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ASSTRAC"I

Partly metamict vesuvianite samples from two localities were examined and compared. The unit cell of one is enlarged owing
to volume expansion caused by the buildup ofradiation damage. The other sample sustained enough damage to exclude accurate
determination of unit-cell parameters. BSE imaging shows that boti samples have undergone chemical alteration, and
electron-microprobe data indicate that the alteration has resulted in a heterogeneous distribution of radionuclides on ttre micrometer
scate. HRTEM and SAED analyses reveal a wide variation in the extent of alpha-recoil damage, which corresponds to the
heterogeneous distribution of the radionuclides. The progressive stages of metamictization also are observed in detail with TEM.
Partly metamict vesuvianite recrystallizes over the range 6G850'C, which is bnoader than the range found in other metamict
silicates. Combined thermogravimetric analysis and isothermal annealing show that, upon heating (in N2 or Ar), metamict
vesuvianite begins to recrystallize at 6@oC, and at 9@'C decomposes into the multiphase assemblage gtossular + gehlenite +
wollastonite. Unpolarized IR spectra of both vesuvianite samples are similar and also resemble those of radiation-damaged zircon
and titanite, suggesting that the major structural features of the aperiodic state are similar for complex ceramics of different
composition.

Keywords: vesuvianite, metamict, radiation damage, alteration, transmission electron microscopy, back-scattered electron
imaging, infrared spectroscopy, thermogtavimetric analysis.

SovnrenB

Nous avons 6tudi6 et compard des 6chantillons de v6suvianite partiellement mdtamicte provenant de deux endroits. La maille
6l6mentaire dans uncas estagrandieparleseffets dudommage structural d0hl'irradiation. L'autre6chantillonasubi suffisammem
de dommage pour rendre impossible la d6termination des paramdtres du r6seau. Les images obtenues avec dlectrons r6trodiffirs6s
montrentque dans les deux cas, la vdsuvianite a subi une alt6ration chimique. ks donn6es d lamicrosonde 6lectronique d6montrent
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une distribution h6tdrogbne des radionucl6ides i l'6chelle microm6trique. lrs analyses pax microscopie dlectronique par
transmission i haute r6solution, avec diffraction des 6lectrons sur domaines restreints, rdvdle une grande variation dans la portde
du dommage d0 au resac des nucl6us par particules alpha qui correspond i la distribution h6t6rogdne des radionucl6ides. La
progression de la m6tamictisation peut 6tre document6e en d6tail par microscopie dlectronique par transmission. On peut
recristalliser la v6suvianite partiellement m6tamicte en la chauffant entre 600 et 850'C, un intervalle plus grand que pour les autres
silicates m6tamictes. Unecombinaisond'analyse thermogravim6trique et de traitementparrecuit isothermal montre qu'enprdsence
de N2 ou Ar, il y a un ddbut de recristallisation I 600'C, et qu'i 900oC, la vdsuvianite se ddcompose en un assemblage multiphasd
de grossulaire, gehlenite et wollastonite. l€s spectres d'absorption infra-rouge non polarisds des deux 6chantillons sont semblables,
et ressemblent i ceux de zircon et de titanite endommag6s par irradiation. Ces rdsultats font penser que les 6l6ments structuaux
typiques de 1'6tat apdriodique ddveloppd aux d6pens de mat6riaux cdramiques complexes de compositions diff6rentes se
ressemblent.

(Traduit par la Rddaction)

Mots-cl6s: vdsuvianite, mdtamicte, dommage par inadiation, altdration, microscopie 6lectronique par transmission, images par
6lectrons r6trodiffrrs6s, spectroscopie d'absorption infra-rouge, analyse thermogravim6trique.

INTRODUCIIoN

Radiation damage resulting from alpha-decay
(metamictization) is rare in vesuvianite, because U and
Th are not usually present in appreciable amounts. The
amount of U and Th found in partly metamict minerals
is typically several hundred ppm, and fully metamict
minerals may contain several thousand ppm of U and
Th. Two samples of vesuvianite exhibiting metamict
characteristics were examined using high-resolution
transmission electron microscopy (IIRTEM), selected-
area electron diffraction (SAED), powder X-ray diffrac-
tion QGD), electron-microprobe analysis (EMPA),
back-scattered electron (BSE) imaging, thermo-
gravimetric analysis (TGA) and infrared spectroscopy
(IR). These samples of vesuvianite were previously
characterized by Groat et al. (1992), and the same
sample numbers are used here. Sample V53 is from the
Seward Peninsula Alaska where it occurs as large (up
to 1.5 cm) brown crystals in a highly radioactive
nepheline syenite of mid-Cretaceous age (Himmelberg
& Miller 1980, Miller & Bunker 1976). Sample V73 is
a lwge (2 cm) black crystal with conchoidal fracture,
from a skam near Lake George, Colorado. The only
other repor0ed locality for metamict vesuvianite is an
alkaline pegmatite in the Tuva district, in the former
USSR. Samples from this locality were studied using
thermal analysis methods (Kononova 1960). The vesu-
vianite from Tuva shows an exotlermic peak and
weight-loss over the range 650 - 750'C (conesponding
to recrystallization), and then decomposes into garnet
above 900oC.

Metamictization results from the alpha-decay process
vla the UlTh decay series. An alpha-event produces two
particles: i) a4.0-5.5 MeV alphaparticle, whichtravels
relatively far through the structure (-20 pm) and causes
negligible amorphization by elastic coUision, but pro-
duces significant ionization effects in the form of
isolated point defects and associated structural strain; ii)
a 75 - 90 keV alpha-recoil nucleus, which travels
approximately 20 nm, and results in 1500 - 2000 atomic

displacements (l'.e., a collision cascade) and limited
ionization-related effects. Alpha-recoil collision cas-
cades result in localized aperiodic regions that have
recently been observed ryith HRTEM in titanite (Lump-
kin et al. l99l). For extensive reviews of radiation
effects in minerals and ceramics, see Wang & Ewing
(1992), White at al. (1989),Ewinget al. (1987), Clinard
& Hobbs (1986) and Thompson (1981).

ExpSRTMENTAL METHoDS

Ele ct ron-mic ro probe analy s is

Electron-microprobe analyses (EMPA) were caried
out with a JEOL 733 instrument (at Ottawa); experimen-
tal details are givenby Groat et al. (1992).T'he following
standards were used: riebeckite (F), Na-bearing amphi-
bole (Na), almandine (Mg, Al, Fe), diopside (Si),
anhydrite (S), tugtupite (Cl), synthetic gehlenite (Ca),
titanite (Ti), rephroite (Mn), LaPo4 (La), cePoa (ce),
hPO4 (h), ThO2 (Th) and UO2 (U). The following
elements were sought, but not detected: B, K, Cr, Zn, Sb,
Nd, Sm, Pb and Bi. Back-scattered electron (BSE)
imaging was done with the JEOL 733 electron micro-
probe and with a Nanolab 7 scanning electron-micro-
scope (at UBC).

X-ray dffiaction

Unit-cell dimensions were determined with a Nicolet
R3n single-crystal diffractometer (at the University of
Manitoba); experimental details are given by Groatet al.
(1992). Powder XRD patterns of annealed sample V73
were acquired with CuKcl radiation using SCINTAG
diffractometers, one equipped with a monochromator
and scintillation detector (at the University of New
Mexico) and one equipped with an intrinsic Ge detector
(at Oak Ridge National Laboratory). Owing to the small
amount of material, sample mounts consisted of thin
slurries on a zero-backeround ouartz holder.
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Transmis s ion e lectron micro s c opy

Vesuvianite samples were prepared for TEM analysis
using the crushed-grain method. Sample fragments were
ground into I - 5 pm powder and dispersed in acetone
onto holey-carbon Cu grids. One sample of V73 was also
prepared by ion-milling, whichpermitted detailed analy-
sis of in sit, features. Specimens were examined with a
JEOL 2000FX TEM operated at 200 keV, using standard
axial illumination and phase-contrast imaging for high-
resolution work and SAED. A preliminary examination
of nonmetamict vesuvianite indicates that electron-beam
radiation damage is easily avoided during high-resolu-
tion imaging, thereby justifying the use of HRTEM for
the examination of amorphization feafires. All SAED
patterns were focused on the objective aperture (aligned
with the back focal plane) in order to provide a consistent
representation of broadening of the diffraction maxima.

Annealing and. therma gravimetric analysis

Annealing of TtsM-analyzed samples was done in a
sealed, inert, Ar atmosphere for 2 hours each, at 650,
700, 750, and 800'C with sample V73, and at 650'C
with sample V53. Samples were crushed and encapsu-
lated in gold envelopes for heating, thus preventing any
reaction with the capsule walls. Annealing of XRD-ana-
lyzed samples was done using a Deltech programmable
furnace. Isothermal annealing of sample,VT3 was done
at 400, 600, 800, 900 and l000oC, fgr 24 hours at each
temperature, in flowing nitrogen. To further confirm the
iderrtity of the decomposition products of vesuvianite
above 900oC, two highly crystalline reference samples,
one (deep coffee brown) from a skarn in Phillips,
Franklin County, Marne, and the other (yellow brown)
from Iake Jaco" Chihuahua. Mexico, were heated at
1000'C in flowing Ar for 15 hours. The powdered
samples rested on a platinum foil to prevent contamina-
tion and reaction with the substrate.

Thermogravimetric analyses (TGA) of sample V73
and the two reference samples were done at a heating
rate of 10'C/min to 1000"C, in flowing argon, using a
Perkin-Elmer TGS-2 system.

Infrared spectroscopy

High-resolution infrared spectra of single-crystal
vesuvianite samples were recorded on a Nicolet model
60 SX Fourier-transform infrared spectrophotometer.
Single crystals were sawn into slices, anached to glass
slides with Crystalbond@, ground to lffi pm thick and
polished on both sides. Spectra were taken through a
100-pm brass aperture that was positioned to avoid
cracks and visible inclusions. The specnal contribution
of the glass slide and Crystalbond were subsequently
removed during spectral processing, and spectra forboth
samples were normalized to a thickness of 100 pm.

REsuLTs AND Dtscusstox

Chernical compositions and BSE imaging

Results of chemical analyses of V53 and V73 are
given in Table 1. Unit formulae were recalculated on the
6asis of 50 cations and were assigned to specific
structural sites, as recommended by Groat et al. (1992).

Himmelberg & Miller (1980) reported that vesuvian-
ite from the Seward Peninsula is optically zoned, with
an isotropic (1e., metamict) core and anisotropic (i.e.'
crystalline) rim. No optical or chemical zoning was
observed in sample V53; however, BSE imaging of the
chemically analyzed region (Fig. l) shows three areas of
varying contrast (i.e., different average atomic number).
Comp6sitions V53-1 to V53-3 (Table l) perain to the
light, medium and dark grey areas ofFigure 1, respec-
tively (each of these areas has a unique composition).
The different compositions, combined with differing
BSE contrast" suggest that chemical alteration has
occurred. The medium grey zone contains no U, and less

TABLE 'I. CHEMTCAL COMPGMON OF PARILY METAMPT VESIJVIANITE
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Ftc. 1. Back-scaftered electron image of V53. Chemical
alteration is represented by areas of differing contrast (1e.,
different atomic mass); the light, medium and dark grey
areas each have a different composition, corresponding to
compositions V53-1, V53-2 and V53-3, respectively, in
Table 1.

L4 Ce and Nd, than the other areas. The darkest zone
has a low oxide total (85.17Vo). Severe depletion of Ca
is responsible for this low total, indicating that the dark
region has sustained appreciable chemical alteration.
Overall, sample V53 contains 3.35 - 4.84 tat.Vo of
rare-earth elements, expressed as oxides (0.65 - 1.02
atoms per formula unit, apfu), 1.07 - 1.99 wt.Vo TltO2
(0.13 - O.27 apta) and 0.0 - 0.36 wt.Vo UO2 (0 - 0.05
aptu). Himmelberg & Miller (1980) found 0.72 - 2J0
wLVoTl'rO2and 0.39 - 0.84 wt.VoUO2in a sample from
the same locality. The discrepancy in UlTh contents
between the values of this study and those of Himmel-
berg & Miller (1980) is not surprising, because chemical
alteration can produce highly variable results. Neverthe-
less, these UlTh values are unusually high for vesuvian-
ite. V53 also contains up to 0.36 wt.7o Na2O and7.93
wt.Vo FeO1' these values also are high.

BSE imaging and phase identification with energy-
dispersion spectrometry (EDS) indicate that sample V73
is a polycrystalline aggregate of vesuvianite (Fig. 2),
with minor inclusions of titanite, uraninite, quartz,
calcite, apatite, chlorite, magnetite, barite and zircon.
Textures seen in BSE and optically in thin section
suggest that these minerals crystallized at the same time.
As with sample V53, areas of differing BSE contrast
show a correlation with their composition; however, the

Ftc.2. Back-scattered electron image ofv73. chemical alteration is evidentby the areas of
differelt contrast. Regions labled as a, b, and c conespond to U-poor, U-rich, and
altered-rim U-rich compositions (V73-1, y73-2,y73-3,respective1y, in Table 1).
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Frc. 3. Back-scattered electron image of V73. Sharply defined linear features have been filled in with titanite, uraninite, and
vesuvianite. Their origin is uncertain. (a) A linear zone is offset by later fracnring. (b) Note the symmetrical pattem of alteration.
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compositional differences and the degree of contrast are
more subtle in V73. In general, those regions with a high
U content are usually metamict and have an altered
border. Chemical analyses Clable 1) were done on a
U-poor region, a U-rich region, and the altered border of
the U-rich region, respectively. Regions ofdark contrast,
labeled as (c) in Figure 2 and V73-3 in Table l, are
depleted in Ca. However, the U content of the altered
border (V73-3) has not changed appreciably from that
of the associated U-rich region (V73-2).

A series of subparallel, linear features in V73 were
observed using BSE imaging. The linear features have
been fractured and offset by later deformation (Fig. 3a),
and appear to be leached by fluids because of the
symmetrically banded pattern along their lengfh @g.
3b). Within these features are titanite, vesuvianite and
uraninite. Very straight edges suggest that they were
once crystallographically conrolled fractures. Consid-
ering that BSE is a surface imaging technique, the linear
features must actually be planar in their true dimensions,
because it is unlikely that we have cross-cut an entire set
of one-dimensional features along the plane of observa-
tion. This rules out the possibility that they are fission
tracks (also, they are much too long, >100 pm, and their
subparallel orientations do not resemble the orientations
of random tracks found in other track-bearing phases,
i.e.,zirconor apatite). Chemical leaching of the "planar"
features impedes their positive identification.

Unit-cell dimcnsions

The cell dimensions of V53 were determined: a
15.792(5) and c 11.993(8) A. fhe a cell dimension is
large fqr vesuvianite; most samples with a larger than
15.62 A either contain boron or are partly metamict

(Groat et al. 1992). Cell dimensions for V73 were not
obtained, because ofthe high degree ofmetamictization.

Transmis s ion ele ctron mic ro s copy

Samples V53 and V73 are nonunifonn in their degree
of radiation damage from one crushed-grain fragment to
the next. This is the result of small-scale variations in
concentrations of radionuclides, as established with
EMPA. Each crushed fragment has, within itself, a
uniform amount of radiation damage, indicating that the
size of similarly damaged regions is on the same order
as that of the crushed grains used for TEM work (l-5
pm). A micrograph of undamaged vesuvianite from
Brooks Mountains, Alaska is shown in Figure 4 for
comparison with subsequent micrographs of partly
metamict vesuvianite.

A series of micrographs (Fig. 5) illustrate the tull
range of alpha-recoil damage observed in sample V53.
Figure 5a shows a lattice image with fringes that are
largely continuous, but that have mottled contrast and
one localized amorphous region (indicated with an
arrow). The SAED pattern gives no hint of radiation
damage, because of the small volume of aperiodic
material. The small amount of damage and lack of a
diffr.rse elecron-scattering halo in SAED arc typical of
a low alpha-decay dose of less than 0.05 dpa (displace-
ments per atom) (less than 100 ppm). Low-dose damage
has previously been examined in titanite with HRTEM
(Eby & Ewing 1990). Calculation of dpa for both
vesuvianite samples is not possible, as the age of the
chemical alteration event(s) is unknown. An intermedi-
ate amount of damage is shown in Figure 5b. Alpha-
recoil cascade regions are sufficiently numerous for
overlap, resulting in the formation of continuous amor-
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phous regions which separate large, isolated regions of
crystalline material. A diffirse electron-scattering halo is
visible with SAED. The diffraction maxima are broad-
ened and have unequal intensities relative to those in
Figure 5a. The appearance of a diffuse halo coincides
with the onset of discontinuity in the lattice fringes, both
of which signif the beginning of overlap between
amorphous regions (adjacent amorphous regions expand
and coalesce). This observation is consistent with an
earlier study in which Ga2Ti2O7 and CaZrTi2OT were
doped with Cm ($leber et al. 1986). The coalescence of
amorphous regions in these oxide phases coincides with
the appearance of a diffuse halo in SAED. In the
advanced state of radiation damage (Fig. 5c), the small
crystalline regions that remain are surrounded by an
amorphous matrix. Lattice fringes are barely visible
because of the large amount of image interference from
the amomhous material. The diffuse halo is stronser than
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Fro. 4. A high-resolution electron micrograph of nonmetamict vesuvianite in [ 1 I 0] zone-axis
orientation.

in Figure 5b, owing to the volumetric dominance of
amorphous material. The single-crystal component of
the SAED pattern has missing diffraction maxima (not
due to extinction by symmetry), and relative intensities
of the maxima vary considerably. The fully metamict
state is shown in Figure 5d. No lattice fringes are visible
in the phase contrast image, and no diffraction maxima
are observed by SAED. Minute amounts of remaining
crystalline matter may still exist, but are difficult to
detect in SAED, since the strong intensity of the
electron-scattering halo obscures the visibility of any
weak diffraction-maxima that may be present.

A progrcssive sequence of increasing radiation dam-
age in sample V73 is shown in a series of SAED patterns
(Fig. 6). Figure 6a has sharp diffraction maxima and no
halo, indicalive of little or no alpha-decay damage.
Figure 6b shows a single-crystal pattern with a superim-
posed weak halo. The state of damage is intermediate.
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Frc.5. A series ofelectron micrographs, each ofadifferentcrushed grain ofsample V53. (a) A low amount ofalpha-recoil damage;
SAED is a [001] zone-axis pattem (ZAP). (b) A moderate amount of alpha-recoil damage; t00ll ZAP. (c) An advanced state
of alpha-decay damage. (d) The fuUy meamict state.

An advanced state of alpha-recoil damage is shown in
Figure 6c, in which only a few diffraction-maxima
remain and an intense halo is present. The grain
examined in Figure 6d is a mixture of polycrystalline,
randomly oriented grains (producing the diffraction
rings) and amorphous material (producing thehalo). The
diffraction rings were indexed and march thed-values of
vesuvianite. The polycrystalline state may be due to
several causes; for example, i) high alpha-decay doses
lead to subgrain formation, as observed in ion-in"adiated
neptunite (Eby et al. 1991) and naturally metamict

gadolinite (Janeczek & Eby 1991); ii) the material was
initially polycrystalline and has since sustained radiation
damage. Either case would result in the superposition of
a halo onto a diffraction-ring pattern.

A further example of the heterogeneously distributed
alpha-decay damage is shown by in sin observation of
adjacent regions that have variable damage within an
ion-milled single crystal (Frg. 7). Two regions of
vesuvianite, marked with arrows (Fig.7a), are separated
by another silicate phase (confirmed by EDS analysis).
At higher magnification, these two regions clearly
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Ftc. 6. A series of SAED of V73, with varying amounts of metamictization. (a) [01 l] ZAP of seemingly undamaged material. (b)
An intermediate amount of alpha-recoil damage. (c) An advanced state of alpha-decay damage. (d) A polycrystalline grain
wift a significant amount ofdamage as well (note the halo). Ring d-values can be indexed as belonging to vesuvianite.

Ftc. 7. (a) Electron micrograph of an ion-milled single crystal of V73 in [0] 1] orientation. (b) A lattice image of the arca in (a)
near the left. arrow. (c) A lanice image of the area in (a) near the right arrow. Note the difference in radiation damage between
(b) and (c).
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exhibit different degrees of radiation damage; the area
in Figure 7b is undamaged and shows clean, unmottled
lattice fringes; the area in Figure 7c has mottled, partly
discontinuous laftice fringes with coalesced amorphous
areas.

Annealing

)(RD analyses of V73, following each heating inter-
val of 200'C (in flowing nitrogen), indicate that recrys-
taltzation begins at approximately 600"C (Fig. 8). A few
of the smaller diffraction-peaks are more intense. This
minor increase in crystallinity coincides with an increase

Frc. 8a. Powder XRD pattem (CuKcl radiation) of sample V73
as found and annealed in nitrogen (24 hours each) at 400',
6@", 800" and 900"C. The stick pattem at the bottom shows
the peak positions and relative intensities typical ofcrys-
talline vesuvianite.

in the rate of weight loss in the TGA analysis, at
approximately 600'C @g. 9). After heating V53 to
650oC, and V73 to 650"C and 700oC (in argon), TEM
analysis shows no evidence of recrystallization. Figure
lOa shows that many amorphous regions are still present
in V73. Apparently, TEM is not sensitive to the onset of
recrystatlization, which most likely involves a subtle
increase in the long-range periodicity ofthe structure as
a result of annealing the isolated point-defects within
less damaged regions. A two-stage (or more) sequence
of recrystallization is thus likely. These observations and
interpretations are consistent with similar work on
allanite by Janeczek & Eby (l 993).

At 800"C, XRD patterns indicate a significant im-
provement in the crystallinity of V73. Background
intensity has decreased, and resolution of diffraction
peaks has increased. The TGA curve (Fig. 9) flattens
somewhatbetween 830'C and 900'C. Observation with
TEM, after annealing to 750 and 800'C, indicates that
much of the alpha-recoil damage has been annealed
(there is no observable difference in recrystallization
features between these two temperatures). Lattice
fringes are continuous, but some grains still display
mottled contrast between fringes. The variation in the
state of repair between different grains presumably
exists because the more damaged areas require a higher
activation energy for recrystallization. Grains with little
damage do not require the nucleation of newly crystal-
line material, and their localized amorphous regions can
regrow epitactically at 800"C. The requirement of a
higher temperature of annealing for more damaged
material has been proposed for another silicate, titanite
(Hawthorne et al. l99l). The amorphous material that
remains in the more highly damaged areas implies that
another thermal stage is necessary for full restoration of
the structure.

Another feature appears at 750 and 800'C. Recrystal-
lization is not yet complete, and heating of the material
with the electron beam results in damage to some of the
grains. Figure 10b shows the effects ofbeam damage,
and should not be mistaken for natural radiation damage,
most of which has been annealed. The beam-damaged
g&ins were also observed to vibrate intensely. Grain
vibration was also observed during annealing studies of
titanite and gadolinite (Eby & Ewing 1990, Janeczek &
Eby l99l), but was not previously reported.

For melamict vesuvianite, three stages of weight loss
can be identified in the TGA curve Gig. 9). Initially, the
sample gradually dehydrates over the temperature range
I 50 - 600"C, losing I wt. 7o. Then, the rate of weight loss
increases over the interval 600 - 850'C, in which the
sample loses an additional 2wt.Vo. Beyond 900'C, the
rate of weight loss increases again (an additional I
wt.Vo), and continues until the final measured tempera-
ture. Further explanation ofthe stages in weight loss can
be made based on the XRD patterns of isothermally
annealed samples, the differential thermal analysis
(DTA) data of Kononova (1960), and the TGA data of
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crystalline vesuvianite. Metamict vesuvianite begins to
recrystallize at 600'C (in N2 orAr). At 900.C and above,
the recrystallized vesuvianite decomposes. This is con-
sistent with the DTA data which show a broad exotherm
between 600 and 800'C and an additional exotherm
beginning at 870'C. The product ofdecomposition is a
multiphase assemblage containing predominantly gros-

sular, gehlenite and wollastonite. The decomposition
phases are not unique to the peculiar chemistry of the
metamict vesuvianite, as two crystals of highly crystal-
Iine vesuvianite from other localities produce the same
products. A nearly balanced reaction converts vesuvian-
ite into 2 grossular + gehlenite + 2 wollastonite.
According to the TGA curves of the two highly crystal-
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Ftc. 9. Thermogravimetric analysis curves for v73 and a sample of crystalline vesuvianite
from Phillips, Maine, heated at 10oC/min in flowing argon to 1000.C.
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Frc. l0. (a) Electron micrograph of V73 heated to 650oC and corresponding [001] ZAP. Note that the alpha-recoil damage has not

been removed. O) Electron micrograph ofV73 heated to 775oC and corresponding [l I l] ZAP. The numerous circularfeatures

are not results of natural radiation damage, but instead are due to damage caused by the electron beam.

line samples, the reaction probably evolves (OH)'
beginning at 900'C (Fig. 9).

Inf'rared spectroscory

The infrared spectra of fully crystalline samples of
vesuvianite are typically rich in detail within the princi-
pal OH-stretching region of 3800-2500cm (Groatet al.'
in prep.). In contrast, none ofthis detail remains in the
spectra of the partly metamict vesuvianite. Spectra of
samples V53 and V73 (Fig. l1) show a sharp increase
in absomtion at 3700 cm-r, which reaches a maximum
new 34i5 cm-l and gxadually decreases on the low-en-
ergy side down to 2500 cm-'. This type of absotption
also is observed in metamict zircon (Aines & Rossman
1986) and titanite (Haw0rorne et al. l99l).However, the
conesponding spectra of nonmetamict vesuvianite, t!
tanite and zircon are quite different from one another,
owing to the major structural differences between these

minerals. Thus, the similarity in the spectra of metamict
minerals suggests that the distribution of major struc-
tural features of the aperiodic state (as probed by the
strength ofthe O-H bond and its corresponding range.of
nearest neighbors) is similar, even for materials with
different bulk-comPosition.

Furthermore, the individual bands are strongly aniso-
tropic, indicating prefened crystallographic orientation
of the individual OH environments.

The integrated intensity (Paterson 1982) of the pri-
mary OH band at 3475 cm-t indicates that sample V53
coniains hydrous components (OH and HrO) equivalent
to 2.O wt% H2O, in reasonable agreement with the
estimated water contents of Table l. The intensity of the
H2O combination mode (stretch + bend) at 5200 cm-r
inlicates that only about 5Vo of the total water is in
molecular form as H2O. The remainder is present as OH.
The dominance of OH was also observed in metamict
zircon (Woodhead et al. 1991).
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Both spectra show the low-energy tailing absorption common in metamict minerals.

CoNcLUSIoNS

TEM analyses indicate that alpha-decay can leave
vesuvianite intact, or make it partly metamict, or fully
metamict, all within localized regions of the same
sample. The variable concentrations of radionuclides
that accompany the micrometer-scale zones of chemical
alteration (ascertained by BSE imaging and EMpA) are
responsible for the different extents of alpha-recoil
damage observed in both samples of the vesuvianite. The
relative differences in radiation damage were classified
by observing: i) the variation of discontinuity in the
lattice fringes; (ii) the proportion of aperiodic area to
lattice fringe area; iii) rhe intensity of the diffr:se
electron-scattering halo relative to the intensity of
diffraction maxima.

Localized concentrations of alpha-recoil damage
indicate that U and Th are not uniformlv distributed
throughout the specimens. The presence ol uraninite in
V73 indicates an abundance ofU availableforproducing
metamictization. Whether or not U was Dresent in
vesuvianite before alteration is unknown. A conserva-
tive estimate of the UlTh contents that are necessary to
produce the observed variations in the metamict state car
be calculated. First, assume that 0.1 dpa represents the
lowest amount of alpha-recoil damage that can be
observed, and that at least I .0 dpa is required for the fully
amorphous state. Such a variation in dpa requires a
variation by one order of magnitude in U and Th
concentrations. EMPA analyses of the nvo samples of
vesuvianite show such a range, from less that 0.1, wt.Vo
(i.e., below detection limits) to 2.33 wt.Vo U and Th.
Therefore, chemical alteration can have a orofound
effect on distribution of radionuclides and subseouent

alpha-recoil damage in minerals. Any attempt to calcu-
late dpa in altered materials is futile unless the timing of
the alteration event(s) is fully understood, because
alteration also disturbs the structural state.

Alpha-decay damage in vesuvianite is annealed in at
least two different stages. The proposed stages are: i)
600-750oC, the repairof point defects in partly metamict
regions, which slightly improves the long-range peri-
odicity (detected by XRD and TGA, bur not TEM); ii)
750-800"C, the full repair of alpha-decay damage in
partly metamict areas (detected by )RD and TEM, but
not distinguished from the first stage by TGA); iii) above
850oC, material that was highly metamict is not recrys-
tallized, but instead, vesuvianite decomposes into a
multiphase assemblage of grossular, gehlenite, and
wollastonite. The high structural and compositional
complexity of vesuvianite, relative to most other miner-
als, may account for its high and broad thermal range of
recrystallization as compared to the temperature ranges
of other silicates, such as allanite and gadolinite, at
600-700'C (Janeczek & Eby 1991), REE-bearing epi
dote, at 600"C (Proshchenko et al. 1987), and titanite, at
400-600'C (Eby & Ewing 1 990). Although temperarure
ranges for the recrystallization of metamict minerals
show some variation, the structural fea.tures of the
aperiodic state appear to be similar, at least as they
pertain to the details of OH stretching.
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