 0.0001 8.97 1.51 0.0168

SEI 8.69 31 0.0004 0.45 0.0041 0.0009

a Estimated uncertainties De222/e222 �10%. b Estimated uncertainties De220/e220 �15%.

FIG. 4. 222Rn emanation coefficients (e222) for zircon samples

versus total absorbed a-dose (DT). The thick solid line

represents linear regression fit: e222 ¼ (–2.20 6 1.21) 3
10–18 3 DT þ (0.01 6 0.005); r – correlation coefficient.

Uncertainties are within symbol size.
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220Rn emanation coefficients, e220, and the absorbed a-
dose from the 232Th series (Fig. 7b). The youngest

zircon crystal, MIG (t ¼ 85 Ma), is the only outlier

relative to the fitted line (Fig. 7b).

Mass and surface emanation rates of 222Rn and 220Rn

The surface area of each zircon sample was

determined as precisely as possible. Each mineral face

was projected onto a grid from which the domain

covered was carefully quantified. Larger irregularities

were taken into account, but accurate accounting of the

smallest irregularities was not feasible. Surface

emanation rates should therefore be regarded as the

upper estimates. Estimates for sample surface areas

ranged from 2.6 cm2 for sample CE4 to 40.66 cm2 for

sample REN.

The calculated 222Rn mass emanation rates (em222)

ranged from 1 to 65 atoms g–1 s–1 (Fig. 8a). Zircon

samples MIA, GRL, and BRE gave the highest em222

values of 65, 56, and 45 atoms g–1 s–1 (respectively).

Zircon samples SEI and REN gave the lowest em222 of

1 and 5 atoms g–1 s–1 (respectively). The calculated
222Rn surface emanation rates (es222) varied from 2 to

58 atoms cm–2 s–1. Zircon samples MIA, BRE, and

GRL also gave the highest es222 values (58, 36, and 28

atoms cm–2 s–1), whereas samples SEI and KOL gave

the lowest es222 of 2 and 9 atoms cm–2 s–1 (Fig. 8b).

As expected, 220Rn emanation rates fall clearly

below values observed for 222Rn (Fig. 9a, b). The

calculated 220Rn mass emanation rates (em220) ranged

from 0.0002 to 0.52 atom g–1 s–1. Similar to 222Rn,

zircon samples MIA, BRE, and GRL gave the highest

em220 values of 0.52, 0.092, and 0.04 atom g–1 s–1,

respectively. Zircon samples SEI and MIG gave the

lowest values of 0.0002 and 0.002 atom g–1 s–1,

respectively. Zircon samples MIA, BRE, and REN

gave the highest 220Rn surface emanation rates (es220)

of 0.45, 0.07, and 0.04 atom cm–2 s–1, respectively.

Zircon samples SEI and MIG again gave the lowest

values of es220 of about 0.0002 and 0.002 atom cm–2

s–1 (respectively).

DISCUSSION

Table 5 lists correlation coefficients for absorbed a-
doses and 222Rn and 220Rn emanations for the zircon

samples analyzed. As seen in Table 5 and Figures 5

FIG. 5. Comparison of (a) e222 versus absorbed a-dose for the
238U series (D238) and (b) e222 versus absorbed a-dose for
the 232Th series (D232). The thick solid lines represent

linear regression fits; r – correlation coefficient. For e222
versus D238, the linear fit is e222¼ (–2.94 6 1.42)3 10–18

3 D238 þ (0.01 6 0.004), and for e222 versus D232, the

linear fit is e222¼ (6.36 6 1.71)3 10–173 D232 – (0.008

6 0.004).

FIG. 6. 220Rn emanation coefficients (e220) for zircon samples

versus total absorbed a-dose (DT). The solid line

represents linear regression fit: e220 ¼ (1.86 6 0.73) 3
10–18 3 DT þ (0.015 6 0.01); r – correlation coefficient.
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and 7, both 222Rn and 220Rn emanation coefficients

and all of the mass and surface emanation rates show

strong positive correlation with a-doses from the 232Th

series, but negative correlation or lack of correlation

with a-doses from the 238U series. The negative

correlation between e222 and DT arises because a-
decay in the 238U series comprises the dominant

contribution to total a-dose DT (Table 3) for a majority

of zircons (Fig. 4). Some highly radioactive metamict

phases exhibit a similar but more significantly negative

relationship between e222 and DT (D238) (Malczewski

& Dziurowicz 2015). For these minerals, which are

mainly multiple oxides, the negative correlation most

likely results from vitrification processes associated

with metamictization. This process can hinder gas

permeability. Further experiments with fully metamict

zircon samples can constrain whether and how this

mechanism operates. In the same paper, it was shown

that the highest 222Rn emanation coefficients were

associated with samples with the highest Th concen-

trations and D232. The impact of a-dose from the 232Th

series is particularly visible in the mass and surface

emission rates for both 222Rn and 220Rn. Three of the

four zircon samples with the highest D232 (MIA, GRL,

and BRE) consistently gave the highest em222, es222,

em220, and es220 coefficients (Figs. 8–9). In contrast to

results reported by Nasdala et al. (2001), that the 232Th

series appeared only slightly more destructive than the
238U series, our results suggest that 232Th-series decay

is significantly more destructive.

A comparison of average a particle and a-recoil
nuclei energies in the 232Th and 238U series can help

explain the moderate negative correlation between e222
and D238 as well as the positive correlation between

e222 and D232. For the 232Th series, the weighted

average a particle energy and the weighted average

recoil energy are 6.18 and 114 keV, respectively.

These values exceed respective values from the 238U

decay series (5.34 MeV and 98 keV). Calculation of

these values referred to the nuclear decay data bases

FIG. 7. Comparison of (a) e220 versus absorbed a-dose for the
238U series (D238) and (b) e220 versus absorbed a-dose for
the 232Th series (D232). The thick solid lines represent

linear regression fits; r – correlation coefficient. For e220
versus D238 the linear fit is: e220¼ (7.836 4.78)310–193
D238 þ (0.017 6 0.009), and for e220 versus D232 the

linear fit is: e220¼ (1.33 6 0.20)3 10–163D232 – (0.011

6 0.005).

TABLE 5. CORRELATION MATRIX FOR 222Rn AND 220Rn EMANATIONS AND a-dose PARAMETERS FOR THE

ZIRCON CRYSTALS ANALYZED

DT D232 D238 e222(%) e220(%) em222 es222 em220

D232 0.12

D238 1.00 0.02

e222(%) –0.31 0.80 –0.39

e220(%) 0.15 0.92 0.06 0.87

em222 0.22 0.72 0.16 0.67 0.79

es222 0.00 0.84 –0.08 0.91 0.93 0.89

em220 –0.20 0.85 –0.28 0.96 0.92 0.67 0.88

es220 –0.19 0.84 –0.27 0.96 0.91 0.63 0.86 1.00
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(Firestone 1996). Recoil nuclei from the 232Th decay

sequence can potentially cause greater radiation

damage than those from the 238U series, thus creating

more microcracks. Some of these connect up and

penetrate the mineral structure more deeply than is

possible given the direct recoil length of 222Rn and
220Rn (i.e., ~40 nm). An analysis of alteration in

metamict zircons of the Georgeville granite also

supports this suggested mechanism (Anderson et al.

2008). Preservation of recoil tracks from the 232Th

decay series may also reflect the lack of a long-lived

radionuclide subject to a-decay. By contrast, 230Th

(precursor of 226Ra) in the 238U decay series has a half-

life of 8 3 104 years. Given the longer half-life, the

annealing rate of areas damaged by radiation from

thermal events or self-annealing over geologic time

(Murakami et al. 1991, Nasdala et al. 2001) can favor

preservation of features formed by the 232Th series.

Two zircon samples from Bancroft and Malawi

exhibited a nearly linear decrease in 222Rn emanation

coefficients after heating from 200 to 800 8C (Krupp et

al. 2017). Garver & Baskaran 2004 observed similar

effects after heating zircon samples from Goiás and

Ontario. For the thorium series, the decay sequence is

rapid so recoil nuclei tracks from 228Th, 224Ra, 220Rn,
216Po, 208Tl, and 208Pb can overlap. This leads to more

significant radiation damage in a few hundred nano-

scale areas.

The 222Rn emanation coefficients obtained for the

zircon samples analyzed here agree very well with

FIG. 8. (a) Mass (em222) and (b) surface (es222)
222Rn emanation rates for zircon samples. Calculated flux of 222Rn atoms emitted

are noted above bars for each sample.
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those reported by Rama & Moore (1990), a study in

which the e222 emanation coefficients ranged from

0.001 to 0.01% (Table 1). In both studies, measure-

ments were obtained from zircon crystals that

exceeded 1 cm in length. Higher e222 coefficients (by

about an order of magnitude) were recently reported

for zircons crushed to grain-size fractions of 63–125

and 250–500 lm (Krupp et al. 2017).

As seen in Table 4 and Figure 10, e222 and e220
coefficients correlate. Six of the 10 points lie in close

proximity to the fitted line (Fig. 10). The fitted line has

a slope of 1.57, indicating that the 220Rn coefficients

are about two times higher than the 222Rn coefficients

for the zircon crystals analyzed.

CONCLUSIONS

Changes in the emanation rates and emanation

coefficients for 222Rn (e222) and 220Rn (e220) from

crystalline to partially metamict zircon samples

indicate that these parameters primarily depend on a-
dose from the 232Th decay series (D232). Our results

suggest that recoil nuclei from the 232Th decay series

cause greater radiation damage than those from the
238U series by creating cross-linked microcracks that

penetrate the zircon structure more deeply than the

direct recoil length cracks from 222Rn and 220Rn. The

calculated 220Rn coefficients are about two times

higher than the 222Rn coefficients for the zircon

samples analyzed.

FIG. 9. (a) Mass (em220) and (b) surface (es220)
220Rn emanation rates for zircon samples. Calculated flux of 220Rn atoms emitted

are noted above bars for each sample.
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