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Experimental data are reported on Mg diffusion in plagioclase crystals with a range of anorthite content
(xAn), at temperatures between 800 and 1150 ◦C. Oriented and polished single crystals of anorthite (xAn =
0.93), labradorite (xAn = 0.67), andesine (xAn = 0.43) and oligoclase (xAn = 0.23) were each embedded
in powered source material enriched in natural MgO or 25MgO and suspended in a furnace at constant
temperature. Diffusion profiles in quenched samples were measured from the polished surface using SIMS
depth profiling. The diffusion coefficient does not depend significantly on the Mg concentration gradient,
and little anisotropy is observed between the b and c directions in labradorite. Diffusion coefficients
increase systematically with decreasing xAn, and the entire data set is described by ln D = (−6.06 ±
1.10)− (7.96 ± 0.42)xAn − 287±10 kJ/mol

RT , where R is the gas constant, T is absolute temperature, and the
diffusion coefficient D is in m2/s. 26Al–26Mg ages in albite-rich plagioclase are much more easily reset
than in anorthite, with closure temperatures up to 120–150 K lower.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The 26Al–26Mg radioactive decay system is one of the most im-
portant sources of information on the timing of events in the early
solar system. In situ decay of 26Al (half-life of 0.705 Ma) produces
a detectable excess of 26Mg in phases with high Al/Mg ratios, and
its presence provides unequivocal evidence for the formation of
the object within several million years of the synthesis of 26Al. Ex-
cess radiogenic 26Mg has been found in refractory inclusions (CAIs)
in chondritic meteorites (e.g., MacPherson et al., 1995; Kita et al.,
2013, and references therein), in chondrules (Kita and Ushikubo,
2012, and references therein) and even in metamorphosed or-
dinary chondrites and achondrites (e.g., Srinivasan et al., 1999;
Zinner and Göpel, 2002), and hence may provide a fine-scale
chronometer not only for condensation and heating events within
the solar nebula but for the assembly and thermal history of plan-
etesimals. 26Al–26Mg chronometry depends, however, on the abil-
ity to determine the significance of the age implied by excess
26Mg. Does it correspond to the time of formation of the object,
or has it been partially or fully reset by later processing? Perhaps
the most important, and best understood, mechanism for resetting
of 26Al–26Mg ages is by thermally activated diffusive loss of 26Mg
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from high Al/Mg phases. Because plagioclase is the most common
high Al/Mg phase in meteorites, and the one in which excess 26Mg
is usually best resolved (Lee et al., 1977; Kurahashi et al., 2008;
Goodrich et al., 2010; Kita et al., 2012), diffusion data for Mg in
plagioclase are critical to determine the susceptibility of 26Al–26Mg
ages to modification by thermal events. LaTourrette and Wasser-
burg (1998) determined Mg self-diffusion coefficients in nearly
pure anorthite (An95; i.e. 95 mol% anorthite) single crystals at
1200–1400 ◦C. The results of this study provide strong constraints
on the resetting of 26Al–26Mg ages at high temperatures, in CAIs
and other materials that contain anorthitic plagioclase. However,
a long extrapolation is required to extend these data to thermal
resetting at the much lower temperatures characteristic of meta-
morphism within planetesimals. Furthermore, application of these
data to the more albite-rich plagioclase that is found in high-FeO
(Type II; Kunihiro et al., 2004; Kurahashi et al., 2008) chondrules,
equilibrated chondrites, and other meteoritic materials such as ure-
ilites (Goodrich et al., 2010), is highly uncertain because no ex-
perimental data have yet been published on the dependence of
Mg diffusion on plagioclase composition. Studies of other cations
in plagioclase indicate a significant dependence of diffusivities on
An content, with diffusion faster in more albite-rich plagioclase
(Behrens et al., 1990; LaTourrette and Wasserburg, 1998; Cher-
niak and Watson, 1992, 1994; Giletti and Casserly, 1994; Cherniak,
1995, 2002, 2003).
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Magnesium diffusion in plagioclase also provides the basis for
time constraints on magmatic processes (Costa et al., 2003, 2008;
Druitt et al., 2012). Plagioclase phenocrysts commonly preserve
chemical zoning in both trace and major elements that can only
be preserved if the crystals’ residence at high temperature was
short enough to prevent diffusive homogenization. The composi-
tional zoning profiles can be modeled to provide quantitative con-
straints on the time these phenocrysts experienced in the magma
chamber between development of the original zoning profile and
eruption. Magnesium profiles in plagioclase are particularly well
suited to this purpose because Mg often can be analyzed with
sufficient precision by electron microprobe and because its diffu-
sivity is relatively rapid, providing access to information on the
annual to millennial timescale. The influence of plagioclase com-
position on Mg diffusion is particularly important for these ap-
plications, because the zoning of trace elements such as Mg is
commonly correlated with strong zoning in the major components
(i.e. the anorthite content). Variation in Mg diffusivity with pla-
gioclase composition must be taken into account in modeling the
profiles. Costa et al. (2003) suggested that the dependence of Mg
diffusion on plagioclase composition was similar to that for Sr and
other large cations – which exhibit strong increases in diffusivity
with decreasing anorthite content – and was able to obtain good
fits to natural Mg diffusion profiles in plagioclase phenocrysts by
assuming that the relative dependence on composition of Mg dif-
fusion was identical to that of Sr. However, as noted above, the
compositional dependence of Mg diffusivity in plagioclase has not
yet been investigated experimentally.

Here, we report the results of experiments to determine Mg dif-
fusion coefficients in natural plagioclase crystals of a wide range
of composition, from An93 (anorthite) to An23 (oligoclase), over a
wide range of temperature extending downward to 800 ◦C. The ex-
periments also address whether Mg chemical diffusion rates, which
are relevant to the relaxation of Mg zoning profiles in plagioclase,
may be different than Mg self-diffusion rates, which are relevant
to 26Al–26Mg resetting where the net flux of Mg among phases is
negligible.

2. Experimental

The diffusion experiments were performed using natural sin-
gle crystals of anorthite (An93), labradorite (An66), andesine (An43)
and oligoclase (An23). Each crystal was oriented, sectioned with a
low speed saw and mirror polished on one side, then placed in
an open Pt capsule surrounded by a powder consisting of MgO,
Al2O3 and SiO2 in 1:1:2 molar proportions, mechanically mixed in
a 6:1 weight ratio with plagioclase powder of the same composi-
tion as the crystal. Two sets of experiments were performed, one
with highly enriched 25MgO in the powder source and the other
with isotopically normal MgO. The experiments with 25MgO pro-
vided better resolution in the measurement of the Mg diffusion
profiles, and, as described below, allowed for a comparison be-
tween Mg self-diffusion coefficients (in experiments where there
was a negligible net flux of Mg) and Mg chemical diffusion coeffi-
cients.

The open Pt capsule containing each crystal/powder diffusion
couple was suspended in air within the hotspot of a 1 atm fur-
nace and maintained at constant temperature, between 798 and
1150 ◦C, for times ranging from 25 min to 24 d. Following the
experiment, the plagioclase single crystal was removed from the
powder and rinsed in purified water and ethanol, mounted in
epoxy with the polished surface exposed and coated with a 60 nm
layer of gold, which provided a conductive surface layer for SIMS
depth profiling analyses.
2.1. SIMS depth profiling analyses

Depth profiles of major elements (Na, Al, Si, and Ca) and Mg
isotopes were performed using the WiscSIMS Cameca IMS-1280
ion microprobe at the University of Wisconsin-Madison (Valley and
Kita, 2009; Kita et al., 2012). An O− primary ion beam was used,
with total impact energy of 23 keV to the sample surface (−13 kV
primary ion and +10 kV secondary ion acceleration voltages). The
primary beam was focused to ∼30 μm diameter with 30 nA in-
tensity and raster size of 70 μm square, which leaves a sputtered
crater that is flat over a ∼40 μm square area. The field aperture
was set to a 1600 μm square that restricted sampling to a cen-
tral 20 μm square area on the sample surface (the magnification
of the transfer lens was set to 80), with the beam position care-
fully adjusted at each analysis location so that only secondary ions
produced from the center of the raster area were collected in the
mass spectrometer. Mass resolution power was set to ∼3000, high
enough to separate interference peaks. The isotope peaks were
detected by magnetic peak switching on the fixed axial detector
(mono-collector), which is switchable between electron multiplier
(EM) and Faraday Cup (FC), in the following order: 23Na (2 s, EM),
24Mg (10 s, EM), 25Mg (10 s, EM), 26Mg (10 s, EM), 27Al (2 s, FC),
28Si (2 s, FC), and 40Ca (2 s, FC). A single cycle took ∼54 s in-
cluding waiting time to settle the magnetic field at each isotope.
For the first set of samples, with natural Mg isotope abundances in
the source powder, the minor Mg isotopes (25Mg and 26Mg) were
not included in the analysis and a single cycle took ∼30 s. For a
natural labradorite standard containing 0.1 wt% MgO (Lab1, An60;
Kita et al., 2012), typical secondary ion intensities were 6×104 cps
for 23Na, 3000 cps for 24Mg, 8 × 105 cps for 27Al, 6 × 105 cps for
28Si, and 4 × 105 cps for 40Ca.

The secondary ions with higher initial energy were selected by
using an energy offset (−50 V), similar to the conditions applied
in previous diffusion profile studies (e.g., Ito and Ganguly, 2006).
We note that this energy filtering was required to reduce molecu-
lar interferences for small radius ion microprobes, but not for the
IMS-1280 which is capable of resolving interference peaks by ap-
plying high mass resolution power without losing secondary ion
transmission. However, the sample surface becomes charged up to
∼30 eV under our analytical conditions, which drastically changes
the secondary ion intensity of low energy ions at the beginning
of the depth profiling. The energy filtering method works well in
keeping the secondary ion intensity relatively stable despite sur-
face charging, with only a slight gradual decrease in ion counts
with increasing depth over the first ∼1 μm of sputtering. To cor-
rect for this small charging effect, Mg ion intensity at each depth
is normalized to that of 27Al. Thus, in experiments with isotopi-
cally normal MgO in the source materials, 24Mg/27Al is used as a
proxy for relative Mg concentration along the depth profile. Sim-
ilarly, in experiments conducted with 25Mg-enriched source ma-
terials, (24Mg + 25Mg + 26Mg)/27Al is used as a proxy for total
Mg concentration, and the Mg isotope composition is recorded as
25Mg/(24Mg + 25Mg + 26Mg).

Following SIMS depth profiling analyses, the sputtered pits
were measured using a Zygo 3D optical surface profilometer. The
central 20 μm square area of the pit that was sampled during the
SIMS analysis was considered for depth measurement. The varia-
tion in depth within this central area was within 10–50 nm for
each pit, compared to total depths between 1.26 and 9.57 μm,
corresponding to a 2σ precision in depth measurement between
0.22% and 1.7% for each of the sputtered pits. The sputtering
rate, for the beam conditions noted above, was found to be
∼0.012–0.015 nm/s/nA, and increased slightly with the albite con-
tent of the plagioclase.
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2.2. Diffusion profile fitting

To determine the diffusion coefficient, Mg elemental and 25Mg
isotope concentration profiles were fit to the equation for one-
dimensional diffusion in a semi-infinite medium with constant sur-
face concentration (Crank, 1975):

C(x, t) − Csurf

Cinit − Csurf
= erf

x

2
√

Dt
. (1)

Here, C represents the concentration at depth x after time t , Csurf
is the constant concentration at the crystal surface, Cinit is the
initial concentration within the crystal, and D is the diffusion co-
efficient. Eq. (1) was fit to each of the profiles by iteratively ad-
justing the fit parameters to minimize χ2 using the Marquardt
method. For the 25Mg concentration profiles, D and Csurf were
the fit parameters, whereas the initial concentration in the plagio-
clase crystal (Cinit) was constrained to be the natural 25Mg isotopic
abundance (0.100). For the Mg elemental concentration profiles,
Cinit was allowed to vary as an additional fit parameter. Although
the variation in Cinit was small among the different slabs of crys-
tal used in the experiments, only a few percent in the case of
labradorite, this variation was nevertheless significant compared to
the small difference between Cinit and Csurf . Hence, it was not pos-
sible to treat Cinit as a constant for all experiments on a particular
plagioclase composition. Fig. 1(a) shows an example of 25Mg con-
centration profile in labradorite, along with an error function curve
showing the least squares fit of Eq. (1) to the data.

In many cases, a small amount of source material adhered to
the polished surface following the diffusion anneal, distributed
heterogeneously across the surface. Although care was taken to
locate regions on the plagioclase surface that were as clean as
possible for depth profiling, the upper portion of the depth pro-
file often reflected contamination from the adhering source mate-
rial. This type of surface contamination is commonly observed in
SIMS depth profiles of diffusion experiments (e.g. Van Orman et
al., 2001). The contaminated portion of the profile is obvious in an
inverse error function plot, in which both sides of Eq. (1) are in-
verted through the error function (Fig. 1(b)). A kink in the inverted
profile marks the transition from surface contamination to the ac-
tual diffusion profile, which is linear. Only the linear part of the
profile beyond the kink is fitted to obtain D , as described above
(Fig. 1(c)).

2.3. Error analysis

The formal uncertainty in D for each profile was estimated con-
sidering (1) the uncertainty in the depth of the sputtered pit and
(2) the uncertainty due to scatter in the concentration along the
diffusion profile. Propagating the error in the depth measurement
is straightforward. Because D ∝ x2, the relative error in D from
this source is simply double the relative error in the depth mea-
surement. Determining the error due to scatter is more involved
because the fitting function is not linear, and the fit parameters D ,
Csurf and Cinit exhibit some correlation. This error was determined
from a contour plot of χ2 with respect to D and Csurf , where
the value of Cinit (for Mg concentration profiles) was allowed to
vary to minimize χ2 for each pair of values of D and Csurf (e.g.
Bevington and Robinson, 2002, Section 11.5). The standard devia-
tion of D was taken to be the full range of the �χ2 = 1 contour,
and this was combined with the error resulting from the depth
measurement to provide an estimate of the formal uncertainty in
each value of D .

A better measure of the overall error in determining the dif-
fusion coefficients is their reproducibility in separate experiments
Fig. 1. Examples of Mg isotope diffusion profiles. (a) Profile without resolvable con-
tamination from isotopically enriched powder retained on the mineral surface (Expt.
MgLab16), with associated error function curve fit to the data. (b) Inverse error
function plot of a profile that exhibits surface contamination (Expt. MgLab13). Only
the linear portion of the profile beyond the kink is considered in fitting the data
to obtain the diffusion coefficient. The same profile (Expt. MgLab13), uninverted, is
shown in panel (c).

at similar conditions. For labradorite, three experiments were con-
ducted at ∼1050 ◦C and two at ∼1150 ◦C to determine the diffu-
sion coefficient in the c direction. The results of these experiments
indicate that there are additional systematic errors not accounted
for in the formal error analysis, which are on the order of 12%
in D at both temperatures. The origin of this scatter beyond the
formal uncertainty limits is not known, but it is nonetheless im-
portant to include when evaluating the errors on the Arrhenius
parameters, and on the compositional dependence of Mg diffusiv-
ity. In estimating the overall uncertainty in D for each experiment,
we assume that the systematic error is uncorrelated with the for-
mal error estimate, and that it has the same relative value (12%)
for each experiment. This overall estimate, rather than the formal
uncertainty, was used in the weighted linear regressions discussed
below, and yields values of reduced chi-square that are close to the
expected value of unity in most cases.
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Table 1
Experimental conditions and results.

Expt. ID T
(◦C)

Time
(s)

Orientation* Composition 25Mg tracer? D
(m2/s)

log D σ formal σ total

MgAnor1 1150 1.08 × 104 (010) An93 No 3.41 × 10−17 −16.47 0.02 0.07
MgAnor3 1050 8.28 × 104 (010) An93 No 8.03 × 10−18 −17.10 0.01 0.06
MgAnor5 898 1.13 × 106 (010) An93 Yes 2.54 × 10−19 −18.60 0.02 0.07
MgAnor6 1000 1.62 × 105 (010) An93 Yes 3.35 × 10−18 −17.47 0.03 0.08
MgLab3-1 1149 1.50 × 103 (001) An67 No 2.43 × 10−16 −15.61 0.08 0.14
MgLab3-2 “ “ “ “ “ 2.38 × 10−16 −15.62 0.03 0.08
MgLab4 1101 3.00 × 103 (001) An67 No 1.23 × 10−16 −15.91 0.06 0.11
MgLab5 1053 7.20 × 103 (001) An67 No 5.08 × 10−17 −16.29 0.04 0.09
MgLab7 1002 2.34 × 104 (001) An67 No 2.33 × 10−17 −16.63 0.07 0.13
MgLab10 1150 1.08 × 104 (001) An67 No 3.26 × 10−16 −15.49 0.02 0.07
MgLab11 1050 8.28 × 104 (001) An67 No 6.47 × 10−17 −16.19 0.02 0.07
MgLab13 900 5.90 × 105 (001) An67 Yes 1.40 × 10−18 −17.85 0.02 0.08
MgLab15 950 2.48 × 105 (001) An67 Yes 3.67 × 10−18 −17.44 0.02 0.07
MgLab17 798 2.06 × 106 (001) An67 Yes 6.13 × 10−20 −19.21 0.04 0.09
MgLab19 1047 3.60 × 104 (001) An67 Yes 6.68 × 10−17 −16.18 0.04 0.09
MgLab14 899 6.01 × 105 (010) An67 Yes 1.20 × 10−18 −17.92 0.03 0.08
MgLab16 998 8.28 × 104 (010) An67 Yes 1.51 × 10−17 −16.82 0.01 0.07
MgLab20 1047 3.60 × 104 (010) An67 Yes 3.56 × 10−17 −16.45 0.02 0.07
MgAnd2 1048 1.80 × 104 (001) An43 Yes 4.37 × 10−16 −15.36 0.01 0.06
MgAnd3 850 6.88 × 105 (001) An43 Yes 4.72 × 10−18 −17.33 0.04 0.09
MgOl1 799 5.98 × 105 (001) An23 Yes 1.72 × 10−18 −17.76 0.09 0.14
MgOl2 852 9.72 × 104 (001) An23 Yes 3.08 × 10−17 −16.51 0.05 0.10
MgOl3 900 2.88 × 104 (001) An23 Yes 5.72 × 10−17 −16.24 0.05 0.11
MgOl4 951 1.08 × 104 (001) An23 Yes 1.01 × 10−16 −16.00 0.09 0.14

* Indicates diffusion normal to the listed crystallographic plane.
3. Results

The diffusion coefficients determined in each experiment are
listed in Table 1. In experiments that utilized a 25Mg tracer, the
diffusion coefficients determined from the �Mg/Al and 25Mg/�Mg
concentration profiles were found to be in good agreement, but the
25Mg/�Mg concentration profile was generally much better re-
solved and yielded a more precise value of the diffusion coefficient.
The diffusion coefficients obtained from the 25Mg/�Mg profile are
considered more reliable, and these are the values reported in Ta-
ble 1 for the isotope tracer experiments.

3.1. Mg chemical diffusion vs. self-diffusion

The chemical diffusion coefficient and self-diffusion coefficient
are related by (e.g. Shewmon, 1989, Section 4.4):

DMg = D∗
Mg(1 + d lnγMg/d ln xMg), (2)

where DMg is the intrinsic chemical diffusion coefficient, D∗
Mg is

the self-diffusion coefficient that would be measured in a system
where no chemical concentration gradient is present, γMg is the
activity coefficient and xMg is the molar concentration. In general,
the diffusion coefficient obtained from a chemical diffusion pro-
file is an interdiffusion coefficient that depends upon the fluxes
and molar volumes of at least two chemical species (e.g. Balluffi,
1960). However, in the present case, where Mg is present at very
low concentrations, and diffuses relatively rapidly, the interdiffu-
sion coefficient is approximately equal to the intrinsic chemical
diffusion coefficient, and it is reasonable to assume that the values
of D obtained from chemical concentration profiles are equal to
the intrinsic DMg within error. The term in parentheses in Eq. (2),
often referred to as the thermodynamic factor, is equal to one in
the case of an ideal or dilute (Henry’s Law) solution. Hence, if Mg
in plagioclase is sufficiently dilute to be in the Henry’s Law regime,
the chemical and self-diffusion coefficients will be equal.

In all of the experiments with anorthite, andesine, and oligo-
clase, and in experiments with labradorite at temperatures of
1000 ◦C and greater, there was a net flux of Mg from the source
material to the plagioclase. Therefore, most of the experiments
Fig. 2. Diffusion profiles from experiments MgLab13 (diamonds), MgLab15 (circles),
and MgLab16 (squares). The curves shown through the Mg/Al profiles in (a) use the
diffusion coefficient determined by fitting the isotope profile from the same exper-
iment, as shown in (b). The Mg concentration and isotopic profiles are consistent
with the same diffusion coefficient, whether the chemical and isotopic fluxes are in
the same direction or opposite.
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measured chemical diffusion coefficients rather than self-diffusion
coefficients. However, as shown in Fig. 2, at ∼950 ◦C there was no
resolvable flux of Mg between labradorite and the source mate-
rial, and at lower temperatures there was a net flux of Mg out of
the labradorite crystal (the solubility of Mg in plagioclase increases
with temperature, and evidently the specimen used in these ex-
periments is saturated with Mg at ∼950 ◦C). Because there is no
resolvable flux of Mg in the 950 ◦C experiment – only an exchange
of Mg isotopes – this experiment is effectively a self-diffusion ex-
periment.

Fig. 2 shows Mg concentration profiles from three experiments
with labradorite at 998 ◦C, 950 ◦C and 900 ◦C, along with iso-
topic concentration profiles from the same experiments. The model
curves fit to the Mg/Al profiles did not treat the diffusion co-
efficient as a free parameter, but instead were generated using
the diffusion coefficient determined by fitting the isotopic con-
centration profile from the same experiment. It can be seen that
the Mg/Al and Mg isotope profiles are consistent with the same
diffusion coefficient, whether the chemical concentration gradient
is in the same direction or opposite to the isotopic concentra-
tion gradient. The diffusion coefficient obtained from the Mg iso-
tope profile in the 950 ◦C experiment, which can be considered a
self-diffusion coefficient because there is no significant chemical
gradient, is in agreement with the chemical diffusion coefficient
interpolated to this temperature. The interpolated chemical diffu-
sion coefficient at 950 ◦C, based on a weighted regression of Mg
chemical diffusion data for labradorite in the (001) direction, is
3.62 × 10−18 m2/s, which is within error of the Mg self-diffusion
coefficient of 3.67 ± 0.26 × 10−18 m2/s. This suggests that the
chemical and self-diffusion coefficients are equal in these exper-
iments, and that the Mg concentrations in labradorite are in the
Henry’s Law regime. The Mg concentrations in the other plagio-
clase samples are lower than in labradorite, and it is therefore
likely that these experiments were also conducted in the Henry’s
Law regime. As shown below, the chemical diffusion coefficients
for anorthite determined in this study are in good agreement
with the self-diffusion coefficients determined by LaTourrette and
Wasserburg (1998), providing further support for the equivalence
of chemical and self-diffusion coefficients for Mg in plagioclase.

It is important to note, however, that in natural situations Mg
may diffuse not only in response to its own concentration gradi-
ent but also in response to gradients in major element concen-
trations (Costa et al., 2003). The activity of Mg depends on the
anorthite content of the plagioclase, and zoning in anorthite con-
tent will therefore have a strong influence on the flux of Mg.
Because CaAl–NaSi interdiffusion (Grove et al., 1984) is many or-
ders of magnitude slower than diffusion of Mg in plagioclase, a
gradient in Mg concentration may be preserved in plagioclase crys-
tals that are zoned in major elements, on timescales much longer
than those relevant to Mg diffusion. This is not due to a direct
diffusive coupling between Mg and any of the major elements,
but rather to the influence of the major elements on Mg activ-
ity. The major element gradient does not affect the diffusivity of
Mg, but rather affects the driving force – the chemical potential
gradient (Costa et al., 2003). Magnesium diffuses rapidly enough
that it may effectively “partition” along the major element zon-
ing profile in plagioclase. This type of diffusional flux coupling
is also commonly observed in silicate melts (e.g. Watson, 1982;
Zhang et al., 1989). In the presence of major element zoning, gra-
dients in Mg concentration may persist during heating events that
are sufficient to homogenize Mg isotopes. In the absence of major
element zoning, our experimental results indicate that gradients in
Mg elemental concentration will be relaxed at the same rate as
gradients in Mg isotopic composition. The diffusion coefficients re-
ported in this paper are directly applicable to Mg isotope diffusion
in plagioclase, and to Mg chemical diffusion when only a gradient
Fig. 3. Diffusion coefficients determined from experiments at 1150 and 1050 ◦C,
plotted against the anneal time (normalized to the duration of the shortest exper-
iment in the series). The diffusion coefficients determined from experiments that
vary in duration by an order of magnitude agree within ∼20%. Open circles: dif-
fusion coefficients obtained from chemical (Mg/Al) concentration profiles; closed
circle: diffusion coefficient obtained from 25Mg/�Mg isotopic concentration profile.

in Mg concentration exists. For Mg chemical diffusion in the pres-
ence of major element zoning, it is necessary to account for the
influence of the zoning on the chemical potential gradient of Mg,
as discussed for example by Costa et al. (2003).

3.2. Time series

Fig. 3 shows the results experiments performed for different
durations at ∼1050 ◦C and ∼1150 ◦C. Both sets of experiments ex-
amined Mg diffusion in labradorite normal to (001). The diffusion
coefficients are reproducible within ∼20% relative for experiments
ranging in duration over more than a factor of ten.

3.3. Anisotropy

A few experiments were performed as a preliminary investi-
gation of anisotropy in the diffusion of Mg in labradorite (Ta-
ble 1). Diffusion appears to be slightly slower normal to (010)

than normal to (001), in experiments conducted under the same
conditions, but the difference is barely resolvable. At 1047 ◦C, two
experiments (MgLab19 and MgLab20) were performed simultane-
ously under the same conditions, and these yield D(001)/D(010) =
2.24 ± 0.59. In experiments performed separately at similar tem-
peratures of ∼1000 ◦C and ∼900 ◦C, the same diffusivity ratio is
1.41 ± 0.46 and 1.14 ± 0.29, respectively (after making a small
correction to compare the diffusion coefficients at the same tem-
perature).

LaTourrette and Wasserburg (1998) found similar anisotropy for
Mg diffusion in anorthite. Based on their data we can calculate the
ratio D(001)/D(010) , which is 2.8 ± 1.6 at 1400 ◦C and 2.5 ± 1.4 at
1300 ◦C.

Considering the available data, which indicates that anisotropy
between the b and c directions is weak in both labradorite and
anorthite, it is probably adequate for most applications to treat Mg
diffusion in plagioclase as isotropic.

3.4. Temperature and compositional dependence

The diffusion coefficients determined from each experiment are
shown on Arrhenius plots in Fig. 4. In Fig. 4(a) the data for each
plagioclase composition (and for each crystallographic orientation,
in the case of labradorite) are fit separately to the Arrhenius equa-
tion:
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Fig. 4. Arrhenius plots showing the dependence of Mg diffusion coefficients on
temperature and plagioclase composition. In (a) the data for each plagioclase com-
position (and crystallographic orientation, for labradorite) are fit individually. In (b)
the data set as a whole is fit to a single Arrhenius-type equation, where the loga-
rithm of the pre-exponential factor is a linear function of the anorthite content of
the plagioclase (see text for details). Squares – anorthite (An93); open diamonds –
labradorite (An67) normal to (001); filled diamonds – labradorite (An67) normal to
(010); triangles – andesine (An43); circles – oligoclase (An23); asterisks – anorthite
(An95) normal to (010), from LaTourrette and Wasserburg (1998).

ln D = ln D0 − Q

RT
(3)

where D0 is the pre-exponential factor, Q is the activation energy,
R is the gas constant and T is temperature in K. Values of the
pre-exponential factor and activation energy determined from each
fit are listed in Table 2.

It can be seen that the diffusion coefficients are strongly corre-
lated with plagioclase composition, increasing systematically with
decreasing anorthite content. A similar increase in diffusivity in
more sodic plagioclase has been observed for many other cations
in plagioclase, including Sr, Pb, Ba, Nd and Ca (Behrens et al.,
1990; Cherniak, 1995, 2002, 2003, 2010; Cherniak and Watson,
1992, 1994; Giletti and Casserly, 1994; LaTourrette and Wasser-
burg, 1998). We found that the data for Mg diffusion in plagioclase,
including the data of LaTourrette and Wasserburg (1998) for An95,
could be fit reasonably well (χ2

reduced = 2.88) by considering the
activation energy to be constant, and the logarithm of the pre-
exponential factor to be a linear function of the anorthite content,
xAn (Fig. 4(b)):

ln D = (−6.06 ± 1.10) − (7.96 ± 0.42)xAn − 287 ± kJ/mol

RT
, (4)

where the uncertainties are 2σ and D is in m2/s. The data set
was fit by minimizing χ2, and the uncertainties were estimated
from χ2 contour plots, in the manner described above for the
fitting of the diffusion profiles, with 2σ reflecting the full range
of the �χ2 = 4 contour. We also examined models in which the
activation energy was a function of composition (with or with-
out the pre-exponential factor also being a function of compo-
sition), but these yielded poorer fits to the data. Eq. (4) is of
the same form as the equation proposed by Costa et al. (2003)
to describe Mg diffusivity in plagioclase, which is based on the
compositional dependence observed experimentally for Sr diffu-
sion. The Costa et al. (2003) expression can be written as ln D =
−6.07−9.44xAn −266 (kJ/mol)/(RT ); compared to our Eq. (4), this
expression has a stronger compositional dependence and weaker
temperature dependence. The Costa et al. (2003) preliminary esti-
mate yields Mg diffusivities similar to ours for anorthite at high
temperature, but over-predicts the diffusivities at lower tempera-
tures and lower anorthite contents (Fig. 5). For albite at 850 ◦C,
the discrepancy is a factor of 10. Magma transfer timescales in-
ferred from Mg zoning profiles in plagioclase using the Costa et
al. (2003) expression may therefore need to be adjusted upward
significantly. For example, the magma transfer timescales inferred
by Druitt et al. (2012) for the Minoan caldera-forming eruption at
Santorini are based on Mg diffusion profiles in plagioclase phe-
nocrysts with ∼An30–An90, which are considered to have been
developed primarily at 900 ◦C. At this temperature and these pla-
gioclase compositions, the Costa et al. (2003) expression used by
Druitt et al. (2012) over-estimates the Mg diffusivities by a factor
of 2.25–5.5 relative to our results. The magma transfer timescales
estimated by Druitt et al. (2012) may therefore need to be revised
upward by a similar factor.

4. Discussion

4.1. Diffusion mechanism

It appears that D0, but not Q , varies systematically with pla-
gioclase composition, both for Mg (this study) and Sr (Giletti and
Casserly, 1994). This suggests that the variation in diffusivity with
composition is due to systematic changes in the defect population,
rather than to changes in the migration energy, as the composition
varies between anorthite and albite. It is well known that plagio-
clase can incorporate excess Si4+ in tetrahedral sites, which are
charge-compensated by the formation of vacancies on the large
cation A sites that are normally occupied by Na+ and Ca2+ (e.g.
Longhi and Hays, 1979). The incorporation of excess SiO2 may
therefore lead to an enhancement in the diffusivity of cations that
diffuse by means of site exchanges with vacancies on the A-sites
(Behrens et al., 1990). A recent study by Faak et al. (2013) indicates
that the diffusivity of Mg in labradorite increases with increasing
silica activity, which suggests that vacancies created to compensate
Table 2
Arrhenius parameters.

Crystal Composition log D0 2σ Q
(kJ/mol)

2σ χ2
reduced (MSWD)

Anorth An93 −6.45 1.02 271 25 1.89
Lab (001) An67 −4.33 0.62 307 15 1.75
Lab (010) An67 −4.60 1.82 298 44 0.72
Olig An43 −4.23 1.39 282 33 8.07
And An23 −3.99 2.77 276 61 n.d.
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Fig. 5. Comparison of Mg diffusion coefficients from this work (solid lines, Eq. (4))
with those from the model of Costa et al. (2003) (dashed lines) and those from
the experiments of Faak et al. (2013) (dash-dot lines). The Faak et al. (2013) data
shown here were acquired on An60 plagioclase, under both SiO2-saturated condi-
tions (plagioclase in contact with Cpx + SiO2, upper line), and SiO2-undersaturated
conditions (with Cpx only, lower line).

the charge of excess Si4+ play a significant role in Mg diffusion.
Analysis of our diffusion source powders after the experiments re-
veals the presence of silica, indicating that our experiments were
conducted under silica-saturated conditions. Hence, the compo-
sitional dependence found in our study cannot be explained in
terms of systematic variations in silica activity with anorthite/al-
bite content among the different plagioclase crystals used. It is
also problematic to explain the rapid Mg diffusivities in andesine
and oligoclase solely in terms of higher vacancy concentrations,
because the vacancy concentrations required are implausibly large
based on those inferred for silica-saturated labradorite by Faak
et al. (2013).

4.2. Thermal resetting of 26Al–26Mg ages

The relative age recorded as excess 26Mg in plagioclase found
in meteorites may be reset due to diffusive exchange of Mg iso-
topes between the plagioclase crystal and its surroundings. Al-
rich chondrules in unequilibrated ordinary chondrites studied by
Russell et al. (1996) show 26Al relative ages from ∼ 2 Ma to
more than 5 Ma after CAI, which was originally interpreted as
an extended nebular time scale. Huss et al. (2001) later suggested
that radiogenic 26Mg excess in plagioclase in many of these chon-
drules were redistributed by mild thermal metamorphism in the
parent asteroid. Chondrules within the least altered, least meta-
morphosed chondrites record 26Al relative ages mostly ∼2 Ma
after CAI formation without significant variations (0.5–1 Ma at
most), though many chondrules in CR chondrites show younger
ages more than 3 Ma after CAIs (e.g., Hutcheon et al., 2009;
Nagashima et al., 2007; 2008; Tenner et al., 2013). It is critical
to evaluate whether these ages are primary, and thus reflect an
extended period of chondrule formation within the early solar sys-
tem, or whether the age dispersion may reflect variable resetting
during later thermal events.

High precision ion microprobe analyses of anorthite-rich pla-
gioclase in CAIs provide the best possible time resolution on the
relative 26Al–26Mg ages at a scale better than 10 ka, as indicated
from well-correlated 26Al–26Mg isochron data from Leoville (CV3)
type B1 CAI (Kita et al., 2012). However, radiogenic 26Mg in plagio-
clase in CAIs is easily disturbed by thermal metamorphism in the
parent body. For example, MacPherson et al. (2012) showed a well-
correlated 26Al–26Mg isochron from melilite, fassaite, and spinel
in type B CAI in Vigarano (CV3), while 26Mg excess in plagio-
clase of the same CAI was lost and exchanged with spinel included
in plagioclase. Potential magnesium diffusion of plagioclase during
mild thermal resetting is very important for the interpretation of
chronological data.

We first treat the case of a transient heating event, and address
the duration of heating that is required, at various temperatures, to
alter the 26Al/26Mg age. For simplicity, the heating event is consid-
ered here to be isothermal, and to occur after all 26Al has decayed.
The mineral assemblage is considered to consist of plagioclase (as
the sole high Al/Mg phase) and a low Al/Mg phase such as olivine
or pyroxene. This assemblage is common in chondrules, and is the
basis for most 26Al ages determined using internal isochrons (Kita
and Ushikubo, 2012). Thermal resetting in this system depends sig-
nificantly only on the diffusion of Mg in plagioclase, if the low
Al/Mg phase provides an effectively infinite sink for 26Mg. How-
ever, it is possible for the low Al/Mg phase to exert an influence
on thermal resetting if Mg diffusivity in this phase is very slow
relative to plagioclase. We performed numerical simulations to ex-
amine the conditions under which the low Al/Mg phase may affect
thermal resetting, using the finite difference model developed by
Van Orman et al. (2006). The low Al/Mg phase was considered to
exert a significant influence if it shifted the Al–Mg age by 10% or
more relative to the infinite sink case. For mineral grains all of the
same size, this was found to be the case only if

log
D

Dplag
< 2 + 2 log

φplag

φ
KMg, (5)

where φ and φplag represent the proportions of the low Al/Mg
phase and the plagioclase, respectively, and KMg is the partition
coefficient between plagioclase and the low Al/Mg phase. This log-

linear relationship holds for φplag

φ
KMg < 0.05, which is likely to

apply in practically all cases given the low solubility of Mg in
plagioclase and the relative abundance of Mg-rich phases in chon-
drites, chondrules and CAIs.

We evaluated Eq. (5) for the case of plagioclase exchanging Mg
isotopes with olivine, using Mg self-diffusion data for San Carlos
olivine (Chakraborty et al., 1994) and Mg partitioning data from
Faak et al. (2013). The Faak et al. (2013) partitioning data apply
to plagioclase in equilibrium with clinopyroxene; we assume that
the solubility of Mg in plagioclase follows the same relationship in
the presence of olivine and orthopyroxene (the common chondrule
assemblage), and that the silica activity follows the forsterite–
enstatite buffer. We also assume that olivine and plagioclase are
present in similar proportions. Under these conditions, we find
that olivine provides an effectively infinite sink for Mg isotopes
produced within plagioclase at all temperatures that are likely to
be relevant to late thermal processing of chondrules. The most ex-
treme case is for albite, where Mg diffusion in olivine is a factor
of ∼104 slower than in the plagioclase. Even in this case, however,
Mg has sufficiently low solubility in plagioclase, at temperatures
less than 1000 ◦C, that olivine provides an effectively infinite sink
for Mg isotopes. For An60 plagioclase, as another example, olivine
provides an infinite sink below 1330 ◦C.

Where an infinite sink exists, the fractional loss f of excess
26Mg from spherical plagioclase grains during an isothermal heat-
ing event is given by Crank (1975), Eq. (6.20):

f = 1 − 6

π2
n=1

1

n2
exp

(−n2π2 DMgt/a2), (6)

where t is the isothermal heating time and a is the radius of
the plagioclase. The system considered here is a simple two-point
isochron system where the relative age is controlled by plagioclase.
Diffusional loss of half of the excess 26Mg ( f = 0.5) from plagio-
clase is equivalent to a change in the isochron age of one half-life,
f = 0.75 is equivalent to a change of two half-lives, and so on, i.e.:

�tAl-Mg = ln(1 − f )/λ, (7)
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Fig. 6. Contour plot showing the heating time required to reset the 26Al–26Mg age
by one half-life (705 000 yr), for plagioclase crystals 25 μm in radius. The diffusion
coefficients used in the calculations were obtained using Eq. (4). The time required
for complete resetting (5 half-lives) is a factor of 10 longer than shown here. The
time required for the minimum detectable resetting (defined here as a change of
40 000 yr in the 26Al–26Mg age) is a factor of ∼230 less than shown in the figure.

where λ is the 26Al decay constant. Note that diffusive loss of
26Mg from the plagioclase results in a younger apparent age, and
�tAl−Mg represents the amount by which the recorded age has
decreased due to the thermal event. Combining Eqs. (6) and (7),
the heating time t required to alter the apparent age by a given
amount can be calculated. A useful measure of the heating time
required to significantly alter the 26Al–26Mg system in plagioclase
is that required to alter the 26Al age by one half-life (∼705 000 yr),
which is given by talter = 0.0306a2/DMg . The heating time required
for complete resetting – defined here as a change in the age of
5 half-lives – is a factor of 10 longer, i.e. treset = 0.31a2/DMg . The
heating time required for minimum detectable resetting – defined
here as a change in the age of 40 ka – is only 1.32 × 10−4a2/DMg .
Fig. 6 shows a contour plot of the heating time (talter) required to
reset the 26Al–26Mg isochron age by one half-life for plagioclase
grains 25 μm in radius, as a function of temperature and plagio-
clase composition.

At high temperatures near the plagioclase solidus, heating times
on the order of an hour to a day are sufficient to effect signifi-
cant loss of excess 26Mg from 50 μm diameter plagioclase grains.
Fine-grained plagioclase in CAIs or chondrules may be significantly
reset by short (∼month to year) near-solidus heating events result-
ing from nebular shock waves (Desch et al., 2002). Larger anorthite
crystals in CAIs require much longer heating times; for millimeter-
sized grains, the resetting time is on the order of 100 years at
near-solidus temperatures.

Thermal resetting during internal heating of the parent body is
also likely for all but the least metamorphosed chondrites. Only
at temperatures below ∼400–450 ◦C can fine-grained plagioclase
grains escape thermal resetting on timescales of tens of millions of
years.

For objects that experienced prolonged heating within a par-
ent body, the 26Al–26Mg dates recorded by plagioclase may reflect
closure of the system during slow cooling. The closure tempera-
ture is the temperature at which plagioclase effectively becomes
closed to 26Mg diffusive loss, and corresponds to the temperature
along the cooling path that the 26Al–26Mg age records. If the ini-
tial temperature is sufficiently high, the closure temperature model
developed by Dodson (1973) can be used to calculate the closure
temperature; a more general model was developed by Ganguly and
Tirone (1999) that is valid for arbitrarily small diffusive losses dur-
ing cooling, and we present the results of both models here. Both
the Dodson (1973) and Ganguly and Tirone (1999) models assume
continuous cooling, with an effectively infinite sink for daughter
Fig. 7. Closure temperatures for plagioclase end-members anorthite and albite cal-
culated using the Dodson (1973) model (solid curves), and the Ganguly and Tirone
(1999) model (dashed and dash-dot curves) for different initial temperatures. All
calculations apply to spherical plagioclase grains 25 μm in radius. The Arrhenius
parameters used in the calculations were obtained from Eq. (4).

products outside the crystal of interest. Closure temperatures for
the 26Al–26Mg system in anorthite and albite are shown in Fig. 7,
as a function of cooling rate for grain radii of 25 μm. The calcu-
lated closure temperature of albite-rich plagioclase is up to 150 ◦C
lower than that of anorthite, which translates to an age difference
of up to ∼5 Ma for albite-rich plagioclase relative to anorthite at a
cooling rate of 30 ◦C/Ma.

From ion microprobe measurements of the magnesium isotope
compositions of plagioclase grains in two H4 chondrites, Zinner
and Göpel (2002) determined ages of 5.4 ± 0.1 and 6.1 ± 0.2 Ma
after CAIs, for San Marguerite and Forest Vale meteorites, respec-
tively. Most of the plagioclase grains studied were reported to have
grain sizes of ∼50 μm and compositions in the range An15–An55.
Various mineralogical thermometers give consistent results for H4
chondrites, indicating peak metamorphic temperatures of ∼750 ◦C
(Ganguly et al., 2013). At this temperature, excess 26Mg would be
lost rapidly from the H4 plagioclase grains, with complete resetting
requiring only on the order of a decade. Because the various min-
eralogical thermometers applied to H4 chondrites require much
longer times to equilibrate at the recorded temperatures, it is clear
that any excess 26Mg that had accumulated in the plagioclase prior
to heating within the H chondrite parent body must have been lost
at peak metamorphic temperatures, and that the 26Al/26Mg ages
therefore record closure during cooling.

For plagioclase grains 25 μm in radius with compositions
An15–An55, the closure temperatures for Mg are 449±23, 484±25,
and 523 ± 28 ◦C, for cooling rates of 10, 100 and 1000 ◦C/Myr, re-
spectively. The Mg closure temperatures are similar to those for
Pb in 50–130 μm diameter phosphates (Göpel et al., 1994) at the
same cooling rates, which are 456 ± 17, 501 ± 20 and 551 ± 22 ◦C,
respectively (using the Arrhenius parameters for Pb diffusion in
apatite of Cherniak et al., 1991). Zinner and Göpel (2002) ar-
gued that the relative Al–Mg ages of plagioclase separated from
two H4 chondrites, San Marguerite and Forest Vale, are consistent
with their phosphate Pb–Pb ages, which are 4562.7 ± 0.6 Ma and
4560.9 ± 0.7 Ma, respectively (Göpel et al., 1994), relative to those
of CAIs (4567.2 ± 0.6 Ma using the value of Amelin et al., 2002).
More recently, the absolute Pb–Pb ages of CAIs have been revised
for the effect of uranium isotope fractionation (e.g., Amelin et al.,
2010; Brennecka et al., 2010; Connelly et al., 2012), and phosphate
Pb–Pb ages need to be re-evaluated. However, relative Pb–Pb ages
between H4 phosphates may not change more than 1–2 Ma, and
thus the overall similarity between Al–Mg ages and Pb–Pb ages are
consistent with their coeval closure during the same cooling event.

The difference in closure temperature between anorthite-
rich plagioclase and albite-rich plagioclase raises some concerns
about the potential time difference between FeO-rich chondrules
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and Mg-rich chondrules in CO3.05 chondrite Y-81020, because
most FeO-rich chondrules contain albite-rich plagioclase (An15–55;
Kunihiro et al., 2004; Kurahashi et al., 2008). According to Co par-
titioning in Fe, Ni metals, the metamorphic temperature of Y-
81020 is estimated to be 400–500 ◦C (e.g., Kimura et al., 2008).
At these temperatures, albite-rich plagioclase grains might lose
some of their 26Mg excess, especially considering their small
grain sizes (�10 μm), so that the formation ages of these chon-
drules would be older than those estimated from the isochron
diagram. In contrast, younger chondrules (>3 Ma after CAI forma-
tion) in CR chondrites are mostly Mg-rich chondrules with plagio-
clase near the anorthite end member (e.g., Hutcheon et al., 2009;
Tenner et al., 2013). Therefore, the Al–Mg ages of chondrules in
CR chondrites might not be affected by parent body processes in
the CR chondrite parent body, and chondrule formation ages likely
extended to more than 3 Ma after CAIs in CR chondrite forming
regions.
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