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Abstract—We report measurements of Pb diffusion in both synthetic (GeB@I natural monazites run under

dry, 1-atm conditions. Powdered mixtures of prereacted GalR@PbZrQ were used as the source of Pb diffusant

for “in-diffusion” experiments conducted in sealed Pt capsules for durations ranging from a few hours to several
weeks. Following the diffusion anneals, Pb concentration profiles were measured with Rutherford Backscattering
Spectroscopy (RBS) and supplemented by measurements with secondary ion mass spectrometry (SIMS). In order
to evaluate potential compositional effects upon Pb diffusivity and simulate diffusional Pb loss that might occur in
natural systems, we also conducted “out-diffusion” experiments on Pb-bearing natural monazites. In these
experiments, monagzite grains were surrounded by a synthetic zircon powder to act as a “sink.” Monazites from
these experiments were analyzed with SIMS. Over the temperature range 1100 to 1350°C, the Arrhenius relation
determined for in-diffusion experiments on synthetic monazite is given by:

D = 0.94 exp(—592 + 39kJ mol YRT)m?s™*

Diffusivities for synthetic and natural monazites are similar, as are results of measurements made on the same
samples using both RBS and SIMS. The activation energy for Pb diffusion we determined is more than three
times that for natural monazite reported previously, with Pb diffusivities E200°C significantly lower than

those earlier reported but similar to that of zircon. Our data indicate thatart8ized monazite grain would

have a Pb closure temperature in excess of 900°C, given a cooling rate of 10°C/Ma. Clearly, other factors may
affect U-Th-Pb systematics in monazite including possible nondiffusive effects such as recrystallization
mediated by fluids or triggered by metamorphic reactions with other REE-bearing minerals. However, our data
suggest that monazite may be quite resistant to alteration of Pb isotopes by the specific mechanism of
solid-state diffusional exchangeCopyright © 2004 Elsevier Ltd

1. INTRODUCTION We report here our findings on Pb diffusion in both natural
and synthetic monazites. These data further complete the pic-

from moderate to high-grade metamorphic terranes, and is '€ fo_rt Pb tdlf:juilo?hm acctess;or);_ mm??tl,s agd indicate th?t|
important because it grows as a metamorphic mineral over a monazite 1S to date the most retentive o under experimenta

broad stability range (see review in Harrison et al., 2002). It conditions. Since many factors have the potential to influence

also possesses high closure temperature, although some Conglffusmn rates, we investigate the effects of several parameters

troversy remains regarding the appropriate range for values of on P_b diffusion. In the set O_f experlments described b(_elow, we
T.. Further, despite typically high Th and U contents1¢25 consider cases of out- an_d in-diffusion, and th? potentl_al ef_fe_ct
and 0.01—1 wi%, respectively) monazites frequently yield con- c_)f composition of synthgtlc and naturgl monazn_es on diffusivi-
cordant ages in the U-Pb system without evidence of Pb loss ties. We also use two different a_nalytlca_l techniques, .RBS and
that is characteristic of zircons (e.g., Parrish, 1990), presumably SIMS, FO measure Pb.concentratlon Pr_‘?f"es- The consistency of
because of the greater resistance of monazite to radiation dam-these flndlqgs over this range of conditions suggests to thaF our
age effects as compared with zircon (.g., Meldrum et al., 1998) result provides the best basis to assess the natural behavior of

and associated Pb mobility enhanced by crystal lattice damagePb diffusion in monazite.

(e.g., Cherniak et al., 1991; Cherniak, 1993). However, in many

ways the U-Th-Pb system in monazite is complex (e.g., Zhu et 2. MATERIALS AND METHODS
al., 1997; Bingen and Van Breemen, 1998). Distinct age and/or 2.1. In-Diffusion Experiments

compositional domains in monazites are frequently observed,
and it has been established that recrystallization, generally
mediated by fluids, can effect the U-Th-Pb system in monazite = The synthetic monazites used in this study were grown at 1.0 GPa in
(¢.g., Teufel and Heinrich, 1997; Townsend et al,, 2001). Itis &80 e o s e (1057, 1064), uses a cerium
therefore essential to assess .and eIL!C'date the contribution thydroxide gel and phosphoric acid solution. The'cerium‘ hydroxide gel

diffusion to U-Th-Pb systematics by direct measurement of Pb \yas synthesized by dissolving cerium ammonium nitrate in distilled

diffusion over a broad range of conditions. water in a teflon beaker. Ammonium hydroxide was added to the
solution to form a light yellow precipitate. The gel was dried-s&0°C
for a few hours in a drying oven, then dried at room temperature
* Author to whom correspondence should be addressed (chernd@ overnight. It was then ground and placed in the drying oven for a few
rpi.edu). days, and was finally reground. The dried gel was combined with 85%
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Monazite is widely used for U-Pb geochronology in rocks

2.1.1. Monazte synthesis, source, and sample preparation




830 D. J. Cherniak et al.

Table 1. Compositional analysis of natural monazite (Hiddenite, NC)
used in this study (determined by electron microprobe analysis).

Oxide wt%

P_ZO5 30.04
SO, 0.26
CaO 0.01
PbO 0.01
ThO, 0.02
uo, 0.14
Y,04 0.77
La,05 15.65
Ce,04 31.79
Pr,O4 331
Nd,O5 12.97
Sm,04 2.53
Gd,0O4 181
Th,O4 0.15
Dy,05 043
Er,0O, 0.04
Total 100.29

H;PO, solution in the ratio of 3 g gel to 1 mL solution, and loaded into
a Pt capsule inserted either in alumina or an oxidized Ni capsule. The
syntheses were run in piston-cylinder apparatus at 1.0 GPafor 3 d. Two
separate runs at 1000 and 1100°C, respectively, yielded well-formed
monazite crystals up to a few mm in length and pale green in color.

Synthetic monazites with relatively large growth faces ({ 100} ) were
selected for in-diffusion anneals, and underwent no further surface
preparation beyond ultrasonic cleaning in baths of distilled water and
ethanol. To investigate whether differences in trace-element composi-
tions or defect concentrations influence Pb diffusion in monazite,
experiments were also run on anatural monazite from Hiddenite, North
Carolina (now popularly referred to as the “eBay monazite” because of
its purchase through a well-known online auction site). Compositional
information for this monazite is provided in Table 1. These specimens
were well-formed crystals afew mm on a side possessing large natural
growth faces. Crystals with good growth faces ({100}) with areas
greater than 1 mm? were chosen for in-diffusion experiments and
underwent no surface preparation other than ultrasonic cleaning. To
investigate anisotropy of Pb diffusion, specimens of the natural mon-
azite with good (110), (101), and (—111) growth faces were selected.
The samples then were preannealed at 1200°C in air overnight.

For out-diffusion experiments on natural monazite, both natural
growth faces and polished sample surfaces of the North Carolina
monazite were used. The polished samples were polished with SIC
paper down to 600 grit, then with alumina down to 1 um, and finally
with colloidal silica. Additional out-diffusion experiments were run on
554 monazite, from the Santa Catalina Mountains, Arizona, used as a
standard in Th-Pb ion microprobe analyses of monazite (Harrison et al.,
1999a). Compositional data for 554 is given in Catlos et a. (2002). As
with the North Carolina monazite, both polished and natural surfaces
were used in experiments. Because of the small size of the 554
monazites used (at most a few hundred microns in length) they were
polished by mounting in an epoxy disk, and extracted from the mount
following polishing by thinning the disk to about one mm thickness,
then dightly warming and bending the disk to release the grains.

The source of diffusant consisted of amixture of PbZrO5 and CePO,,
powders in 1:3 weight ratio. The source constituents were mixed,
placed in a covered Pt crucible, and heated in air overnight at 1250°C,
then reground. Powdered or ground materials have been employed as
sources of diffusant in numerous studies (e.g., Cherniak and Watson,
1992, 1994; Cherniak et al., 1997a,b; Watson and Cherniak, 1997) and
have yielded diffusivities comparable to those obtained through tech-
niques introducing diffusants by other means (e.g., Derry et a., 1981;
Watson et a., 1985; Cherniak and Watson, 1992, 1994; Cherniak and
Ryerson, 1993; Giletti and Casserly, 1994; Moore et al., 1998; Ham-
mouda and Cherniak, 2000). The numerous point contacts of the source
powders (and the sink materials described in later sections) provide
essentially continuous surface coverage given the experimental geom-

etry and the relative rapidity of grain boundary and surface diffusion
(e.g., Tannhauser, 1956; Gjostein, 1973).

2.1.2. One atmosphere experiments

Experiments were run at one atmosphere by placing the monazite
and source in a Pt capsule (3 mm od) and welding shut. Prepared
capsules were then annealed at temperatures ranging from 1100 to
1350°C and times ranging from 5 h to 2.5 months (Table 2). Experi-
ments were run in vertical tube furnaces with MoSi, heating elements,
and temperatures monitored with Pt-Pt10%Rh (type S) thermocouples.
Temperature uncertainties were about +2°C. Following diffusion an-
neals, experiments were quenched by removing from furnaces and
permitting capsules to cool in air. A “zero-time” annea was also
performed, to assess the likelihood of nondiffusional uptake of Pb
during the heatup and quench phases of the anneal, and to explore
the possibility of other difficulties with the experimental approach.
For the “zero time” run, a sample capsule was prepared as described
above for 1-atm experiments, using a synthetic monazite. The capsule
was then brought up to run temperature (1300°C) and immediately
quenched.

2.2. Out-Diffusion Experiments

Out-diffusion experiments were done with the natural North Caro-
lina and 554 monazites. Prepared monazites were annealed in Pt
capsules surrounded by finely powdered synthetic zircon (made
through solid-state reaction of SiO, and ZrO, powders) asasink for Pb.
Other sink materials were tried (including a synthetic CePO, powder),
but were found to react with the sample surface during diffusion
anneals at high temperature; experiments run with the zircon displayed
no evidence of this surface alteration. Profiles from out-diffusion ex-
periments were measured with SIMS.

2.2.1. RBSanalysis

RBS has been used in many diffusion studies (e.g., Cherniak and
Watson, 1992, 1994; Cherniak, 1995) and the experimental and ana-
Iytical approach used here is similar to that taken previously. Analyses
typically employed “He™ beams of energies of either 2 or 3 MeV, with
beam spot size typically ~1mm?. Spectra were converted to Pb con-
centration profiles using procedures outlined in publications cited
above.

The RBS profiles measured following diffusion anneals were fit with
a model to determine the diffusion coefficients (D). In-diffusion is
modeled as simple one-dimensional, concentration independent diffu-
sion in a semi-infinite medium with a source reservoir maintained at
constant concentration (i.e., a complementary error function solution).
The rationale for the use of this model has been elsewhere discussed
(e.g., Cherniak and Watson, 1992, 1994; Cherniak, 1993). Diffusivities
are evaluated by plotting the inverse of the error function (i.e., erf*
((Cy — C(x, 1))IC,) vs. depth (X) in the sample. A straight line of slope
(4Dt)~ Y2 will result if the data satisfy the conditions of the model. C,,
the surface concentration of diffusant, is independently determined by
iteratively varying its value until the intercept of the line converges on
zero. In Figure 1, typical in-diffusion profiles and their inversions
through the error function are shown. The uncertainties in concentra-
tion and depth from each data point (mainly derived from counting
statistics in the former and detector resolution and energy spread of the
analyzing ion beam in the | atter) were used to evaluate the uncertainties
in the diffusivities determined from the fits to the model.

2.2.2. IMS analyses

During SIMS analysis, virtually all secondary ions originate from the
first couple of atomic layers of the instantaneous sample surface. Thus
atomic mixing due to the impacting primary ions, geometric effects on
crater production, and correction for surface correlated Pb are the
essential limiting factors on depth resolution. These effects require that
the measured diffusion profile extend over a depth of >50 nm. Details
of analytical protocols for depth profiling analysis of Pb in monazite
using the CAMECA ims 1270 ion microprobe are given in Grove and
Harrison (1999). To briefly summarize, amass resolving power of 4500
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Table 2. Pb diffusion in monazite.
T(°C) Time () D(m?s™%) log D + Analysis
Synthetic monazte (CePO,) (normal to (100) face)
syn2 1350 493 X 10° 23x 10 % —19.6 0.3 SIMS
PbEBWM-12 1348 1.80 x 10* 5.74 X 10~2° —19.24 0.23 RBS
PbEBWM-15 1300 3.24 x 10* 2.63 X 102 —19.58 0.20 RBS
PbEBWM-11 1301 8.10 x 10* 2.95 x 10°2° —19.53 0.23 RBS
PbEBWM-14 1300 3.30 X 10° 1.94x 1072 —-19.71 0.16 RBS
PbEBWM-10 1253 2.27 X 10° 6.71 X 10°2* —-20.17 0.16 RBS
syn10 1250 2.27 X 10° 28x 10 % —19.55 0.11 SIMS
PbEBWM-9 1250 2.30 x 10° 324 x 107 —20.49 0.18 RBS
PbEBWM-8 1201 3.13 X 10° 1.15x 107 % —20.94 0.17 RBS
syn8 1200 3.49 x 10° 6.0 x 1072 —20.22 0.15 SIMS
PbEBWM-13 1151 1.70 X 10° 1.49 X 10~ %2 —21.83 0.19 RBS
PbEBWM-13b 1151 1.70 x 10° 111 x 102 —21.95 0.26 RBS
PbEBWM-17 1100 6.67 X 10° 433x 10 % —22.36 0.25 RBS
Natural monazite (normal to (100) face)
PbNCMz-3 1350 2.16 X 10* 373x 10 % —19.42 0.22 RBS
Ebay4 1300 403 x 10° 6.0 X 1072 —19.22 0.12 SIMS
PbNCMz-2 1300 1.08 X 10° 1.34x 1072 —19.87 0.15 RBS
PbNCMz-1 1249 3.38 x 10° 3.63 X 1072+ —20.44 0.18 RBS
Ebay8 1249 1.20 X 10° 1.1x10 % —19.96 0.19 SIMS
Normal to (—111) face
PbNCMz-10 1250 2.54 X 10° 536 X 10 —20.27 0.12 RBS
Normal to (101) face
PbNCMz-11 1250 2.54 X 10° 407 X 1072 —20.39 0.13 RBS
Normal to (110) face
PbNCMz-12 1250 2.54 X 10° 503 x 10 % —20.30 0.26 RBS

adequately separates all molecular interferences in the 204 to 208 mass
range in monazite. In the depth profile mode, we use a ~30 um
primary O~ beam to sputter the monazite target. To minimize mixing
of secondary ions derived from different depths close to the crater edge,
we used a ~100 um field aperture to restrict entry into the mass
spectrometer to only those ions originating on the crater floor. We
limited the depth/diameter ratio of the sputtered craters to <0.1 to
minimize variations in the sputtering conditions at the sample surface.
Subsequent to analysis, pit dimensions were measured using a
DekTak® surface profilometer with a nominal precision of +50 A. By
measuring excavation depth as a function of time, it was determined
that a ~30 wm diameter, 4 nA O~ primary beam removed material
from unpolished 554 monazite at 1 to 1.5 um/h. Crater depths were
calculated from this relationship after normalizing for variations in
primary beam current and preanalysis sputtering duration. Pre and
postanalysis measurement of the primary beam current indicated that
drift was generally <1%/h while the duration of preanalysis sputtering
required to remove the Au coat and perform peak centering was 2-3
min.

For the out-diffusion experiments using the North Carolina and 554
monazites, ainitial uniform concentration of 2°Ph in the monazite was
assumed (see Grove and Harrison, 1999), with the concentration of Pb
in the surrounding medium essentially zero. For the in-diffusion ex-
periments using the Ce-monazite, a initial uniform ratio of 2°®Pb/
190CePQ, is assumed.

For one-dimensional, concentration-independent out-diffusion, the
solution to the diffusion equation is C = C,erf(x/(4Dt)V?), where C, is
theinitia concentration of Pb in the monazite (Crank, 1975). A typical
Pb in-diffusion profile, obtained with SIMS, is shown in Figure 2
together with the fitted error-function curve that is the solution to the
diffusion equation.

3. RESULTS

The results for Pb diffusion in monazite are presented in
Table 2 and plotted in Figure 3. A least-squares linear fit to the
in-diffusion data (Fig. 3) for synthetic monazite (RBS measure-

ments only) yields an activation energy for diffusion of 594 +
39 kJ mol ~* and preexponential factor 9.4x10"* m?s* (log
D, = —0.028 = 0.014) for diffusion normal to the (100) face.
A time-series of anneals run at 1300°C (Fig. 4) indicates that Pb
diffusion isindependent of time for durations differing by about an
order of magnitude. Diffusion anneals at 1250°C for (110), (101)
and (—111) faces (with diffusivities measured norma to these
faces) of the natural North Carolina monezite yielded diffusivities
indistinguishable from those measured normal to the (100) face,
indicating little anisotropy for Pb diffusion in monazite. This
contrasts somewhat with the finding of Smith and Giletti (1997),
who suggest that diffusion perpendicular to c is the fastest, with
diffuson dong the c-axis 2 to 5 times dower.

Although no experiments were done to explore Pb diffusion
under hydrothermal conditions, it is unlikely that the presence
of water would substantially affect volume diffusion rates. In
those cases where cation diffusion has been measured under
both wet and dry conditions for both silicates (e.g., Cherniak
and Watson, 2001) and phosphates (e.g., Cherniak and Ryer-
son, 1993; Farver and Giletti, 1998), no significant difference
has been documented.

The good agreement of Pb diffusion results obtained for
in-diffusion in the natural monazites with those for the syn-
thetic monazite suggests that even relatively large differences
in monazite composition have little effect on Pb diffusion. A fit
of al of the in-diffusion data for both synthetic and natural
monazite (RBS measurements only) yield an activation energy
of 563 + 35 kJ mol ~* and preexponential factor 0.089 m?s~*
(log D, = —1.05 = 1.20), in agreement within uncertainty of
the above diffusion parameters for the synthetic monazite only.
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normalized Pb concentration
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erf1((C_- C)/C,)
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Depth (nm)

Fig. 1. Typical diffusion profiles for Pb in-diffusion experiments in
synthetic (dark circles = sample PbEBWM-14) and natural (open
circles = sample PbNCMz-2) monazite measured by RBS. (a) The
diffusion data are plotted with complementary error function curves.
(b) The data are inverted through the error function. Slopes of lines are
equal to (4Dt)~ V2

Diffusion coefficients derived from SIMS measurements of
both in- and out-diffusion experiments (1200 to 1300°C) plot
near the RBS results, with the magjority about half a log unit
above the Arrhenius relationship presented in the previous
paragraph (Fig. 3). The in-diffusion datum at 1350°C plots
below that line. A fit to all of the data for both natural and
synthetic monazite, in-diffusion and out-diffusion experiments,
measured with RBS and SIMS, yields an activation energy of
536 + 51 kJmol ~* and preexponential factor 1.4X10 2 m?s™*
(log D, = —1.860 * 1.757), in agreement within uncertainty
with the Arrhenius parameters presented above for the RBS

10 ,
Ce Monazite
1. 137 hr @ 1350°C
R D (m¥/s) 4.5x10™
N C, 09
=0, C, 8.0
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[a W 3,
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T T
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Depth (microns)

Fig. 2. Pb diffusion profile for in-diffusion in a synthetic monazite,
measured by SIMS. The curve is a fit to the data with the model
outlined in the text.

results. While the SIMS data broadly confirm the RBS resullts,
differences between the two analysis methods are expected due
to the differing lateral resolution each brings to the problem.
The RBS method averages over ~mm? areas while SIMS
interrogates a region that is about a thousand times smaller.
While near continuous surface coverage of the diffusant source
is satisfactory for RBS analysis, smal regions where source
contact is not made will not show significant Pb penetration
when analyzed by the SIMS depth profiling method. Further-
more, relatively small cracks which transect the analyzed sur-
face can locally carry diffusant into the crystal by grain bound-
ary diffusion potentially yielding higher apparent diffusivities.
The resulting profiles can be recognized by their lack of fit to
an error function. Both behaviors (i.e., no profile and anoma-
lously long non-Fickian profiles) were encountered during
SIMS depth profiling. Only those profiles which conformed to
the expected error function shape were used for calculating
diffusion coefficients. Quoted uncertainties reflect the standard
deviation calculated for between six to eight individual profiles.
Thein-diffusion result at 1350°C was exceptional inyielding a
very broad spectrum of apparent diffusivities.

In addition to the isotherma time series, a “zero time”
experiment provides another means by which we can affirm
that what we are measuring is in fact volume diffusion. The
lack of a significant amount of Pb uptake or near-surface
exchange in the “zero time” run (not shown; Table 2) suggests
that rapid surface reaction during the initial stages of the anneal
does not contribute substantially to observed Pb profilesin the
diffusion experiments.

4. DISCUSSION

4.1. Previous Measurements of Pb Diffusion in Monazite

In an early experimental study of sintered monazite, Shesta-
kov (1969) estimated an activation energy of 250 kJ mol ~* by
volatilizing Pb in a stream of nitrogen at temperatures between



Pb diffusion in monazite 833

T (°C)
1400 1300 1200 1100
-19 - ]
eBay - out-diffusion, SIMS
E@ CePO, - SIMS
-20 |

log D (m2sec™)
R

CePO, - RBS

N
N

Dy, = 9.4x10™ exp(-594 kJmol '/RT)
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Fig. 3. Arrhenius plot of Pb diffusion in monazite. Plotted are
in-diffusion experiments on synthetic and natural monazite, measured
with both RBS (solid circles and white squares for synthetic and natural
monazite, respectively) and SIMS (gray hexagons), and out-diffusion
experiments on natural monazite (gray squares) measured by SIMS.
These data are for diffusion normal to the (100) face. White and gray
triangles are for in-diffusion in natural monazite normal to (—111),
(101) and (110) faces. The line is a least-squares fit to the in-diffusion
datafor synthetic monazite. Arrhenius parameters extracted from the fit
are: activation energy 594 = 39 kJ mol~* and preexponential factor
0.94 m*’s* (log D, = —2.783%x10"2 = 1.350).

800 to 1100°C. Smith and Giletti (1997) measured diffusion of
Pb in natural monazite at temperatures 1000—1200°C at 1 atm
using a 2°*Pb tracer applied to sample surfaces, with depth
profiling done by SIMS (Fig. 5). They obtained an activation
energy of 180 + 48 kJ mol ~* and preexponential factor of 6.6
X 107%m?s™ . Suzuki et al. (1994) estimated Pb diffusivities
in natural monazite by measuring Pb gradients in monazite
grains from paragneiss samples from the Ryoke metamorphic
belt (Fig. 5). They calculated diffusivities of 1.9 X 1072°
m?s * at 620°C and 1.5 X 107 %* m?s™* at 680°C, and esti-
mated an activation energy for diffusion of 244 kJ mol ~* and
preexponential factor of 3.4 X 10~ m?s™ 1. All these activa-
tion energies are significantly lower than that obtained in the
present study, which has significant implications for the mo-
bility of Pb at lower temperatures. In the temperature range
over which thiswork and the study of Smith and Giletti (1997)
overlap, diffusivities at the highest temperature at which they
measured Pb diffusion (1200°C) are quite similar to those we
have determined. At 1100°C, however, our measured diffusivi-
ties are about an order of magnitude lower than those in Smith
and Giletti’s work. It is not clear why this discrepancy exists,
but analytical artifacts may be responsible. The activation en-
ergy determined by Smith and Giletti (1997) is anomalously
low (see Dahl, 1997) and not well-constrained, since there is

RBS analysis

19 | synthetic monazite |
o
(0]
N(IJ
m)
8 20 l

1300°C

0 20 40 60 80 100
time (h)

Fig. 4. Time series for Pb diffusion anneals of synthetic monazite.
Diffusivities at 1300°C are generally quite similar for anneal times
differing by a factor of about an order of magnitude, indicating that
what is being measured is volume diffusion.

| L L

considerable scatter (about an order of magnitude in each case)
among diffusivities measured at both the highest (1200°C) and
lowest (1000°C) temperatures investigated.

Our findings also differ dramatically from Pb diffusivities
estimated by Suzuki et al. (1994). Extrapolating down-temper-
ature using our Arrhenius relation, we obtain diffusivities that
are 8 to 9 orders of magnitude lower than that the Suzuki et al.
(1994) estimates. While there is some uncertainty associated
with down-temperature extrapolation, it is unlikely that such a
large discrepancy can be explained merely by this given the
congtraints on our Arrhenius parameters. It is perhaps the case
that Pb gradients measured on the monazite grains studied by
Suzuki et al. (1994) have resulted from processes other than
simple volume diffusion.

4.2. Pb Diffusion in Other Minerals

There now exist measurements of Pb diffusion in a range of
minerals, including those in other accessory minerals employed
in U-Th-Pb geochronometry. A summary of these dataiis given
in Figure 6. It is evident from this compilation that diffusion of
Pb in monaziteis very slow with respect to other minerals (with
the exception of zircon) for which Pb diffusion has been
determined. This is consistent with the observation that mon-
azite can be quite resistant to thermal disturbance (e.g., Harri-
son et a., 1997; Hawkins and Bowring, 1997; Zhu et al., 1997;
Schmitz and Bowring, 2003). The high activation energy and
low diffusivity for Pb diffusion in monazite are also consistent
with observed trends showing negative correlations of diffu-
sivities at metamorphic temperatures and activation energies
for diffusion with mineral ionic porosities (e.g., Dahl, 1997)
and positive correlations with elastic parameters (e.g., Cher-
niak, 1998).

Perhaps most interesting is the similarity of Pb diffusivities
in monazite and zircon. Activation energies for diffusion in
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Fig. 5. Summary of measurements of Pb diffusion in monazite.
Sources for data are noted on the graph. The present work indicates a
significantly larger activation energy for diffusion than earlier studies,
suggesting very slow diffusivities for Pb for temperatures below
1000°C.

both minerals are comparable, at 592 + 39 for monazite vs. 550
+ 30 kdmol ~* for zircon, and measured diffusivities overlap in
the temperature range 1100-1350°C. Hence, monazite and
zircon would be predicted to close to Pb exchange at about the
same temperature, and thus could be expected to be similarly
robust geochronometers under some conditions. However, dif-
ferences in the response of these minerals to geological condi-
tions may lead to varying patterns of discordance for each.

4.3. Calculated Closure Temperatures

We can use our experimentally-determined Pb diffusion pa-
rameters to cal culate Pb closure temperatures for monazite as a
function of effective diffusion radius and cooling rate, and
these values can be compared with field based estimates of T..
The closure temperature equation (Dodson, 1973) is:

E <ART§D0/r2)
n

rRT, "™ E dT/dt @

where E and D, are the activation energy and preexponential
factors for diffusion of the relevant species, dT/dt is the cooling
rate, r is the effective diffusion radius, and A is a geometric
factor. The derivation of the above expression rests on several
assumptions (Dodson, 1973, 1986); among these is the condi-
tion that at pesk temperature T,, the minera grain is not
retentive of the daughter product over short timescales. This

T(°C)
1400 1000 800 600 500
% kfelaspar 0 diffusion

—~ \ P * Zircon
‘_'o . Edlopsme‘, imp LT)
3 20} \ .
o
E co .
~ patite
()]
(@)}
o calcite
22 ] i
utile’
titanite
1 enStatlteanorthite
zircon
_24 I ! I !
6 8 10 12
1T (x104/K)

Fig. 6. Pb diffusion data for various minerals. Pb diffuses quite
slowly in monazite compared with most minerals for which diffusion
data exist, with the exception of zircon. Sources for data: anorthite,
K-feldspar = Cherniak (1995); apatite = Cherniak et al. (1991); calcite
= Cherniak (1997); diopside = Cherniak (1998); enstatite = Cherniak
(2001); rutile = Cherniak (1998); titanite = Cherniak (1993); zircon =
Cherniak and Watson (2001).

assumption, which makes T, independent of T, is, as Ganguly
et a. (1998) note, not satisfied for slowly diffusing species.
Given that diffusion of Pb in monazite appears to be exceed-
ingly slow under crustal conditions, this condition is not satis-
fied for monazite, nor can it even be assumed that homogeneity
is achieved at a peak metamorphic temperatures. However,
when the dependence of T, on T, is taken into account in
calculating closure temperatures, the deviations of T, from
conventional closure temperatures calculated using Egn. 1 are
smaller with increasing peak temperature (T,) and slower cool-
ing rate (Ganguly et al., 1998; Ganguly and Tirone, 1999). The
geometric factor, A, in Dodson’s expression of mean closure
temperature above, is equal to exp(G), where G is the value of
the closure function, G(x), spatially averaged over the crystal.
In deriving the expression for G(x), and ultimately A, the
dimensionless parameter M (where M is defined as equal to
D(T,)RT?/(Er?dT/dt)), is much greater than 1 (Dodson, 1986).
For smaller values of M, another term, g(x), will become
significant, and is summed with G in the exponential expression
aboveto producethevariable A’, where A’ = exp(G(x) + g(x)),
which can be substituted for Ain Egn. 1 above. A" will be larger
than the value of 55 (i.e., exp(4.0066)) one obtains when the
condition of M > 1 is met (i.e, when g(x) — 0). With
increasing A, closure temperature will exhibit greater deviation
from Dodson’s (1973) classical formulation.

This is illustrated in Figure 7, where mean closure temper-



Pb diffusion in monazite 835

(a)
- o /
1100| dT/dt=10°C/Ma =
Dodson T,=1100°C
06 1000
~ T, = 1000°C
e
]
[2]
8 900 ]
// T, =900°C
T, = 800°C
10€ 10 104 103
effective diffusion radius (m)
(b) 1100
r=50um
1000 | |
%) T, = 1000°C
T
|_
© 900 —
3 T, =900°C
3 Dodson
O
so| /7
- T, =800°C
700

10% 10+ 10° 102 10" 10° 10" 102 103
Cooling rate (°C/Ma)

Fig. 7. Mean closure temperatures for Pb in monazite as a function
of grain radius with a fixed cooling rate of 10°C/Ma (a), and as a
function of cooling rate for a fixed grain radius of 50 um (b). Closure
temperature curves are calculated for afew different peak temperatures
(To), using the expressions of Ganguly and Tirone (1999), which
consider cases of closure with arbitrarily small extent of diffusion. Also
plotted are closure temperatures calculated using the classical Dodson
(1973) formula (dashed lines). Deviations in mean closure temperatures
from the Dodson curves can be observed to increase with larger grain
radii, faster cooling rates, and decreasing peak temperatures. Spherical
geometry was used in al calculations.

atures for Pb in monazite are plotted as a function of diffusion
radius for a cooling rate of 10°C/Ma, and spherical geometry
(Fig. 7a). Also plotted (Fig. 7b) are mean closure temperatures
as a function of cooling rate for a fixed grain radius (50 wm).
In each case, curves for 4 different values of T, are shown,
which have been calculated using the extension of the Dodson
formulation from Ganguly and Tirone (1999), using software
developed by these authors. These curves are plotted with those
calculated using the conventional Dodson (1973) expression
(Egn. 1). For small grain radii, slow cooling rates, and com-
paratively high peak temperatures, the former closure temper-
ature curves will converge upon the Dodson values, but signif-
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Fig. 8. Closure temperatures for Pb in accessory minerals as function
of effective diffusion radius for a cooling rate of 10°C per million
years. Calculations were made employing the standard expression of
Dodson (Egn. 1). Sources for diffusion data for closure temperature
calculations are included in the caption for Figure 6. Also plotted for
comparison are closure temperatures cal culated using the diffusion data
of Smith and Giletti (1997).

icant deviations can exist for larger grains, fast cooling rates,
and lower peak temperatures. Given the small grain size of
most typical monazites, closure temperatures for Pb may ap-
proach the Dodson values under many cooling conditions.

As noted above, closure temperatures calculated using Egn.
1 are mean values, as closure temperature varies with distance
from the crystal surface. However, except for a very narrow
outermost layer, closure temperatures will not differ from the
mean by more than a few tens of degrees for cooling rates
between 1 and 10°C/Ma and grain sizes up to a few mm. For
example, for 100 uwm radius grains, mean T, is ~10°C higher
than that for a point 10 wm from the surface; T, for the grain
center will be ~40°C higher than the mean value. A point 1 um
from the surface, however, will have a T, 80—90°C lower than
the mean.

It should be clear from the above discussion that T, is
dependent on many factors, and there is no single “closure
temperature” for a given mineral. Nonetheless, we can use the
simplified expression above to make broad comparisons of
closure of Pb in various accessory minerals, and to consider
closure temperature values calculated from our diffusion pa-
rametersin light of the estimates of closure temperatures for Pb
in monazite cited above.

In Figure 8, we plot closure temperature for various acces-
sory minerals as function of effective diffusion radius, using the
“classical” closure equation (i.e, Egn. 1). We plot curves
calculated using both the usual geometric factor for spherical
geometry (i.e., A = 55). Apparent closure temperatures for Pb
in monazite are quite high, considerably in excess of those for
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Fig. 9. Conditions for diffusional Pb loss in monazite for grains of
effective radii of 10 and 50 um. Curves represent time-temperature
conditions under which monazite will lose the indicated fraction of
total Pb. Even small monazite grains will lose negligible (~1%) Pb
through diffusion at 700°C for times in excess of a hillion years.

other accessory minerals save zircon. For example, T, for a
grain of 10 um effective radius would be ~950°C, and
~1050°C for 100 wm radius grains (for a cooling rate of
10°C/Ma), values ~50°C higher than zircon. In contrast, T,
calculated for Pb in monazite using the Smith and Giletti
(1997) Arrhenius parameters are significantly lower, with mon-
azites of 10 and 100 um effective diffusion radii closing to Pb
exchange at 500 and ~650°C, respectively.

Likewise, we can use our Arrhenius relationship to estimate
the degree of exchange of Pb in monazite during isothermal
heating episodes. The curvesin Figure 9 represent the percent-
age of Pb loss for monazites of 10 and 50 wm radii when
subjected to various time-temperature conditions. These curves
are calculated assuming spherical geometry, using the expres-

sions of Crank (1975; section 6.3.1) for fractiona loss from a
sphere of initial uniform concentration with constant surface
concentration. Monazites of 10 um radius would lose only
~1% of their Pb if residing at 700°C for times on order of the
age of the earth; 50 wm monazites would require ~100 m.y. at
800°C to lose 1% of their Ph.

Since the present results suggest that monazite is resistant to
Pb loss by volume diffusion alone, we next explore several
aspects of the U-Th-Pb monazite dating system, and consider
the circumstances under which open-system behavior may oc-
cur.

4.4. Open System Behavior in the U-Th-Pb Monazite
System

4.4.1. Radiation damage

Radiation damage in minerals accumulates largely from the
recoil of the heavy nucleus following alpha decay. Thus it is
surprising that although monaziteistypically hundreds of times
more radioactive than zircon, it does not become metamict.
Zircons more readily become metamict when subjected to
heavy-ion irradiation, which produces lattice damage compa-
rable to that resulting from alpha recoil events during radioac-
tive decay (e.g., Weber, 1990; Murakami et a., 1991; Weber et
al., 1994; Meldrum et al., 1998).

However, the mechanism that is able to naturally restore the
monazite structure is poorly understood. Heavy ion implanta-
tion experiments show that natural monazite cannot be ren-
dered metamict above 175°C (Meldrum et a., 1997b). For
synthetic LaPO,, the threshold temperature is as low as 60°C.
Totally amorphous monazite is completely recrystallized by
laboratory heating to 300°C (Karioris et al., 1981). Electron
irradiation produced during alpha decay may be an efficient
way to anneal metamict monazite (Meldrum et a., 19973). It
has been suggested that the strong bonds between P and O and
the low symmetry monazite structure may be responsible for
the near total resistance of natural monazites to accumulating
radiation damage (Cherniak et al., 1991; Cherniak, 1993;
Krogstad and Walker, 1994; Meldrum et al., 1996, 1997b).

Pb diffusivities have been found to be considerably faster in
both radiation damaged zircon (Cherniak et al., 1991; Cherniak
and Watson, 2001) and titanite (Cherniak, 1993) than in their
undamaged counterparts. Because phosphates are more resis-
tant to the accumulation of such lattice damage, Pb transport
rates in apatite (Cherniak et a., 1991) and monazite are less
likely to be affected because these materials may not reach the
stage of having sufficient disruption of lattice order to permit
enhanced diffusivities.

4.4.2. Monazte dissolution and recrystallization

While there are numerous metamorphic reactions that in-
volve monazite breakdown (Finger et al., 1998; Bea and
Montero, 1999; Catlos et al., 2002), our interest here is limited
to those cases where a record of the resetting of the U-Th-Pb
system in monaziteis preserved (e.g., Zhu and O’ Nions, 1999a;
Townsend et al., 2001).

Recrystallization of monazite can occur as a conseguence of
coarsening of matrix phases that are held at high temperature
for extended periods. When grain boundaries move, accessory
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phases tend to move with them by recrystallizing through
dissolution and precipitation because it is energeticaly favor-
able for them to remain on grain boundaries (Watson et a.,
1989). Ostwald ripening can drive dissolution-reprecipitation
of monazite (e.g., Kingsbury et a., 1993) until a critical size
threshold is exceeded (Ayers et a., 1999).

Several studies suggest that fluid-mediated recrystallization
can influence U-Pb discordance patterns in monazite. Teufel
and Heinrich (1997) have found efficient resetting of the U-Pb
isotope system by dissolution-precipitation under hydrothermal
conditions, even at low temperatures. Crowley and Ghent
(1999) attributed most of observed discordance in monazites
from amphibolite facies terranes to fluid interaction. Numerous
examples of monazites showing patchy zoning characterized by
irregular interlocking zones of monazite with variable compo-
sitions have been documented (Zhu et a., 1997; Ayers et a.,
1999; Zhu and O’'Nions, 1999ab; Townsend et al., 2001).
Patchy zoning has been attributed to differential recrystaliza-
tion or replacement (Stern and Sanborn, 1998; Ayers et al.,
1999), to simultaneous intergrowth of monazite with different
compositions (Zhu and O’'Nions, 1999a), and to leaching of
REEs along fractures (Poitrasson et a., 1996). Results from
several geochronological studies have found that patchy zones
yield younger ages than unaltered zones, most likely caused by
partial resetting of the U-Th-Pb system via recrystallization
(Hawkins and Bowring, 1997; Townsend et al., 2001). Al-
though compositional zonation is often correlated with age
zonation, note that this is not always the case (e.g., Catlos,
2000; Catlos et al., 2002). Because monazite has a low solu-
bility in neutra pH agueous solutions (Ayers et a., 1999),
dissolution-reprecipitation is mostly likely to occur in an envi-
ronment in which pH evolves from low to neutral values (e.g.,
Townsend et al., 2001).

Because disturbances to the U-Th-Pb system in monazite are
widely reported (indeed, it was once believed that the T, was
500—-600°C; Koppel et a., 1980; Black et al., 1984), mecha-
nisms other than diffusive exchange (e.g., recrystalization,
dissolution/reprecipitation) must be relatively common.

4.4.3. Garnet armoring

The resetting of U-Th-Pb ages of matrix monazites com-
pared to those included in coexisting garnets led Montel et al.
(2000) to propose that unfractured garnet could armor monazite
inclusions against Pb loss to high temperatures (see also Catlos
et a., 2002; Gilley et a., 2003). Whether this effect is due to
the low solubility of Pb in garnet (Montel et al., 2000) or
simply isolating monazite from the dissol ution/recrystallization
effects (e.g., Hawkins and Bowring, 1997) discussed above is
not clear.

4.4.4. Geological closure temperature estimates

Early geological estimates for the closure temperature of Pb
in monazite ranged from 530°C (Black et al., 1984) to 600°C
(Koppel et a., 1980). However, recent evidence suggests the
U-Th-Pb system can remain closed to Pb loss through upper
sillimanite zone conditions (Copeland et a., 1988; Smith and
Barriero, 1990; Spear and Parrish, 1996). A closure tempera-
ture of Pb in monazite was estimated by Copeland et al. (1988)

at 720—750°C for 10-100 um crystals cooled at 20°C/Ma,
based on the presence of inherited monazite in a Himalayan
leucogranite. Parrish (1990) suggested a closure temperature of
725 = 25°C on the basis of a preserved Pb loss profile in
monazite from a paragneiss formed under upper amphibolite
conditions. Suzuki et al. (1994) calculated closure temperatures
for Pb diffusion in monazite as a function of grain size and
cooling rate. For a 100 wm monazite, their results indicate
closure temperatures of 650°C and 720°C, assuming respective
cooling rates of 10 and 100°C/Ma.

More recently, there have been reports that monazite has
retained Pb through very high grade metamorphic episodes
(e.g., Braun et a., 1998; Cocherie, 1998; Bingen and van
Breemen, 1998; Brugier et al., 1999; Kalt et al., 2000; Bosch et
al., 2002). For example, Spear and Parrish (1996) observed that
conventional U-Pb analyses of bulk monazite from granulite-
grade gneiss from the Valhala complex yielded ages as old as
90 Ma despite the fact that it was metamorphosed to 850°C at
ca. 63 Ma. They interpreted this as evidence that Pb was
relatively immobile under granulite facies conditions. Schmitz
and Bowring (2003) reached a similar conclusion for even
higher grade granulite xenoliths from kimberlites of the
Kaapvaal craton that experienced temperatures in excess of
1000°C for more than 5 Ma In spite of this, it must be
emphasized that inferences regarding Pb retentivity need to be
carefully evaluated in light of the potential for garnet to armor
monazite inclusions against Pb loss (e.g., Montel et al., 2000).
Low solubilities of Pb in garnet may indeed inhibit Pb ex-
change, and armoring may serve to protect monazites from
dissolution/recrystallization effects, but nonetheless the slow
diffusivities for Pb in monazite measured in this study, and the
calculations in section 4.3, strongly support the contention that
the temperature of closure to Pb exchange in monazite can be
quite high.

4.4.5. Depth profiling of natural monaztes

Another means of evaluating the Pb retentivity of natural
monazite involves high resolution examination of Pb gradients
adjacent to grain boundaries of geologically heated monazite.
Measurable gradients of Pb/Th, interpreted to be due to the loss
of Pb, have been observed over sub-um length scalesin natural
monazites using a SIM S depth profiling method similar to that
described in section 2.4 (e.g., Grove and Harrison, 1999). In
cases where observed Pb loss can be attributed to volume
diffusion, such gradients contain potentially valuable thermo-
chronological information that can be extracted if the diffusion
behavior of Pb in monazite is known. In cases where geological
constraints are sufficiently strong, we can use these gradients to
determine plausible limits on diffusion behavior, provided that
factors other than volume diffusion that might contribute to Pb
concentration gradients can be ruled out or their contributions
reliably assessed.

Host gneisses in a crystalline nappe studied by Grove and
Harrison (1999) experienced peak metamorphic temperatures
of 600 to 750°C during the Miocene, but cooled below ca
400°C by 3 Ma (see summary in Harrison et al., 1999b). Pb/Th
depth profiling of monazites from sample DH-68-96, obtained
from a 13 Ma cross cutting pegmétite, revealed age gradients
within 1 um of the crystal face, with ~500A depth resolution.
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Fig. 10. (8 Th-Pb age profiles in the surface region of monazite
DH-68-96. The three curve fits to the data reflect the specific diffusion
calibration and thermal history shown in (b), assuming that volume
diffusion is solely responsible for the observed profiles. (b) Thermal
histories required to fit the Th-Pb age gradient given the three diffusion
calibrations shown in (a). Hatched region shows temperature-time
region permitted by thermochronometric data. See text for further
discussion.

While we cannot unequivocally state that these measured pro-
files are due solely to volume diffusion of Pb, their continuous
nature, the relative conformity of their shape to that expected
for radiogenic ingrowth/diffusion loss (Dodson, 1986), and
their intergrain consistency effectively rules out protracted
growth as an explanation for their formation. Based upon a
characteristic transport distance indicated by these profiles of
~0.3 um (Fig. 10a) and a maximum timescale, 7, at peak
temperature of 10 m.y. (i.e., 13-3 Ma; see Fig. 10b), the results
imply avalue of Dy, x5 0f ~5 X 10722 m? s~ (viax= Y2D7).
This value is about four orders of magnitude higher than that
predicted by our experimentally derived Arrhenius relationship.

Figure 10b shows the temperature histories generated by
fitting the observed age gradient with: 1) a diffusion calibration
that combines the data of Smith and Giletti (1997) and Suzuki
et al. (1994) (180 kJ mol—*; gray curve), and 2) the Arrhenius
relationship generated in this study (590 kJ mol ~*; thick black
curve). Also shown by the thick black curve is the thermal
history of a calibration line that passes through the datum
estimated from the Grove and Harrison (1999) study (D;ggec =
5% 10722 m?s %) and D;o000c = 1072 m? s~ (the only point
of agreement shared by both experimental diffusion studies)
giving an apparent activation energy of 345 kJmol 2. It can be
seen from Figure 10b that the thermal history predicted from
our experimentally determined Arrhenius relationship requires
temperatures far in excess of that permissible by the metamor-
phic constraints. At present, we are not sure why this discrep-
ancy exists. While it is possible that factors other than volume
diffusion have contributed to the development of observed
Th-Pb age profiles measured by Grove and Harrison (1999), the
sharp contrast may signal a change in diffusion mechanism
between conditions attainable in the laboratory and in nature.
The latter cannot be ruled out, but no evidence of a change in

diffusion mechanism has yet been observed in any study of
volume diffusion of cations in mineras over the range of
geologically reasonable temperatures. Additional U-Th-Pb
depth profiling studies of natural monazites from well-con-
strained settings may be helpful in clarifying this matter.

5. CONCLUSIONS

1) Diffusion coefficients for Pb in monazite determined for in-
and out-diffusion experiments over the temperature range
1100 to 1350°C, analyzed using Rutherford backscattering
spectroscopy (RBS), define a linear Arrhenius relationship
given by D = 0.94 exp(—592 + 39 kJmol " Y/RT) m* s *.

2) Analysis of run products of both in- and out-diffusion
experiments by secondary ion mass spectrometry (SIMS)
are in general agreement with the RBS resullts.

3) Both the RBS and SIMS datasets are inconsistent with the
results of a Pb diffusion study of a natural monazite by
Smith and Giletti (1997) which yielded an activation energy
more than three times lower than our result. The explanation
for this discrepancy is not completely understood.

4) Extrapolation of our result to geological conditions predicts
ultrahigh closure temperatures for Pb in monazite— compa-
rable to those for Pb in zircon. For example, a 20-um-
diameter spherical monazite grain would have a closure
temperature of 950°C, given a cooling rate of 10°C/Ma.
While inferences regarding the Pb retentivity of monazite
are ill conflicting, at least some of the results obtained
from granulite terranes are consistent with our experimental
findings. Additional careful investigations of the ability of
garnet to armor monazite against Pb loss (whether through
dissolution/recrystallization or diffusion) and well-con-
strained studies of natural Pb gradients developed adjacent
to grain boundaries may be useful in resolving the
controversy.
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