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ABSTRACT

The release of Zr, U, and Pb from nearly metamict zircon and its recrystallized analog and of Zr
from fully crystalline and slightly radiation-damaged zircon in H,O + HCI + SiO, fluids was investi-
gated in situ at temperatures between 200 and 500 °C using a hydrothermal diamond-anvil cell and
time-resolved synchrotron-radiation XRF analyses. Dissolution of nearly metamict zircon proceeded
much faster than that of zircon with little or no radiation damage and resulted in a 1.5 to 2 log units
higher Zr molality in 6 to 7 m HCI fluids. Extensive recrystallization of the almost fully amorphous
material started at 260 to 300 °C in H,O + HCI, and at about 360 °C if quartz was added, and was
coupled with a decrease of the Zr concentration in the fluid by more than an order of magnitude. Re-
crystallization in 7 m HCl had little effect on the aqueous U and Pb concentrations, whereas addition of
quartz caused a more sluggish decrease of the Zr concentration in the fluid upon recrystallization and
lowered the release of U. The data presented here support the interpretation that enhanced Zr mobility
in low-grade metamorphic rocks may be related to dissolution of metamict zircon by aqueous fluids
and illustrate the significance of the silica activity on the kinetics of dissolution and recrystallization

during zircon-fluid interaction.

Keywords: High-temperature studies, zircon-aqueous fluid interactions, hydrothermal diamond-
anvil cell, in-situ SR-XRF analysis, dissolution kinetics, order-disorder, metamictization, recrystal-
lization, fluid phase, H,O + HCI + SiO,, recrystallization kinetics

INTRODUCTION

The accessory mineral zircon, ZrSiO,, is the main host of Zr
in the Earth’s crust. It incorporates Hf, U, Th, and other trace
elements, but is highly incompatible for Pb** during crystalliza-
tion. Thus, zircon is an important source of geochronological and
geochemical information to unravel the evolution of the litho-
sphere. The Earth’s oldest known rocks have been dated based on
zircon geochronology, which also points toward the remarkable
chemical and physical stability of this mineral (e.g., Ireland and
Williams 2003). Although zirconium can be considered as an
immobile element under many crustal conditions, there is grow-
ing evidence that enhanced mobility induced by aqueous fluids
is more abundant than previously thought. Metamorphic zircon
overgrowths on detrital zircon grains and, less common, partial
dissolution of zircon grains have been observed in many Archean
to Paleozoic low-grade metasedimentary rocks worldwide, in
greenschist-facies slates at temperatures <350 °C (Dempster
et al. 2004) and in prehnite-pumpellyite facies shales, in which
zircon growth commenced at about 250 °C (Rasmussen 2005).
This unexpected low-temperature mobility of Zr has been related
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to the dissolution and recrystallization of metamict portions in
zircon grains (Dempster et al. 2004). Metamictization, i.e., the
transformation from the crystalline to a metastable amorphous
state, is due to the radioactive decay of U and Th and their
unstable daughter isotopes (e.g., Ewing et al. 2003). Structural
damage is caused mainly by recoils of heavy daughter nuclei
upon emission of an o-particle. Damage accumulation results in
a higher susceptibility of zircon to alteration by aqueous fluids,
which has been long known from hydrothermal experiments
(Pidgeon et al. 1974). Most studies on the hydrothermal alteration
of zircon focused on the solid phases, particularly because of the
important consequences in geochronology (e.g., Pidgeon et al.
1974; Levchenkov et al. 1998; Geisler et al. 2003). The available
experimental information on solubility and dissolution kinetics
of zircon in aqueous fluids is still limited (e.g., Ayers and Watson
1991; Newton et al. 2005). These studies demonstrate that the
silica release upon zircon dissolution in water is controlled via
the reaction ZrSiO,(s) = ZrO,(s) + SiO,(aq). The difference in
the element release from amorphous and crystalline zircon in
aqueous fluids has rarely been quantified, e.g., Ewing et al. (1982)
measured the Zr concentration in 5 wt% KHCO; solutions after
reaction with zircon at 87 °C for 9.9 days and calculated bulk
leach rates for metamict samples, which were by 1 to 2 orders
of magnitude higher than those of crystalline zircon.

In this paper, we present experimental results on Zr and,
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where detectable, the U and Pb concentrations in H,O + HCI
fluids during interaction with crystalline or metamict (nearly
amorphous) natural and synthetic zircon. The concentrations of
those elements in the fluid were obtained as a function of time
at temperatures between 200 and 500 °C using a hydrothermal
diamond-anvil cell and time-resolved synchrotron-radiation
X-ray fluorescence (SR-XRF) analyses. This technique has
a distinct advantage for studying the kinetics of zircon-fluid
interaction because it permits in situ monitoring of the aqueous
concentrations of heavy elements released from a mineral at
high temperatures and pressures, i.e., quenching is not required
for analysis of the fluid (Schmidt and Rickers 2003). Because
zircon dissolves incongruently and upper crustal fluids are likely
saturated in SiO,, the silica activity in the fluid was buffered in
some experiments by addition of quartz to observe the effect on
element release and recrystallization kinetics.

EXPERIMENTAL PROCEDURE

Three well-characterized zircon samples without notable heterogeneity were used:
asynthetic pure ZrSiO, single crystal (Hanchar et al. 2001) and two gem-quality zircon
samples from Sri Lanka. The latter included the nearly amorphous sample N17, contain-
ing 5568 + 89 ppm U, 344 + 30 ppm Th, and 453 +23 ppm Pb (Nasdala et al. 2002) and
sample M 144, which displayed little radiation damage and had average contents of 436
+7 ppm U, 140 + 3 ppm Th, and 39 + 1 ppm Pb (Nasdala et al. 2004).

The hydrothermal experiments were done at the SR-XRF microprobe at the Ham-
burger Synchrotronstrahlungslabor at beamline L of DORIS III at DESY, Hamburg,
Germany. All XRF spectra were collected using an HPGe energy-dispersive detector
aligned at 90° to the beam in the polarization plane of the incident X-rays. A pink
multilayer beam with photon energies of 22.3 + 0.1 keV was used for excitation, and
a single bounce capillary to increase the flux density and to focus the beam into a spot
of 11 + 1 um at a focal distance of 5 cm (Huang and Bilderback 2006). This setup is
optimized for the detection of elements with emission lines in the energy range from 12
to 20 keV in HDAC-confined samples. In our experiments, the lower limits of detection
were 1-2 ppm for Zr, 1-3 ppm for U, and 2-5 ppm for Pb.

Externally heated Bassett-type hydrothermal diamond-anvil cells (HDAC) (Bassett
et al. 1993) were employed for the experiments. The design of these cells was modified
to facilitate in situ SR-XRF analyses of fluids at temperatures to 800 °C and pressures
to about 2 GPa (Schmidt and Rickers 2003). A zircon chip (maximum diameter =100
um) and a H,O + 3 m HCl solution (m denotes moles of solute per kg of H,O) were
loaded into the sample chamber of the cell, which consisted of a 400 or 500 um hole in
an Ir gasket separating two diamond anvils. In some experiments, a quartz crystal (size
= 100 um) was added. Before the sample chamber was sealed by compression of the
gasket between the anvils, some liquid was allowed to slowly leak out until the size of the
produced air bubble was sufficient to attain a fluid bulk density of about 0.9 g/cm?. Be-
cause a significant amount of water evaporates during loading of the fluid and controlled
leaking, the actual HCI concentration in the sealed sample chamber was determined via
measurement of the ice melting temperature in the presence of vapor.

The cell was then mounted on the xyz-stage of the SR-XRF spectrometer and heated
to the first experimental temperature. The portion of the fluid to be analyzed (i.e., of
the liquid phase if vapor was present, or of the single-phase fluid at temperatures above
liquid-vapor homogenization) was aligned to the beam and the fluorescence detector.
After alignment, consecutive SR-XRF spectra were recorded in situ to determine the
concentrations of Zr, U, and Pb in the solution as a function of time. Subsequently, the
liquid-vapor homogenization temperature of the fluid was measured in case of experi-
ments above vapor pressure. The sample was then heated to a higher experimental tem-
perature and the cycle described above was repeated. The fluid density and the pressure
at the individual run temperatures were calculated from the HCI concentration of the
solution and the liquid-vapor homogenization temperature using approximations based
on a compilation of available literature data (Schmidt et al., in review).

The Zr, U, and Pb XRF signals that were acquired were calibrated for each experi-
mental series from measurements of aqueous standard solutions containing 10 wt%
NaCl and 250 or 1000 pg/g Rb loaded into the HDAC sample chamber. The actual Rb
concentration after loading was determined from the ice melting or the halite dissolution
temperature in the presence of vapor. All recorded spectra were normalized to 100 mA
DORIS III current and a live time of 1000 seconds and processed using the software
package AXIL (Vekemans et al. 1995, 2004). The Zr, U, and Pb peak areas that were
obtained were divided by the fluid density at the experimental P-T" conditions and
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converted to molal concentrations based on the density-normalized Rb Kot peak areas
from the spectra of the standard solutions, and on Zr/Rb, U/Rb, and Pb/Rb correction
factors. These correction factors relative to the reference element Rb were obtained
for each HDAC from measurements of a standard solution containing 250 mg U, 250
mg Pb, 250 mg Zr, and 250 mg Rb per liter solution loaded into the sample chambers.

The degree of zircon metamictization before and after hydrothermal treatment
was estimated from the full width at half maximum (FWHM) of the v;(SiO,) Raman
band at about 1000 cm™ (Nasdala et al. 1995, 2002). The Raman spectra were recorded
using a Dilor XY Raman microprobe (gratings 1800 lines/mm, focal length 800 mm)
equipped with a CCD-detector. The slit width was 100 um and the spectral resolution
s =0.62 cm™. The power of the 488 nm excitation line of the Ar* laser was less than
12 mW at the sample to avoid band broadening due to sample heating from the laser.
Two microscope objectives were used: an Olympus 80x (numerical aperture 0.75) or,
if the zircon was still in the sealed sample chamber of the HDAC, a Nikon 20x SLWD
(numerical aperture 0.35).

Using the focused ion beam technique (Wirth 2004), thin foils were cut from sample
N17 before and after recrystallization in 7.0 n HCl and analyzed by transmission electron
microscopy (TEM) to determine the phase assemblage, the crystallinity, and the grain
size of the solids after recrystallization.

RESULTS AND DISCUSSION

The untreated zircon N17 is almost completely amorphous,
based on the Raman spectrum (Fig. 1a) and the electron diffrac-
tion pattern (Fig. 1b). After recrystallization of this sample in 7.0
m HCI, it contained mostly fine-grained zircon crystals having
a grain size of approximately 20 to 50 nm (Fig. 1c). Remnants
of the amorphous phase were still present after hydrothermal
treatment at 450 °C as shown by the energy-filtered lattice fringe
image and the high diffuse scattering intensity in the electron dif-
fraction pattern (Fig. 1d). There was no evidence for crystalline
ZrO, from Raman spectroscopy or TEM. Upon heating sample
N17 in H,O + HCI, the onset of massive recrystallization was
recognizable optically by rapid darkening, which was observed
at 260 to 300 °C in quartz-absent experiments (Figs. le—1g). This
darkening is caused by light refraction on the faces of the many
nanocrystals formed during recrystallization. Slight structural
changes may already have occurred at temperatures <200 °C
according to Geisler et al. (2003).

The v5(SiO,) FWHM in the Raman spectra of sample N17
after the hydrothermal experiments in 7.0 m HCI (Fig. 1a) and 4.6
m HCl was, in both cases, close to that of fully crystalline zircon,
i.e., the fine-grained zircon crystals in the run products displayed
little distortion of the SiO, tetrahedra (Nasdala et al. 1995). In
contrast, the v5(SiO,) had a significantly larger FWHM after treat-
ment of sample N17 in 6.1 m HCl in the presence of quartz. This
indicates that the conversion of amorphous to crystalline zircon
was less advanced if the fluid was saturated in silica, although
the run duration at 450 °C was considerably longer and the HCI
concentration was similar to that of the quartz-free experiment.
Additionally, the Raman spectra showed an apparent additional
band, observed as a shoulder at 425 to 430 cm™!, which was
not detectable after quartz-absent experiments (Fig. 1a). The
frequency of this signal matches that of the most prominent Ra-
man band of amorphous silica (McMillan 1984).

The Zr und U molalities in the fluid initially increased with
time during dissolution of amorphous zircon N17 in 7.0 m HCI
at 260 °C (quartz-free experiment), until constant concentrations
were attained after less than 5000 seconds (Fig. 2a). With the
possible exception of one spectrum, the Pb concentration in the
fluid was below the lower limit of detection. Recrystallization
of the solid at 300 °C was coupled with a large decrease of the
Zr concentration in the fluid by more than an order of magnitude
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until it became constant after 10000 seconds. A slightly higher Zr
concentration was obtained after subsequent heating to 450 °C
(Fig. 2a). However, the uranium molality in the fluid increased
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continuously, unaffected by recrystallization, from 0.00061 to
0.00074 m at 300 °C to 0.00077 m at 450 °C, and Pb became
detectable in most XRF spectra (Fig. 2a). Therefore, U and Pb
released from amorphous zircon in the fluid were not reincorpo-
rated in solid phases during the recrystallization process within
the duration of our experiments (a few hours). Although the grain
size was too small to analyze individual solid phases for U and
Pb after the experiment, the bulk solid must have been depleted
in both elements because the U/Zr and the Pb/Zr ratios in the
fluid are much higher than those in untreated zircon N17 (Fig.
2b). This depletion of the bulk solid in U and Pb relative to Zr
was primarily related to recrystallization, whereas the preceding
dissolution of the metamict zircon had a smaller effect on the
U/Zr and, perhaps, the Pb/Zr ratio (Fig. 2b). In contrast, the Th
concentration in the fluid was always below the lower limit of
detection (=1-107 m), which indicates an increase in the Th/Zr
ratio in the solid during dissolution at 260 °C relative to the
ratio in the untreated sample. The significantly higher U/Pb
ratio in the fluid at 260 °C compared to that of untreated zircon
N17 (Fig. 2b) implies a decrease in the U/Pb ratio of the bulk
solid during reaction with 7.0 m HCL. This can be attributed to

FIGURE 1. (a) Raman spectra of zircon N17 at 22 °C and 0.1 MPa before and after recrystallization in H,O + HCI. Assignment of Raman bands:
V,(Si0,) = symmetric SiO, bending, v;(SiO,) = antisymmetric SiO, stretching, shoulder at =425 cm™ (thick arrow) = amorphous silica. A spectrum of fully
crystalline synthetic zircon is given for reference. FWHM = full width at half band-maximum. (b—d) TEM images of zircon N17: (b) amorphous starting
material, electron diffraction pattern; (¢) and (d) after recrystallization in 7.0 m HCI at 450 °C, (c) bright field image, (d) energy-filtered lattice fringe image
of zircon nanocrystals in amorphous matrix. Inset: electron diffraction pattern (Fourier transform) of the image. The diffraction pattern corresponds to the
two sets of lattice fringes (200) and (101) of the two crystals. The intense diffuse scattering is due to the amorphous matrix. (e-g) Plan view of the sample
chamber (diameter =300 wm) of the hydrothermal diamond-anvil cell during heating of zircon N17 in 3.8 m HCI at 280 °C (e), 300 °C (f), and after 24

minutes at 400 °C (g).
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FIGURE 2. Results of the in situ SR-XRF analyses of the fluid during hydrothermal alteration of zircon in H,O + HCl + SiO,. The random error in
the concentrations is <1% at my, or my > 5-107, i.e., smaller than the symbol size, =10% at my = 1-10*, =25% at my = 3-107, and =50% at myp, = 4-107.
(a) Temporal evolution of the Zr (squares), U (circles), and Pb (diamonds) concentrations in the fluid during interaction with initially nearly amorphous
zircon N17. Red symbols = quartz present; blue symbols = quartz absent; £, = time at which heating to the first experimental temperature was completed.
(b) Comparison of the U/Zr, Pb/Zr, and U/Pb ratios in untreated zircon N17 (dashed lines, data from Nasdala et al. 2002) to the ratios in the fluid during
dissolution of zircon N17 (calculated from the last recorded concentrations). U/Pb and Pb/Zr ratios at 260 °C = minimum or maximum estimates based
on the lower limit of detection for Pb. (¢) Temporal evolution of the Zr molality in the fluid during dissolution of zircon with little (M144) or no radiation
damage. (d) Zirconium concentration in the fluid released from zircon as a function of temperature for different zircon crystallinities, HCl molalities, and
silica activities. If equilibrium was not attained during dissolution of synthetic zircon or sample M 144, the last Zr concentration recorded at the experimental

temperature was plotted as the minimum estimate (cp. ¢).

the high U release in the solution at these conditions, because
the behavior of U during hydrothermal alteration of zircon is
much more dependent on fluid composition than that of Pb, as
demonstrated by several experimental studies (e.g., Pidgeon et
al. 1974; Levchenkov et al. 1998).

If quartz was added to the system, the decrease in the Zr
concentration in the fluid caused by recrystallization of zircon
N17 started at a higher temperature than during the quartz-free
experiment in 7.0 m HCI, and continued after heating to 450
°C (Fig. 2a). Additionally, the U molality in the fluid was much

lower and started to decrease about 2 h after the experimental
temperature was attained (Fig. 2a). This was probably due to
incorporation as a coffinite (USiO,) component in the zircon or
due to precipitation as a separate U-bearing phase. At the end of
the run at 450 °C, the U/Zr ratio in the fluid was close to that in
untreated zircon N17 (Fig. 2b). Lead was not detectable in the
solution. A plausible interpretation of the more sluggish behav-
ior in these experiments is the formation of a silica layer on the
surface of amorphous zircon, from which Zr** is removed during
dissolution, but no SiO,, because the fluid is already saturated
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in silica. The onset of the extensive recrystallization created a
sharp contrast between the chemical potentials of Zr in the fluid
and of Zr in the zircon crystals nucleated in the metamict phase.
This acted as the driving force for the diffusion of Zr in the fluid
(probably mostly as Zr(OH)** complexes) toward the zircon. The
silica layer on the surfaces, however, likely slowed the backward
diffusion of dissolved Zr. This interpretation is supported by the
larger amount of amorphous silica in the sample after recrystal-
lization in comparison to the quartz-free run (Fig. 1a).

In comparison to amorphous zircon (Fig. 2a), the dissolution
kinetics of fully crystalline and slightly radiation-damaged zircon
(Fig. 2¢) were considerably more sluggish. At temperatures <450
°C, the aqueous Zr concentration did not become constant within the
time available for the experiments. The slightly radiation-damaged
sample M 144 and the synthetic crystal displayed a similar Zr release
behavior as a function of time, temperature, and silica activity in the
fluid (Figs. 2c and 2d). The amorphous fraction in zircon M 144 is
only about 0.14% based on the v;(SiO,) FWHM, and the amorphous
domains are not interconnected (Nasdala et al. 2004). Thus, the
contribution of the amorphous phase to the Zr release from M144
was probably too small to cause a noticeable effect.

The difference in the aqueous Zr concentration released from
crystalline and amorphous zircon (Amy,) was large, about 2 orders
of magnitude at 260 °C and = 7 m HCI (Fig. 2d). Because equi-
librium was not attained during dissolution of synthetic zircon
and sample M 144 within the available time for the experiments
at this temperature, Ani, is likely smaller at long run durations.
In the case of silica saturation, we observed a similarly large ef-
fect (Amy, was about 1.5 log units at 360 °C and about 6 m HCI).
Recrystallized zircon N 17 still released more Zr in the fluid than
crystalline zircon at similar conditions, although Am;, was much
smaller (Fig. 2d). This may be related to the fine grain size of
the zircon crystals and a remaining small fraction of amorphous
phase in the recrystallized samples.

The results of our study support the hypothesis that enhanced
Zr mobility in low-grade metamorphic rocks can be attributed
to dissolution of metamict zircon by aqueous fluids. Although
we used higher HCI molalities than occur in nature, mainly to
unambiguously observe the effects on the aqueous Zr and U
concentrations in in-situ experiments and to accelerate dissolu-
tion kinetics (Schmidt et al., in review), this conclusion can be
drawn because the short-range ordering process in recrystallizing
zircon was independent of the HCI concentration (Geisler et al.
2003). Furthermore, the temperatures at which massive recrystal-
lization caused a pronounced decrease of the Zr concentration in
the aqueous solution are consistent with the temperature range of
250 to 350 °C, which appears to limit increased Zr mobility in
metamorphic rocks (Dempster et al. 2004; Rasmussen 2005). The
Zr concentration will be much lower in natural fluids compared
to that in our experiments, but metamict zircon will, likewise,
release Zr far more efficiently than zircon with little radiation
damage, and a shorter fluid-zircon interaction time will increase
this effect further due to the slower dissolution of crystalline
zircon. However, the high Zr concentrations in fluids from dis-
solution of strongly radiation-damaged zircon are supersaturated
with respect to crystalline zircon. It is thus likely that Zr migra-
tion over distances well above grain scale is limited because of
precipitation on the next crystalline zircon surface.
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