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Alpha-Decay-Induced Fracturing in Zircon: The 
Transition from the Crystalline to the Metamict State 

A natural single crystal of zircon, ZrSi04, from Sri Lanka exhibited zonation due to 
alpha-decay damage. The zones vary in thickness on a scale fiom one to hundreds of 
micrometers. The uranium and thorium concentrations vary from zone to zone such 
that the alpha-decay dose is between 0.2 x 1016 and 0.8 x 1016 alpha-events per 
milligram (0.15 to 0.60 displacement per atom). The transition from the crystalline to 
the aperiodic metamict state occurs over this dose range. Differential expansion of 
individual layers due to variations in their alpha-decay dose caused a systematic pattern 
of fractures that do not propagate across aperiodic layers. High-resolution transrnis- 
sion electron microscopy revealed a systematic change in the microstructure from a 
periodic atomic array to an aperiodic array with increasing alpha-decay dose. At doses 
greater than 0.8 x 1016 alpha-events per milligram there is no evidence for long-range 
order. This type of damage will accumulate in actinide-bearing, ceramic nuclear waste 
forms. The systematic pattern of fractures would occur in crystalline phases that are 
zoned with respect to actinide radionuclides. 

IRCON, ZRSIO~, OCCURS IN NA- 

ture with total uranium and thorium 
concentrations that are usually in the 

range from 0 to 4000 ppm (1) but in rare 
cases up to 6% by weight U 0 2  + T h o 2  (2). 
Alpha-decay doses over hundreds of mil- 
lions of years can be as high as 10'' alpha- 
events per milligram, which is equivalent to 
7 displacements per atom (dpa). Over the 
narrow dose range from l O I 5  to 1016 alpha- 
events per milligram (Fig. l ) ,  crystalline 
zircon is converted to the metamict state, a 
structure that appears to be amorphous 
when analyzed by x-ray and electron diffrac- 
tion. The transition causes pronounced 
changes in physical properties [for example, 

a decrease in density (17%) (3), a decrease 
in birefringence until the material is isotro- 
pic (3), a decrease in the elastic moduli (up 
to 69%) (4), and a decrease in Poisson's 
ratio (7%) (4)]. Plutonium-doped synthetic 
zircons show approximately the same densi- 
ty change (16%) at doses of 1016 alpha- 
events per milligram (5 ) .  With increasing 
alpha-decay dose, x-ray diffraction maxima 
decrease in intensity, become asymmetric, 
and shift to lower values of 28 (because of a 
unit cell volume expansion of 5%, where 8 is 
the angle between the diffracting plane and 
the x-ray beam) until the material becomes 
amorphous to x-ray diffraction (3, 6). Indi- 
vidual samples that spanned portions of the 

transition-dose zone have been studied bv 
transmission electron microscopy, but to 
our knowledge no high-resolution electron 
microscopy study has spanned the full range 
of doses over which the transition occurs (7, 
8) .  

The changes in the atomic structure and 
accompanying changes in physical proper- 
ties caused by alpha-decay damage are of 
significance for several reasons. (i) Zircon is 
a major mineral used in dating igneous and 
metamorphic rocks by U-Th-Pb methods. 
Disturbed U-Th-Pb systematics have been 
ascribed to alpha-decay damage (9). (ii) The 
zircon structure type is an actinide-bearing 
phase in multiphase ceramic nuclear waste 
forms (10). and natural zircon has been used 

\ ,, 

to evaluate elemental loss from waste form 
phases under repository conditions (11). 
The change in the atomic structure during 
the transition is fundamental to the evalua- 
tion of the long-term performance of crys- 
talline, polyphase, ceramic nuclear waste 
forms (12, 13). In this report we present 
data on a zoned zircon from Sri Lanka 
(Ceylon) in which the variation in the UOz 
and T h o ?  contents from zone to zone is 
such that- the range of dose varies from 
0.2 x 1016 to 0.8 x 1016 alpha-events per 
milligram (equivalent to 0.15 to 0.60 dpa) 
and thus covers the most important range of 
dose over which the radiation-induced crys- 
talline-to-metamict transition occurs (Fig. 
1). 

The single crystal was collected from the 
gem gravels of the Ratnapura district in Sri 
Lanka (14). The age of the zircons is 
570 * 20 million years (3). Although the 
provenance of these alluvial zircons is prob- 
lematic, their large size, internal 
zoning, and lack of metamorphic deforma- 
tion suggest that they are magmatic; their 
likely source rocks are granitoih plutons or 
pegmatites. The prismatic crystal (sample 
4601 University of New Mexico Research 
Collection) was sectioned lengthwise to ex- 
pose an unbanded core capped by coarse 
(001) layers that are 5 to 400 pm thick. 
These layers are surrounded by finer (101), 
(loo), and minor (301) layers that are 1 to 5 
1J.m thick. A small phantom crystal within 
the unlayered core displays prominent 
(loo), (OOl), (101), and (301) crystal 
forms. The birefringence of individual layers 
varies as a function of uranium and thorium 
contents (15) as illustrated by variations in 
the interference colors (Fig. 2). 
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The variation in birefringence (0.008 to 
0.045) is due to alpha-decay damage (3) and 
can be used to estimate the al ha decay dose P - (0.28 x 1016 to 0.70 x 10 alpha-events 
per milligram), equivalent displacements per 
atom (0.21 to 0.53), and the density (4.56 
to 4.16 g ~ m - ~ )  of individual layers (15). 
Electron microprobe analyses (16) across 
individual zones confirmed the systematic 
variation of U02 content (0.19 to 0.45% by 
weight) with birefringence (Fig. 2). The 
bulk property values of density and alpha- 
decay dose are in excellent agreement with 
the range of densities estimated from the 
birefringence measurements and the range 
of doses calculated from the electron micro- 
probe analyses. 

The zonation shows microfractures that 
are perpendicular to the zoning in bands of 
high birefringence (>0.02) and are absent 
in zones of low birefringence (10.02; 
equivalent to a U02 content of 0.3% by 
weight and a dose of 0.5 x 10'~ alpha- 
events per milligram) (Fig. 2). The fracture 

0.0 0.4 0.8 1.2 
Dose (10 '~  a-events rng-I) 

Fig. 1. Density as a function of alpha-decay dose 
and displacements per atom (dpa) for zircons 
from Sri Lanka. The dashed curve is a fit to the 
data from Holland and Gottfried (3). The crosses 
are dam for other Sri Lankan zircons (28) and are 
displaced from the curve because the calculated 
dose also includes alpha-decay events in the 23qh 
decay series [omitted by Holland and Gotdiied 
(3)]. The bulk density of the sample, 4.38(1) g 
an-3, and the average alpha-decay dose, 
0.46(2) x 1016 alpha-events per milligram (a- 
events mg-'), which were determined by instm- 
mental neutron activation analysis on fragments 
of the crystal (29), are plotted as a solid circle. The 
hachured portion of the Holland and Gottl?ied 
curve is the range of dose for sample 4601 based 
on the U02 and Thoz contents that were deter- 
mined by electron microprobe analysis. The range 
of dose as determined by the birefringence-urani- 
um content relation of Sahama (15) is smaller 
(0.3 x 1016 to 0.7 x 1016 alpha-events per milli- 
gram). The letters at the bottom of the figure 
mark doses that correspond to the stages of 
damage ingrowth as shown by the high-resolu- 
tion uansmission electron micrographs in Fig. 3. 

Fig. 2. (A) Optical micrograph of (001) zoning in a petrographic thin section (0.03 mm thick) of 
zircon sample 4601 viewed between crossed polarizing lenses. The field of view is 0.8 mm in diameter. 
The interference color (and hence birefringence) correlates with the U02 content as determined by 
Sahama (15). With increasing content of uranium and thorium, or of alpha-decay dose, the order of the 
interference colors (30), or birefringence, decreases and approaches a damage-saturated state when the 
birefringence is zerb (isowpic). l%r this portion of thi sample, the inte-knee colors range from 
third-order ereen lbirefrineence of 0.0401 to first-order yellow (birefringence of 0.012). The 
microfract&"s tennkate in zones that display interference col6rs of secbnd-ordir blue or lower, which 
corresponds to an alpha-decay dose of 20.5 x 1016 alpha-events per milligram. (B) Concentrations of 
UOz and Tho2 for a trace across (A) determined by electron microprobe analysis (EMPA). The Tho2 
content- is near the detection limit for the EMPA, but it varies (0.02 to 0.13% by weight) 
sympathetically with the U02 content. Moreover, the U02 + Thoz content correlates with the absence 
of fractures in the zones that have accumulated the most alpha-decay damage. Concentrations of Y2O3 
(0.06 to 0.13% by weight) and P2O5 (0.06 to 0.12% by weight) are not shown, but their contents also 
vary sympathetically with the uranium content. 
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spacing is 42% (SE = 0.02) of the layer 
thickness in which the fractures occur. The 
fractures do not extend through the layers 
that received the highest alpha-decay dose 
(20.5 x 1016 alpha-events per milligram or 
20.38 dpa). This is consistent with previous 
observations that the fracture toughness in- 
creases and elastic moduli decrease with 
increasing alpha-decay dose (4, 17). The 
microfracturing is the result of the stress 
generated by the anisotropic expansion of 
the unit cell (at saturation doses, Aala = 
0.01 and Adc = 0.025) caused bv the accu- 
mulation of interstitials'that werkreated by 
the alpha-decay event (3, 6, 18). The aniso- 
tropic expansion may explain the near ab- 
sence of fractures in the (100) and (101) 
layers. Similar microfracture patterns have 
been observed in zircon used in a recent U- 
Th-Pb dating study (19). These zircons 
show a concentric zoning of alternating 
layers of high and low uranium and thorium 
Gncentratibns. Microfractures are promi- 
nent in the low alpha-decay dose layers and 
radiate from the core nearly perpendicular to 
crystal faces, presumably because of the ex- 
pansion of the layers enriched in uranium 
and thorium. Some of the fractures are filled 
with a material with a high uranium and 
thorium concentration. 

The layered structure and pattern of frac- 
tures in this zircon are similar to the cracks 
observed in the brittle lavers of a strained. 
microlayer composite composed of polycar- 
bonate and styrene-acrylonitrile copolymer 
(20). Fractures in these layered composites 
do not propagate across layers with de- 
creased elastic moduli because of crack-tip 
blunting. A similar pattern of fractures may 
occur in actinide-bearing, crystalline waste 
forms in which there is a fine-scale zonation. 
Good examples of such fine-scale zonation 
(on a scale of 0.1 nm) are the lamellar 
domains in zirconolite polytypes and related 
phases (for example, zirconolite, zirkelite, 
and pyrochlore) in the SYNROC nuclear 
waste form (12) that result from different 
stacking sequences of sheets of Ti06 octahe- 
dra which are connected in a topology like 
that of hexagonal tungsten bronze (21). 
Variations in actinide concentrations in in- 
dividual lamellae may cause fracture patterns 
similar to those observed in this- zircon 
because zirconolite is monoclinic and highly 
anisotropic in its volume expansion [up to 
2.1% in curium-doped synthetic zirconolite 
(22)] with increasing alpha-decay dose (13, 
18). 

High-resolution transmission electron 
micrographs (HRTEM) of crushed grains 
(<1 p,m in size) from the crystal revealed a 
range of damage microstructures (23). Fig- 
ure 3 shows HRTEM and electron difiac- 
tion patterns of the (A) least, (B) interrnedi- 

ate, and (C) most damaged areas. Figure 1 0.46 x 1016 alpha-events per milligram. In 
shows their relative positions in terms of the third stage (>0.8 x 1016 alpha-events 
dose. These micrographs are representative 
of the three stages of damage that were 
distinguished on the basis of detailed x-ray 
diffraction analysis of a suite of zircons from 
Sri Lanka (6). In the first stage 
(C0.3 x 1016 alpha-events per milligram), 
the electron diffraction pattern is sharp and 
the HRTEM shows two-dimensional lattice 
fringes. The only evidence of alpha-decay 
damage is a "mottled" diffraction contrast 
(8, 24) and isolated aperiodic domains in 
which lattice fringes are almost absent. In 
rare instances lattice fringes are slightly bent 
or discontinuous. This is in good agreement 
with the value of 0.2 x 1016 alpha-events 
per milligram for the minimum dose of this 
sample. In the second stage (0.3 x 1016 to 
0.8 x 1016 alpha-events per milligram) elec- 
tron diffraction maxima are fainter and dif- 
fuse, which corresponds to the increased 
structural distortion. Lattice fringes are 
modulated and discontinuous with low an- 
gle boundaries between domains. Aperiodic 
areas (lattice fringes absent) are abundant 
but the distorted crystalline domains retain 
the same orientation. These structures are 
consistent with the measured mean dose of 

per milligram) the electron diffraction pat- 
tern consists of diffuse rings and there is no 
evidence for long-range periodicity. In some 
fragments the powder dieaction rings that 
correspond to misoriented microcrystallites 
(1 to 10 nm) may be the result of alteration 
or recrystallization (25). 

The HRTEMs show that in the earliest 
stages of the transition from the crystalline 
to metarnict state the unit cell expands be- 
cause interstitials are created [and are mainly 
associated with the alpha-particle damage 
that creates several hundred Frenkel defect 
pairs at the end of each track (13)] and the 
ingrowth of larger aperiodic regions [caused 
by the alpha-recoil nuclei which displace 
several thousand atoms per decay event 
(13)l. The conversion of the periodic array 
of atoms to an aperiodic array occurs when 
there is significant overlap of the alpha- 
recoil tracks (>0.8 x 1016 alpha-events per 
milligram or >0.6 dpa). The optimal dose at 
which an individual alpha-recoil track might 
be observed in a HRTEM would be at doses 
of -0.2 x 1016 alpha-events per milligram, 
that is, prior to significant track overlap. In 
Fig. 3A, arrows point to areas in which 

Fig. 3. High-resolution transmission electron micrographs and electron diffraction patterns of zircon 
sample 4601. (A) The least damaged area displays mottled diffraction contrast in the (101) plane. Two- 
dimensional lattice fringes are evident and a unit cell (a = 0.66 nm and c = 0.60 nm) is outlined. Some 
lattice fringes are bent and discontinuous. Examples of aperiodic domains (1 to 5 nm) in which lattice 
fringes are almost absent, possibly because of alpha-recoil tracks, are indicated by arrows. In spite of 
these bright-field features, the electron diffraction qpots are sharp and clear. (B) The intermediately 
damaged area. The bright-field image is parallel to (1 11). The spots in the diffraction pattern are broad 
and diffuse, which corresponds to increased structural distortion. Although the aperiodic domains are as 
abundant as the domains of distinct lattice fringes, the distorted crystalline domains have the same 
orientation. Lattice dimensions are given for the [I101 (1.01 nm) and [Oil] (0.97 nm) directions. (C) 
The most damaged area. The bright-field image shows no evidence for long-range periodicity. In 
addition to diffuse rings, the electron diffraction pattern has powder rings that result from misoriented 
microcrystallites. The arrow points to a microcrystallite displaying [I001 (0.66 nm) lattice fringes. 
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lattice fringes are absent. If we assume that 
2000 atoms are displaced by the alpha-recoil 
nucleus, we calculate that the maximum 
dimension of an alpha-recoil track is 2 to 5 
nrn. The measured size of the aperiodic areas 
in the HRTEMs is 1 to 5 nm. These aperi- 
odic areas are similar in general appearance 
to the amorphous cascade regions in Bif- 
implanted silicon (26). 

The radiation-induced structural change 
and resulting fractures caused by alpha-de- 
cay in this zircon may be the type that could 
occur in actinide-bearing, polyphase, ceram- 
ic nuclear waste forms. Additionallv, this , , 
fine-scale variation in the alpha-decay dose 
may account in part for discordant ages 
from zircons determined by U-Th-Pb meth- 
ods (9). The system of microfractures pro- 
vides pathways for the addition or removal 
of uranium, thorium, and lead. In addition, 
damaged areas will be removed preferential- 
ly as a result of the increased solubility of 
metamict zircon compared to that of crystal- 
line zircon (27). 
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pm (first-orde; colors), 550 to 1100 pm (second- 
order colors), 1100 to 1650 pm (third-order col- 
ors), and so on. 
Electron microprobe analyses and the transmission 
electron microscopy were completed in the Electron 
Microbeam Analvsis Facility in the De arunent of 
Geology and ~nstltute of Meteoritics at $e Universi- 
ty of dew Mexico, supported in part bv the NSF, 
NASA, DOE-Basic Energv Sciences, and the state 
of New Mexico. This work was sup orted by the 
U.S. Deparunent of Energy, Office o!~asic Energv 
Sciences (grant DE-FG04-84ER45099) and Sandia 
National Laboratories. The instrumental neutron 
activation analyses were completed at Los Alamos 
National Laboratory bv the Research Reactor 
Group by S. R. Garcia (LOS Alamos National Labo- 
ratories) and H.  E. Newsom (Uni~ersih of New 
Mexico). 
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Acid Rain: China, United States, and a Remote Area 

The composition of precipitation in China is highly influenced by fossil fuel combus- 
tion and agricultural and cultural practices. Compared to the eastern United States, 
precipitation in China generally has higher concentrations of sulfate, ammonium, and 
calcium. Wet deposition rates of sulfur in China are 7 to 130 times higher than those in 
a remote area in the Southern Hemisphere. In many areas of the world, significant 
ecological changes have occurred in ecosystems that have acid deposition rates 
substantially less than those currently existing in China. 

T HE IMPACT OF ANTHROPOGENIC and Europe over the past decade (1). How- 
activities on precipitation composi- ever, only recently have data been available 
tion and the subsequent effects on on the composition of precipitation in Chi- 

aquatic and terrestrial ecosystems have been na (2-5). These data indicate that the com- 
investigated in North America, Scandinavia, position of this precipitation is also strongly 

influenced by anthropogenic activities. To 
evaluate the degree of influence and the 
potential ecological effects on aquatic and 
terrestrial ecosystems, we compared the pre- 
cipitation composition in China, the eastern 
United States, and a remote area in the 
Southern Hemisphere (Katherine, Austra- 
lia). The ecological implications of these 
observed differences in precipitation compo- 
sition are presented here. 
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