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Abstract

The incorporation of Pb into zircons grown from Pb-rich solutions was evaluated using three different approaches: (1)
high-temperature growth of large crystals from Pb-silicate melts; (2) hydrothermal overplating of thin epitaxial layers on
substrates of natural zircon; and (3) growth of small, homogeneously nucleated crystals from aqueous fluids. The
melt-grown zircons (50-400 pum) were crystallized from PbO-Si0,~ZrO, (4 P,0,) liquid at atmospheric pressure by
cooling from 1430° to 1350°C. In the P,Os-free system, despite 66 wt% PbO in the melt, these zircons contain < 1 ppm Pb,
yielding an apparent crystal /melt partition coefficient (Dp,) for Pb?* of 7 X 1077, Addition of ~ 5 wt% P,0O, to the melt
results in uptake not only of P (~ 3400 ppm) in the zircons but also Pb ( ~ 1500 ppm), increasing the apparent Dp, to about
1073, Hydrothermal overplating of ZrSiQ, was carried out at 1.5 GPa in a piston-cylinder apparatus by slow cooling from
500°C or 550°C to 140°C of polished slabs of natural zircon immersed in zircon-saturated aqueous solutions containing
either PbO, or PbO + P,0Os. In both cases, the resulting epitaxial layers of ZrSiO, (~ 60 nm thick) contain > 3 atom% Pb,
with apparent zircon /fluid partition coefficients of 4.2 and 2.6, respectively, for Pb** and Pb*". In contrast to the case of
melt-grown zircons, available P is excluded from the aqueous epitaxial zircon, suggesting that charge balance is
accomplished by H™ instead. Small (2—5 pm) zircons grown by cooling aqueous solutions (PbO + SiO, + ZrO, + P,05)
from 800°C or 900°C contain ~ 0.25-0.5 atom% Pb (~ 2-4 wt% PbO), yielding apparent D, values of ~ 0.2-0.3.
Available P37 is incorporated in a 2: 1 ratio with Pb? ", suggesting a specific charge-balance mechanism: [2P>* + Pb2*] =
[2Si**+ Zr**1. However, Pb enters the zircon even when P is unavailable, so H” may again play a charge-balancing role.

Because of the rapid, polythermal modes of zircon growth and the high Pb content of the experimental systems, the
apparent partition coefficients should not be viewed as equilibrium values, but as qualitative indicators of Pb compatibility
under various growth circumstances. The overall results are consistent with the low but variable levels of non-radiogenic
(common) Pb in natural zircons. The increased compatibility of Pb in fluid-grown, low-temperature zircons suggests a
possible fingerprint for zircons from hydrothermal and wet-metamorphic rocks, i.e., high concentrations of common Pb.
© 1997 Elsevier Science B.V.
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1. Introduction

Because of the key role of zircon in U-Th-Pb
dating of crustal events, it is important to understand
the equilibrium and kinetic behavior of both the
parent (U, Th) and daughter (Pb) elements in the
zircon lattice. Natural zircons concentrate U and Th
during growth and tend to reject Pb, so most Pb in
zircons is produced in situ from decay. However,
non-radiogenic Pb (~ 2 ppb to 80 ppm; see Section
5.2) is present even in zircons apparently unaffected
by contamination or metamictization, so the question
arises as to what circumstances favor the incorpora-
tion of Pb into the zircon lattice.

In our ongoing experimental study of Pb diffusion
in zircon, we have tried several approaches to the
synthesis of Hf-free zircon containing sufficient Pb
to measure using analytical techniques suitable for
the depth profiling of short diffusion gradients [i.e.,
Rutherford backscattering spectroscopy (RBS) or ion
microprobe analysis]. To date we have succeeded in
growing crystals up to 500 wm in length, and also in
doping ZrSiO, with significant amounts of Pb, but
unfortunately (for our purposes) we have not yet
achieved both goals at the same time. Nevertheless,
in the process of trying, we have made some discov-
eries about the compatibility of Pb in zircon that may
be of interest to isotope geochemists.

2. Oxidation state of Pb in the Earth’s crust

An important question in assessing the compati-
bility of Pb in zircon concems its oxidation state in
natural environments. Of the three possibilities —
Pb°, Pb2* and Pb*" — only the last has an ionic
radius and charge that is conducive to substitution
for Zr** in the zircon lattice (the radii of Pb*" and
Zr** are 0.94 A and 0.84 A, respectively, in 8-fold
coordination; for comparison, that of U** is 1.00 A
and Th** is 1.05 A, Shannon, 1976). Fig. 1 shows
the stable phases in the Pb—O system as a function
of temperature and oxygen fugacity, with some fa-
miliar geologic oxygen buffers for reference. The
diagram reveals that the stable form of Pb at the
igneous or metamorphic conditions appropriate to
zircon growth is either Pb°® or Pb** (the latter is
stable only in relatively ‘oxidized’ rocks), 50 it 15 not
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Fig. 1. Stable phases in the system Pb-O as a function of oxygen
fugacity (f,,) and reciprocal absolute temperature. The heavy
lines define the stability fields of various Pb~O phases, including
PbO, (upper left), PbO and Pb metal (lower right); the lines are
dashed where they lie well beyond the ranges of T and fy,
investigated by experiment. The Pb—O data are from White and
Roy (1964) and Otto (1966). The light, dotted lines represent
several familiar ‘geologic’ f;, buffer curves; NNO =
nickel /nickel oxide; MH = magnetite /hematite; FMQ =
fayalite /magnetite /quartz; ‘WM = wiistite /magnetite; IW =
iron /wiistite. The stippled field delineates the probable range in
fo, values of crustal rocks; the horizontal dashed line is atmo-
spheric f, . See text for discussion.

surprising that Pb exhibits broadly incompatible be-
havior toward zircon. On the other hand, it cannot be
assumed that Pb** is totally excluded during growth,
either: zircon can accommodate some altervalent
substitutions to quite high concentrations even with-
out charge-balancing cations (e.g., 1.2 wt% Dy’*
for Zr**; Hanchar, 1996).

In referring to Fig. 1, it is important to bear in
mind that it applies strictly only to the pure Pb—O
system, and that the stability fields of the various
oxidation states of Pb may be significantly different
in complex geologic systems. For example, Pb?"
could be present in a melt or metamorphic fluid at
conditions more reducing than those implied by Fig.
1 — stabilized, perhaps, by formation of complexes
with Cl (see, e.g., Helgeson, 1964). In any case, the
relatively high concentrations of Pb in feldspars
(Smith, 1983; Faure, 1986), in which Pb is almost
certainly divalent, indicate that Pb?* is much more
abundant in crustal rocks (relative to Pb) than one
would infer from Fig. 1.
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3. Zircon syntheses
3.1. Crystals grown from PbO-Si0,~ZrO, melts

The original objective in synthesizing zircons was
to dope the crystals with Pb at a level of 1001000
ppm. The initial strategy was one of ‘brute force’;
rather than attempt to maintain the 4 + oxidation
state of Pb to the high temperatures needed for
growth of a refractory phase like zircon (which
appears difficult in the light of Fig. 1), we opted for
growth from a very PbO-rich silicate melt. With PbO
as a major component of the system, a low Pb>*
partition coefficient (even one as low as 0.001)
would still yield sufficient Pb in the zircon for use in
diffusion studies. Our base flux was a composition
near the high-silica eutectic in the PbO-SiO, system
at 70 wt% PbO, 30 wt% SiO,. Because quartz is the
liquidus phase of this composition (at ~ 850°C), we
anticipated saturation in zircon (as opposed to badde-
leyite) as ZrQ, was added to the system. In a series
of preliminary quenching experiments, the solubility
of ZrO, in the base flux at 1450°C was determined
as 5.7 wt%, at which point the melt reaches satura-
tion in zircon (see ‘batch 3’ in Table 1 for melt
composition).

Approximately 300 mg of the 3-component mix-
ture described above was loaded into an 8-mm diam-
eter Pt tube that was subsequently welded shut to
prevent Pb volatilization at run conditions (see Fig.
2A). The tube was suspended in air (where PbO is
stable at 520° < 1800°C; see Fig. 1) in a vertical-tube
furnace equipped with a programmable temperature
controller. Several exploratory time—temperature

Table t
Summary of starting compositions expressed as wt% oxides

Batch 3 * Batch5* PBZ6 PBZ7 PBZ8 PBZ9

Sio, 283 27.0 43¢ 32° 43° [28°¢
Zr0, 5.7 5.4 35¢ 269 359 115¢
PbO, - ~ 52 -~ - -
PbO  66.0 62.8 - 75 103 123
P,0; - 48° - 15 20 -
H,0 - - 87.0 852 799 634

* Pre-fused prior to zircon synthesis.

® From (NH, ), HPO,; devolatilized at ~ S00°C before use.
¢ Added as SiO, glass.

¢ From Z(S0,), - 4H,0; devolatilized before use.
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Fig. 2. (A) Platinum container used for zircon growth at atmo-
spheric pressure from PbO-SiO,-ZrO, (£P,0;) melts. (B)
Time—temperature paths for batch 3 and batch 5 synthesis runs.
See text and Table 1.

paths were attempted before arriving at the one
shown in Fig. 2B, which produces a quenched charge
consisting of glass in addition to 1.5-2% well-formed
zircon crystals ranging between ~ 50 and 400 um
in length (‘batch 3° zircons; see Table 2). The
zircons were readily separated from the surrounding
glass by crushing the charge and dissolving away the
Pb-silicate glass in dilute HF.

3.2. Crystals grown from PbO-Si0,-ZrO.-P,0;
melts

The zircons grown from the simple PbO--SiO,—
ZrO, melt incorporated remarkably little Pb (see
Section 4), so other strategies were adopted. In-

Table 2
Synthesis conditions and analyses of zircons grown from Pb—sili-
cate melt

Batch 3 Batch 5

T-t 1430°C — 1430°C -
1350°C @ 1°/h 1350°C @ 1°/h

P (MPa) 0.1 0.1

Si0, (wt%) 32.8 31.3

Zr0, (Wt%) 67.2 67.8

Pb (ppm) 0.40+0.05 * 1500 4 100

P (ppm) n.d 3400 + 50

Dpy 7% 1077 ~1073

Compositions were determined by electron microprobe except
where noted otherwise.
* UCLA ion microprobe analysis (see text).
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trigued by T. Krogh's passing comment (pers. com-
mun., 1995) ‘“‘common Pb in natural zircons seems
to be accompanied by high phosphorus contents’’,
we added ~ 5 wt% P,O; to the original PbO-SiO,—
ZrO, flux mixture (see ‘batch 5 in Table 1). This
addition bhad little effect on ZrO, solubility, and
zircon remained the liquidus phase. The mix was
sealed in a Pt container and subjected to a tempera-
ture—time path similar to that shown in Fig. 2. The
quenched product was ~ 85% glass with dispersed
crystals of Pb—silicate and numerous small, stubby
zircons averaging ~ 60 pm in size (‘batch 5 zir-
cons; see Table 2). As before, the charge was gently
crushed and the Pb-rich silicate material was re-
moved from the zircons by treatment in dilute HF.
The zircons in the final separate were neither as
large nor as inclusion-free as those grown from the
3-component flux (batch 3). However, they con-
tained orders of magnitude more Pb (see Section 4).

3.3. Hydrothermal overplating on a zircon substrate

3.3.1. Rationale and general description of method

Additional attempts to synthesize zircon were
made under hydrothermal conditions. We hoped to
capitalize on the known (albeit limited) solubility of
zircon in H,O (Ayers and Watson, 1991) and also
on the possibility of using transient high O, pres-
sures to inhibit reduction of Pb oxides. Conventional
hydrothermal syntheses in cold-seal pressure vessels
were attempted, but the efforts were plagued by
rapid reduction of PbO and PbO, to Pb° by hydrogen
influx into the noble metal containers.

We then turned to a strategy involving epitaxial
growth of new zircon on a pre-existing crystal sub-
strate, which had the potential advantage of produc-
ing a large surface area of Pb-doped ZrSiO,, suitable
for depth-profiling by RBS after a diffusion experi-
ment. Cold-seal pressure vessels were abandoned in
favor of the piston-cylinder apparatus in order to
reach higher pressures and consequent higher zircon
solubilities. The piston-cylinder has the additional
advantage that, because the pressure medium sur-
rounding the sample container is not H,O (as in the
cold-seal vessels), the reduction of Pb oxides by H,
influx is much slower.

For use as substrates in the ‘overplating’ experi-
ments, zircon wafers ~ 0.5 mm thick were cut paral-

thermocouple - sE—
oxidized Ni ~ ]ﬂﬂ
Pt gasket —___

Lo ~
deionized HO ~_]
oxide mix:
$i0y+Zr0;

(+Pb0,)
(+PbO+P,05)

zircon slabs —————=

—————— ——

900 | - HYDROTHERMAL T-t PATHS .

" ,/‘/’ crystal growth @a

0 2 4 € 8 10 12 14
time (hours)

Fig. 3. (A) Platinum-lined Ni container used for experiments in
the piston-cylinder apparatus. (B) Time-—temperature paths for
hydrothermal synthesis runs PBZ6-~PBZ9. See text for details and
Table 1 for starting compositions.

lel to (110) from a natural, gem-quality crystal from
the Mud Tank carbonatite (see Section 4). The wafers
were polished on one side to 0.05 um grit and sawn
into smaller pieces ~ [.5-2 mm?”. The runs were
made using a 0.75-inch pressure cell (NaCl + Pyrex
+ Al,0;) and a pressure-sealing sample container
that is a variant on designs regularly used in the RPI
laboratory (see, e.g., Watson and Lupulescua, 1993).
The container consists of a thick-walled Ni sleeve
that is pre-oxidized on the surface to prevent interac-
tion with the Pt liner containing the sample (see Fig.
3). The rigidity of the Ni under cold pressurization
leads to a water-tight seal between the Pt gasket and
the liner at the start of an experiment.

As described below, two overplating runs were
carried out, one incorporating PbO, in the starting
material, the other PbO + P,Os.
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3.3.2. Overplating in the presence of Pb* ™

From the general similarity in ionic radii of Pb**
and Zr*”, it is reasonable to expect significant incor-
poration of any available Pb** into crystallizing
ZrSiO,. [The lattice-strain model of Blundy and
Wood (1994) predicts a zircon /melt partition coeffi-
cient of ~ 100 for Pb*" (Hanchar, 1996).] Accord-
ingly, we attempted to stabilize Pb** during the
growth process by keeping the temperature relatively
low. Exploratory runs revealed that PbO, survives in
the Pt-lined Ni container with H,O for a few hours
at temperatures below ~ 500°C (P = 1.0-1.5 GPa),
as deduced qualitatively from the change in color
from black (PbO,) to yellow—orange (PbO). Signifi-
cantly higher temperatures lead to rapid reduction,
presumably in response to the relatively low intrinsic
fo, of the pressure cell [in this case ~ nickel /nickel
oxide (NNO); see Fig. 3A]. Communication between
the sample and the external buffer presumably oc-
curs by H, diffusion through the Pt liner (nominally
dry piston-cylinder assemblies are known to contain
significant moisture, e.g., Fine and Stolper, 1985).

Four substrate slabs were placed, polished side
up, at the bottom of the Ni—Pt container as shown in
Fig. 3A. A fine powder of SiO, + ZrO, + PbO,
(PBZ6 in Table 1) was loaded directly on top of the
zircon slabs, and the Pt container was topped off
with deionized water. The container was then placed
in the piston-cylinder assembly, pressurized to 1.5
GPa, and subjected to time—temperature path shown
in Fig. 3B (run no. PBZ6). Following treatment, the
zircon slabs were recovered from the container and
cleaned ultrasonically in alcohol and dilute HCI to
remove small amounts of adhering Pb—silicate mate-
rial. Optically, the samples appeared unchanged by
the hydrothermal plating process, even to the extent
that the surface polish was intact.

3.3.3. Overplating from a solution containing PbO
+ P,0;

Encouraged by our earlier discovery that phos-
phorus markedly enhances the compatibility of Pb**
in melt-grown zircon, we ran a second hydrothermal
plating experiment with P,O, and PbO in the aque-
ous growth medium. The Pt-lined container was
again loaded as shown in Fig. 3A, this time with four
zircon slabs plus a fine powder of SiO, + ZrO, +
PbO + P,0; (PBZ7 in Table 1). The container was

subjected to the time—temperature path shown in
Fig. 3B at a pressure of ~ 1.5 GPa. As before, the
recovered samples were cleaned ultrasonically in
alcohol and dilute HCI.

3.4. Hydrothermal synthesis by homogeneous nucle-
ation

Because of difficulties associated with analysis of
the thin zircon coatings produced in the overplating
experiments, additional synthesis experiments were
conducted in the piston-cylinder apparatus using a
more conventional approach. Containers like those
illustrated in Fig. 3A were loaded with fine powders
of Si0, + Zr0, + PbO + P,0O; plus deionized water
in the proportions shown in Table 1 (PBZ8 and
PBZ9). As in the overplating experiments, rapid
zircon growth was seen as essential if reduction of
PbO was to be avoided, so programmed cooling at
1°/min was again used to maintain oversaturation of
the solutions in zircon. Relatively high initial tem-
peratures were also used in the hope of obtaining
large crystals (800°C and 900°C for PBZ8 and PBZ9,
respectively; see Fig. 3B).

Not surprisingly, these experiments resulted in
crystallization of more than one phase; PBZ8 vielded
Pb--phosphate + quartz + zircon; PBZ9 contained
PbSiO; + quartz + zircon. The zircons were lath-
shaped and very small in both cases, rarely exceed-
ing 5 pm in length (see Fig. 4).

4. Analytical methods and results
4.1. Melt-grown zircons

The large zircons recovered from the PbO-SiO,-
ZrQ, flux (batch 3) contain Pb concentrations below
the detection limit of the electron microprobe (EMP).
Subsequent determinations of the Pb content were
made using the CAMECA ims 1270 ion microprobe
at UCLA. Several of the synthetic crystals were
mounted in an epoxy disk (2.5 cm diameter) along
with fragments of Mud Tank zircon that served as a
concentration standard. The Mud Tank fragments
came from a ~ 10 cm® crystal obtained from the
State Museum of Victoria (Australia); four pieces of
this same crystal had been analyzed previously by
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isotope dilution and found to contain 0.9 + 0.1 ppm
pb*, with a *°Pb/Pb fraction of 85% (R.R.
Parrish, pers. commun., 1996). Other gem-quality
zircons from the Mud Tank carbonatite have been
dated by Black and Gulson (1978) at 732 + 5 Ma.

Ion microprobe analysis was performed using an
O, primary ion beam at a mass resolving power of
~ 6500, which is sufficient to resolve molecular
interferences from the Pb isotopes. Comparison of
the °Pb/ *Zr ratio of Mud Tank zircon (2.65 +
0.06 X 107°) with that of the unknown (6.03 + 0.24
X 107°) yields a total Pb concentration of 0.40 +
0.05 ppm, assuming a modern common Pb isotope
composition for the synthetic zircon. From the start-
ing melt composition (Table 1), the -effective
zircon /melt partition coefficient (Dg,) can be de-
duced as 7 X 1077,

The zircons grown from the PbO-SiO,-ZrO,-
P,O; flux (batch 5) were analyzed for Si, Zr, P and
Pb using the JEOL 733 Superprobe (EMP) at RPI,
operating at an accelerating voltage of 20 kV and a
sample current of 150 nA. Collimators were used to
reduce peak interferences and to maximize peak-to-
background ratios. Long counting times at each spot
(up to 600 s) yielded 1o analytical uncertainties in
the range of 5-10% for Pb and 1-3% for P. Matrix
corrections were performed using standard ZAF
techniques; element standards included synthetic zir-
con for Si and Zr, galena for Pb, and synthetic
xenotime for P. Under these conditions, the mini-
mum detection limits for Pb and P are 120 and 60

ppm, respectively. The P contents of the zircons
grown from P-bearing melts are high and very uni-
form (3400 + 50 ppm; see Table 2); P is accompa-
nied by 1500+ 100 ppm Pb, resulting in a Pb**
partition coefficient for the P-bearing lead-silicate
system (batch 5 in Table 1) of 1.1 X 10 — 3.

4.2. Epitaxial layers

The hydrothermally overplated zircons from the
PbO,-bearing system (run no. PBZ6) were examined
first by EMP using operating conditions similar to
those described above, with the beam vertically inci-
dent on the plated surface. The resulting analyses are
highly reproducible from point to point and reveal
remarkably high apparent Pb concentrations of 3550
+ 90 ppm (see Table 3). The stoichiometry and
oxide totals are appropriate to zircon, but there is
also a telltale indication that the plated layer is very
thin: Hf appears in the analyses at a uniform appar-
ent level about 20% below the known Hf abundance
in the substrate Mud Tank zircon (13100 ppm;
Hanchar, 1996). Because the plating constituents
contained no Hf, it was immediately clear that the
electron beam was ‘seeing through’ the plated layer
into the substrate (see Fig. 5). It was also clear that
the plated layer, being thin to the incident electron
beam, must have an actual Pb concentration much
higher than the 3550 ppm apparent in the analyses.
One of the PBZ6 plated zircons was depth-profiled
by Rutherford backscattering spectrometry (RBS; see

Table 3
Experimental conditions and analyses of zircons subjected to hydrothermal overplating
PBZ6 PBZ7
T-t 500°C — 140°C @ 60° /h 550°C - 140°C @ 60°/h
P (GPa) 1.5 1.5
Layer thickness (nm) ~ 54 (1 sample) 60-170 (4 samples)
St0, (wt% by EMP) 324 32.6
Zr0, (wit% by EMP) 66.5 65.8
Pb (ppm by EMP) 3550 £ 90 1940 + 130
Pb (ppm by RBS) 220000 199000
P (EMP, RBS) nd. n.d
Hf (ppm by EMP) 10500 + 40 11800 + 45
Dy, * ~4.2 ~26

Electron microprobe (EMP) analyses are composite values including both the surface layer and the substrate. Analyses by Rutherford
backscattering spectroscopy (RBS) represent the surface layer only. See text and Fig. 5.
* Estimated minimum value, assumes that all Pb in the system was initially dissolved in the aqueous fluid.
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Fig. 5 and Chu et al., 1978), which confirmed the
O-Si~Zr-Pb stoichiometry of the overplated layer
as that of Pb-rich zircon, and established the thick-
ness as ~ 54 nm. The Pb content averages a remark-
ably high ~ 22 wt% (3.7 atom%). Assuming that ail
Pb in the system was in solution at the initiation of
epitaxial growth, the effective zircon /fluid partition
coefficient is ~ 4.2. The RBS analysis provides no
indication of the oxidation state of Pb, but from the
starting composition (Table 1) and the qualitatively
known rate of reduction in the experimental capsule
(see Section 3.3.2), we infer that much of the Pb

Fig. 4. Backscattered-electron images of run products from hy-
drothermal crystallization experiments. (a) Small zircon laths in
run PBZ8 (medium gray) enclosed in large quartz grains (dark
gray background). Zircons are also included in the large, white
crystal, which is Pb phosphate. (b) Zircon laths (medium gray) in
run PBZ9 adjacent to and included within large PbSiO, crystals
(white). Black material in both photos is epoxy.
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Fig. 5. Top: Schematic representation of the two analytical tech-
niques used to characterize the hydrothermally overplated zircon:
(1) electron microprobe analysis; and (2) Rutherford backscatter-
ing spectroscopy (RBS). In microprobe analysis, the primary
electron beam interacts with the thin (Pb-rich) overplated layer
and also penetrates well into the (Hf-bearing) substrate. Character-
istic X-rays are generated in both layers, so the resulting analysis
is a mixture of the two compositions. In RBS analysis, the
primary He ion beam is backscattered from atoms in the near-
surface region of the sample, providing quantitative composition
vs. depth information. Bottom: RBS spectrum of sample PBZ6.
Reduction of this spectrum reveals that the surface layer is ~ 54
nm thick and consists of stoichiometric zircon containing 22 wt%
Pb. See text and Fig. 3 for details of the overplating experiments;
see Cherniak and Watson (1992) for a description of RBS.

present in the overplated layers is Pb**. Hydrogen
profiling by nuclear reaction analysis (NRA; see
Lanford et al., 1976) revealed a high conczntration
of H in the layers, corresponding to a ~ 3:1 atomic
ratio of H/Pb. The elevated H content was not
unexpected in light of the results of Caruba et al.
(1975, 1985), who documented up to 80% replace-
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ment of SiO, by (OH,F), in synthetic, hydrothermal
zircons; however, without better knowledge of the
oxidation state of Pb, the role of H in the Pb-bearing
epitaxial zircon cannot be deduced. If all Pb is 4 +,
no charge compensation is needed, and 4H* may
simply replace Si®* in the so-called hydrogrossular
substitution (see Woodhead et al., 1991). If signifi-
cant Pb?* is present, on the other hand, some H may
play a charge-compensating role (as OH "~ replacing
0?7; see Section 5).

Like the PBZ6 samples, the zircon slabs over-
plated from the PbO + P,0s-bearing solution {run
no. PBZ7) were analyzed by EMP and RBS, and
depth-profiled using NRA for both H and P (see
Mclntyre et al., 1988 for the P technique). The
epitaxial layers are 60-170 pum thick and contain,
on average, 19.9 wt% Pb (3.3 atom%), indicating a
maximum zircon /fluid partition coefficient of ~ 2.6.
Surprisingly (in view of the batch 5 results), P was
not detectable by EMP, RBS or NRA (Table 3; the
NRA technique has a detection limit for P of ~ 800
ppm atomic), which suggests that the excess positive
charge arising from replacement of Zr** by Pb’" is
balanced by OH™ replacing O?~. This suggestion
gains support from the H profiling results, which
reveal variable concentrations of H up to 6% atomic,
i.e., approaching H/Pb = 2.

4.3. Hydrothermal crystals

The zircons recovered from experiments PBZS8
and PBZ9 presented special analytical difficulties
because of their small size (max. ~2 X5 um; see
Fig. 4). Even with the electron microprobe, spatial
resolution was insufficient to obtain ‘clean’ analyses.
However, by lowering the accelerating voltage to 10
or 12 kV (for PBZ8 and PBZ9, respectively), it was
possible to obtain meaningful results. Apart from a
lower accelerating voltage and sample current (~ 40
nA), the analysis conditions were similar to those
used for the much larger melt-grown zircons (see
Section 4.1). The PBZ8 zircons were present in the
run product almost exclusively as inclusions in large,
euhedral quartz grains. For this reason, the micro-
probe analyses show a significant apparent excess of
SiO, (Table 4) due to overlap of the X-ray excitation
volume onto quartz. However, because the quartz
contains no Pb or P, the measured levels of these

Table 4
Growth conditions and electron microprobe analyses of hydrother-
mal zircons

PBZ8 PBZ9
T-1 900°C - 800°C —

100°C @ 60°/h 200°C @ 60°/h
P (MPa): 1.5 1.0
Oxide: wi% (o) cal./4ox. wt% (o) cat. /4 ox.
Sio, 353337 1.057 27.7(1.24) 0.988
70, 61.2(3.2) 0.896 57.1(1.89) 0.995
PbO 18(0.7) 0015 3.5(1.10) 0.034
P,0; 13(0.3) 0032 n.d.
Total 99.6 2.000 88.3 2.017
Dy * 0.17 0.29

The PBZ8 zircons are included in quartz, and the largest are ~ 25
um in size (see Fig. 4a), so the analyses conlain an apparent
excess of SiO, that is probably due to analytical ‘contamination’.
The oxide totals of the PBZ9 zircons are low mainly because of
their small size (Fig. 4b) and the fact that they are surrounded by
epoxy in the microprobe mounts (a small portion of the ‘deficit’
may be due to replacement of Si** by H*; see text).

* Estimated minimum value, assumes that all Pb in the system
was initially dissolved in the aqueous fluid.

elements in the zircons are believed to be reliable
minimum estimates. Although not as high as those in
the hydrothermally overplated layers, the PbO and
P,O; concentrations in the PBZ8 zircons are substan-
tial: 1.8 (£0.7) and 1.3 (+0.3) wt%, respectively
(Table 4). Significantly, the cationic ratio F/Pb is 2,
within analytical uncertainty. The calculated mini-
mum value for Dy, assuming that all Pb was in
solution at the outset of zircon growth, is 0.17.

Like those in experiment PBZ8, the PBZ9 zircon
laths do not exceed ~ 2 um across (Fig. 4b), so
similar analytical difficulties arose with the EMP
determinations. The crystals chosen for analysis were
surrounded by epoxy (in 2-D section) in the micro-
probe mounts, so the small crystal size resulted not
in X-ray ‘contamination’ (as from quartz in PBZ8)
but in low analysis totals, averaging -~ 88%. The
Si/Zr /O stoichiometry confirms the identity of these
crystals as zircon, but they contain, once again, quite
high concentrations of Pb, corresponding o ~ 3%
replacement of Zr atoras by Pb and a minimum
zircon /fluid partition coefficient of 0.29 (Table 4).

The possibility was considered that the high ap-
parent Pb content in the PBZ9 zircons is due to
secondary fluorescence from nearby PbSiO; (see
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Fig. 4b). A minor secondary fluorescence contribu-
tion to the zircon analyses cannot be ruled out, but
the following two observations indicate that the high
Pb levels are real: (1) there is no correlation between
apparent Pb concentration and distance from PbSiO;;
and (2) secondary fluorescence of PbSiO, would
contribute not just to Pb but also to Si count rates on
zircon. The PBZ9 zircon analyses are, if anything,
slightly low in Si (Table 4). Lead contamination of
the zircon surfaces by smearing of PbSiO, during
polishing can also be ruled out. This phenomenon
has been observed during Pb isotopic analysis by ion
microprobe of natural zircons in rocks containing
high-Pb phases such as galena and sphalerite (A.
Nutman, written commun., 1997). However, no Pb
X-rays are detected during electron microprobe anal-
ysis of batch 3 zircons (virtually Pb-free; see Table
2) embedded in Pb-rich glass. The electron micro-
probe is simply too insensitive to ‘see’ this kind of
contamination.

5. Discussion and conclusions

5.1. Interpretation and implications of ‘partition co-
efficients’

In some respects, the results reported here serve
only to confirm what was already known, i.e., that
Pb is generally incompatible in zircon. Some inter-
esting aspects of Pb uptake in zircon have neverthe-
less come to light. Considering that zircon serves as
host to a wide variety of minor and trace elements
(~ 50 according to some sources; €.g., Speer, 1980),
the degree to which Pb** is excluded from zircon
during growth from a dry, P,Os-free melt is surpris-
ing. Partition coefficients as low as ~ 107° are
unusual for lithophile elements in silicate crystals
(see, e.g., Jones, 1995); at 7 X 1077, the Dy, value
for the ‘batch 3’ zircons is extraordinarily low. A
more silicic melt composition (e.g., granite) and/or
a lower growth temperature might lead to a some-
what higher partition coefficient, but these effects
probably would not amount to orders of magnitude.
If the ‘batch 3’ partition coefficient of 7 X 1077
governed Pb behavior in natural systems, we would
anticipate abundances of non-radiogenic (common)
Pb in crustal zircons of only ~ 0.01 ppb (given an

average crustal Pb concentration of ~ 12 ppm; Tay-
lor, 1964), which is three orders of magnitude below
typically observed levels (e.g., Krogh, 1993; see
Section 5.2). This inconsistency may be explained,
as Krogh (pers. commun., 1995) suspected, by a
connection between P and Pb in zircon. Our P-bearing
silicate melt system (batch 5) yielded an apparent
Pb?* partition coefficient of ~ 107?; operating in
nature, this value would lead to common Pb levels in
crustal zircons within the range of those actually
observed. Clearly, the batch 5 system (Table 1) bears
little resemblance to a granite, so this agreement may
be fortuitous, but a role for P in the uptake of
common Pb in some magmatic zircons seems proba-
ble. Crustal magmas generally contain much less
than the 5 wt% P,O; present in our experimental
system, but the chemical activity of this component
is nevertheless very high in granitic melts (perhaps
higher than in our experimental system), as evi-
denced by widespread saturation in apatite at near-
liquidus temperatures.

In the melt-grown zircons, P appears to ‘overplay’
its probable charge-compensation role in the uptake
of Pb. The coupled substitution

[2P"+M2*] & [2Si* + Zr* '] ()

while not documented previously, can be proposed
by analogy with the well-known ‘xenotime-type’
exchange involving P°* and Y** or REE**

[PS*+ M3 ] e [Si* +Zr* ] (2)

(Dennen and Shields, 1956; Caruba et al., 1974;
Hinton and Upton, 1991). Qur analyses suggest that
P°* does replace Si** in the batch 5 zircons (be-
cause Si0, is low relative to stoichiometric ZrSiO,;
see Tables 2—-4), but the excess positive charge
arising from this substitution is not fully compen-
sated by replacement of Zr** with Pb** (this would
require P/Pb =2, and the observed atomic ratio is
~ 15). The overabundance of P does not rule out the
exchange represented by Eq. (1), but some additional
charge-balance mechanism must operate as well. The
simplicity of the system rules out candidates such as
halogens or even hydrogen, leaving excess oxygen as
one of few remaining possibilities. There exists at
least one other example of P-doped synthetic zircon
in which P is not compensated by a low-valence
substitution in the Zr** site. Hanchar (1996) found
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that zircons grown from Li-molybdate flux contain-
ing P,O4 plus a single light rare earth element take
up considerably more P°* than LREE’". The level
of P in those zircons is consistently 2400-2600 ppm,
irrespective of the identity of the accompanying
LREE, whose concentrations range from 140 ppm in
the case of La to near (atomic) parity with P in the
case of Gd.

The role of P°* in the uptake of Pb®* during
hydrothermal growth is easier to assess. The P/Pb
ratio of the PBZS zircons is ~ 2 [as predicted by Eq.
(1)], so a straightforward charge-balance mechanism
seems to operate. At growth temperatures below
~ 500°C, however, available P in hydrothermal sys-
tems is apparently excluded from crystallizing zir-
con, as evidenced by the results of run PBZ7. Inter-
estingly, Pb?>™ will still enter the zircon structure
even if P°" is not available for charge compensation
(cf. run PBZ9), in which case charge balance is
probably maintained by incorporation of H*. Two
types of substitution involving H* are well docu-
mented in zircon:

[M3++ H+] « [Zr4+]

or (3)
[M3*+OH ] [Zr' "+ 0]

and

[4H"] & [Si**] (4)

Both occur in natural, nonmetamict zircons, but the
former is generally dominant (Woodhead et al.,
1991). In zircons synthesized hydrothermally, the
Si** replacement mechanism [Eq. (4)] is highly
effective, apparently resulting in up to 80% replace-
ment of Si** by 4H" in some instances (Caruba et
al., 1975, 1985). Hydrogen profiling of the over-
plated layers in PBZ6 and PBZ7 reveals levels of H
that are more than adequate to allow entry of Pb?*
into the zircon lattice (without charge-compensating
P>*) by the substitution

[Pb?* +2H"] o [Zr*"] (5)
which is analogous to the well-known substitution
represented by Eq. (3).

From our hydrothermal overplating experiment in
the PbO,-bearing system, it is clear that Pb*" is, as
anticipated, quite compatible in zircon. This knowl-
edge is of limited value in geochemisiry because

natural zircons rarely if ever grow under conditions
sufficiently oxidizing to stabilize Pb** (see Fig. 1).
Nevertheless, confirmation of the compatible nature
of Pb** is useful, because it may lead to a conve-
nient way of doping synthetic zircon for Pb diffusion
studies.

In closing this section, it is important to under-
score the highly qualitative nature of the ‘partition-
ing’ results we report. In all three synthesis ap-
proaches, there are good reasons to question the
attainment of equilibrium. This is especially true of
the hydrothermal epitaxial-plating runs, in which the
growth rate was high despite a low prevailing tem-
perature; optimal conditions for formation of defect-
ridden zircon. It is entirely possible, also, that Pb is
adsorbed on some or all growth surfaces of zircon,
occupying partially formed sites as an OH- or P-
bearing complex. These adsorbed complexes could
become trapped in the lattice as the zircon grows, a
process modeled mathematically by Watson and
Liang (1995) and discussed in broad geochemical
terms by Watson (1996). Perhaps not coincidentally,
aqueous Pb?" has been shown to be selectively
adsorbed on some surfaces of a-Al,O, (Bargar et
al., 1996). In our view. the zircons grown from the
simple PbO-Si0,-ZrO, melt (batch 3) probably
represent the closest approach to equilibrium, be-
cause the growth temperature was high and the
cooling rate relatively low. Unfortunately, the appar-
ent Dp, value of 7X 1077 is probably also the least
relevant to any geologic situation, because the sys-
tem bears little resemblance (other than having a
high molar silica content) to granite, and is also
extremely Pb-rich. The other syntheses, though prob-
ably far from equilibrium, may still have value as
qualitative indicators of behavioral tendencies in nat-
ural systems. We would not argue strongly for an
equilibrium zircon/aqueous fluid partition coeffi-
cient for Pb** that is greater than 1 (as implied by
PBZ7), but it seems reasonable to expect some
compatibility of Pb in zircon under natural hy-
drothermal conditions, or at least not total incompati-
bility.

5.2. Consistency with nature

The amount of common Pb in natural zircons is
difficult to assess from perusal of the isotope dilution



E.B. Watson et al. / Chemical Geology 141 (1997) 19-31 29

literature, for three reasons. First, unless the labora-
tory in which the isotopic analyses are performed has
a very low and consistent Pb blank, it is not clear
how much of the reported common Pb is laboratory
contamination and how much is intrinsic to the
zircon (see, e.g., Krogh, 1993). Second, in selecting
zircons for U-~Pb analysis, a deliberate sampling bias
is usually applied in order to maximize the likeli-
hood of concordant results. The selection process
may involve air abrasion to remove potentially dis-
cordant material from the outer part of the zircon.
Any zircons (or parts thereof) that are turbid, cracked,
metamict or otherwise suspect are generally by-
passed in the selection procedure, so it is conceivable
that high-common Pb zircons are sometimes over-
looked. Lastly, it remains unclear what fraction of
the measured common Pb is dissolved in the zircon
structure as opposed to being contained in small
fluid-, glass- or mineral inclusions. Isotope dilution
analyses should probably be viewed as upper esti-
mates.

At the Royal Ontario Museum, where the Pb
blank is 2—6 picograms (pg), Krogh (1993) deter-
mined common Pb masses in air-abraded zircons of
~ 2 to 7 pg, with most values falling below 4 pg and
one ‘anomalous’ value of 11 pg. (Because the appar-
ent masses of common Pb in analyzed zircons in-
clude the blank levels, the abundances in the zircons
are negligible. For a typical zircon (~ 100 X 30 pum)
having a mass of 300 ug, 3 pg of common Pb
translates into 10 ppb.) A few other high-quality
U-Pb isotopic analyses reveal higher levels of com-
mon Pb. Wiedenbeck et al. (1995), for example,
reported levels up to 100 ppb in a massive (238 g),
1065 Ma-old zircon from Renfrew County, Ontario
(Canada) that has been proposed for use as a U-Pb
isotopic standard, Much higher concentrations of
common Pb (21 and 80 ppm) were found by Corfu
(1987) in two zircon fractions from the Agawa
migmatite terrain in the Superior Province of Canada.

Given the latitude provided by the uncertain abun-
dance limits of common Pb in natural zircons, the
results reported here are consistent with nature. It is
unnecessary to invoke growth conditions sufficiently
oxidizing to stabilize Pb**, because zircons grown in
a P-bearing melt or an aqueous fluid incorporate
significant amounts of Pb?*. Since both P and H,0
are ubiquitous in crustal geologic systems, and since

Pb’* is a common form of Pb in nature (see Section
2), it is reasonable that some natural zircons should
contain measurable amounts of non-radiogenic Pb,
despite the low abundance of Pb in the systems from
which they typically crystallize.

The really intriguing aspect of common Pb in
natural zircons is its apparent variability. Our Pb-
doping results suggest two possible explanations.
First, the variation may be due in part to differences
in the ambient f, of the growth environment. As-
suming that Pb° is totally excluded from the zircon
lattice during growth, zircons grown under condi-
tions where Pb is a significant or dominant form of
Pb would contain little to no common Pb. This
circumstance could prevail at ambient f, values
that are geologically commonplace, i.e., anvwhere
below ~ NNO + 3 log units (see Fig. 1 and Section
2). Alternatively, the variation in common Pt abun-
dance in natural zircons may simply reflect the na-
ture of the growth environment. In our three syn-
thetic systems, one ‘igneous’, the others hydrother-
mal, Pb?" enters the zircon lattice in all cases, but
the concentration in the hydrothermal zircons is much
higher (and perhaps inversely correlated with tem-
perature). It seems probable that a similar difference
between hydrothermal and igneous zircons exists in
nature. For U-Th-Pb isotope geochemistry, this may
well be the most significant implication of this study,
because it could provide a means to distinguish
zircons formed in very wet environments. Our results
suggest that hydrothermal (and possibly ‘wer’ meta-
morphic) zircons should contain orders of magnitude
more common Pb than zircons grown under rela-
tively dry conditions. In practice, unfortunately, it
may be difficult to distinguish common Pb acquired
at the time of zircon growth from common Pb gained
by diffusion into a metamict crystal.

5.3. Radiogenic Pb

A remaining question is whether our results have
any bearing on the compatibility of radiogenic Pb in
the zircon lattice. The answer clearly depends upon
the valence state of the radiogenic Pb atoms: Pb*™ is
compatible under any circumstances but is it stable
or present at all in the zircon lattice? Although a
given radiogenic Pb atom is produced by radioactive
decay of tetravalent ions (U** or Th**), the ener-
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getic nature of the decay process almost certainly
precludes conservation of electrons around the nu-
cleus as it passes through the numerous intermediate
decay products (which include an inert gas). Conse-
quently, there is no reason to expect that radiogenic
Pb atoms begin their existence in the 4 + valence
state, despite a tetravalent ionic parentage. Because
of the generally rapid transport of electrons and
vacancies in crystals (Schmalzried, 1984), newly
formed Pb atoms in zircon probably assume a va-
lence appropriate to the f, of the host rock. Pasteris
and Wanamaker (1988) demonstrated that fluid in-
clusions in olivine approach f;, equilibrium with the
ambient atmosphere of the host crystals in a remark-
ably short time (a few hours) at 1075°~1400°C. The
relative rates of defect diffusion in olivine and zircon
are not known, but under dry conditions oxygen
diffuses at similar rates in the two minerals (cf.
Ryerson et al., 1989; Watson and Cherniak, 1997).
Redox equilibration of radiogenic Pb with ambient
conditions has been documented in uranium ores
(e.g., Sunder et al., 1992, 1994, 1996), although not
specifically for the case of Pb atoms in the zircon
lattice. In general, it appears likely that radiogenic
Pb atoms assume the same valence state as pre-exist-
ing common Pb. As Pb accumulates over time in a
zircon hosted by a normal crustal rock (ie., one
containing no more than a few ppm Pb), the system
diverges increasingly from partitioning equilibrium.
In other words, a Pb chemical potential gradient
develops, which has logically been regarded as a
‘driving force’ for diffusive loss of Pb from the
zircon. Whether or not this loss actually occurs
depends upon how rapidly Pb diffuses in the zircon
lattice, which is not fully understood (but see Cher-
niak et al., 1991; Bogomolov, 1991). The present
study suggests additional factors that might affect the
tendency and effectiveness of radiogenic Pb loss
from natural zircons. For example, because mainte-
nance of local charge balance is essential in any
diffusion process, Pb>" cannot simply leave the
zircon structure without a charge-balancing counter-
flux. (This would seem to be all the more necessary
because Pb** only partially compensates for the
charge imbalance created by decay of 4 + ions.) In
hydrous environments, the charge compensation is
almost certainly accomplished by protons. Interest-
ingly, though, our results also suggest that an influx

of hydrogen would actually stabilize the radiogenic
Pb in the zircon, since Pb?* is incorporated into
growing zircon when H™' is available for charge
compensation. In other words, influx of H* into a
zircon that is accumulating Pb may prevent the rise
in chemical potential of Pb that is implicitly regarded
as necessary for Pb loss. Under such circumstances,
Pb loss could occur only by exchange of radiogenic
Pb with common Pb (or other cations) in the host
medium.
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