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Abstract—Zircon (ZrSiQ,) and hafnon (HfSiQ) solubilities in water-saturated granitic melts have been
determined as a function of melt composition at 800° and 1035°C at 200 MPa. The solubilities of zircon and
hafnon in metaluminous or peraluminous melts are orders of magnitude lower than in strongly peralkaline
melt. Moreover, the molar ratio of zircon and hafnon solubility is a function of melt composition. Although
the solubilities are nearly identical in peralkaline melts, zircon on a molar basis is up to five times more soluble
than hafnon in peraluminous melts. Accordingly, calculated partition coefficients of Zr and Hf between zircon
and melt are nearly equal for the peralkaline melts, whereas for metaluminous and peraluminous melts
D/D, for zircon is 0.5 to 0.2. Consequently, zircon fractionation will strongly decrease Zr/Hf in some
granites, whereas it has little effect on the Zr/Hf ratio in alkaline melts or similar depolymerized melt
compositions.

The ratio of the molar solubilities of zircon and hafnon for a given melt composition, temperature, and
pressure is proportional to the Hf/Zr activity coefficient ratio in the melt. The data imply that this ratio is nearly
constant and probably close to unity for a wide range of peralkaline and similar depolymerized melts.
However, it changes by a factor of two to five over a relatively small interval of melt compositions when a
nearly fully polymerized melt structure is approached. For most ferromagnesian minerals in equilibrium with
a depolymerized melt, > D,,. Typical values of [/D,, range from 1.5 to 2.5 for clinopyroxene,
amphibole, and titanite. Because of the change in the Hf/Zr activity ratio in the melt, the relative fractionation
of Zr and Hf by these minerals will disappear or even be reversed when the melt composition approaches that
of a metaluminous or peraluminous granite. It is thus not surprising that fractional crystallization of such
granitic magmas leads to a decrease in Zr/Hf, whereas fractional crystallization of depolymerized melts tends
to increase Zr/Hf. There is no need to invoke fluid metasomatism to explain these effects. Results demonstrate
that for ions with identical charge and nearly identical radius, crystal chemistry does not alone determine
relative compatibilities. Rather, the effect of changing activity coefficients in the melt may be comparable to
or even larger than elastic strain effects in the crystal latticgpyright © 2002 Elsevier Science Ltd

1. INTRODUCTION ing the relative solubilities of zircon (ZrSip and hafnon
(HfSiQ,) in different granitic melts, critical experimental data
that are lacking.

Zircon—hafnon solubility and the evolution of Zr/Hf in gra-
nitic melts are analogous to columbite—tantalite solubility and
the evolution of Nb/Ta in granitic melts. The molar solubilities
of manganocolumbite and manganotantalite are nearly equal in
peralkaline granitic melts at a constant temperature and pres-
sure, but in subaluminous to peraluminous granitic melts, man-
ganotantalite is roughly three times more soluble than manga-

Zirconium and hafnium are quadrivalent at virtually all re-
dox conditions in the Earth’s mantle and crust and have similar
radii. For example, the effective ionic radius in eightfold co-
ordination is 0.84 A for Zr and 0.83 A for Hf (Shannon, 1976).

In igneous systems, these elements are typically incompatible
up to the point of saturation in a Zr-Hf phase, and because of
their similar ionic radii, it might be expected that the Zr/Hf ratio

of a magma series remains constant. However, it has been

noted by several authors that Zr/Hf ratios can be variable (e.g., nocolumbite (Linnen and Keppler, 1997). This is interpreted to

Jochum et al., 1986; Dupuy et al., 1992). It has been proposed L - .
that higher-than-chondritic Zr/Hf ratios in ocean island basalts .reﬂeCt alower melt activity coefficient for Ta relative to Nb and

can largely be explained by clinopyroxene fractionation (David IS us_e_d to show how the Nb/Ta ratio of evqlved_peralumlnous
et al., 2000). However, the same authors indicated that lower- granitic melts decreases as crystal fractionation progresses

than-chondritic Zr/Hf ratios in granitic rocks are still problem- (Linnen and.KeppIer, 1997). Inthe ‘{V,qu rgported here, we have
atic, and they invoked metasomatism by fluorine-rich aqueous mea_sured zircon an_d hafnon sp_lubllltles in water-saturated per-
fluids as an explanation. Fluid metasomatism has been pro- &lkaline to peraluminous granitic melts. From these data, we
posed elsewhere to account for nonchondritic Zr/Hf values in €an calculate the partition coefficients of Zr and Hf between
granitic rocks (Bau, 1996), but other authors maintain that this Zircon and melt. The diffusivity of Hf in zircon is extremely
ratio can be explained by crystal fractionation (Pan, 1997). Slow (€.g., at800°C, log [ in zircon is estimated to be 36.3

: : . . 2 1. i i
These interpretations were made without the benefit of know- M S *; Chemniak et al., 1997), and thus, experiments attempt-
ing to determine Hf partitioning between zircon and melt

directly that use doped or natural Hf-rich zircon will be unsuc-
* Author to whom correspondence should be addressed Cessful because diffusion within the crystal is needed to attain
(rlinnen@uwaterloo.ca). equilibrium. The method employed in this study only requires
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Table 1. Zircon solubility experiments.

Experiment P (bar) T (°C) Days AS| ZrO, (Wt%) 20 (Wt%) Zr (mol/kg)
Zr800-0.6* 2000 800 42 0.64 291 0.14 0.237
Zr800-0.8% 2000 800 42 0.82 1.00 0.20 0.081
Zr800-0.9% 2000 800 42 0.94 0.33 0.04 0.027
Zr800-1.0% 2000 800 42 1.02 0.05 0.02 0.004
Zr1035-0.6° 2000 1035 13 0.64 3.79 0.12 0.307
Zr1035-0.8° 2000 1035 14 0.82 1.46 0.08 0.118
Zr1035-0.9° 2000 1035 14 0.94 0.68 0.18 0.056
Zr1035-0° 2000 1035 13 1.02 0.27 0.08 0.022
Zr1035-11° 2000 1035 14 113 0.11 0.02 0.009
Zr1035-12° 2000 1035 14 1.22 0.11 0.04 0.009

2 Experiment conducted in Nimonic 105 autoclave.
b Experiment conduction in TZM autoclave.

Zr and Hf diffusion in hydrous silicate melts, which are many
orders of magnitude faster than diffusion in zircon.

In addition to solubilities and zircon partition coefficients,
these experiments also yield information on the changes of
Zr/Hf melt activity coefficient ratios as a function of melt
composition, which will affect mineral-melt partition coeffi-
cientsin general. It will be shown that like Nb/Ta, the decrease
in Zr/Hf ratio observed in many granitic suites can be explained
by crystal fractionation.

2. EXPERIMENTAL
2.1. Starting Materials

Natural zircon from Miask, Ural (Keppler, 1993), was crushed and
examined for impurities under a binocular microscope, and a size
fraction of ~10 to 500 wm was used in zircon solubility experiments.
Backscatter images of zircon grainsindicate that the starting materia is
homogeneous, and Hf, Th, and U were not detected by energy disper-
sive analyses. This indicates that the zircon is near end member.
Hafnon was synthesized in a piston cylinder apparatus in a Pt-Rh
capsule. A stoichiometric HfO, + SiO, mixture plus water or a5 wt%
HF solution was sedled in the capsule and placed at 1400°C and 1.5
GPafor 24 h. Synthetic hafnon crystalsare 1 to 10 wm, and hafnon was
the only phase identifiable from X-ray powder diffraction patterns after
the syntheses. However, some unreacted HfO, crystals were identified
by electron microprobe analyses, discussed below.

Gels of six granitic compositions with molar Al/(Na + K) ratios
(hereafter referred to as alumina saturation index, or ASl) of 0.64, 0.83,
0.94, 1.02, 1.13 and 1.22 were prepared from tetraethylorthosilicate,
sodium and potassium carbonate, and aluminum nitrate, at constant
SiO, (mol%) and Na/K ratio (for wt% oxide totals, see Linnen and
Keppler, 1997). The subaluminous (ASl 1.02) composition (Qs;5-
Or,, o-Abg; ,-Cy ) corresponds to the 200-MPa water-saturated hap-
logranite minimum. After synthesis, the gels were homogenized by
grinding in an agate mortar.

2.2. Experimental Equipment and Method

The experimental conditions are summarized in Tables 1 and 2.
Experiments were conducted either in cold-seal pressure vessels (made
of Nimonic 105 Ni-Cr super aloy) with H,O as the pressure medium
or in rapid quench TZM (Titanium-Zirconrum-molybdenum alloy)
bombs with Ar as the pressure medium, both at the Bayerisches
Geoinstitut, Germany. Temperatures were measured with NiCr-Ni ther-
mocouplesin an external borehole of the autoclave (cold seal) or sheath
(TZM) cdlibrated against an internal thermocouple. Temperature mea-
surements are accurate to within =15°C, including the effects of
temperature gradients and intrinsic errors of the thermocouples. Pres-
sures were measured with pressure transducers calibrated against a
Heise gauge and are accurate to within =5 MPa. Quenching in both
types of autoclaves was close to isobaric. In the cold-seal vessels,
guenching took ~5 min when compressed air was used, and in the
rapid-quench TZM vessels, quenching occurredin 1to 2 s. All capsules

Table 2. Hafnon solubility experiments.

Experiment P (bar) T (°C) Days ASl HfO, (wt%) 20 (Wt%) Hf (mol/kg)
Hf800-0.6 2000 800 21 0.64 6.84 0.18 0.325
Hf800-0.8 2000 800 21 0.82 244 0.86 0.116
Hf800-08r 2000 800 70 0.82 2.20 0.28 0.104
Hf800-0.9 2000 800 21 0.94 0.68 0.14 0.032
Hf800-09r 2000 800 70 0.94 1.22 0.38 0.058
Hf800-10 2000 800 12 1.02 0.46 0.12 0.022
Hf800-10r 2000 800 56 1.02 0.48 0.20 0.023
Hf800-10r2 2000 800 56 1.02 0.50 0.10 0.024
Hf800-11 2000 800 42 113 0.36 0.32 0.017
Hf800-12 2000 800 12 1.22 0.22 0.18 0.010
Hf1035-0.6 2000 1035 13 0.64 6.84 0.24 0.325
Hf1035-0.8 2000 1035 14 0.82 272 0.34 0.129
Hf1035-0.9 2000 1035 14 0.94 1.60 0.32 0.076
Hf1035-10 2000 1035 13 1.02 0.88 0.22 0.042
Hf1035-11 2000 1035 14 113 0.47 0.26 0.022
Hf1035-12 2000 1035 14 1.22 0.37 0.24 0.017

3 Experiment conducted in Nimonic 105 autoclave.
b Experiment conducted in TZM autoclave.
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were weighed before and after experiments to ensure that no leaks
occurred during the experiments.

All of the zircon solubility experiments and most of the hafnon
solubility experiments were dissolution experiments. Approximately
40 mg of granitic gel and 4 mg of zircon or hafnon crystals were loaded
into gold capsules (length 10, inner diameter 2.0, outer diameter 2.2
mm) containing ~4 mg of distilled H,O. The amount of water added
ensured that all of the granitic melts were water-saturated at the
pressure and temperature of the experiment. The capsule was welded
shut, placed in a drying oven at 150°C, and then checked for weight
loss. To confirm that the hafnon solubility results reflect equilibrium
saturation, four additional solubility experiments at 800°C were con-
ducted: dissolution—crystallization using a stoichiometric HfO, + SIO,
mixture and using HfO, alone. In all three experiments, HfSIO, was the
only Hf-bearing phase identified by X-ray diffraction of the run prod-
ucts, and the Hf saturation values are similar, discussed below.

2.3. Analytical Methods

The concentrations of ZrO, and HfO, in the experimental glasses
were determined with a JEOL JXA 8600 electron microprobe (Univer-
sity of Western Ontario, London, Canada) with a 20-kV accelerating
voltage, 60- to 100-nA beam current, and 10-um beam diameter. The
respective standards were Zr and synthetic ZrSiO, and HfSiO,, and
counting times ranged from 60 to 300 s. Na, K, Al, and Si (albite and
orthoclase standards, 10-s counting times each) were analyzed at the
same time for correction purposes. At least 15 analyses for each
experiment were obtained. Analyses were obtained at a distance of ~10
um from zircon crystals. A blank standard with a zircon crystal and
Zr-free hydrous glass was aso analyzed. From these analyses, it was
determined that fluorescence from the zircon crystal was only a prob-
lem if the analytical point was <5 um from a zircon crystal. Glasses
with an ASI of 0.64 and containing approximately 1 wt% ZrO,, 1 wt%
HfO,, 100 ppm ZrO,, and 200 ppm HfO, were synthesized to verify the
electron microprobe analyses. The glasses were independently ana-
lyzed by inductively coupled plasma mass spectrometry. The electron
microprobe analyses with 20 standard deviation compare favorably
with the inductively coupled plasma analyses (in parentheses): 1.20 +
0.06% ZrO, (1.06), 0.01 + 0.008% ZrO, (0.010), 0.92 = 0.04% HfO,
(0.914) and 0.028 = 0.027% HfO, (0.024). The good correspondence
of the two methods indicates that the electron microprobe analyses are
accurate.

Powder diffraction patterns (10 to 80°26) of al run products were
measured at the Bayerisches Geoinstitut on a Stoe STADIP powder
diffractometer with monochromatized Co Ka, radiation. Zircon or
hafnon were the only phases identified, although microscopy and
electron microprobe analyses indicate that each of the hafnon dissolu-
tion experiments contain a minor amounts of unreacted HfO.,.

3. RESULTS

The dissolution of zircon and hafnon in asilicate melt can be
described by the equations

ZrSIof™™ = ZrO* + Siop* ©)
HISIO™ = HOP™ + SIop )

with the equilibrium constants

— melt melt  4zircon
Kzsios = @zo, X @sio azis0, (3
K — amelt X amelt/azircon (4)
HfSiOs = AHfO2 SiO2! AHISIO42

where a denotes activities. If pure zircon and pure hafnon
coexist with the melts, as in our experiments, the activities of
solid ZrSiO, and HfSIO, are egqual to 1, and therefore

— melt melt _ . melt melt elt melt
Kzsios = @20, X @50, = Y210, X XZio, X Y50, X X§o,

©)

Zircon Solubility 4.0

Zr (mol/kg)

06 07 08 09 10 11 12 13
Al/(Na+K)

Fig. 1. Zircon solubility in granitic melts at 200 MPa and water-
saturated conditions. Solid circles represent the compositions of glasses
quenched from 800°C experiments and open circles from 1035°C
experiments. Glass compositions are expressed as molar Al/(Na + K)
ratios. Error bars represent 2¢ standard deviation of the ZrO, content in
glasses.

— melt melt _ . melt melt melt melt
Khisio, = @fito, X @so, = Yhio, X Xhio, X Y50, X X&0y

(6)

where vy are activity coefficients and X are mole fractions. The
mole fraction of SiO, for all the melt compositions considered
here is constant. Analyses natural rocks and data from other
experimenta studies are normally reported in weight units of
dissolved Zr or Hf. For an easier comparison, zircon and
hafnon solubilities are therefore reported as mole fractions or
ZrO, and HfO, (wt%), respectively, rather than as solubility
products.

The results of the zircon solubility experiments are summa-
rizedin Table 1. Zircon solubility is governed primarily by melt
composition, and to a lesser extent by temperature (Fig. 1). At
1035°C, 200 MPa and water-saturated conditions zircon solu-
bilities decrease continuously from peralkaline (ASl 0.64; 3.8
wit% ZrO,) through subaluminous (ASI 1.02; 0.27 wt% ZrO,)
to peraluminous (ASI 1.22; 0.11 wt% ZrO,) melt compositions.
Although experiments were not reversed, diffusion profiles for
Zr can be calculated at 1035°C by means of the diffusion data
of Harrison and Watson (1983) for obsidian with an ASI of 1.1
and 6 wt% H,0. By use of this data, together with a distance of
10 wm, the typical distance from a zircon crystal that the
analysis was acquired, it can be estimated that the relative
amount that solubilities are underestimated is only 2 to 3%.
This amount is much less than most of the 2o errors given in
Table 1. It should aso be noted that Zr diffusion will be faster
in less viscous akaline melts, so that the relative error caused
by diffusion problems in these melts will be even smaller. A
few electron microprobe traverses were conducted, and it was
concluded that Zr concentrations in glasses at a distance of 10
um from zircon crystals are a reasonable estimate of Zr con-
centrations at the zircon—-melt interface, and that coupled major
element diffusion was not significant.

At 800°C, 200 MPa and water-saturated conditions, zircon
solubilities range from nearly 3 wt% ZrO, for strongly peral-
kaline melts (ASI 0.64) to approximately 500 ppm ZrO, for the
subaluminous composition (ASI 1.02). Zircon solubilities in
the peraluminous melt compositions at 800°C and 200 MPaare
<100 ppm ZrO,. Even though the run times for these experi-
ments were long, the diffusion data of Harrison and Watson
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Fig. 2. Comparison of the results of zircon solubility in granitic melts
at 800°C and 200 MPa from this study (solid circles) with those of
Watson (1979) (open circles). Glass compositions are expressed as
molar Al/(Na + K) ratios.

(1983) suggest that solubilities may have been underestimated
by approximately 10 to 15%. This is a comparatively small
error, and the consistency of our results with previous studies
(Watson, 1979; Watson and Harrison, 1983; Keppler, 1993)
suggests that the values in this study represent zircon solubil-
ities (Figure 2).

The results of the hafnhon solubility experiments are summa-
rized in Table 2 and Fig. 3. For a given melt composition,
temperature, and pressure, hafnon is always more soluble than
zircon (either in terms of wt% or mol/kg). The solubility of
hafnon is otherwise similar to that of zircon, increasing strongly

with the alkali content of the melt, and to a lesser extent
increasing with temperature. Repeat experiments, involving
dissolution of and reaction of HfO, to form HfSIO, (the r
experimentsin Table 2) or of a stoichiometric mixture of HfO,
and SO, (the r2 experiment in Table 2) are within the 20
standard deviation of the results from the hafnon dissolution
experiments: 244 *= 0.86 vs. 2.20 = 0.28 wt% HfO, for
experiments Hf800 to 0.8 and Hf800 to 0.8r, respectively; and
0.46 = 0.12, 048 = 0.20 and 0.50 = 0.10 wt% HfO, for
experiments Hf800 to 10, Hf800 to 10r and Hf800 to 10r2,
respectively. The consistency of the results indicates that equi-
librium was attained. The only experiment set where thereis a
problem is Hf800 to 0.9 and Hf800 to 0.9r, where there is a
larger spread 0.68 = 0.14 vs. 1.22 = 0.38 wt% HfO,, respec-
tively. However, the average of these two experiments does
give a vaue consistent with the compositional trend on Figure
3.

4. DISCUSSION

4.1. Zr and Hf Speciation in Silicate Méelts

Figure 4 shows the zircon and hafnon solubility data for the
subaluminous to peralkaline melt compositions in terms of
mol/kg Na+K-Al vs. the excess mol/kg of Zr or Hf. The latter
is the number of moles of Zr or Hf in a given zircon- or
hafnon-saturated melt composition, minus the number of moles
of Zr or Hf for the zircon- or hafnon-saturated subaluminous
composition at the same T and P, it quantifies the “peralkaline
effect” on solubility. It has previously been shown that the
dissolution of one mole of excess Zr requires two moles of
excess Na,O or K,0O (Watson, 1979). The explanation given
for this observation is that four nonbridging oxygens, supplied

0.35
Hafnon Solubility 7.0

0.30 -

0.25 1 o 1035°C
2 e 800°c | [°0 X
X 0.0 3
o —
E 0154 0 gé
T X
T 010 - £

0.05 - 1o

0.00 ‘ : , .

06 07 08 09

1.0 11 1.2 1.3

Al/(Na+K)

Fig. 3. Hafnon solubility in granitic melts at 200 MPa and water-saturated conditions. Solid circles represent the
compositions of glasses quenched from 800°C experiments and open circles from 1035°C experiments. Glass compositions
are expressed as molar Al/(Na + K) ratios. Error bars represent 20 standard deviation of the Hf content in glasses.
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Fig. 4. Relationship between the excess moles of Zr or Hf vs. the
excess moles of akalis (Na+K-Al) from zircon and hafnon solubility
experiments in water-saturated granitic melts at 800°C and 1035°C at
200 MPa. The former is the number of moles of Zr or Hf in an akaline
granitic glass minus the number of moles of Zr or Hf in the subalumi-
nous (ASI = 1.0) glass quenched from experiments at the same
temperature and pressure.

by four alkali cations, stabilize each Zr** cation (Hess, 1991).
The Zr and Hf data for moderately peralkaline melts on Figure
4 support the idea that both these 4™ cations dissolve by such
a process because the slope is close to 0.25. However, the
strongly peralkaline (ASI 0.64) experiments seem to contain
anomalously high concentrations of Zr and Hf. This may be
related to the fact the starting compositions of the glasses were
chosen such that the mole fraction of SiO, was constant. The
activity of SIO,, in the strongly peralkaline melt is lower than
that of moderately peralkaline melts at the same temperature
and pressure, and because ZrSiO, and HfSIO,, solubilities de-
pend on the activity of SIO, in the melt, more ZrO, or HfO, can
be dissolved in the melt with the lower SiO, activity. The
apparent similarity of Zr and Hf speciation in peralkaline melts
suggests that the activity coefficients of these two elements in
the melt are nearly equal.

4.2. Zr and Hf Partitioning between Zircon and Melt

The unit cell volume of hafnon is only 1.24% smaller than
that of zircon, and the hafnon structure otherwise is essentially
identical to the zircon structure (Speer and Cooper, 1982).
Therefore, the solid solution between zircon and hafnon is most
likely close to an ideal mixture. With the assumption of ideal
mixing in the crystal, the ratio D,/D, of the partition coeffi-
cients of Zr and Hf between a zircon—hafnon solid solution and
the silicate melt is simply given by the ratio of zircon to hafnon
solubility, as expressed by the molar fractions of Zr and Hf
dissolved in the melt in equilibrium with pure hafnon and
zircon. This can be seen in the following way: dividing Egn. 3
by Eqgn. 4 yields

K 508 amrelt2 X azirct_)nsj
e e @

— amelt
Khrsio,  afifo, X azso,

With the assumption of ideal mixing in the zircon—hafnon solid
solution, that is,

Yzsios = Yrtsios = 1. (8

This can be rearranged to

melt melt Zirconss zircon-melt

Kzsio, X Yo, Xz, X Xiwsio,  Dir ©)
melt melt Zitconss . [yzZircon-melt

Khisios X Y210 Xfito, X XZrSi04 Dz

where D#feomelt gng pZreon-melt gre the zircon-melt partition
coefficients of Hf and Zr, respectively. However, dividing Eqn.
5 by Eqgn. 6 yields
KZrSiOA X 'YEFIOIZ _ X?rel(}}z 10
Kirsios X 'Y?f‘otz XIS (10)

HfO2

where X3/ and X355 are the molar fractions of Zr and Hf in

amelt in equilibrium with pure zircon and hafnon, respectively.
Combining Eqgns. 9 and 10 yields

Xg%tz _ DHf 11
xﬁ?&z B DZr ( )

The ratio of the molar fractions of Zr and Hf dissolved in amelt
in equilibrium with pure zircon or hafnon, respectively, is
plotted in Figure 5. According to Eqgn. 11, this yields directly
theratio D, /D, for azircon solid solution in equilibrium with
a silicate melt.

From Figure 5, it is obvious that for depolymerized peraka-
line melts D,,+/D, is close to unity over a wide range of melt
compositions, particularly at high temperatures. However,
when the melt approaches subaluminous or peraluminous com-
positions, D, /D, decreasesto 0.5 to 0.2. This decrease occurs
over arelatively narrow interval of compositions. Accordingly,
crystallization of zircon does by no means aways lead to a
fractionation of Zr and Hf. In depolymerized melts, little or no
fractionation will occur, whereas a selective depletion of zir-
conium relative to hafnium is to be expected in some subalu-
minous or peraluminous granitic suites. Absolute values of
Direon-melt 55 cal culated from the solubility datarange from 10
for strongly peralkaline compositions to 300 for the peralumi-
nous composition studied.

4.3. Effect of Melt Composition on Zr/Hf Fractionation
by Various Minerals

Zircon is certainly the most important phase for the fraction-
ation of Zr and Hf. However, some ferromagnesian minerals
and some accessory phases may also fractionate Zr from Hf.
Table 3 is a compilation of relevant mineral/melt partition
coefficients; some additional data are in Green (1994). Zr and
Hf are mildly incompatible in clinopyroxene and amphibole
and mildly incompatible to mildly compatible in garnet, which
means that crystallization of these phases will only slightly
affect Zr/Hf ratios. However, data from natural samples suggest
that ilmenite and titanite may strongly concentrate Zr and Hf
(Della Ventura et a., 1999, Bingen et a., 2001). With the
notable exception of garnet, all minerals prefer Hf over Zr in
equilibrium with depolymerized melts, such as basalts, basan-
ites, and phonolites. By use of our data on zircon and hafhon
solubility as a function of melt composition, we can now at
least roughly predict how the relative fractionation of Zr and Hf
between these minerals and silicate melts change as these melts
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Fig. 5. The molar Zr/Hf ratio from zircon and hafnon solubility
experiments in the same granitic composition conducted at 200 MPa.
Solid circles represent the compositions of glasses quenched from
800°C experiments and open circles from 1035°C experiments. Glass
compositions are expressed as molar Al/(Na + K) ratios.

approach subaluminous and peraluminous granitic composi-
tions.

The retio of the equilibrium constants, Kz,gi0/Kisio,s 1S @
function of temperature and pressure only. Consequently, Eqgn.
10 implies that if the measured molar solubilities of zircon and
hafnon for a fixed melt composition, temperature, and pressure
are divided, the resulting number is proportional to the activity
coefficient ratio, vi3o,/v2ra,, in the melt. When elements are
partitioned between melts and minerals, the chemical potentials
of the element or oxide component in the two phases is equal.
Consequently, if the activity coefficient ratio remains constant
with variable melt composition, then a mineral-melt partition
coefficient ratio, D,,/D,, will also be constant (at fixed P, T),
independent of melt composition. If on the other hand

melt

nyOZ/yQ}%‘Z changes with melt composition, then for any min-
eral, D/D,,, will aso vary as a function of melt composi-

tion—that is, any change of the melt activity coefficient will
cause a corresponding change in the mineral-melt partition
coefficient.

The zircon/hafnon molar solubility ratios are shown in Fig-
ure 5. It is apparent that for alkaline, depolymerized composi-
tions this ratio is constant, suggesting that mineral-melt parti-
tion coefficients will aso be constant for a range of
compositions. As the melt composition approaches that of
subaluminous or peraluminous granites, however, the ratio of
yiro/ vors, decreases by afactor of 2to 5. All other parameters
remaining equal, thiswill decrease D,,;/D, by the same factor.
According to the data in Table 3, this is sufficient to make the
relative fractionation of Zr and Hf between melt and minerals
such as amphibole, clinopyroxene, and titanite disappear or
even to reverse it. We therefore conclude that the partitioning
behavior of ions with similar ionic radius, such as Zr** and
Hf**, is not solely controlled by elastic strain effects in the
crystal lattice (for effects on the latter, see Brice, 1975; Blundy
and Wood, 1994). Rather, the magnitude of the effect of chang-
ing activity coefficientsin the melt is at least comparable to the
strain effects in the crystal.

The changesin the activity coefficient ratio of Zr and Hf may
be becausein fully polymerized melts, there are no nonbridging
oxygen atoms available to locally charge compensate the Zr*+
and Hf** ions. In this situation, probably some more covalent
interactions between these ions and surrounding oxygen atoms
become important. The different behavior of Zr and Hf may
therefore be related to the significantly different electronega-
tivities of these elements (1.4 for Zr, 1.3 for Hf; Greenwood
and Earnshaw, 1984).

4.4. Zr/Hf Fractionation in Magmatic Systems

From the discussion above, the following can be concluded.
(2) In alkaline or depolymerized melts, zircon solubility is high
and even if zircon crystallizes, it does not significantly frac-
tionate Zr from Hf. Clinopyroxene, amphibole and titanite will

Table 3. Some experimentally measured mineral/melt partition coefficients of zirconium and hafnium.

Melt P
Mineral Reference® composition T (°C) (GPa) Dy, Dy Dy¢/Dy,

Garnet 1 Basanite 1050 25 0.23 0.10 0.44

Garnet 2 Basanite, tholeite 1080-1200 2-75 0.12 to 0.07 to 0.41 0.58 t0 1.33
.061

Garnet 34 Ultramdfic, 1530-1565 3 03t0 36 0.38t024 0.7t0 1.7

basaltic

Clinopyroxene 2 Basanite, tholeite 1530-1565 2-75 0.04 to 0.07 to 0.31 1.7to0 245
0.18

Clinopyroxene 5 Alkali basalt 1380 3 0.12 0.26 22

Orthopyroxene 2 Basanite, tholeite 1080-1200 2-75 0.03 0.06 1.88

Pyroxene 4 Ultramafic 1540 3 0.04 0.05 13

Amphibole 1 Basanite 1000 1 0.24 0.37 15

Amphibole 6 Tonadlite 850 1 0.42 0.66 16

Amphibole 7 Andesite 1000 15 0.23 0.45 20

Titanomagnetite 1 Basanite 1050 15 ~0.8 ~0.8 10

Titanite 8 Phonolite —° —r ~4 ~10 25

21, Fujinawa and Green (1997); 2, Green et a. (2000); 3, van Westrenen et a. (1999); 4, van Westrenen et a. (2000); 5, Hart and Dunn (1993);
6, Klein et a. (1997); 7, Brenan et a. (1995); 8, Worner et d. (1983).
b These data are from analyses of natural titanites and the coexisting glass phase, not from experimental samples.
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Fig. 6. Relationship between the Zr/Hf weight ratio and Hf in
alkaline volcanic rocks from Mt. Erebus (Kyle et d., 1992), Mt. Sidley
(Panter et a., 1997), and South Pacific ocean island basalts (Hauri and
Hart, 1997).

preferentially incorporate Hf over Zr and the fractional crys-
tallization of these minerals will therefore tend to dlightly
increase Zr/Hf in the residual melt. However, the effect will be
small or negligible if only amphibole and clinopyroxene are
present, as Zr and Hf are mildly incompatible in these minerals.
Only garnet may preferentially incorporate Zr, but in the pres-
ence of clinopyroxene, the effects of these two minerals will
tend to cancel out. Therefore, in alkaline or other depolymer-
ized silicate melts, minera fractionation should either leave
Zr/Hf nearly unchanged or dightly increase this ratio. (2) In
subaluminous or peraluminous granites the situation is funda-
mentally different. Zircon solubility is low and zircon now
strongly fractionates Zr from Hf. Moreover, all other mineras
considered above either do not fractionate Zr from Hf anymore
or they fractionate it in the same direction as zircon. Accord-
ingly, in subaluminous and peraluminous granites, a strong
decrease of Zr/Hf is expected to occur with fractional crystal-
lization.

These predictions are in perfect agreement with most field
observations. A near constant Zr/Hf ratio is observed in many
suites of alkaline volcanic rocks (Fig. 6)—for example, Mt.
Erebus (Kyle et a., 1992), Mt. Sidley (Panter et a., 1997), and
ocean idand basalts from the South Pacific (Hauri and Hart,
1997). On thisfigure, increasing Hf concentrations are assumed
to reflect increasing degrees of differentiation, an assumption
that is supported by a strong positive correlation between Hf
and K,O in these suites. Even in highly fractionated alkaline
granites and volcanics, where several hundred parts per million
Hf was in the melt, the Zr/Hf ratio is typicaly not greatly
different from the chondritic ratio—for example, Strange Lake
(Boily and Williams-Jones, 1994) and the Brockman volcanics
(Taylor et a., 1995) (Fig. 7).

The occurrence of hafnium-rich zircon in many highly
evolved granitic pegmatites (e.g., Tanco; Cerny and Siilova,
1980) and granites (e.g., Suzhou; Wang et a., 1996) can be
explained by crystal fractionation. The strong decrease in the
Zr/Hf ratio observed in many highly fractionated peraluminous
granites (Fig. 8), (e.g., Beauvoir; Raimbault et a., 1995) and
Argemela (Charoy and Noronha, 1996), and rhyolites (e.g.,
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Fig. 7. Relationship between the Zr/Hf weight ratio and Hf in
alkaline granites and volcanics from Niobium Tuff (Taylor et a., 1995)
and Strange Lake (Boily and Williams-Jones, 1994).

Macusani; Pichavant et al., 1988) and Ongonite (Kortemeirer
and Burt, 1988) can also be explained by crystal fractionation
without the need to invoke metasomatism. Increasing Hf con-
centration is again assumed to reflect increasing degrees of
differentiation. At Beauvoir, there is a positive correlation
between Hf and Rb and a negative correlation between Hf and
Ti, indicating that this assumption is probably reasonable, at
least for this suite.

However, a decrease in Zr/Hf with increasing Hf is not
observed universally in granitic suites. Figure 9 shows Zr/Hf
vs. Hf data for three metaluminous and peraluminous granitic
suites. In the case of the Erzgebirge granites of Germany, there
is an apparent positive correlation between Zr/Hf and Hf.
However, at Erzgebirge, there is also a positive correlation
between Hf and TiO,, and a negative correlation between Hf
and Rb, implying that for this suite, Hf is compatible. In
addition, the most evolved granites contain zircons with the
lowest Zr/Hf ratios and the lowest Zr and Hf abundances. These

40 Peraluminous
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[ ]
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<~ °
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Fig. 8. Relationship between the Zr/Hf weight ratio and Hf in
peraluminous granites Beauvoir (Raimbault et al., 1995), Argemela
(Charoy and Noronha, 1996), and volcanics Macusani (Pichavant et &l .,
1988) and Ongonite (Kortemeirer and Burt, 1988).
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Fig. 9. Relationship between the Zr/Hf weight ratio and Hf in
metaluminous and peraluminous granites from Clarence River (Bryant
et a., 1997), Davis Lake (Dostal and Chatterjee, 1995), and Erzgebirge
(Forster et a., 1999).

lower abundances are interpreted to be the result of lower
solubilities at lower temperature (Forster et al., 1999). In the
cases of the Clarence River (Bryant et a., 1997) and Davis
Lake (Dostal and Chatterjee, 1995) suites, the Zr/Hf ratios are
nearly constant. In both these cases, Hf decreases with TiO,,
suggesting that Hf is a compatible element. Potential explana-
tions are that crystallization occurred over a narrow tempera-
ture range and that the ASI ratio of the melt was nearly
congtant. If crystallization were dominated by quartz and felds-
par (which incorporate little Zr and Hf) and little zircon crys-
tallizes, then the Zr/Hf ratio of the residual melt may decrease
very little. Alternatively, if these suites contained restite zircon,
the Zr/Hf ratio of these zircons may have buffered the Zr/Hf
ratio of the melt.

It isintriguing that the strongly depleted Zr/Hf ratios in Fig.
8 are associated with fluorine-rich melts. The high F contents
result in higher zircon—hafnon solubility (Keppler, 1993) and
make it less likely that restite zircons survive (which could
control whole-rock Zr/Hf). The increased zircon solubility
(which could aso result from higher temperature melts) pro-
vides optimal conditions for zircon crystal fractionation, which
in turn results in the dramatic decrease of the whole-rock or
zircon Zr/Hf ratio.
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