American Mineralogist, Volume 86, pages 681-689, 2001

Rare-earth elements in synthetic zircon: Part 2. A single-crystal X-ray study of xenotime
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ABSTRACT

Zircon crystals synthesized in a Li-Mo oxide melt and doped with trivalent lanthanides and Y
(REE), both with and without P, were examined by single-crystal X-ray diffraction (XRD). REE are
incorporated into the Zr site in the zircon structure, and some Zr appears to be displaced to the Si
site. Crystals doped with middle REE (MREE, Sm to Dy) and Y, plus P follow the xenotime substi-
tution (REB* + P* = Zr** + Si*) rather closely, whereas crystals doped with heavy REE (HREE, Er
to Lu) deviate from the xenotime substitution, having REE:P atomic ratios significantly greater than
one. Xenotime substitution requires thét feplace S, but this substitution becomes limited by
strain at the Si site in HREE-doped crystals. As Si sites become saturate#f vattdRional charge
balance in synthetic zircon crystals may be provided b Eiud Lif from the flux entering intersti-
tial sites, accounting for an additional 0.3 to 0.6 at% HREE beyond that balancgdomg PHeavy
REE are more compatible in the zircon structure than are LREE and MREE, and HREE substitution
is ultimately limited by the inability of the zircon structure to further accommodate charge-compen-
sating elements. Thus the limit on REE concentrations in zircon is not a simple function®f REE
ionic radii but depends in a complex way on structural strain at Zr and Si sites, which act together to
limit REE and P incorporation. The mechanisms that limit the coupled xenotime substitution change
from LREE to HREE. This change means that REE fractionation in zircon may vary according to the
availability of charge-compensating elements. REE partition coefficients between zircon and melt
must also depend in part on the availability of charge-compensating elements and their compatibil-
ity in the zircon structure.

INTRODUCTION spread use of zircon in geochronology reflects the exceptional

Zircon is a ubiquitous accessory mineral in nature. The agdurability of zi_rcon_under diverse geochemical conditions. For
ity of zircon to retain chemical and isotopic information ha@*@mple, detrital zircons have been used to date processes such
led to its use in a wide range of geochemical investigatior®$ Mver-basin development and provenance (Riggs et al. 1996)
Isotopic data gleaned from zircon can provide fundamental f#2d sedimentation rates (Altermann and Nelson 1998).
formation about the evolution of the crust and differentiation N @ddition to its use as a geochronometer, zircon is an im-
of the mantle (Hanchar et al. 1994; Buick et al. 1995; BowrirRprtant geochemlcgl |nd|c_atc_>r. For ex_ample, zircon crystals may
1995; Vervoot et al. 1996). U-Pb dating of zircon has long beBFfS€rve oxygen isotopic information through metasomatic
used to unravel the timing of tectonic events and related pRY.ents that disrupt oxygen isotopic ratios in other minerals
cesses, including orogenic episodes (Solar et al. 1998) and(KdDg €t al. 1998; Taylor and Huston 1998). The extraordinary
gional metamorphism (Gibson and Ireland 1995), even ¢gemical durabllle of zircon is a critical factor in |t.be|.ng pro-
constrain the duration of the Permian mass extinction (BowriR§Sed as a candidate waste form for the geologic disposal of
et al. 1998). The use of zircon as a dating tool is so well est¥faPons-grade Pu (Ewing and Lutze 1997; Ewing 1999).
lished that zircon ages have been used to support isotopic age&lthough a minor constituent of most rocks in which they

determined by other methods (Stein et al. 1998). The widRECUr, accessory minerals such as zircon, monazite, xenotime,
and apatite commonly account for most trace elements in felsic

igneous and aluminous metamorphic rocks (Bea 1996a, 1996b).
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understand a diverse array of geochemical processes, incliogl-single-crystal XRD. To reduce ambiguities that might be
ing magma crystallization, metasomatism, metamorphism, eveaused by simultaneous substitutions of different REE, each
planetary differentiation, through a detailed understanding §nthetic zircon crystal contains only one REE. Zircon crys-
mineral-melt partition coefficients (Ryerson and Hess 1978&ls were synthesized in an anhydrous Li-Mo-oxide flux, to
Watson 1980; Blundy and Wood 1994). which REEO; and BOs were added in equal molar propor-
The geochronological and geochemical importance of ziitens (Hanchar et al. 2001 provide details of the synthesis).
con requires that we understand processes that control traldeis synthesis method produced zircon crystals that displayed
element distributions between zircon crystals and fluids (Watsslight nonstoichiometry, with the exceptions of pure ZSiO
etal. 1997; Cherniak et al. 1997; Lee et al. 1997). Indeed, tharel Gd- and Th-doped crystals, which are stoichiometric within
is evidence that metasomatism can disrupt Nd-Sm systematioslytical uncertainty @. All other synthetic zircon crystals
in zircon (Odling 1995; Vervoot et al. 1996). Structural danhave slight excesses of Zr-site cations (Zr and REE) that corre-
age to zircon, caused primarily by alpha decay of radioactilae negatively with slight deficits in Si-site cations (Si and P).
elements in the zircon structure, may also affect zircon chefrhis non-stoichiometry is evident throughout entire crystals,
istry and isotopic systematics after formation (McLaren et akgardless of chemical zoning, and is not correlated with REE
1991). Radiation-damaged zircon crystals may exhibit enhaneazhtent (Hanchar et al. 2001). Therefore, an additional goal of
diffusion (Watson and Cherniak 1997; Lee et al. 1997; Meldruthis study was to discern structural details caused by the ob-
et al. 1998), reduced structural integrity (Chakoumakos et aérved nonstoichiometry in these crystals. We limited XRD
1987; Murakami et al. 1991), and enthalpy changes that coelkhminations to selected crystals doped with Sm and heavier REE.
increase solubilities (Ellsworth et al. 1994). Crystals examined by XRD are indicated as filled symbols in Fig-
Zircon commonly contains trace amounts (or more) of P, Mre 1, which illustrates the variation in P with REE for all syn-
Hf, U, Th, and lanthanides (Speer 1982). Both natural and syhetic zircon crystals reported by Hanchar et al. (2001).
thetic zircon crystals are commonly enriched in Y and heavy
rare-earth elements (HREE) relative to light and middle rare EXPERIMENTAL METHODS
earths (LREE and MREE) (Nagasawa 1970; Watson 1980; )
Speer 1982; Gromet and Silver 1983; Fujimaki 1986; Heam&RD data collection
et al. 1990; Hinton and Upton 1991; Hanchar et al. 2001). Subtle Single crystals of synthetic zircon were examined with a
differences in ionic radii of REE and different redox sensitivBruker PLATFORM 3-circle goniometer equipped with a 1K
ties among certain REE (e.g., Ce and Eu) can produce pBMART charge-coupled device (CCD) detector with a crystal-
nounced chemical differences among REE-bearing minerdis;detector distance of 5 cm. Data were collected by using
including zircon (Rollinson 1993). monochromatic Ma X-rays Q = 0.71073 A), with frame
Zircon is isostructural with xenotime (YR)Qand REE-bear- widths of 0.3 in w, and were acquired for 10 seconds per frame
ing zircon crystals commonly contain P (Speer 1982; HintdBurns 1998 discusses the application of CCD detectors to struc-
and Upton 1991; Belousova et al. 1998). Owing to close crysire analyses by XRD). Three-dimensional data were collected
tal-chemical similarities betweerfYand heavy REE, the re-
placement of Zr by REE* in zircon is commonly explained
by the coupled xenotime-type substitution, in whiehr&laces
Si**, maintaining charge balance according to the substitution
REE* + P* = Zr** + Si* (Speer 1982). Implicit in the xenotime
substitution is the assumption that i zircon replaces Siin
the tetrahedral site and REE replac& #r the 8-coordinated 3
Zr site; thus the ideal formula for xenotime-substituted zircorg
is REEZr,,P.Si,_O,, in whichx indicates the mole fraction of E
xenotime. If xenotime substitution is the only mechanism bf
which charge balance is maintained in REE-substituted zircon,
the ratio REE:P must be unity; however, atomic ratios of REE:P
measured in natural and synthetic zircon crystals commonly
deviate significantly from one (Speer 1982; Hinton and Upton
1991; Maas et al. 1992; Hanchar et al. 2001), indicating a more-
complex charge-balance mechanism (or multiple mechanisms).
Natural zircon crystals may exhibit charge-preserving substi- REEwax (apfu)

tutions besides, or in addition to, xenotime substitution, includ- FIGURE 1.Variation in P as a function of REE for synthetic zircon
ing exchange of OHgroups for @ ions and coupled crystals (data are from Hanchar et al. 2001). Filled symbols indicate

substitution at the Zr site (Speer 1982 and references ther e[ﬁf.tals examined by XRD: squares indicate crystals doped with

To elucidate the structural roles of P and REE in zircon hanides; the triangle indicates the [Y+P]-doped crystal (crystal 43)

. o . Né solid line illustrates the trend predicted for xenotime substitution
to the xenotime substitution, and to test the hypothesis thawﬂ:-@ + P* = Z¢* + SP). If the only mechanism for maintaining

corporation of REE into zircon is solely a function of ioniccharge balance is the xenotime substitution, data plotting above the

radius (Hinton and Upton 1991; Blundy and Wood 1994), Wi indicate excess positive charge and those below the line indicates
examined several REE- and P-doped synthetic zircon cryséatess negative charge.
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TABLE 1. Crystal data and structure-refinement details for synthetic zircon crystals

683

ZrSiO, (38)* Dy (15) Dy (12) Sm+P (28) Gd+P (30) Dy+P (33) Er+P (36) Yb+P (40) Y+P (43)
Unit cell a=6.6102(8) a=6.6139(8) a=6.6175(8) a=6.6119(8) a=6.6213(7) a=6.626(1) a=6.6355(8) a=6.6265(8) a=6.6329(8)
parameters ¢ =5.986(1) c=5985(1) ¢=5989(1) ¢=5983(1) ¢=59879(9) c=5986(1) c=5.989(1) c=5979(1) ¢=5.986(1)
At
V(A3 261.57(6) 261.82(6) 262.26(6) 261.54(6) 262.52(6) 262.79(10) 263.69(6) 262.53(6) 263.37(6)
densityca 4.655 4.670 4711 4.655 4.788 4.795 4.905 4.886 4.656
(g/cm?3)
Abs. coeff. 4.382 4.539 4.769 4.383 6.281 6.574 7.716 8.135 6.688
(mm-)
F(000) 344 345 348 344 353 354 363 359 347
20 range 9.18-56.50° 9.18-56.48° 9.18-56.44° 9.18-56.50° 9.18-56.42° 9.18-56.40° 9.18-56.54° 9.18-56.62° 9.18-56.34°
for data
Index ranges —8<h<7 —8<h<8 —6<h<8 —8<h<7 —5<h<8 —8<h<8 —8<h<7 —7<h<8 —8<h<8
—8<k<8 —8<k<7 —7<k<8 —8<k<8 —8<k<8 —8<k<8 —8<k<8 —7<k<8 —8<k<8
—7<k4 —7<k4 —7<k7 —7<k4 —7<k7 —7<k5 —7<k6 —6<k7 —6<k7
Total | 641 667 601 636 656 715 632 748 676
Unique | 96 96 97 97 97 97 98 98 97
Riny (%) 3.68 2.54 2.49 2.75 3.00 2.57 2.10 2.35 2.30
GoF*on F? 1.257 1.405 1.240 1.233 1.157 1.354 1.238 1.346 1.224
Rindices§ R;=4.22 R, =179 R; =163 R, =1.63 R, =1.42 R, =1.20 R, =1.05 R, =0. 99, R, =151
[all data] (%) wR,=10.65 WR, = 3.55 wWR, = 3.64 wR, = 3.83 WwR, =2.78 WR,=3.08 wR,=2.83 WR, =2.51 wWR, = 3.50
Extinction  2.1(4) 0.262(14)  0.151(13)  0.124(8) 0.013(2) 0.007(2)  0.0062(13) 0.0122(14)  0.014(2)
coeff. t
Largest diff. peak 1.302 0.443 0.558 0.522 0.440 0.539 0.378 0.478 0.392
&hole (e/A% & —2.688 & —0.855 & —0.840 & -0.524 & —0.383 & —0.290 & —0.305 & —0.299 & -0.974

* The pure ZrSiO, crystal was “shocked” by immersing it in liquid N,.

T Values in parentheses are 1o estimated standard deviation in the last decimal place.

1 Goodness of Fit (GoF) = {Z [W(FZ — F2)?]/ (n— p)}, where n is the number of data (F,) and p is the number of refined parameters.

§ Agreement factors: R; = X||F| — |FJl/Z|Fl; WR, = {S[W(FZ - F2)*VZ[wW(FZ)* ]}, w=[0? FZ +(0.0075 P )> + 0.39 P]"* where P = [max.(FZ,0) + 2RZ]/3.

from more than one hemisphere for each crystal. Data wérem Azavant and Lichanot (1993). Anisotropic displacement
analyzed to locate peaks for determining unit-cell dimensioparameters for all atoms were refined independently. To deter-
(Table 1), which were calculated from approximately 740 stromgine relative amounts of Zr and REE at the Zr site for those
reflections by least-squares refinement. Quantitative intensisystals in which Zr-site occupancies refined high.,[iceys-
data were collected over the rande<30 < 56.6 during ap- tals 12 (Dy), 28 (Sm+P), 30 (Gd+P), 33 (Dy+P), 36 (Er+P),
proximately 6 hours for each crystal; intensities from equivand 40 (Yb+P)], the Zr sites were split between Zr and REE,
lent reflections displayed no significant decay during anyith the sum of site-occupancy factors (SOF) for the split site
data-collecting session. Three-dimensional data were integrafi@dd [note that XRD cannot distinguish Zr (Z =40) and Y(Z =
and corrected for Lorentz, polarization, and background effe@&8), precluding refinement of the Zr-site SOF in crystal 43
with the Bruker program SAINT and reduced to structure fa¢Y+P)]. Agreement factorsy andwR,) and the magnitudes of
tors. An empirical absorption correction was applied to dagtinction parameters decrease for zircon crystals with increas-
from each crystal by using the program SADABS (G. Sheldricing REE concentrations (Table 1), a result probably caused by
unpublished computer program), based on ~550 intense refldeereasing crystal perfection due to increased strain in syn-
tions and by modeling crystals as ellipsoids. Approximatethetic zircon crystals with increased REE and P concentrations
630 reflections consistent with | centering were collected f@see Discussion section below).
each crystal, of which 98 were unique and 96, 97, or 98 are Agreement factors indicate excellent model agreement, ex-
considered “observed’R| > 4o;) (Table 1). cept for the ZrSiQcrystal, which suffers severe effects of sec-
ondary extinction (Table 1). That crystal was “shocked” by
immersing it in liquid N, which reduced the extinction coeffi-
Starting atomic positions for all structure refinements wergent and agreement index by approximately one half. Final
from Hazen and Finger (1979). Zr and Si occupy special posiaximum electron-density peaks and holes in difference-Fou-
tions in space groulh/amd only yb and z¢ coordinates of rier maps for each refinement are listed in Table 1. Data from
the O site are refineable. All structure refinements convergegstals 30 (Gd+P), 33 (Dy+P), 36 (Er+P), 40 (Yb+P), and 43
smoothly and rapidly and were run until the largest shift/ES{Y+P) display minor residual electron peaks (0.4 to 0.5)e/A
(estimated standard deviation) was less than 0.0005. Data wardway between the Si and O sites, whereas most residual elec-
refined by full-matrix least squares &# with the program tron density for crystals 12 (Dy) and 15 (Dy) is associated with
package SHELXL-93. We used ionic scattering factors for cahe Zr site (Table 1). The final difference-Fourier map for Z;SiO
ions from thelnternational Tables for X-ray Crystallographyindicates significant residual electron density, which we at-
(Ibers and Hamilton 1974) and ionic scattering factors for Qribute to problems caused by secondary-extinction effects.

Structure refinements
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RESULTS REE apfu calculated from EMPA data, which correspond in
this case to maximum REE concentrations measured at the cen-
Site occupancies tral regions of synthetic zircon crystals. Figure 2a illustrates

Electron densities measured at the Zr site increase with Rt average REE compositions for whole crystals are approxi-

creased REE concentrations (Fig. 2a). Figure 2a illustrates fAgtely 60% of maximum REE concentrations. _
variation in the number of REE atoms per formula unit (apfu) Most synthetic zircon crystals are not stoichiometric but
as a function of the REE apfu calculated from electron micrg@ve (Zr+REE) apfu slightly exceeding one. However, excess
probe analyses (EMPA) (Hanchar et al. 2001). The solid line{@™+REE) is not correlated with REE content (Hanchar et al.
Figure 2a illustrates the trend predicted for Zr-site occupangf01); rather, the sum (Zr + REE) is negatively correlated with
factors if they were equal to those calculated from EMPA dati€ Sum (Si + P), such that the sum of all cations equals 2 apfu.
Hanchar et al. (2001) demonstrated that REE-doped zircon chy§2rly all excess (Zr+REE) is accounted for by excess Zr alone.
tals are compositionally zoned, with REE concentrations deubstitution of'Zr* (ionic radius 0.46 A) at the Si site willbe
creasing from the centers of crystals to the rims. Because xBgnifested as longer bond distances and higher electron densi-
data are collected from whole crystals, REE agdtermined ties than for stoichiometric crystals. Measured electron densi-

from refined site-occupancy factors (SOFs) must be less tHi$ at the Si site show little significant variation (within 2s)
with P and REE concentrations, and most do not deviate sig-

nificantly from values expected for stoichiometric crystals (solid

line in Fig. 2b); however, with the exceptions of crystals 33
a 016 [Dy+P] and 43 [Y+P], therend of variations in measured Si-
site-occupancy factors approximately follows that of Si-site-
occupancy factors calculated by assuming all Zr in excess of
Zr + REE =1 occurs in Si sites (dashed line in Fig. 2b).

Structural strain

Unit-cell volumes of synthetic zircon crystals (261.5-263,4 A
Table 1) are within the range of, or just slightly greater than
unit-cell volumes of natural zircon crystals reported by Speer
(1982: 260.8 to 263.323K With increasing REE and P con-
tents, synthetic zircon crystals exhibit a general increase in the
a cell dimension; however, rather than increasing as a simple
0.05 0.1 045 function of REE content, the maximuacell dimension is

REEyax (apfu) exhibited by the Er-doped crystal. Thecell dimension de-
creases slightly from this maximum for crystals doped with Y
and Yb, even though they have higher REE contents (Table 1).
Thec cell dimension shows a rather weak correlation with REE,
remaining approximately constant for crystals with REE con-
centrations up to that of the Y-doped crystal. The Yb-doped
crystal, with the highest REE content among the crystals ex-
amined by XRD, has the smallastell dimension (Table 1).
Botha andc cell dimensions of Er-, Y-, and Yb-doped crystals
decrease sharply as REE and P contents increase. Changes in
unit-cell volume correlate most strongly with changes irethe
—0--EMPA (60%) w/ Zr cell dimension but correlate weakly with changes inctbell
o116 _O_EMPA’(GO%) wio Zr . ' dimension. Pure ZrSigand the Sm-doped zircon crystal ex-

0.02 0.06 0 0.14 hibit the smallest unit-cell volumes; the Er-doped zircon crys-
P (apfu) tal has the largest (Table 1).
MAX . . .
Two distinct Zr-O bond distances define the Zr dodecahe-

FIGURE 2. Observed site occupancy factors (SO&)dt the Zr  dron in the zircon structure. The short bond distance increases
site and ) at the Si site, determined by single-crystal XRD. Soligrogm a minimum of 2.130 A in crystal 28 (Sm+P) and pure
line in (a)_shows calculated REE apfu from_maximum EMPAZrSiQ, to a maximum of 2.142 A in crystal 36 (Er+P) (Table
concentrations (Hanchar et al. 2001); dashed line shows calculaée)*gl.l.he longer Zr-O bond distance increases from a minimum

REE apfu for 60% of reported EMPA values. Solid linebnilfustrates . .
SOFs calculated by assuming only Si and P in the Si site; dashed R£e2'270 A to a maximum of 2.278 A in crystals 28 (Sm+P)

shows same calculation assuming all Zr in excess of zr + REE A0d 36 (Er+P), respectively (Table 2). The two Zr-O bond dis-
occurs at Si site (both calculations are based on 60% of reported EMBRCeS reported by Hazen and Finger (1979) for a natural zir-
concentrations). Diamonds represent Dy-doped crystals without add&tn crystal are 2.128 and 2.267 A, slightly shorter than
P (crystals 15 and 12); the triangle represents the [Y+P]-doped crysttgresponding bond distances in the synthetic zircon crystals.
(crystal 43). Note that Y [Z = 39] cannot be distinguished from Zr [ZSubstitution of large REEions into the Zr site is expected to
40] by XRD, so that crystal 43 [Y+P] plots at REE = Oah ( increase Zr-O bond distances, and substitutiorfotfthe Si

REEyrp (apfu)

0
oy1s) >

b 0.136
0.132 A
0.128 -+

0.124

S.0.F. of Si site

0.120 A
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TABLE 2. Selected bond lengths (A) and O-Si-O angles (°) in REE-doped synthetic zircon crystals*

Crystal Zr-0 Zr-0’ <Zr-0> (d-do)/d, Si-0 (d-dj)/d, 00-Si-0 00-Si-0’
(<Zr-0>)t (Si-O)t
ZrSio, (38) 2.130(4) 2.275(4) 2.2025 +0.11% 1.622(4) —0.12% 97.4(3) 115.8(2)
Dy (15) 2.1309(12) 2.2719(13) 2.2014 +0.06% 1.6247(2) +0.04% 97.15(9) 115.96(5)
Dy (12) 2.1318(12) 2.2740(13) 2.2029 +0.13% 1.6254(5) +0.09% 97.20(9) 115.93(5)
Sm+P (28) 2.130(2) 2.270(2) 2.2000 — 1.624(2) — 97.12(11) 115.98(6)
Gd+P (30) 2.1348(14) 2.2755(14) 2.2052 +0.23% 1.6231(14) —0.06% 97.31(10) 115.87(6)
Dy+P (33) 2.140(2) 2.276(2) 2.2080 +0.36% 1.620(2) -0.25% 97.34(11) 115.86(6)
Er+P (36) 2.142(2) 2.278(2) 2.2100 +0.45% 1.622(2) —0.12% 97.46(11) 115.79(6)
Yb+P (40) 2.140(2) 2.275(2) 2.2075 +0.34% 1.618(2) -0.37% 97.49(11) 115.77(6)
Y+P (43) 2.1414(12) 2.2775(12) 2.2095 +0.43% 1.6207(12) —0.20% 97.47(9) 115.78(5)
naturalt 2.128 2.267 2.198 1.623 97.0 116.1

*Values in parentheses are 10 estimated standard deviation in the last decimal place.

T Relative differences in bond lengths are calculated as the percentage difference between d (the observed bond length in the crystal analyzed) and
d, (the equivalent bond length in the [Sm+P]-doped crystal (crystal 28), which has the shortest Zr-O bond distances). For consistency, Si-O bond
distances are compared with the Sm-doped crystal as well.

F Hazen and Finger (1979).

TaBLE 3. Refined fractional coordinates and anisotropic displace-

As noted above, site-occupancy factors for the Zr site ineh ment parameters* (A” x 10°) for O atom in ZrSiO,

cate that REE concentrations averaged over entire crystals-are 4 z Un  Up Us Us Ueq)
. . S : ZrSio, (38)0.0657(5)  0.1961(7) 10(2) 6(2) 3(2) 0(1) 6(1)

approximately 60% of maximum compositions (Fig. 2a). Thergy 15y 0.0658(2) 0.1954(2) 12(1) 9(1) 8(1) 0(1) 10(1)
fore, we estimated expected Zr-O bond distances by using 609412)  0.0658(2) 0.1955(2) 11(1) 7(1) 7(1) 0(1) 9(1)
of maximum EMPA concentrations to calculate bond-valen d:"; ((;g)) 8:8223% 8:1323% gEB SEB 283 88; EEB
sums to the Zr site in each synthetic zircon crystal. Average &p (33) 0.0664(2) 0.1963(3) 8(1) 5(1) 5(1) 0(1) 6(1)
O bond distances measured by XRD are slightly shorter thamP (36) 0.0663(2) 0.1964(2) 10(1) 7(1) 6(1) 0(1) 8(1)
those calculated from EMP anaylsis in all synthetic zircon cryéggp( g?) g:ggggg; 8:1322% ggg 383 282 ggg ;EB
tals (Fig. 3a). Deviations from calculated (EMPA) average bom?ihe anisotropic displacement-parameter exponent takes the form: —2m@
distances are within analytical uncertaintg)2or most crys- [ h?a*2 Uy, + ...+ 2hk a* b* Uy,]; U(eq) is defined as one third of the trace
tals; however, Zr-O distances are significantly shorter than e%he orthogonalized Uj tensor. Values of x, Uy, and Uy; are zero.
pected for crystals 40 (Y+P) and 43 (Yb+P).

The large difference between ionic radii of tetrahedrally

coordinated P and St* ions (0.17 and 0.26 A, respectively)Tagie 4. lons that may substitute in synthetic zircon crystals

site may enhance this somewhat.

m_akgs the Si-O bond c_iisFance sensitive to r(_alati_vely small s@g;. lonic radius* (A) 71 site lonic radius* (&)
stitution of P* at the Si site. Among synthetic zircon crystalsps: 017 vingzpar 0.86

that contain both REE and P, the Si-O bond distance varies* 0.26 VIREE®* 1.16-0.977
from a minimum of 1.618 A (Yb+P) to a maximum of 1.624 AMo™ 041 e 073
(Sm+P) (Table 2), values that bracket the Si-O bond distange 0.59 vl j 0.92

of 1.623 A reported by Hazen and Finger (1979). The longe@sénic radii from Shannon (1976).
Si-O bond distances are exhibited by the two Dy-doped crys-
tals synthesized without adding P to the flux: 1.6247 A ardongated along (Hazen and Finger 1979; Speer 1982). The
1.6254 A for crystals 15 and 12, respectively (Table 2). In tieo O-Si-O angles in ZrSiQ97.4(3Y and 115.8(2) are simi-
absence of other effects, substitution tfiRto the Si site will lar to O-Si-O angles of 97.0 and 11®&r&ported by Hazen and
shorten Si-O bond distances. Expected Si-O bond distan&ésger (1979). As REE contents increase from the Sm-doped
were calculated by assuming that 60% of maximum P concenystal to the Yb-doped crystal, the larger O-Si-O angle de-
trations by EMPA accurately reflect average concentrations@kases slightly from 115.98 to 115°%hd the smaller O-Si-
entire crystals (cf. Fig. 2a). Two cases were considered, tiatangle increases from 97.12 to 97.49able 2). Thus,
for which only Si and P occur at the Si site (solid line in Figlistortion of the SiQtetrahedron actually decreases with in-
3b) and that for which all Zr in excess of Zr + REE = 1 alsoreased REE and P contents.
occurs at the Si site (dashed line in Fig. 3b). Measured (XRD) The only refineable atomic positional parameters in zircon
Si-O bond distances are slightly longer than expected if vaee the fractional coordinates of the O sytb:andz/c (Table
assume that no Zr occurs at the Si site, although most are witBjnAs REE contents increase in synthetic zircon crystals, the
the uncertainty (@) of calculated Si-O bond distances. NoO site shifts parallel to {100}, approximately along <012> (Fig.
table exceptions are crystals 36 (Er+P) and 43 (Y+P), for whidh Values of the/ coordinate range from 0.0657 in ZrSi®
measured (XRD) Si-O bond distances are significantly long@r0663 for crystals 36 (Er+P) and 40 (Yb+P), andztbeordi-
than expected if no Zr occurs at the Si site (Fig. 3b). The Sifate ranges from 0.1953 (Sm+P) to 0.1965 (Yb+P). These val-
bond distance in crystal 43 shows excellent agreement witls are similar to, though slightly greater than values of 0.0660
the Si-O bond distance calculated by assuming Zr occurs atémel 0.1951 reported by Hazen and Finger (1979). The total
Si site. change in the O-site coordinates corresponds to a net shift of
The SiQ tetrahedron in zircon is distorted, being slightlyapproximately 0.01 A along <012> as REE and P contents in-
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1.635 FIGURE 4. Variation in the fractional coordinates, z/c as a function
o of y/b for the O site in synthetic zircon. Dotted line shows least-squares
1630 ?\Q\ fit to data for REE-doped crystals. Filled circle corresponds to values
g 9 ! \ o reported by Hazen and Finger (1979) for a natural zircon crystal. Vector
8 - indicates the [012] direction in zircon.
S 1625 "
% Dy(15) P is evident in LREE-doped crystals (which were not analyzed
T ZrSio, Y by XRD). Crystal 43 [Y+P] also falls very near the expected
g 16201 xenotime trend. Deviations from the xenotime trend are most
o) B XRD significant for crystals doped with HREE (Er, Tm, Yb, Lu).
1615 _ . EMPA (60%) w/ Zr Crystgls with REE and P conceptratlons that _d(_ewate from the
xenotime trend may be viewed either as containing excess REE
1610 —O—EMPA (60%) wio Zr or being deficient in P. The EMPA data indicate that, as REE

concentrations increase, P concentrations in zircon crystals
approach that of crystal 43 [Y+P] (Fig. 1). A possible explana-
Puax (apfu) tion for this observation is that the Si site becomes saturated
FIGURE 3. Observed bond distances fa) @verage Zr-O andbj  with P, possibly because the zircon structure can accommodate
Si-O determined by single-crystal XRD. Expected average Zr-O bond further strain associated with substitution of the smatter P
distances (open circles with solid linea)jnwere calculated by summing cation at this site.
weighted bond-valence contributions to the Zr site from individual The EMPA data indicate slight non-stoichiometry among
bonds before calculating averages (bond-yalence pan_ameters for REEst REE-doped crystals (Hanchar et al. 2001). Non-stoichi-
and Zr from Brown 1981). Expected Si-O bond distances WeE)?T]etl’y in zircon crystals might be explained either by REE

calculated with ionic radii from Shannon (1976): solid line illustrates ing interstitial sites in the zi truct REE di
calculated Si-O distances assuming only Si and P at the Si site; das %(aupylng interstitial sites in the zircon structure or IS-

line shows same calculation but assuming all Zr in excess of Zr + REE‘Cing Zr from the Zr site, which might then enter interstitial

= 1 occurs at Si site. Calculated bond distances are based on 60%%§S. Both explanations are problematic, because the observed
reported EMPA concentrations. Symbols as for Figure 2. non-stoichiometry is not correlated with REE content (Hanchar

et al. 2001). Also, as noted above, all significant excess elec-
crease, with the O site moving away from the two neighboritigpn density in difference Fourier maps for crystals examined
Zr sites and toward (though not directly toward) the Si site. by XRD is associated with cation sites, with no measurable
electron density at interstitial sites. This finding indicates that
DISCUSSION cations do not occupy interstitial sites in detectable amounts,
If variations in REE concentrations of synthetic zircon crydecause, if all excess REE (or Zr) were interstitial, they should
tals depended solely on variations in the ionic radii of REEgive rise to measurable excess electron density at interstitial
cations, we should expect to observe REE concentrations gites.
crease smoothly and steadily as RE&nic radii decrease from  More importantly, the slight excesses of Zr-site cations (Zr
La* to Lu** (Table 4). Hanchar et al. (2001) demonstrate thatd REE) correlate with slight deficiencies in Si-site cations
this is not true (cf., Fig. 3 in Hanchar et al.). Clearly, son{&i and P), with the exceptions of Gd- and Th-doped crystals
additional factor or factors influence the incorporation of REgoth of which are stoichiometric withino The observed
into synthetic zircon crystals. Figure 1 shows the variation inrfon-stoichiometry is not limited to crystal cores, but is evident
as a function of REE for synthetic zircon crystals, as reportttoughout entire crystals (Hanchar et al. 2001). Such a rela-
by Hanchar et al. (2001) from EMPA data. The solid line itionship suggests that Zr substitutes for Si at the Si site in syn-
Figure 1 shows the trend consistent with xenotime-type substietic crystals [the large differences in ionic radii betweén Si
tution (REE = P). Crystals doped with light and medium RE.26 A) and REE (~1 A) make it highly unlikely for REE
follow the expected trend rather well, although some “excests’ occur in the Si site].

0.02 0.06 0.10 0.14



FINCH ET AL.: XENOTIME SUBSTITUTION IN ZIRCON 687

Our XRD results strongly suggest that REE occur only #rstitial cation) and'Li* is 2.15 A (Table 4), indicating that
the Zr site, consistent with the xenotime substitution, whereéki* would be slightly over-bonded at this site. Nevertheless,
conclusions about the Si site are more ambiguous. Within timnor Li* might be incorporated into this interstice.
uncertainty of our data, Si SOFs and Si-O bond distances candn addition to the octahedral interstice, a four-coordinated
not be used to argue either for or against Zr substitution at theerstitial site occurs adjacent to the octahedral interstice, shar-
Si site; however, because the trends of data in Figures 2b argla face with it. This four-coordinated site lies within chan-
3b qualitatively follow those predicted by assuming minor Zrels that run parallel to treeaxis in the zircon structure (Fig.
occurs at the Si site, we suspect that minor Zr has replacedSiThe fractional coordinates for this distorted tetrahedral in-
in synthetic zircon crystals. This conclusion is also consistemrstitial site arex= 0.204y = 0.5,2= 0, and the site is 1.84 A
with EMPA data, which show a nearly perfect negative corrérom the four adjacent O sites. The ionic radii of four-coordi-
lation between Zr-site cations and Si-site cations (see Fig. 4ated Lt and Zf* are both 0.59 A, and the sum of effective
Hanchar et al. 2001). We suggest, therefore, that excess Zioinic radii for™ 0% (1.39 A) and eitheéMLi* or™Zr* is 1.98
the Si site best explains the observed non-stoichiometry in syn¢Table 4); thus both cations would be slightly over-bonded
thetic zircon crystals. at this site. The ionic radius of Ntoin four coordination is

An important question is how charge balance is maintain@t1 A, and the sum of effective ionic radii is 1.80 A (Table 4).
in synthetic zircon crystals that contain REE in excess of The four-coordinated interstitial site in ZrSiGan therefore
There must be some mechanism besidesubstitution alone accommodate Mo especially well, with little or no over-bond-
that helps accommodate apparent charge imbalances in HREi§-and, we propose, relatively little strain.
doped crystals. Although?vacancies might be invoked for Heavy REE' ions, with ionic radii of approximately 1.00
charge balance, we believe this is highly unlikely given thk (Table 4), are clearly incapable of entering either interstitial
problematic configuration of an Sjogroup in the zircon struc- site in quantities sufficient to account for “excess” REE in syn-
ture. Furthermore, the calculated energy for O-vacancy migthetic HREE-doped zircon crystals. Besides, if we could at-
tion in zircon, 1.16 to 1.38 eV (Williford et al. 1999), is lessribute all “excess” REE in HREE-doped zircon crystals
than that of O-vacancy formation: 1.7 eV, (Crocombette 1999)D.3-0.6 mol%) to interstitial REE, electron densities at inter-
Substantial concentrations of static O-site vacancies are thestitial sites should be measurable, whereas electron densities
fore unlikely to persist in the zircon structure. at interstitial sites are negligible in all synthetic zircon crystals

Minor substitution of flux-derived MG for St or Zr**  with HREE and P. Furthermore, interstitial RE&ould present
would provide some charge compensation in HREE-doped zirsignificant problem in terms of a likely charge-balance mecha-
con crystals for which REE exceed P through the coupled suism.
stitutions M@* + 2REE* = St + 2Zr** and MG* + 2REE* = The incorporation of Li, Mo and, possibly, Zr into intersti-
3Zr*, and Caruba et al. (1995) found that®Moccupies Si tial sites would maintain local charge neutrality where REE
sites in Mo-substituted synthetic zircon. The ionic radius oéplaces Zr according to the substitutions,
four-coordinated M& (0.41 A) is compatible with minor sub-
stitution at the Si site, and the ionic radius of seven-coordi-
nated Mé&* (0.74 A) suggests it may also occur at the
(eight-coordinated) Zr site in minor amounts. Substitution of
Mo®* at the Zr or Si sites should shorten Zr-O distances and
lengthen Si-O distances, consistent with our observations (Fig.
3). However, the concentrations of Mo measured by SIMS are
insufficient to charge balance excess RERE HREE-doped
zircons by either of the above coupled substitutions alone, be-
ing approximately one half of the amount required (Hanchar et
al. 2001).

Another effective way to provide charge balance in zircon
crystals for which REE exceed P is by incorporating catio £ /
into interstitial sites. The zircon structure contains two inte W

stitial sites that are potential sites for charge-balancing spe- J} %I
cies, provided these sites can accommodate such elements

without excessive strain. One interstitial site is a distorted oc- ,
tahedral site that shares two faces with two,S&rahedra. ' @—@b('
The only additional elements available to synthetic zircon crys- l
tals in this study were Li and Mo from the flux. The proximity L
of two S# ions (each at 1.84 A) makes this an unlikely site for ) &J
highly charged ions such as MaZr*, or REE*. This octahe-

dral interstice lies apprOXImatgly :!"87 A from two 0 S't(_es arg%owing interstitial cavities and proposed four-coordinated interstitial
2,'08 A from four O sites. The ionic radius OT S')f'cqordm_e_‘tegte (dashed circle and dashed bonds). Large hollow circles represent
Li*is 0.76 A (Table 4), and the sum of effective ionic radii fog, atoms; small cross-hatched circles represent Si atoms; highlighted
four-coordinated & (the coordination of ®bonded to an in- circles represent O atoms.

FIGURE 5. Zircon structure viewed approximately down [001]
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Zr*m + 4 REB* = 4 Z1*, (1) 1.0%
Li*y + REE* = Zr*", ) ] o-2zr-0
and . A 20O
MO®y + 6 REE* = 6 Zr*. 3 0.6% 1
] -0-§i-0
These substitutions are potentially important in HREEE:, ., [pvis) pya2)
doped synthetic zircon crystals, although interstitidt Znd : 0-2% 1 /

Mo®* are most effective. A serious difficulty with proposing™ 0.0% fdKe c o == S e oL T 2
interstitial Zr** cations arises from the fact that Zr-site cations
are negatively correlated with Si-site cations (Hanchar et al.
2001), strongly suggesting that exces$ Brcupies Si sites
rather than interstitial sites. We cannot eliminate substitution 2
and 3, as Li and Mo are not present in quantities sufficient to
be detected by XRD, especially considering that interstitial
cations must be disordered. However, SIMS data demonstrate
that Mo and Li correlate well with REE and P contents and that FIGURE 6. Structural strain as a function of increasing REE apfu
the apparent charge deficit (equal to P — REE) is strongly cHy-synthetic zircon crystals. Strain is expressed as the proportional
related with the molar content of Li plus six times the mo|é‘1hange in cation-oxygen bond lengths relative to the equivalent bond
content of Mo (see Fig. 5 in Hanchar et al. 2001). Thus, cofffStance (4 the [Sm+P]-doped crystal (crystal 28).
bined structural and chemical data provide compelling evidence
that Mo and Li occupy interstitial sites in synthetic zircon crys-
tals for which HREE exceeds P. flux, no other charge-compensating cations are available, al-
We are left with an important question: what is the drivinfjlough other charge-balance mechanisms might operate in natu-
force that would lead to the incorporation of interstitial catior@l zircon crystals.
in the zircon structure? Surely, interstitial sites are unfavorable Clearly, limits on REE substitutions in these synthetic zir-
cation sites. The answer is that for small substitutiotigpR® ~ Con crystals are not a simple function of REEnic radii but
parts little local strain, but as concentrations of P and REE #epend in a complex way on available charge-balance substi-
crease, strain at both Zr and Si sites increases. Increased sttigns and structural strain associated with both Zr and Si sites.
at the Zr site, caused by substitution of large REEtions, is AN important point to remember is that structural strain deter-
mitigated somewhat because the ionic radii of REE decredBied by XRD represents local strains averaged over whole
with increasing atomic number. No similar reduction of straigfystals, from REE- and P-rich cores to crystal rims with much
at the Si site is possible however, because, as REE concerl@@er concentrations. Local strains within the central regions
tions increase, so too must P concentrations (and the ionic@hzircon crystals, from which maximum REE and P concen-
dius of P is fixed!). trations were measured, must be quite high indeed. Maximum
Strain caused by increasing REE and P substitution at f{E2ins within crystal cores must be approximately 2/3 greater
Zr and Si sites is apparent in Figure 6. As REE concentratidhgn (i-e., 166% of) the whole-crystal average strain as mea-
increase, bond distances increase most sharply for the siggfed by XRD. This maximum strain determines the upper limits
Zr-O bond. The long Zr-O bond distance (Zr-O’) increases morEE and P substitution in synthetic zircon crystals.
gradually and remains similar to the long Zr-O bond distance Because of charge-balance requirements for the coupled
in ZrSio, (2.130 A). Notably, both Zr-O bond distances disxenotime substitution, the exact mechanisms that determine the
play maximum strain for the Er-doped crystal (crystal 36). AHegree to which REE may substitute for Zr in natural zircons
though greater amounts of HREE are incorporated at the WiHl depend on the geochemical environment in which crystals
site, HREE are closer in size to Zr than light and middle REform. As noted in the Introduction, most natural systems con-
and therefore impart proportionately less strain for higher RE@N additional elements that might contribute to charge com-
contents. Figure 6 also shows that the length of the Si-O bd¥nsation in zircon (Speer 1982), but all charge-balance
decreases unabated as HREE concentrations increase. TH@shanisms will induce some degree of structural strain in ad-
excessive strain at the Si site due to increased P substitufi#ion to thatimposed by REE substitution at the Zr site. Blundy
explains the inability of zircon crystals to incorporate suffi@nd Wood (1994) provided a straightforward model for pre-
cient P* to charge balance HREE, despite the increased coicting mineral-melt partition coefficients, based on strain in-
patibility of HREE in the zircon structure. duced by the element of interest; however, their model ignores
The inability of the Si site to incorporate sufficient P tdonic charge and the implications of coupled substitution. Our
Charge balance REHons that are increasing|y Compatib|e irpOﬂC'USion, that COUp'ed REE and P substitution in SynthetiC
the zircon structure must be the primary reason that interstig#icon crystals is a function of strain at both cation sites in-
cations become incorporated into zircon. Of course, even sméllved, suggests that partition coefficients predicted by the
substitutions of, e.gMo® in an interstitial site should impart Blundy and Wood model will be inaccurate unless all strain-
significant strain; however, the high charge of the*Mon inducing substitutions are considered.
makes it highly effective for charge balancing excess HREE. Finally, it has been suggested that, whereas changing melt
For zircon crystals synthesized in an anhydrous Li, Mo-oxid@®mposition may change absolute REE concentrations in a

-0.2% -

-0.6% —mm™m————m———m 7
0.00 0.05 0.10 0.15

REEpax (apfu)




FINCH ET AL.: XENOTIME SUBSTITUTION IN ZIRCON 689

given mineral, REE do not fractionate differentially as a func- als in a granodiorite and their petrogenetic implications. Geochimica et

. . i Cosmochimica Acta, 47, 925-939.
tion of melt composition (Watson 1976; Ryerson and Hegs har 3m., miller, CF., Wooden, J.L., Bennett, V.C., Staude, J.-M.G. (1994)

1978); that is, changing REE concentrations in a melt will Evidence from xenoliths for a dynamic lower crust, eastern Mojave desert,
H P i _ California. Journal of Petrology, 35, 1377-1415.

Change all REE Ina I’T’!II’]EI’BJ proportlonately. (.)ur results SUE nchar, J.M., Finch, R.J., Hoskin, P.W.O., Watson, E.B., Cherniak, D.J., and

gest that this is not quite true, because changing the availabil-yasiano, AN. (2001) Rare earth elements in synthetic zircon: Part 1. Synthe-

ity of a charge-compensating element, such as P, can greatlysis, and rare-earth element and phosphorous doping of zircon. American Min-

L . . s+t~ €ralogist, 86667—680
enhance HREE substitution in zircon, whereas P SUbStItUtllquen, R.M. and Finger, L.W. (1979) Crystal structure and compressibility of zir-

into zircon does not enhance LREE substitution. Although our con at high pressure. American Mineralogist, 64, 196-201.
results strictly app|y 0n|y to zircon, we suspect that a simildeaman, L.M., Bowins, R., and Crocket, J. (1990) The chemical composition of

. . . . . igneous zircon suites: Implications for geochemical tracer studies. Geochimica
conclusion pertains to all coupled substitutions in minerals g cosmochimica Acta, 54, 15971607,

where more than one structural site is involved. Hinton, R.W. and Upton, B.G.J. (1991) The chemistry of zircon: Variations within
and between large crystals from syenite and alkali basalt xenoliths. Geochimica
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