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ABSTRAcT

We have used 3 MeV p-PIXE to chemically characteize mm-scale oscillatory zoning and overgrowths in large crystals of
zircon from the Silinjarvi'carbonatite, Finland" and a granitic pegmatite from Brazil. The zircon crystals are optically conti-
nuous in plane-, crois-polarized and reflected light; oscillatory zoning and overgrowths are distinguished using cathodo-
luminescence microscqiy. furpte-, green- and yellow-luminescent oscillatory zones ate usually sharply defined and vary from
about I to 400 pn in wiatl; iare gradational zoning also is observed. In one crystal, extemal overgrowths cross-cut earlier
oscillatory zonei and show embayei contacts with earlier growths. New overgrowtls also show oscillatory zoning. Amlysis of
the oscillatory zones and overgrowths by p-PDG (3 MeYproton bearn 5 pm in diameter) shows the green- and yellowJumi-
nescent zones in the Finnish samples to have similar Zrftlf rat1os of 49 - 54, whereas the Z,r/IIf ratio of new overgrowtXs range
ftom 43 to 216. The yellowJuminescent zones have lower Sc contents (-53-65 ppm) tlan the green zones (-9&-154 ppm).

Overgrowtis have low Sc contents Ql - 49 ppm). In the Brazilian sample, the purpleJuminescent core has fhe highest rare-
elemdnt content (where Y, Th, U, cd Dy, Er and Yb me about 2500, 1500, 1000, 130, 300, 340 and 480 ppm, respectively);
this grades to a zoned region witl yellow-luminescent bands where the Y, U and Th levels are generally lower (19OG-2300'

360-900 and 40G-7@ ppm, respectively). In the outermost zoned overgrowti, Y and Yb contents are about 300 and 80 ppot,

respectively, with all other rare elements being below their limits of detection'

Keywords: p-PDG, zircon, oscillatory zoning, trace elements, cathodoluminescence, coupled substitutions.

Souunne

Nous avons utilis€ l'6mission de rayons X induite par faisceau de protons tr 3 MeV (p-PDG) pour caract6riser chimique-
ment la zonation oscillatoire et les surcroissances de gros cristaux de zircon provenant de la carbonatite ds $ilinjarvi' en
Finlande, et d'une pegmatite granitique br6silienne. ks cristaux de zircon font preuve de continuit6 optique en lumibre pola-

ris6e ou r6fldchie; la zonation oscillatoire et les surcroissances deviennent apparentes en cathodoluminescence. Des zones
oscillatoires i luminescence violette, verle et jaune sont g6n6ralement nettement d6finies et varient de I e 400 Frm en largeur.
Irs gradations en composition s'avdrent plus rares. Dans un cristal, les surcroissances externes recoupent des zones oscilla-

toirei antdriewes. comme le rdvblent les contacts "en caries". Les surcroissances aussi montrent une zonation oscillatoire. Les
analyses avec un faisceau de protons de 5 pm montrent que les zones i luminescence verte etjaune des 6chantillons.finla:rdais
ont un rapport ?/IIf semblable, entre 49 et 54, tandis que pour les surcroissances, il varie entre 43 et 46. l,e.s zones i lumines-

cencejaune ont une teneur en Sc plus faible (-53 - 65 ppm) que celles qui sont verles (-98 - 154 ppm). Par contre, les sur-
croissinces possbdent une teneur encore plus faible (21 - 49 ppm). Dans l'dchantillon br6silien' le coeur h luminescence vio-
lette montreles teneurs les plus 6lev6es en 6l6ments rares (en ppm, Y 2500, Th 1500, U 1000' Gd 130, Dy 300, Er 340' et Yb

480). Vers la bordure, il y a ensuite transition i une s6quence de zones de bandes d luminescence jaune; les teneurs en Y, U et
Th y sont g6n6ralement plus faibles (1900 - 2300, 360 - 900 et 4O0 - 700 ppm" respectivement). Dans la surcroissance, qui

motit 
" 

*rsi une zonation, les teneurs en Y et Yb sont envLon 300 et 80 ppm, respectivemen! et la teneur de tous les autres
6l6ments rares est inf6rieure i leur seuil de ddtection.

(Iraduit par la R6daction)

Mo6-cl6s: zircon, zonation oscillatoire, analyse par p-PDG, dldments traces, cathodoluminescence, substitution coupl6e-

ItruRooufiror.r

Zircon is an important accessory mineral in many
crustal rockls. It occurs as a primary mineral in igneous

rocks, and as detrital and recrystallized grains in sedi-
mentary and metamorphic rocks. Many zircon crystals
show evidence of intricate growth-histories in the
form of complex patlerns of zoning and overgrowths
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(Vawa 1990, Bowring et al. L989). Such textures can
include many different generations of overgrowths,
patterns of oscillatory zoning, epitactic outgrowths
and crystal forms. These patterns are a record of tle
physical and chemical conditions prevalent during
crystallization of the mineral. The problems in distin-
guishing the physical and chemical characteristics
of such overgrowths and zones are twofold: (l) zona-
tion is commonly on a scale of p"rn, making a micro-
probe technique mandatory for its characterization;
(2) it can arise from the incorporation of trace
elements into the mineral's structure, thus requiring
an analytical technique suited to trace elements. The
combination of tlese two requirements can negate
the use of routine methods of analvsis such as
Electron-Aobe MicroAnalysis (EPMA), /nstrumental
.lfeutron Activation Analysis (II.{AA) and lnductively
Coupled Plasma Mass .lpectrometry (ICP-MS)
unless the latler makes use of laser ablation (Jackson
et al.1992).

Zircon cat incorporate a wide range of trace ele-
ments of appropriate valence and atomic radius,
including the rare-earth elements (REn, U and Th. It
is one of the few minerals that has high partition-
coeffrcients for the heavy REE, and so its crystalliza-
tion can affect the chemical evolution of a magma
with regard to these elements. The incorporation of
U and Th in zircon is important in two ways. Firstly,
zircon is used extensively for U-Pb geochronology
(Iftogh 1982, Bowring et aL L989) owing to its rela-
tively high content ofU. Secondly, the localized darn-
age due to alpha particles associated with radioactive
decay of the incorporated radionuclides makes the
resulting structure ,more susceptible to secondary
alteration (Chakoumakos et al. 1987). The geocbrono-
logical and petrological importance of U, Th and REE
incorporation in zircon has lended to obscure the fact
that tlese elements compete for their sites in zircon
against a wide range of other elements. Speer (1980)
discussed the extensive range of trace-element substi-
tutionso involving ths alkalis and alkaline earths, tran-
sition metals, Be, B, S, G4 As, Sn, Sb, W, Ag, Au,
Sc and Y, many of which could be involved in com-
plex coupled substitutions involving other trace
elements (e.9., P and Al). The full range of possible
substitutions is not well characterized, a problem made
even more difficult by the complex patierns of zoning
and overgrowth common in zircon,

p-PIXE lsshnique has been used for the analysis of
sulfide minerals (Cabri 1988, Cabri et al. 1985),phos-
phate minerals @ogers et al. 1984, Roeder et al. 1987,
Durocher et al. L988), and silicate minerals (e.9.,
Griffin er al. 1988, Grenn et al. 1989, O'Rreilly et al.
1991). Here we use p-PXE to determine trace-ele-
ment variations in zircon; the spatial resolution and
sensitivity of this technique are sufficient to distin-
guish between small-scale oscillatory zones and over-
growths.

Saupr-s DEsctnuorl Ar{D PREpARATToN

Three crystals of zircon were used in this study:
The first, taken from the Mineralogy Museum at the
University of Manitoba, and referred to asBZ, is from
a collection of zircon crystals from Brazilian granitic
pegmatites; it is similar in appearance to zircon crys-
tals from the Novo Horizonte region, but the particular
location is unknown. It is euhedral and 2 cm along the
c axis, reddish and fractured, with alteration along the
fractures; between the fractures. the zircon is fresh,
The crystal was cut parallel to its c axis. It is optically
continuous in plane- and cross-polarized and reflected
light. Faint zoning is discernable parallel to crystal
faces, These zones were distinguished by small nilrow
fractures that extend the width of the zones, and that
are oriented orthogonal to the zones (cl Chakoumakos
et al. 1987).

The other crystals are from the Silinjarvi carbon-
atite complex, 20 km north of Kuopio, eastern Fi::land
(Puustinen 1971). The complex, which is mined for
apatite as fertilizer, is a tabular body of glimmerite,
syenite and saivite; it intrudes Archean granite gneiss.
A syenite intrusion that is marginal to sovitic carbon-
atite is surrounded by phlogopite + alkali-amphibole
glimmerite. Zircon is commonly found as an accessory
phase in the glimmerite. Two crystals (subsequently
referred to as Zl and 22) were prepared for analysis.
They are subhedral, pale brown, fractured and 2 - 3
cm across. They are macroscopically homogeneous
and free of major inclusions, although a number of
small pm-scale fluid inclusions were seen. They are
optically continuous in reflected, plane- and cross-
polarized light (Fig. l).

Sample preparation

EIMA provides a sufficiently small scale of analy- Samples were prepared as doubly polished thin
sis, but insufficient sensitivity for trace elements. sections -50 pm thict. They were mounted on glass
Some ablation techniques provide good sensitivity for slides using piccolyte@ and then carbon-coated to
frace-element microanalysis (e.9., Reed 1990), but are prevent charge build-up during analysis.
destructive (in that they ablate a pit -10-30 pm wide Bulk samples of fttFinnish crystals were analyzed
depending on the material being analyzed). Proton- by INAA, direct coupled plasma (DCP) and X-ray
,Induced X-ray Emission conducted with a focussed fluorescence (XRF). Although care was taken to hand-
microbeam (p-PIXE) is capable of nondestructive pick the most homogeneous fragments of crushed
analysis for trace elements, with a beam spot of 5 pm zircon, it is impossible to discount the possibility
over a wider range of elements than EPMA. The of contaminationfromtheincorporationofinclusions.
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FIc. 1. Photogaph of sample 72 (piarc-polafued light); it is
optically homogeneous, witl fracturing being the only
obvious internal structure. The crystal measures 23 X
19 mm.

ANervrrcar Mptroos

It-PUE

This work was done at the University of Guelph
Van de Graaff accelerator facility. A 5 x 5 pm 3
MeV proton beam was used, with an average beam-
current of approximately 0.5 nA; the resulting X-ray
spectra were recorded with a Si(Li) detector. The
time-integtated charge for each analysis was 2 pC.
A 0.125-mm mylar filter was used to suppress low-
energy background radiation together with the intense
zirconium I and silicon K X-rays. A tantalum colli-
mator limited the detector's field of view in order to
exclude X rays scatlered from materials in the speci-
men chamber. Spectra were processed using the
Guelph PD(E software package GUPX (Maxwell el
al. 1989). Elemental concentrations are derived from
the intensities of various X-ray peaks through estab-
lished mathematical and physical relationships
involving X-ray generation and associated matrix
effects (including secondary fluorescence); this
approach (Campbell et al. 1990) resembles the better-
known methodology of electron-probe microanalysis.

The overall standardization of the system was done
using Z and Ta metal standards and a well-character-
ized synthetic pyrrhotite standard (provided by CAN-
MET) containing 0.LVo each of Se and Pd.

GIIPX extracts peak areas from the spectrum by
a nonlinear least-squares-fitting procedure (Maxwell
et al, L989). A model spectnrm is constructed using
estimated concenfrations and a database that includes
relative X-ray intensities for each element. The conti-
nuum background is removed from the measured
spectrum by the top-hat filter method. Concentrations
of all elements observed in the spectrum are iterated
until the best fit between measured and model spectra
is attained. The X rays of oxygen and silicon are not
observed, but these elements play a role in the
proton-specimen and photon-specimen interactions;
the concentration of the SiOa complex is therefore
taken as 1007o less the summed concentrations of all
observed elements. Concentrations are iterated until
the best fit between model and measured spectra is
attained.

In the model spectum, the peaks are represented by
Gaussians with exponential low-energy-tailing fea-
tures. However, the intense K X-ray peaks of zirconi-
um exhibit an additional shelf-like low-energy feature
that arises from Compton scattering of X rays whose
original direction was other than toward the detector;
the low-energy cutoff of this feature corresponds
closely to the energy loss incurred in 180o Compton
scatter. In order to obtain reliable results for yttrium'
whose K X-ray is superimposed on this feature, a
second set of fits was performed. These were restrict-
ed to the X-ray energy rcgion 12 - 19.5 keV, and the
shelf feature was modeled on the basis of measure-
ments on pure zirconium metal. Examples of fits are
given below, but we note here that because of tle
shelf, the limit of detection for yttrium is about
100 ppm.

The proton-induced X-rays are augmented by
secondary X-rays arising from fluorescence of trace
elements by the intense K X-rays of h. In a homoge-
neous matrix of zircon of infinite extent, the fractional
enhancement is 9.6Vo for Y, 7Vo f.ot U, 5Vo for Th,
L.6Vo for Hf, and considerably less in all other cases.
Since the attenuation length of lbe Zr K X-rays in
zircon is about 160 p"rn, there is the possibility that the
fluorescence contributions will differ from these
values owing to contributions from neighboring zones
of differing trace-element content. To minimize the
possibility of exciting adjacent zones, only zones in
excess of 50 UJa across were analyzed. The variations
in concentration of interest (see below) were signifi-
cantly larger than the potential errors attributed to sec-
ondary fluorescence indicated above.

C athodolumine s c ence micro sc oPY

The cathodoluminescence (CL) images were
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recorded using a TECHNOSYN cold-cathode lumi-
nescent unit operating at 20 kV, with an average gun
current of400 pA. The CL and photomicrograph work
was done on the polished sections prior to the applica-
tion of the carbon coating.

Rssulrs

Cathodolamine s c enc e micro s c opy

Although the zircon crystals are relatively homoge-
neous in tansmitted and reflected light, cathodolumi-
nescence microscopy showed t}le presence of exten-
sive oscillatory zoniqg and overgrowths. The zircon
from Brazil can be divided into two regions character-
ized by luminescence and zoning: (i) a homogeneous
intemal region of purple luminescence that grades to a
region with yellow-luminescent oscillatory zoning at
its outer margin; (ii) a mantle dominated by yellow- to
grey-luminescent oscillatory zoning alternating in
intensity (Fig. 2a). ln the internal region, the change
from the dominantly purple to dominantly yellow
luminescence is symmetrical about the contact
between the regions. At the outer margin of the purple
region, yellow oscillations first appear and increase
until they eventually dominate, and the purple zones
gradually disappear.

Oscillatory zones vary in thickness from about
10 to 100 pm, and boundaries may be sharp or diffirse.
The zones dietinguished by the orthogonal fractures
show bright yellow-luminescent lines that cut through
tle center of the fractures; on either side of the bright
lineo there is a diffirse region of yellowish lumines-
cence.

The zircon crystals from Finland show no intemal
stucture in plane-polarized light except for extensive
fracturing (Fig. 1). Figure 2b shows green- and
yellow-luminescent zones whose orientation corres-
ponds to that of crystal faces. The thickness of the
zones can vary between -l and 400 pm; contacts
between zones are usually sharp. Figure 2c shows two
overgrowths in sample Z2.T\e first overgrowth shows
a pronounced lobe attributed to resorption that cuts
into the earlier-formed part of the crystal; oscillatory
zones cut by this lobe are continuous on either side of

the lobe. The outermost region of new growth is a
thin, structureless region that luminesces pale green; it
cross-cuts oscillatory zoning in the first overgrowth.

Both crystals (Zl and 22) show pervasive oscilla-
tory zoning; in sample ZL, some particularly distinc-
tive zones can be traced around the whole crystal.
Figure 2d shows part of an unusually wide zone
(approximately 400 pa). At the bottom of this view,
there is a relatively abrupt change from a region that
luminesces dominantly green with some minor
yellow-luminescent zoning to an almost featureless
yellow-luminescent region, the upper boundary of
which is characterized by the onset of faidy uniform
oscillatory zoning. These boundary features can be
traced around the whole crystal. Some preliminary
spectroscopic measurements carried out witlin the
yellow region showed a broad band of intrinsic
cathodoluminescence that centered at a wavelength of
-560 nm. There were no obvious pea.ls that could be
associated with activator elements.

Bulk geochanical analysis of the zirconfrom Finlnnd

Results of bulk analyses of zircon ZL and the host
glimmerite are shown in Table l. Concentrations of U,
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Ftc. 2 (a) Pale yellow and purple cathodoluminescence and oscillatory zoning in sample BZ. The intemal region is dominated
by purple luminescence, but it also shows thin bands of yellow luminescence fringed by difirse yellow luminescence.
These bands correspond to tle distribution of fractues; the fractules span the width of the diffirse yellow luminescence and
are oriented at 90o to the luminescent baads. The marginal region shows fine-scale (5-20 pn) yellow oscillatory zoning.
The white scale-bar in the upper right ofthe picture is 100 pm; Figures 2b, c and d are at the same scale. (b) SampleZ2
showing typical yellow and green cathodoluminescence and oscillatory zoning. (c) Overgrowths lasamPlezz, labeled "1"
ard'2-. Overgrowth 1 shows a pronounced resorption-related lobe in contact with the earlier-formed part of the crystal.
Overgrowth 2 is a Orin region at the margin of the crystal that cross-cuts oscillatory 2en'ing in overgronth l. (d) A wide
("400 pm), virnrally feanueless zone in sample Zl; the internal contact of this zone is relatively sharp, the outside contact
is characterized by the gradational onset of oscillatory zoning. The zone is continuous and can be traced around the whole
crystal.
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Frc. 3. p-PDG spectrum collected from the Brazilian zircon; it shows the TtKa and Kp X-rays and HfZ X-rays. The Y/(o

X-ray is a distinct peak on the side of the TrKaX-ray pealc and the YKp X-ray line is clearly visible. The L X-rays of U
and Th can be seen between the Zt all.d [If X-rays, and the ZclX-rays of Dy, Er and Yb (labeled ftEE") can be seen on the
low-energy side of the IIf X-ray lines.

Pb and the REE are very low, and there is relative
enrichment of the heavy REE consistent with known
partition coefficients for the REE. The Sc content
(64 ppm) is similar to that obtained in the PIXE
analysis (see below), but the Y content of 1410 ppm
was not seen in the PD(E analyses, and so may indi-
cate contarnination by inclusions (possibly xenotime).
The levels of U. Pb and the REE are all below tle
detection limits for p-PD(E (cl Campbell et al. 1990).

1t-PIXE

Figure 3 shows an X-ray spectrum from the purple-
luminescent central region of the crystal from the
Brazilian granitic pegmatite. The YKcl X-ray is visible
on the low-energy side of the 7,rKa X-ray peak (at a
position that would correspond to the Compton scat-
tering shelf described earlier), and the YKB line can be
seen between the Zr X-ray lines. In addition, the .L X-
rays of U, Th, Gd, Dy, Er and Yb also are visible.
Figure 4 shows the peak fit, residuals and data fit over
the 14 - 19 keV region (after careful measurement of
the Zr X-ray line shapes and accounting for the shape

of the low-energy Compton shelf feature); this
improves the fit of the spectrum in this region.

Figure 5 shows a ,Scanning Proton Microprobe
(SPM) line-scan that was used to help locate the bearn
for point analyses 7, 8 and 9 (Table 2).T\e scan was
perpendicular to a yellow-luminescent zone and
parallel to one of the orthogonal fractures. The scan
shows: (i) an increase inZr and Hf, in this case,
toward the outside of the crystal, with an apparently
constant Zrl[If ratio @igs. 5a, b), (ii) low XREE va]ues
in the center of the scan, with slightly higher, and vari-
able levels at the ends (Fig. 5c), and (iii) decreasing U
+ Th toward the outside of the crystal Gig. 5d); if the
U and Th scans are separated, there is a slight U peak
in the center of the scan. The center of the scan should
correspond to the location of a bright yellow-lumines-
cent line.

Table2 shows the resulting analytical data from the
p-PDG spectra taken from the core, the zoned region
with the fractures and the overgrowth showing oscilla-
tory zoning. The lo errors represent the precision of
the fitting procedure in determining peak intensities;
tle error incurred in standardization involves contri-

Brozil ion
Zr zircon
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cence), further work would be required to check the
exact correspondence of luminescence and elerirental
abundance.

Figure 6 shows a typical p-PDG spectrum (over
the3 - 12 keV region) collected from one of the dark-
er green-luminescent bands in sample 22 from
Finland. The principal X-ray lines observed are tfie
Z X-rays of Hf. The small peak corresponds to tle
Kcr X-ray of Sc. The specffum was found to be sim-
pler than that of the Brazilian zircon, no other trace
elements being present.

Tables 3 and 4 shc,w the quantitative measurements
resulting from the p-PDG spectra. Each table includes
an average concentration of a zone based upon four
closely spaced analytical points to provide an estimate
of analytical variation for each element. For samples
Zl and 22, therc is little variation in ZrlHf ratio
between the yellow- and green-luminescent areas. In
sample 22, therc is a change in Zr/Hf ratio corres-
ponding to the regions ofnew growth (labeled I and 2
on Fig. 2c), in which the 7.rlHf ntio falls to as low as
43. It should be noted that quantitative EPMA of these
regions showed no systematic variation in the ZtlHf
ratio. The yellow-luminescent zones have lower con-
tents of Sc (53 - 65 ppm) than the green-luminescent
areas (in which the Sc contents can be as high as 98 -
154 ppm). The most significant variation in trace-ele-
ment chemistry corresponds to the new growths, in
which the Sc concentrations drop to as low as 21 ppm.
The variation in the Sc contents between the yellow
and green bands is systematic and significant in terms
of the analytical variation.

DIscussIoN

In this study, oscillatory zones and overgrowths
were observed using cathodol 'minescence microscopy
and chemically characteized using p-PDG in other-
wise optically featureless crystals of zircon. The
characteristic luminescent colors of the oscillatory
zones correlate with differences in Sc content in the
zircon crystals from Finland. The green-luminescent
areas have higher Sc contents (98 - 154 ppm) than
the yellow-luminescent areas (53 - 65 ppm). In the
BraziUan zircon, tle highest concentrations of trace
elements are found in the core region of the crystal.
The zones with orthc'gonal fractures show decreasing
trace-element abundances toward the outside of
the crystal, with low XREE levels in the middle of the
zones. The correspondence of low U and Th contents
in zones with orthogo,nal cracks is similar to what was
observed by Chakoumakos et al. (1987). There is no
significant variation in the ratio of Zr to Hf in the
oscillatory zones of any ofthe samples. This contrasts
with the overgrowth features; in both the BZ and 22
crystals, the overgrowths cross-cut earlier textural
features and have significantly lower ZlFff ratios.

In the Finnish zircon, Sc was probably incorporated
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Ftc. 4. Expansion of the I I - 20 keV region of one of the
spectn to show the effect of fitting the Zr K X-rays witr
line shapes determined from ptreZr.

butions from the database and the detector properties,
and is estimated at about 2Vo fot Zr and Hf, and 5Vo
for trace elements. The ZrlHf ratio is reproducible to
within 0.57o.

The core region has the highest rare-element con-
tent (except for one analysis in the zoned region) and
the outer overgrowth, the lowest rare-element content.
The sites of analyses 1,2 and 3 were located optically
(in reflected light) with respect to an orthogonal frac-
ture; analysis 2 was ca:ried out in the center and was
assumed to correspond to the location of a yellow-
luminescent zone. It was not possible to check the
exact location as reference to a pattern of lumines-
cence was not possible with the narrow proton beam.
There is a general decrease in rare elements toward the
outside of the crystal. Analyses 7, 8 and 9 were carried
out on a different zone. These points were located
using SPM as a guide (Fig. 5c); again, there is a
general decrease in the rare elements toward the out-
side of the crystal.

Although Figure 5 shows significant variability in
concentration of the REE" U and Th of a zone over a
scan of 100 pm (and in the case of the REE variability,
on a scale comparable with the changes in lumines-

b
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into the structure by a coupled substitution involving
P: Sc3+ + Ps+ #Zr4+ + Sia. It was not possible to
analyze for P using PD(E because of overlap of Z
L X-ray lines on P K X-ray lines; in addition, the
mylar fiher used during analysis suppresses this region
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FIc. 5. Scanning hoton Microprobe (SPM) line scan of a zone with orthogonal fractures.
The horizontal distance scanned was 100 pm, and the positions of points 7 - 9 ana-
lyzed (Iable 4) are shown on fhe bottom of scan c.

of the spectrum. However, P did appear in reconnais-
sance EPMA analyses of the Finnish zircon.
Considering the abundance of P in tle host glim-
merite, this mechanism of substitution seems likely. In
the Brazilian zircon, the range of possible trace-
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OSCILLATORY ZONING IN ZRCON
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Frc. 6. p-PD(E specrum collected from sampleZl, showing IIf I X-rays and the

element substitutions is more complicated" In addition
to the coupled substitution of (Y"REE')3+ +P5+ for Zf*
+ Si4, there is direct substitution of (U4*, Th4) for
(7f , Hfl4). Both these mechanisms of substitution
must have operated at the same time, but, in com-
paring Figures 5c and 5d, they seem to have produced
different patteras.

Oscillatory zoning anl overgrowth*

The oscillatory zoning in these crystals is extensive
and clearly defined. to.tr 26ning has been observed in
many other cases (Speer 1980, Bowring et al. L989,
Vavra 1990). In the case of the zircon from Finland,
the character of the zoning changes from rapid rhyth-
mic oscillations to broad. almost featureless bands to
irregular oscillations. The patlem of variation among
zones in the Brazilian zircon is symmetrical about the
contact between the core and its outer mantle; finally,
an overgrowth with small-scale oscillatory zoning has
coated the core region.

Using an ion microprobe, Shimizu (1990) deter-
mined the chemical characteristics of oscillatorv

crystals 6o6 alkali basalts; variation
in frace-element chemistry among the

zones were not to be compatible with a simple
model of crystal growth (Rayleigh
of the ways suggested for gener-

ating such include: (1) oscillatory changes in

mixing and nef growth, and (3) variations in rate of
crystal growth (cl Shimizu 1990).

A similal exists with the interpretation of
the oscillatory zoning in the zircon crystals in this
study. In the case of the crystals from Finland, the
overgrowths can be chemically and physically distin-
guished from oscillatory 26ning and can be reasonably
interpreted as the result of mixing and reaction with
new liquids during growth. The frequency of varia-
tions in temperature (and thus in partition coefficient)
that would be necessary to produce the thousands of
zones observed n Zl, and the extent of variation in
temperature that would be necessary to significantly
change the partition coefficients, seem physically
unreasonable. The effects of changes in the rate of
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The characterization of oscillatory trace-element
zoning in minerals is an important step in under-
standing diffusion-controlled aspects of the crystal-
lization ofminerals. The very fine-scale nature of such
textures requires a microprobe technique for their
chemical characterization. If the primary components
of such zoning tue present only at the trace level, strin-
gent constraints are placed on the possible methods of
chemical analysis. Routine p-PIXE currently has a
beam diameter of { pn (and -1 p.m is now possible
with current modifications in lens designs). The detec-
tion limits and the nondesfuctive nature of the method
make it attractive in analysis of materials for trace
elements. Here we have shown that the oscillatory
zoning observed in the zircon crystals conelates with
significant variations in levels of fiace elements. This
type of oscillatory zoning is presumably connectbd
with nonequilibrium effects associated with differen-
tial diffrrsion of these trace components through the
fluid phase to the growing face of the crystal. The
p-PDG method can provide the basic chemical data
necessary for an understanding of this mechanism,
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similar scale are not observed in the level of major
elements present. This suggests that (i) the variation in
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ously available to the major and trace elements durinp
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