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Abstract
Zircon concentratesfrom three commercial ore deposits were examined in an electron
microprobe in researchconducted by the Bureau of Mines. Concentrateswere divided into
magnetic and nonmagnetic fractions using a magnetic separator. Nonmagnetic fraction
grains contained on the average about 0.17 wt percent yttrium and 0.05 wt percent
phosphorus in more or less uniform solid solution. Magnetic zircon grains contained considerably more yttrium and phosphorus, presumably as a xenotime (YPO,) solid-solution
component, and frequently bore xenotime and apatite precipitatesor inclusions.In regions
with a high xenotime solid-solution component, atomic ratios of silicon to zirconium-plushafnium were below 1.0, while ratios of yttrium plus rare earths to phosphoruswere greater
than 1.0. Small quantitiesof calcium, aluminum, iron, and sulfur were detectedin most zones
and are evidently effectivein establishingcharge balancein the crystal structure. Resultsof
analysesof a typical xenotime-rich zircon are reported in detail.

Introduction
Continuous chlorination of zircon in the initial
phaseof zirconium production has resultedin carryover of severalimpurities normally lost in the batch
process.Some of theseimpurities-yttrium, the rare
earths, and phosphorus-are often present in small
quantities in zircon and associatedminerals. The
thermal neutron cross section of several rare earth
elementsis high and thereforeundesirablein reactorgrade zirconium. Phosphorus has been shown to
form microprecipitatesof ZrtP in the metal, resulting
in loss of corrosion resistance.
While it is possible to design a chlorinator to
minimize contamination of the zirconium chloride
product, it seems worthwhile to examine the
possibility of removing at least part of the impuritycarrying minerals by mineral-dressingtechniques.To
accomplish this, a knowledge of how theseelements
are associatedwith zircon is desirable.Dennen and
Shields (1956), Hess (1962), and Delaloy and
Chessex (1966) have reported yttrium analyses;
however, little information was availableon the rare
earths and phosphorus content of the ores and their
distribution in zircon and associated minerals.
Substitution of xenotime, (Y,RE) POn, in zircon,
ZrSiOn, has been consideredto be common, but according to Frondel (1968) exact details have been
lacking. Therefore, we decidedto investigatethe oc-

currenceof theseand severalother elementswith the
electron microprobe.
Experimental Procedures
Zircon concentratesfrom three commercial sand
deposits were made by conventional ore dressing
procedures. Additional high-intensity magnetic
separationswere performed on each sample with a
Frantzl isodynamic separator, and portions were
selectedfor petrographic and microprobe analyses.
For quantitative analyses a Mlc model +oo-s
electron microprobe was operated at l5 kV with a
beam current of 100 nanoamperes.Samplesand standards were mounted in epoxy, polished, and subsequently coated with a thin conductive layer of
palladium in a vacuum evaporator.Standardsfor Zr,
Hf, and Si were derived from a zircon of known composition; Y, P, and rare earths from xenotime; Ca
from apatite; and S from SrSOr. Using these standards, corrections are minimized and for most
elementsonly absorption corrections are significant.
The remaining elementswere standardizedfrom oxides or pure elements.
All X-ray intensity data were correctedfor atomic
number effects,X-ray absorption, and fluorescence
by characteristiclines by the traditional ZAF apt Reference to specific equipment does not imply endorsement
by the Bureau of Mines.
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proach (Heinrich, 1969).Most of the formulae incorporated in Fne,ue (Yakowitz, Myklebust, and
Heinrich, 1973) were utilized in the correction
program. Absorption coefficients, however, were
enteredwith thq,data rather than calculated,and the
mean ionization potential "J" was calculated by a
formula suggestedby Springer (1967) since this formula seemsto give the best results when calculating
atomic number corrections for these particular
samples.Magnitude of the correctionsrequired when
pure elementsare used for standards in this system
may be assessedby examination of Table I in which
nominal element concentration can be compared
with expectedintensity ratios calculatedfor two compositions.
A comparison of the chemical analysis of zircon
standard A-32 with microprobe resultsin which pure
elementswere used for referenceis shown in Table 2.
Measured deviation for zirconium was less than the
X-ray counting error since results were normalized
aird values for the major constituents were partially
determined by difference. Except where noted, all
microprobe measurementswere made with a focussedbeam of less than I micrometer.

Tnnle 2. Analysisof StandardZircon A-32
Elenent

Chemlcal
(wt-percent)

48.7
t.2
L5.2
0.1

Zr
Hf

si
Y

Microprobe
(vt-percent)

Std. dev.
Measured

49.29
1.15

Dev, est.
X-raycount

.27
.07
.08
.02

. zL

.18
.29
.05

L).ZT
1)

content as determined with the microprobe is about
0.17 wt percent, which is similar to that found by
Hess (1962) and Delaloy and Chessex(1966) but an
order of magnitudelessthan reported by Dennen and
Shields (1956). The latter authors may have expcriencedproblems standardizingtheir DC arc spectrographic analysis procedure. Quantitative microprobe determinations of yttrium and phosphorus
were made with a partially defocussedbeam on approximately 200 grains per sample, and the results
are listed in Table 3. For the results reported here,
minimum detection limits calculated from X-ray
counting statistics at a three sigma confidence level
were 0.007 wt percent for yttrium and 0.003 wt
percent for phosphorus. Dark fluorescent zoned
grains are those in which the normal blue fluorescence of zircon, excited with the electron beam, is
suppressedin bands within the grain. These zones
Results and Discussion
The magnetic fractions from the original samples are usually associated with increased yttrium and
phosphorus. Noticeable darkening occurs in zones
contained grains of monazite, xenotime, and tourmaline in addition to zircon grains containing con- containing as little as 0.5 wt percent yttrium and
0.3 wt percent phosphorus in a matrix containing
siderableyttrium, rare earths, and phosphorus. Except for an occasional apatite inclusion and a few one-third as much of theseelements.Bright yellowish
zoned grains, the nonmagnetic zircon fraction con- fluorescentzones appear in many grains, but these
tained low levelsof yttrium and phosphorusmore or are evidently the result of other elements.
Mineral compositions of the magnetic fractions
lessuniformly distributed in the grains and relatively
recovered
from the Australian ore are listed in Table
constant from grain to grain. The average yttrium
4. The 1.0- and 1.7-ampereportions amounted to
about 4 and I wt percent,respectively,of the sample
Tnst-al. Calculated
IntensityRatiosFor Two Zircons
as received.Approximate concentrations of several
NomLnal conc.
Intensity
ratlo X100 minor elements in the magnetic zircon were deterElenent
blt-percent
unknown/pure elenent
mined (Table 5). A 2O-micrometer-diameter
electron
beam
was
used,
and
results
grains
from
200
were
=
Zircon with Ht/(Hf+zr)
2.47"
averaged.
Zr
48.90
3 7. 5 6
A wide variety of zircon grains was found in the
Hf
L.20
0.91
magnetic
fraction. Many have yttrium and phossi
L5.20
L3.62
o
34.70
L2.86
Zircon with 25 atomic pct
Zr
bl-

o
Y
P
Dy

3 7. 3 0
11.40
34.90
8.10
4.30
4.00

Test-r 3.

xenotlme

28.83
LO.O2
L3.54
6.09
3. 5 5
2.85

Analysis of Nonmagnetic Zircon Grains
P

Australla
Panam ClEy, Florida
Coos Bay, oregon
*By

cheDical

Y
(wt-percent)

Source

analysis.

.07 (.0e1*
('os1*
.04 (.oc1*

.23
.17
.15

Dark zoned gralns
(percent)

L2

ELECTRON MICROPROBE STL]DY OF ZONED AND ORDINARY ZIRCON
TnsLr 4. Mineral Content of the MagneticFractions
RemovedFrom the AustralianOre
Mlneral

zircon
Apparently
"ordlnary"
zlrcon
lltgh-phosphorug
lncluslons
Zircon wlth apatite
Monazlte
Xeno tlne
Mlsc.
(rutlle,
etc . )
toumllne,

!4lneraL coneent, percent
l. 7-mpere
1. O-aupere
fractlon
fractlon
35
18
1t15
1
20

TenlE 5. Average Minor Element
Concentration of the Magnetic
Australian Zircon

El@ent

24
53
9
4

Y
ce
Sc
Fe
*Bg

chemicaf

ffi Percent
El@ent concentration'
l.7-amPere
1.o-anPere
fractlon
fracllon

1.3 (1.4)*
3.0
0,4
0.1
0.1

o'5 (o'4)*
1.5
0.3
0.2
0.2

analgsis.

phorus either uniformly distributedor concentrated tion. Two sourcesof potential error were thus avoidin zones(xenotimesubstitution).Somehave xeno- ed sinceit was not necessaryto resetthe goniometers
time intergrowths or precipitates,apatite or un- during analysisor return preciselyto the same posiidentified precipitates,or a combination thereof. tion on a grain at a later time for additional elements.
frac- Weight-percentsilicon, zirconium, and yttrium were
Typical examplesof grainsin the 1.7-ampere
tion, Australianore,are shownin the scanningbeam then calculated from X-ray intensities with an
micrographsof FiguresI and 2. Figure I showsa allowance for the xenotime component. The alcompositegrain with variouslevelsof xenotimesub- lowance consisted of including phosphorus and
stitution and a singlexenotimeinclusion.Figure 2 dysprosium in amounts equal to one-half the weightshowsa grain zoned along certaincrystallographic percent yttrium when calculating the ZAF correction
planeswith yttrium, rare earths,and phosphorus factors. Examination of Table I will show that subreachinga levelequivalentto about25 mole-percent stitution of elementsfrom xenotime has only a minor
effect on the calculated concentrations for silicon and
xenotime.
Early in the examinationof thesesamplesit was zirconium in zircon. For instance,the measuredinsubstitutionof zircon tensity ratio for silicon in zircon with 25 atomic pernotedthat whereversubstantial
by xenotime occurred, the SiKa X-ray intensity cent xenotime in solid solution should be multiplied
relativelymorethan theZrLa. Calculation by a factor of l.l4 to equal the true concentrationas
decreased
of true concentrationsshowedthat the relatively compared to 1.12for silicon in zircon alone. For zirgreaterdiminutionof siliconwasreal.To investigate conium the factor changesfrom 1.29 to 1.30.In this
this effectfurther, zirconium,silicon, and yttrium particular sample, the weight ratio Hf /Zr averaged
were measuredin randomlysampledmicrovolumes about l/40 and remained relatively constant within
magneticfrac- grains having zoneswith considerablexenotime comof the Australianzircon, 1.7-ampere
tion. Analyseswere limited to thesethreeelements, ponent. This amount of hafnium was included with
which were measuredsimultaneouslyat each loca- zirconium and the atomic ratios Si/(Zr * Hf ) were

(b) yttrium X-ray scan'
Frc. l. Scanning beam micrograph of a composite zircon-xenotime grain: (a) absorbed electron image;
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Ftc' 2' Scanning beam micrograph of a typical zoned zircon grain: (a) absorbed
electron image; (b) yttrium x-ray scan.

calculated and plotted uersus yttrium (Fig. 3).
Although there is some scatter, the trend is clearly
toward lower Si/(Zr + Hf ) ratios with increasingyttrium content. Had hafnium and the rare earths been
measured and included with their concurrent
elements,rather than estimated as describedabove,
the data point scattermight have beensomewhatless.
The main reason for scatter,however, is believedto
be due to a real variation in composition,the result of
additional elements entering the crystal structure
along with elementsfrom zircon and xenotime.
Zircon and xenotime have been consideredto be
isomorphous.The two minerals are isostructuraland
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Ftc. 3. Siliconto zirconium plus hafnium ratio as a function ofyt_
trium content of xenotime-substituted zircon

conform to the generalformula ABOnwhereI refers
to the larger zirconium and yttrium atoms and .B r,o
the smaller silicon and phosphorus atoms. Zra+ and
Y3+ ions are similar in size and ionization potential,
but zirconium is ordinarily 8-coordinated and yttrium is frequently 6-coordinated with oxygen. Examples of the latter are Y2Os,YrSi2O?,and y4Al2or.
Various possibilitiesexist for partial substitution of
Y3+ and Pu+for Zra+ and Sia+along with a variety of
other elements.lt was felt that some useful information on this naturally occurring phenomenon could
be gained by determining whether certain additional
elementsare concomitant to the xenotime-zirconsubstitution. The 1.7-ampere magnetic fraction of
Australian zircons was selectedfor further investigation since substantial solid solution was observedin
numerous grains. Zones or areaswere sought having
a uniform composition over a width of at least l0
micrometers,and a searchfor elementsfrom fluorine
through the periodic table was made. In addition to
yttrium and the rare earths, several elements were
found to increase when traversing from relatively
pure zircon to a high-xenotime-substituted
zone in a
singlegrain. These elementswere Ca, Al, Sc, Fe, U,
and S. Thorium and hafnium were also detected,but
they decreasealong with zirconium and silicon.
Time did not permit quantitativeanalysisof a large
number of zones; however, a few were selectedand
values obtained for 15 elements present in measurable amounts. The analysis of one zone is presented in Table 6. Oxygen was determined by
difference.All elementswere assigneda valenceand a
position in the crystal structure, and from this the
averagenumber of atoms per formula unit and elec-

ELECTR2NMICR1PR7BESTUDYoFzoNEDAND)RDINARYzIRCoN
Tnsle 6. MicroprobeAnalysisof a XenotimeZoned Grain
Fraction,AustralianZircon
From the 1.7-Ampere
T6n

Wt-Dercent

zt*\
ttf +n
sct3
r+t

u+'
^ L 2

ua
A posltlon

catlons

st-"
A1+'
Fet3
^+6
3 posltlon
Total
o-2

.000
.005
,002
.009
.003
.007
.006
.002
.002
,046
1.017

10.1
4.r
0.5
o.1
0,3

.668
,246
.034
.023
.017
.988

2 . 6 72
1.230
.103
.070
.104
+ 4. 1 7 9

6 5. 6

2.005

1.948

3.995
6.000

-1 .990
-0.042

0.7

Brt3
Yb+'
Th+*

<0.05*
0.4
0.2
0.8
0.3
0.5
0.6
0.2
0.3
r.0
49.9

callons

cations

Electrons/molecule

2.949
.046
.087
.470
.000
.020
.007
.021
.010
.020
,019
.006
,014
.093
+3.769

11

cd*3
n-i3

Atoms/molecule

34.4
100.0

.012
,029
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zircons,inResultson other xenotime-substituted
lightrare
The
were
similar.
Nigeria,
from
cludingone
absent,
essentially
were
for
cerium
except
earths
while dysprosium,erbiurh,and ytterbiumwere enriched relativeto yttrium when comparedto xenowith the zircon. Silicon to zircontime associated
ium-plus-hafniumratios were always low in the
substituted zircon, phosphorus
moderately-to-heavily
wasalwayshigh, and sulfurwasfound to be a comelement.
mon replacement
Conclusions
An appreciablefraction of the yttrium' rare earths,
arein solidsolutionin naturalzircon
andphosphorus
and only part of theseimpuritiescan be removed
from zircon concentratesby mineral dressing
techniques.For instance,removal of the slightly
magneticmaterialfrom the Australianconcentrates,
5 percentof the total product,would
representing
reduceyttrium from about 0.35to 0.23wt percent'
However,in depositswheremonaziteor xenotime
grains are more prevalent,the impurity reduction
would be more significantand perhapssecondary
productsof marketablevaluecould be obtained.
In regardto xenotimesubstitutionin zircon,apparentlythe most stableform of the crystalstructure
occurswhenthereis a deficiencyof siliconand an excess of phosphorus,and one or more additional
elementsare Present.

ln this
tronscontributedby the ionswerecalculated.
particularzone,the broadbandseenin Figure2, the
atomic ratio Si/(Zr + Hf ) is 0.892and the ratio P/
(Sc + Y + RE) is 1.124.Significantamountsof the
heavier rare earths were detectedbut not the light
ones.This is consistentwith Fielding(1970).
The "not detected"rare earthscould add up to a
few tenths of a percent,but their inclusionin the
analysiswould only slightlyincreasethe fractionof I
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