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be the coupled substitution of 2 Al for Mg + Si, giving 
the stoichiometry  MgAl2O4. It is proposed that this latter 
substitution is not seen on the length scales of the present 
experiments because it requires replacement of Si by Al 
on tetrahedral sites, and is accordingly rate-limited by the 
slow diffusivity of Si. Instead, diffusion of Al by the OSVC 
mechanism is relatively fast, and at high  aSiO2, even faster 
than Fe–Mg interdiffusion.

Keywords Olivine · Diffusion · Trace-element 
partitioning · Substitution mechanisms

Introduction

Although it is a major element in basaltic systems, alu-
minium substitutes into olivine only at trace-element 
concentrations, typically at 0.1 wt% or less. Nevertheless 
such small amounts can now be determined with enough 
precision to be petrologically informative, whether by 
electron microprobe (e.g., Batanova et al. 2015) or laser-
ablation ICP–MS (e.g., Foley et al. 2011). The solubility 
of Al in olivine coexisting with spinel has been calibrated 
as a geothermometer (Wan et al. 2008; Coogan et al. 
2014), and has been applied to determine the liquidus 
temperatures of mafic and ultramafic magmas from oli-
vine phenocrysts that have spinel inclusions (e.g., Coo-
gan et al. 2014; Spice et al. 2015; Heinonen et al. 2015). 
Part of the usefulness of Al-in-olivine geothermometry 
stems from the apparently low diffusivity of Al in oli-
vine (Spandler et al. 2007; Spandler and O’Neill 2010), 
which is advantageous in preserving Al contents at the 
time of crystallization against subsequent reequilibration, 
as also found for P (see, for example, Batanova et al. 
2015, their Fig. 1). Mantle olivines may also retain an 

Abstract Diffusion of Al in synthetic forsterite was stud-
ied at atmospheric pressure from 1100 to 1500 °C in air 
along [100] with activities of  SiO2, MgO and  Al2O3  (aSiO2, 
 aMgO and  aAl2O3) buffered. At low  aSiO2, the buffer was 
forsterite + spinel + periclase (fo + sp + per) at all tem-
peratures, while at high  aSiO2 and subsolidus conditions a 
variety of three-phase assemblages containing forsterite 
and two other phases from spinel, cordierite, protoenstatite 
or sapphirine were used at 1100–1350 °C. Experiments 
at high  aSiO2 and 1400 °C used forsterite + protoen-
statite + melt (fo + en + melt), and at 1500 °C, fo + melt. 
The resulting diffusion profiles were analysed by LA–ICP–
MS in scanning mode. Diffusion profiles in the high  aSiO2 
experiments were generally several hundred microns in 
length, but diffusion at low  aSiO2 was three orders of mag-
nitude slower than in high  aSiO2 experiments carried out at 
the same temperature, producing short profiles only a few 
microns in length and close to the spatial resolution of the 
analytical method. Interface concentrations of Al in the for-
sterite, obtained by extrapolating the diffusion profiles to 
the crystal/buffer interface, were only a fraction of those 
expected at equilibrium, and varied among the differing 
buffer assemblages according to  (aAl2O3)

1/2 and  (aSiO2)
3/4, 

pointing to the substitution of Al in forsterite by an octa-
hedral-site, vacancy-coupled (OSVC) component with the 
stoichiometry Al3+4/3vac2/3SiO4, whereas the main substitu-
tion expected from previous equilibrium studies would 
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inhomogeneous distribution of Al and P where the major-
ity of other trace elements have been homogenized by 
diffusion (Mallmann et al. 2009; McKibbin et al. 2013).

The apparently slow diffusivity of Al in olivine is 
explicable if its mobility is controlled by its substitu-
tion onto the tetrahedral cation sites of the olivine crys-
tal structure. Si, the main occupant of these tetrahedral 
sites, is known to diffuse more slowly by several orders 
of magnitude than the octahedrally coordinated major-
element cations, Mg and Fe, in olivine (Chakraborty 
2010). The slow diffusivity of P has likewise been attrib-
uted to its tetrahedral site occupancy (Milman-Barris 
et al. 2008; Mallmann et al. 2009; McKibbin et al. 2013; 
Watson et al. 2015). In forsteritic olivine (i.e., near-end-
member  Mg2SiO4) in the system CaO–MgO–Al2O3–
SiO2 (CMAS) at liquidus temperatures (1400 °C), Al 
substitutes into olivine by the coupled substitution of 2 
 Al3+ for  Mg2+ + Si4+, with half the  Al3+ substituting 
for  Mg2+ on an octahedral site charge-balanced by the 
other half substituting for  Si4+ on an adjacent tetrahedral 
site (Evans et al. 2008). The change in the olivine/melt 
partition coefficient of Al with its concentration reflects 
a high degree of short-range order between the octahe-
dral and tetrahedral Al (Evans et al. 2008). If this short-
range order is conserved during Al diffusion, then both 
the octahedral and tetrahedral Al concentrations would be 
rate-limited by the removal of Si to make way for Al on 
the tetrahedral sites. We would then expect the diffusivity 
of Al to be similar to that of Si.

There is independent evidence that the substitution of 
Al in olivine predominantly occurs by this mechanism, for 
which the governing equilibrium may be written:

This mechanism (2  Al3+ for  Mg2+ + Si4+) is independ-
ent of the activity of silica  (aSiO2), which was used by Coo-
gan et al. (2014) to show experimentally that it is likely to 
be the dominant one. It contrasts with the mechanism pro-
posed for larger 3+ cations such as  Sc3+ and  REE3+ that 
are restricted to octahedral sites. In these cases, charge-
balance is achieved by octahedral site vacancies, giving the 
stoichiometry  R4/3

3+vac2/3SiO4, where vac stands for a cat-
ion vacancy on an octahedral site (Evans et al. 2008). The 
governing equilibrium for this mechanism is:

The mobility of 3+ cations substituting by this mecha-
nism would not be limited by tetrahedral site mobility, and 
indeed it is found that the rates of diffusion of the larger 
 R3+ cations are similar to those of other octahedrally coor-
dinated cations in olivine, whether these are 2+ or 4+ 
(Spandler et al. 2007; Spandler and O’Neill 2010, Qian 
et al. 2010; Tollan et al. 2015; Jollands et al. 2016b).

There is no theoretical reason for the substitution of an 
impurity in a crystal to occur just by one mechanism only. 

(1)
MgAl2O4

spinel

= MgAl2O4
olivine

(2)

MgAl2O4
spinel

+ 2 SiO2 = 1.5 Al3+4/3 vac2/3SiO4
olivine

+ 0.5 Mg2SiO4
olivine

Fig. 1  a Microphoto of a typical laser-ablation inductively-coupled-
plasma mass spectrometry (LA–ICP–MS) traverses, showing the 
source layer, forsterite crystal and the spatial relationship between the 
laser ablation trace and the diffusion interface after analysis. Experi-
ment with pre-annealing run at 1300°, in air for 240 h. b Back scat-
ter electron (BSE) image of a San Carlos olivine and source layer 

after quenching and analysis. The experiment was run at 1300°, 
logfO2 = −5.8 for 312 h. The line of the laser trace is faint in the 
BSE image because the crystal was repolished before carbon coating. 
The arrow next to the laser trace indicates the direction of the beam 
scan
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Indeed, it has been shown by infra-red spectroscopy that  
–H+ commonly substitutes in olivine to form  OH− ani-
ons by four different mechanisms (e.g., Berry et al. 2005), 
with yet more mechanisms in other, less common chemical 
environments (e.g., Ingrin et al. 2014). Although Coogan 
et al. (2014) showed that most of the Al in olivine is by the 
coupled substitution of reaction (1), they did not exclude 
the possibility that some proportion of the Al in olivine 
might be substituting by the alternative mechanism of reac-
tion (2). That this may be the case occurred to us during 
an investigation of Ni and Co diffusion in synthetic forst-
erite (Zhukova et al., 2014), when we observed that small 
amounts of Al appeared to be diffusing on relatively fast 
time scales either out of the forsterite, starting from the 
indigenous impurity content of ~30 ppm (Table 1 in Zhu-
kova et al. 2014), or into the olivine from external contami-
nation when experiments were run at high temperature in 
alumina muffle tubes.

We have therefore undertaken an experimental campaign 
to study the solubility and diffusivity of the Al in forster-
ite that substitutes by the fast-diffusion mechanism, by 
exploiting this fast diffusion property. Our experimental 
approach was to diffuse Al into single crystals of forsterite, 
using three-phase buffer assemblages in the system MgO–
Al2O3–SiO2 as the source, for durations that would not be 
expected to produce diffusion profiles measurable on the 
~5 µm length scale of our analytical method, given the rates 
of tetrahedral-site diffusion implied by Si diffusion meas-
urements (e.g., Fei et al. 2012). Where three crystalline 
phases are present, the activities of the three relevant com-
ponents MgO,  Al2O3 and  SiO2 are fully specified at a given 
temperature and pressure (here, atmospheric pressure). 
Activities are also fixed in those experiments where melt 
is present, by the composition of the melt. The solubility 

of Al associated with the fast-diffusion mechanism is then 
obtained from fitting the observed concentration profiles to 
the usual one-dimensional diffusion equation, which gives 
the crystal/buffer interface concentrations. These concen-
trations may then be compared to the concentrations in 
equilibrium with spinel obtained in the experiments by 
Wan et al. (2008) and Coogan et al. (2014), which, inso-
far as they form the basis of the geothermometer, have 
been robustly tested against Al concentrations in natural 
olivines. Moreover, the stoichiometry of the fast-diffusion 
substitution mechanism can be inferred from the variation 
of the interface solubilities with the activities imposed by 
the different three-phase buffer assemblages. At the same 
time, the rates of Al diffusion according to its fast-diffusion 
mechanism are quantified. We also present results from the 
same approach applied to natural San Carlos olivine. To our 
knowledge, this is the first systematic, quantitative investi-
gation of the thermodynamics of a kinetically constrained 
impurity substitution into a geologically important mineral.

Experimental technique

The diffusion experiments were performed as previously 
described in Zhukova et al. (2014), Jollands at al. (2014, 
2016a, b). Starting materials were synthetic forsterite and San 
Carlos olivine (sco). A high purity single crystal of synthetic 
forsterite, grown by the Czochralski method (Martrosov 
et al. 2002), was obtained from Solix Ltd. Minsk, Belarus 
(http://www.solix-crystal.com). The Fe content of the crystal 
was less than 1.5 ppm and the  Al2O3 concentration 30 ppm. 
The concentration of  Al2O3 in the San Carlos olivine was 
200 ppm. The forsterite crystal was cut (0.3 × 0.3 × 0.3 cm) 
and polished perpendicular to [100] axis. The San Carlos 
olivine crystal was cut and polished as dictated by its shape. 
The planes were polished using SiC paper (p 800–1200), then 
by 6- and 3 μm diamond paste on a ceramic or tin lap, and 
finally 0.2 μm silica paste on a vibration polishing machine 
to eliminate remaining surface defects.

The activities of  SiO2, MgO and  Al2O3 were buffered 
in each experiment by three-phase assemblages at sub-
solidus temperatures (<1350 °C, see Mao et al. 2005), 
or by forsterite plus silicate melt, as listed in Table 1 and 
described below. For the San Carlos olivine experiments, 
the buffering assemblages were made with molar FeO/
(FeO + MgO) = 0.1. Buffer powders were made from 
oxide mixes ground in an agate mortar, pressed to form a 
pellets and then heated in a box furnace for 1 day at the 
temperature of the experiment. These pellets were crushed 
again, mixed into a slurry with polyethylene oxide, and 
painted on to the polished face of the crystals. The assem-
bly was then dried in an oven at 110 °C.

Table 1  Composition of buffer assemblages (wt%)

Minerals: fo forsterite  (Mg2SiO4), en enstatite  (MgSiO3), per peri-
clase (MgO), sp spinel  (MgAl2O4), spr sapphirine  (Mg4Al8Si2O20), 
crd cordierite  (Mg2Al4Si5O18), sco San Carlos olivine 
 (Mg1.8Fe0.2SiO4), mw magnesiowüstite  (Mg0.9Fe0.1O), opx orthopy-
roxene  (Mg1.8Fe0.2Si2O6)

* fo + crd + sp in experiments at 1250–1500 °C and fo + crd + spr 
in experiments at 1100–1250 °C (see text for details)

Mineral assemblage SiO2 MgO Al2O3 FeO sco

Experiments with forsterite

 fo + sp + per 11.45 69.13 19.43

 fo + spr + sp 14.26 32.52 53.22

 fo + crd + sp 
(fo + crd + spr)*

35.31 30.46 34.24

 fo + en + crd 51.71 38.54 9.75

Experiments with San Carlos olivine at 1300 °C

 sco + crd + sp 1.93 3.50 11.55 0.34 82.68

http://www.solix-crystal.com
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Diffusion experiments were performed in one-atmos-
phere vertical tube furnaces modified to control the fO2 
by CO–CO2 gas mixing, or in a box furnace in air. In the 
vertical tube furnace, the crystals plus their adhering buffer 
mixes were suspended by platinum wire in a “chandelier”, 
whereas in the box furnace they were placed in alumina 
crucibles. Experiments were run for 10–28 days at tem-
peratures from 1100 to 1500 °C and logfO2 from −0.7 to 
−5.8. The experiment with the San Carlos olivine was per-
formed at 1300 °C and at logfO2 = −5.8.

The diffusion and possibly the solubility of allovalent 
impurity species charge-balanced by vacancies or intersti-
tials in crystals may depend on the point-defect concentra-
tion. One possible complication is that the point-defect con-
centration in the Czochralski-grown crystal does not reach 
the equilibrium imposed by the three-phase buffer. In order 
to test for this possibility, we performed some experiments 
after pre-annealing the forsterite crystals. These experi-
ments were run in two stages. For the first stage, crystals 
were annealed in equilibrium with Al-free buffers with high 
(fo + per) and low (fo + en) silica activities. Forsterite 
crystals with buffer powders painted on their polished side 
were annealed at 1300 °C in a box furnace in the air for 
2 days. The buffer powders were then removed by immer-
sion in a solution of citranox in an ultrasonic bath. In the 
second stage, the crystals were covered with buffer assem-
blages (fo + sp + per, fo + crd + sp or fo + en + crd) 
that contained Al, and experiments were run as normal at 
1300 °C for 10 days. Details of the experimental conditions 
are summarized in Table 4.

Analytical methods

Concentration profiles were analysed by LA-ICP-MS 
using an Agilent 7500S quadrupole ICP-MS coupled to 
a Conpex 110 nm excimer laser with a custom-built, fast-
washout ablation chamber. The analyses were carried out 
using the traversing technique of Spandler and O’Neill 
(2010) with a pulse rate of 5 Hz, and energy output from 
the laser of about 50 mJ. The laser beam, focused by a 
rectangular slit (100 × 5 µm), was traversed perpendicu-
lar to the polished surface starting from lower concentra-
tions toward the interface at a rate of 1 or 8 µm/s (Fig. 1). 
Background was counted for 30 s before every measure-
ment. Calibration was performed using the standard ref-
erence materials: NIST 612, 610, with 29Si as the internal 
standard. The Si content of forsterite and sco had been 
previously measured by SEM and 29Si calculated assum-
ing the natural isotope ratio. Detection limits for 27Al are 
a few parts per billion, orders of magnitude lower than 
the levels of Al concentrations that need to be determined 
in this study. The concentrations of Al in forsterite or San 
Carlos olivine have not been corrected for matrix effects, 

which may be significant: for other elements in olivine, 
correction factors as large as 20% have been indicated by 
comparison to values determined by electron microprobe 
analysis (see Tuff and O’Neill 2010, their Table 6). This 
should be kept in mind in comparing results with litera-
ture data (Fig. 2).

The position of the interface was determined from the 
abrupt change in slope of the 29Si profiles, together with 
a sharp rise of doped element concentrations. The uncer-
tainty in the position of the interface is 3–5 µm.

Activities of  SiO2, MgO and  Al2O3

For the experiments with forsterite, the activities of all three 
components in the system MgO–Al2O3–SiO2 were defined 
by the three-phase assemblages at temperatures below 
1350 °C shown in Fig. 2. This diagram was calculated at 
1 bar pressure from the thermodynamic data in Holland and 
Powell (2011) using the PerpleX 6.5 package (Connolly 
and Petrini, 2002). At 1100 and 1200 °C there are four 
three-phase assemblages containing forsterite, involving 
the phases spinel (sp), sapphirine (spr), cordierite (crd) and 
protoenstatite (en): (1) fo + sp + per, (2) fo + spr + sp, (3) 
fo + spr + crd, and (4) fo + crd + en. The stability field 
of sapphirine (Spr4, with ideal formula  Mg4Al8Si2O20) in 
equilibrium with fo terminates near 1250 °C through the 
reaction fo + spr = sp + cd, so at 1300 °C there are three 
three-phase assemblages, fo + sp + per, fo + sp + crd 
and fo + crd + en. At 1400 and 1500 °C, the assemblage 
fo + sp + per remains subsolidus, but the other assem-
blages melt to produce fo + en + melt and fo + melt, 
respectively (Mao et al. 2005). The changes in the activi-
ties of  SiO2, MgO and  Al2O3  (aSiO2,  aAl2O3,  aMgO) in these 
melt-containing assemblages, relative to the hypothetical 
equivalent unstable subsolidus assemblages, are relatively 
minor, and thus for the purposes of this study we calcu-
late values of  aSiO2,  aAl2O3,  aMgO in the fo + en + melt and 

Fig. 2  Mineral parageneses in the system  SiO2–MgO–Al2O3. Fo 
forsterite  Mg2SiO4; Sp spinel,  MgAl204; En enstatite,  MgSiO3; Spr4 
sapphirine,  Mg4Al8Si2O20, Spr7  Mg3.5Al9Si1.5O20; Crd cordierite, 
 Mg2Al4Si5O18. Large dots show buffer compositions used for experi-
ments. Grey fields represent associations with solid solutions in 
enstatite and sapphirine
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fo + melt assemblages from the thermodynamic data for 
the unstable subsolidus assemblages corresponding to the 
buffer starting composition. For convenience, these activi-
ties are given parameterized as a function of temperature in 
Table 2, using a standard state of 1 bar and the temperature 
of interest, relative to the pure phases quartz  (SiO2), MgO 
(periclase), and  Al2O3 (corundum). Note that as all assem-
blages contain forsterite (except the experiment on the San 
Carlos olivine), the quotient  aSiO2·(aMgO)2 is constant in all 
assemblages at a given temperature, subsolidus or other-
wise. The equations used for the calculations of activities 
are summarised in Table 3.

The activity of silica (aSIO2
) calculated for these assem-

blages is shown as a function of temperature in Fig. 3. In 
the three-phase assemblage per + sp + fo, aSIO2

 increases 
with temperature, whereas for the fo + crd + en buffer there 

is almost no temperature dependence. Activities of  SiO2 
in fo + crd + sp and fo + en + crd assemblages are simi-
lar, between 0.45 and 0.58, whereas aSIO2

in fo + sp + per 
assemblage is significantly lower at 0.11–0.18 (Table 2; 
Fig. 3). The assemblage fo + sp + per will hereafter be des-
ignated as having “low aSIO2

” while those buffered by the 
other three-phase assemblages or melt-containing assem-
blages will all be described as having “high aSIO2

”.

Results

Long diffusion profiles (100–2500 µm) were obtained 
in the experiments at high  aSiO2, whereas at low aSIO2

profiles were generally only a few 10 s of microns 
(see Fig. 4). The long profiles had good error-function 
shapes, except, in many cases, for a sharp increase in Al 
concentration within a short distance of the interface (a 
few microns), which may be due to either contamination 
from the three-phase buffer source material at the inter-
face, or from enhanced Al solubility by a second, much 
slower diffusion mechanism. The spatial resolution of 
our analytical technique is not sufficient to resolve the 
difference. Note that if the rate of tetrahedral-site dif-
fusion is similar to that of Si diffusion measured by Fei 
et al. (2012), which is  10−18.6  m2  s−1 at 1500 °C, the 
implied diffusion length scale of ~Dt1/2 would be only 
0.6 µm after 15 days, well below the resolution of our 
analytical method. Si diffusivities reported by Jaoul 
et al. (1983) are two orders of magnitude slower. The 
short profiles from the low aSIO2

 experiments were too 
poorly resolved to check their shapes with any cer-
tainty, and for these the error function shape should be 
acknowledged to be an assumption rather than an obser-
vation (Table 3). 

The shortness of these profiles relative to our analytical 
scale also means that the uncertainty in the location of the 
interface (3–5 µm) propagates into larger uncertainties on 

Table 2  Activities of  SiO2, MgO and  Al2O3 calculated for the solid 
mineral assemblages used in the experiments, calculated from the 
thermodynamic data of Holland and Powell (2011)

ln aSIO2
 = a + b/T, ln  aMgO = a + b/T, ln aAl2O3

 = a + b/T

a b

fo + per + sp
T = 1100–1500 C

 SiO2 2.15 −6857.7

 MgO 1.00 0

 Al2O3 −1.33 −2082.4

fo + sp + crd
T > 1250 C

 SiO2 −0.53 −439.8

 MgO 0.04 −2959.3

 Al2O3 −1.40 927.4

fo + en + crd
T = 1100–1500 C

 SiO2 −0.70 247.1

 MgO 0.10 −3253.6

 Al2O3 −1.14 −277.7

Table 3  Reactions used for calculation of major-element component activities

Mineral association Activity Reaction ln K=

fo + sp + per SiO2 2MgO(per) + SiO2(qtz) = Mg2SiO4(fo) −ln(aSIO2
)

MgO /aMgO = 1/

Al2O3 MgO(per) + Al2O3(cor) = MgAl2O4(sp) −ln(aAl2O3
)

fo + crd + sp SiO2 2MgAl2O4(sp) + 5SiO2(qtz) = Mg2Al4Si5O18(crd) −5 × ln(aSIO2
)

MgO 10MgO(per) + Mg2Al4Si5O18(crd) = 2MgAl2O4(sp) + 5Mg2SiO4(fo) −10 × ln(aMgO)

Al2O3 10Al2O3 + 5Mg2SiO4(fo) = Mg2Al4Si5O18(crd) + 8MgAl2O4(sp) −10 × ln(aAl2O3
)

fo + en + crd SiO2 Mg2SiO4(fo) + SiO2(qtz) = Mg2Si2O6(en) −ln(aSIO2
)

MgO Mg2Si2O6(en) + 2MgO(per) = 2Mg2SiO4(fo) −2 × ln(aMgO)

Al2O3 4Mg2Si2O6(en) + 2Al2O3 = 3Mg2SiO4(fo) + Mg2Al4Si5O18(crd) −2 × ln(aAl2O3)
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the interface concentrations and diffusion coefficients of 
these experiments, as discussed in Zhukova et al. (2014).

The error-function part of the concentration profiles 
were fitted by nonlinear least squares to the solution to 
Fick’s equations for one-dimensional diffusion in a semi-
infinite medium with the source reservoir maintained at 
constant concentration:

where x is the distance from the interface, Ci is the interface 
concentration (here, the interface concentration for the fast-
diffusion substitution mechanism producing the error-func-
tion-shaped profile), C0 is the initial concentration as seen 
in the interior of the crystal, D is the diffusion coefficient 
and t is time. Values of (Dt)1/2, Ci and C0 were obtained for 
each profile. The fits of the profiles to Eq. 3 were gener-
ally excellent, with deviations to all diffusion profiles lying 
within the range of 6–10%. Some examples of the fits are 
shown in Fig. 4. The quoted uncertainties were derived 
from the averages obtained for individual profiles.

The results are summarised in Table 4. Experiments 
repeated for different durations (i.e. 1300 °C for 13, 25 
and 28 days and 1400 °C for 10 and 14 days) gave similar 
results. Most experiments were run in air, but one experi-
ment at lower fO2 (log fO2 = −5.8 at 1300 °C) produced 
no resolvable difference, nor did pre-annealing: diffusion 

(3)C(x) = Ci + (C0 − Ci)erf
(

x/2(Dt)1/2
)

Fig. 4  Diffusion profiles of Al 
in forsterite measured by LA-
ICP-MS

Fig. 3  Phase diagram  SiO2–MgO–Al2O3 calculated at 1 bar and 
 Al2O3/(MgO + Al2O3) = 0.2. Dashed lines indicate superliquidus 
conditions where the assemblages are unstable with respect to melt 
(Mao et al. 2005)
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coefficients and the solubility of Al at the interface remain 
the same within the experimental uncertainty.

The concentrations of Al in forsterite at the crystal/
buffer interfaces obtained in our experiments increased 
as a function of temperature for each buffer assemblage 
(Fig. 5a), but are very much less than those found in equi-
librium experiments, as summarized in Table 5. These 
equilibrium solubilities are considered robust because of 
the realistic results obtained for the Al-in-olivine geother-
mometers (e.g. Coogan et al. 2014). The interface solu-
bilites from the assemblages containing  MgAl2O4 spinel, 

namely fo + crd + sp (high aSIO2
) and fo + sp + per (low 

aSIO2
) differ considerably, being about three times lower 

in the low  aSiO2 experiments. This stands in contrast to the 
results of Coogan et al. (2014), who showed that the equi-
librium Al solubility was more-or-less insensitive to aSIO2

This difference in solubilities with buffering assem-
blages provides quantitative evidence in support of the 
hypothesis that the diffusing Al is substituting by the octa-
hedral-site, vacancy-coupled (OSVC) mechanism, with 
stoichiometry Al3+4/3vac2/3SiO4. The reaction governing this 
substitution may be written:

Table 4  Diffusion coefficients  (m2/s) and concentrations of  Al2O3 and Zn in olivine

Diffusion coefficient and concentrations are the average values for 1–5 parallel profiles measured by LA–ICP–MS

T, °C Duration (h) Buffer logfO2 QFM+ log D  (m2/s) σ Al2O3 (ppm) σ

Diffusion Al in forsterite

 1500 360 fo + sp + per −0.68 4.82 −15.51 0.48 80 8

 1500 360 fo + en + crd −0.68 4.82 −11.92 0.35 450 15

 1400 336 fo + sp + per −0.68 5.64 −15.85 0.2 75 9

 1400 336 fo + crd + sp −0.68 5.64 −13.06 0.05 270 14

 1400 336 fo+en+crd −0.68 5.64 −12.46 0.05 270 13

 1400 240 fo + sp + per −0.68 5.64 −16.19 0.09 68 7

 1400 240 fo + crd + sp −0.68 5.64 −13.19 0.07 300 15

 1350 240 fo + sp + per −0.68 6.09 −16.38 0.09 76 9

 1350 240 fo + en + crd −0.68 6.09 −13.49 0.07 260 12

 1300 312 fo + sp + per −5.8 1.54 −16.74 0.08 115 13

 1300 312 fo + crd + sp −5.8 1.54 −13.86 0.06 220 11

 1300 312 fo + en + crd −5.8 1.54 −13.26 0.07 220 11

 1300 600 fo + sp + per −0.68 6.57 −15.73 0.09 70 6

 1300 600 fo + crd + sp −0.68 6.57 −13.90 0.07 230 11

 1300 600 fo + en + crd −0.68 6.57 −13.66 0.06 202 11

 1300 672 fo + sp + per −0.68 6.57 −16.63 0.07 70 7

 1300 672 fo + crd + sp −0.68 6.57 −13.62 0.06 215 9

 1300 672 fo + en + crd −0.68 6.57 −13.51 0.06 215 9

 1200 240 fo + sp + per −0.68 7.62 −17.25 0.09 50 6

 1200 240 fo + en + crd −0.68 7.62 −14.08 0.06 145 10

 1100 600 fo + sp + per −0.68 8.83 ≤18.75 0.49 45 7

 1100 600 fo + spr + sp −0.68 8.83 −16.04 0.49 130 9

 1100 600 fo + crd + spr −0.68 8.83 −15.73 0.43 180 11

Diffusion Al in forsterite with pre-annealing

 1300 240 fo + sp + per −0.68 6.6 −16.10 0.18 44 2

 1300 240 fo + crd + sp −0.68 6.6 −13.53 0.15 215 35

 1300 240 fo + en + crd −0.68 6.6 −13.21 0.11 220 21

Diffusion Al in San Carlos olivine

 1300 312 sco + crd + sp −5.8 1.5 −14.72 0.14 430 50

T, °C h Buffer logfO2 QFM+ log D  (m2/s) σ Zn (ppm) σ

Diffusion Zn out in San Carlos olivine

 1300 312 sco + mgwu + sp −5.8 1.5 −13.98 0.12 57.4 3.3

 1300 312 sco + crd + sp −5.8 1.5 −13.93 0.12 54 2.8

 1300 312 sco + opx + crd −5.8 1.5 −13.97 0.12 51.2 2
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for which an equilibrium constant may be defined as:

where  [Al2O3]int is the observed interface concentration 
obtained from fitting the diffusion profiles (in ppm), and 
 [Al2O3]o is the original  Al2O3 concentration in the forsterite 
crystal, taken here as 30 ppm. This original  Al2O3 is assumed 
to be substituting by the conventional coupled mechanism 
(i.e., as  MgAl2O4) and to be immobile on the timescales of 
the experiments; it should therefore to be subtracted out to 
reveal the interface concentration of  Al2O3 corresponding to 
the fast-diffusing OSCV substitution mechanism. We also 
assume that the activity of the Al3+4/3vac2/3SiO4 component to 
the power of 3/4 is proportional to the concentration of Al 
in olivine, which is required by the observation that Henry’s 
law is followed for the olivine/melt partitioning relations 
of other 3+ cations thought to substitute in olivine by the 
same OSCV mechanism, namely  Sc3+ and  REE3+ (Evans 
et al. 2008). The equilibrium constant defined in Eq. (5) is 
denoted K*, as the standard states of  SiO2 and  Al2O3 are the 
conventional ones of quartz and corundum at the tempera-
ture of interest, that for Al in olivine is the component at 
infinite dilution, in units of ppm of  Al2O3. K* therefore has 
units of ppm, and implicitly includes the Henry’s law activity 

(4)
3/4 SiO2 + 1/2 Al2O3

olivine

= 3/4 Al
3+
4/3vac2/3SiO4

(5)

K
∗
= ([Al2O3]int− [Al2O3]o)/

(

(

aAl2O3

)1/2(
aSiO2

)3/4
)

coefficient of  Al2O3 in olivine substituting by the OSVC 
mechanism. Values of  log10 K* calculated from Tables 2 and 
4 are plotted against 1/T in Fig. 5b, from which it may be 
seen that the different buffer assemblages give consistent 
values regardless of whether they have melted or not. Note 
also the steep slope in this plot, reflecting the large increase 
in interface concentrations with temperature.

The diffusion coefficients were fitted to the Arrhenius 
equation:

The following relationships were obtained for the three 
buffers that were investigated over a reasonable interval of 
temperature (including their supersolidus equivalents), for 
diffusion along [100] (Fig. 6).

The data were weighted using either the standard devia-
tions in  log10 D given in Table 4 or ±0.15, whichever is 

(6)log10D = log10Do−Ea/2.303RT

(7)

fo+ en+ crd : log10D = −1.52± 1.41− (360.2± 42.9)/

2.303RTχ2
v
= 3.6

(8)

fo + crd+ sp : log10D = −1.63± 1.72− (366.9± 42.9)/

2.303RTχ2
v
= 0.9

(9)

fo + sp + per : log10 D = −6.57± 1.27− (303.8± 38.5)/

2.303RTχ2
v = 0.8

Fig. 5  a Concentrations of 
 Al2O3 in forsterite as a function 
of inverse temperature for two 
different buffer assemblages. 
The solubility of  Al2O3 in 
olivine is less than that found in 
equilibrium experiments (Wan 
et al. 2008). Note that there is 
melt present in experiments at 
1400 and 1500 °C. b Logarithm 
of the equilibrium constant (K*) 
of the reaction: ¾  SiO2 + ½ 
 Al2O3 = ¾ Al3+4/3vac2/3SiO4 cal-
culated as a function of inverse 
temperature for the three differ-
ent buffer assemblages

Table 5  Concentrations 
of  Al2O3 in forsterite in 
equilibrium with  MgAl2O4 
spinel from equilibrium studies

Al2O3 in olivine (ppm) XMg Oxygen fugacity T (°C) References

1163 0.91 QFM −1.5, −1.8 1300 Wan et al. (2008)

755 ± 25 0.88 ~QFM 1300 Agee and Walker (1990)

1585 ± 104 100 QFM+ 5.6 (in air) 1400 Evans et al. (2008)

822 (calculated from  DAlOl/melt) 100 ~QFM 1400 Beattie (1994)
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greater, to allow for systematic uncertainties including 
temperature control and imprecision in locating the posi-
tion of the diffusion interface, as discussed in Zhukova 
et al. (2014). The values of Ea are in kJ/mol, and χ2

v
 is 

the reduced Chi squared for the regression. We omit-
ted the datum at 1300 °C, run for 600 h and buffered by 
fo + sp + per, as it is anomalous relative to an almost iden-
tical experiment run for 672 h, 312 h and the other experi-
ments in this series (Fig. 6).

The difference in diffusion coefficients between the low 
 aSiO2 experiments (fo + sp + per) and the high  aSiO2 experi-
ments (fo + en + crd and fo + crd + sp) is approximately 
three orders of magnitude. The activation energies (Ea) for 
the two high  aSiO2 assemblages are larger than for the low 
 aSiO2 assemblage of fo + sp + per, implying different diffu-
sion mechanisms and/or point-defect structures. There is no 
perceptible change in slope across the solidi of the two high 
 aSiO2 buffering assemblages, an important observation as it 
discounts the possibility that diffusion rates are influenced 
by the presence of melt in these assemblages.

San Carlos olivine

The experiment on San Carlos olivine was conducted at a 
temperature of 1300 °C and logfO2 = −5.8, correspond-
ing to 1.5 log units above the extrapolation to 1300 °C 

of the quartz-fayalite-magnetite buffer curve of O’Neill 
(1987). An attempt was made to study the same four buff-
ering assemblages that were used in the forsterite experi-
ments. Olivine crystals appeared to be homogeneous in Mg 
and Fe after the experiments within the standard deviation. 
Mg# measured by EMPA in different crystals was 0.91 
(2.5% RSD). Two of the assemblages containing (Mg, 
 Fe2+)Al2O4 spinel (sco + crd + sp and sco + mw + sp 
where mw is magnesiowüstite) gave extremely noisy pro-
files as the interface was approached. We interpret this to be 
due to precipitation of submicroscopic spinel caused by the 
natural concentrations of  Cr3+ and  Fe3+ in the San Carlos 
olivine, which would stabilize spinel at lower Al concentra-
tions in the olivine than that at the interface due to forming 
(Mg,  Fe2+)(Al,  Cr3+,  Fe3+)2O4 solid solutions. Hence spi-
nel precipitation would occur unless there was some kinetic 
barrier to its nucleation. The lack of any such barrier is 
indicated by the common occurrence of picotite exsolutions 
in olivines, especially olivine phenocrysts in island-arc 
basalts. The assemblage without spinel (sco + opx + crd) 
gave profiles with considerably less noise but still had 
more noise compared to experiments with forsterite, which 
made fixing the position of the interface difficult. Being 
undersaturated in (Mg,  Fe2+)Al2O4 spinel in the buffer-
ing assemblage made spinel precipitation less likely in this 
experiment. Our estimate of the interface concentration is 
430 ppm  Al2O3, with an uncertainty estimated at approxi-
mately ±50 ppm. The initial concentration was 230 ppm, 
giving an increase in  Al2O3 of about 200 ppm but with a 
large uncertainty.

Despite containing spinel in the buffering assemblage, 
the crystal buffered by sco + crd + sp produced diffu-
sion profiles of similar quality to the experiments with 
forsterite, with an interface concentration of 430 ppm 
 Al2O3, which is twice that in experiments on forsterite at 
the same temperature and three-phase buffering assem-
blage of 215–230 ppm (Table 5). It is nevertheless dis-
tinctly below the expected equilibrium concentration of 
~1100 ppm  Al2O3 at 1300 °C from Al-in-olivine geother-
mometry (Wan et al. 2008; Coogan et al. 2014). However, 
the initial concentration of  Al2O3 in this crystal of San 
Carlos olivine was 230 ppm, substantially more than the 
30 ppm in the synthetic forsterite, hence the augmenta-
tion of Al at the interfaces  ([Al2O3]int −  [Al2O3]o), rep-
resenting the concentration of Al added by the diffusion 
experiment, is similar. The diffusivity of Al was approxi-
mately an order of magnitude slower than in forsterite at 
equilibrium with the fo + crd + sp buffer at the same 
temperature and oxygen fugacity. Part of this may be an 
orientation effect, as the orientation of this crystal was 
not determined, although the [001] orientation of the 
fosterite diffusion experiments is usually not the fastest, 
being, for most elements, intermediate between [100] and 

Fig. 6  Temperature dependence (Arrhenius plots) for the fast 
mechanism of Al diffusion in forsterite, compared to Fe–Mg inter-
diffusion from Dohmen et al. (2007) and Dohmen and Chakraborty 
(2007). The equation  log[DFeMg(m

2/s)] = −8.91 − (220,000 + (P − 
 105) × 7 × 10−6)/2.303RT + 3(XFe − 0.1) was used to fit the data, 
with P = 101,325 Pa and XFe = 0
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[010], such that a log-unit difference seems excessive 
(Spandler and O’Neill 2010).

As observed by Spandler and O’Neill (2010), Zn was 
lost from all four crystals of San Carlos olivine during 
the annealing experiments, producing good diffusion pro-
files, with concentrations that ranged from ~60 ppm in 
the original crystals to ~10 ppm at the interface. These 
profiles were also well fit by the error function (Eq. 3), 
and gave diffusion coefficients resolvably different from 
those for Al diffusing in San Carlos olivine at 1300 °C 
(Table 4).

Despite the unresolved issues, this experiment dem-
onstrates that the fast diffusion of Al occurs in natural 
olivines, and is not just some artifact of Czochralski-grown 
synthetic forsterite.

Discussion

The ways that Al may be incorporated into olivine have 
been discussed previously by Agee and Walker (1990), 
Beattie (1994), Colson et al. (1989), Evans et al. (2008), 
Grant and Wood (2010), Milman-Barris et al. (2008), 
Nielsen et al. (1992), Taura et al. (1998), Wan et al. 
(2008), Zhang and Wright (2010) and Coogan et al. 
(2014). Our results indicate that although the coupled 
substitution producing the component  MgAl2O4, and 
expressed in Kröger–Vink notation as:

is likely the dominant one in the simple system MgO–
Al2O3–SiO2 at equilibrium, as has been widely assumed 
(e.g., Coogan et al. 2014), a minor proportion of Al also 
substitutes by the OSVC mechanism:

These two substitution mechanisms appear each to be 
tied to its own diffusion mechanism. The  MgAl2O4 substi-
tution is associated with slow diffusion, presumably rate-
limited by the diffusivity of Si, because this substitution 
requires that half the Al replaces Si on tetrahedral sites. 
It occurs so slowly that it is not seen under our experi-
mental conditions with the spatial resolution achievable 
by our analytical method. In contrast, the OSVC substitu-
tion (producing the component Al3+

4/3vac2/3SiO4) is asso-
ciated with diffusion that is many orders-of-magnitude 
faster, presumably because it involves Al occupying only 
octahedral sites. The separation of the two substitution 
mechanisms by the two diffusion mechanisms may seem 
surprising if it were supposed that Al could diffuse rap-
idly along an octahedral-site pathway, and then exchange 
with a tetrahedral-site vacancy:

(10)MgxMg + SixSi ↔ Al·Mg + Al′Si

(11)3MgxMg ↔ 2Al·Mg + V′′
Mg

That this does not happen may indicate that the con-
centrations of tetrahedral vacancies (V′′′′Si) are much less 
than the relevant concentrations of Al.

Diffusion of Al in our experiments is many orders of 
magnitude faster than that expected for tetrahedral-site 
diffusion, based on the diffusivity of Si (e.g., Fei et al. 
2012 and references therein). At high  aSiO2 it is approxi-
mately 1.5 orders of magnitude faster than Fe–Mg inter-
diffusion and REE diffusion in olivine at 1300 °C along 
[100] (Spandler and O’Neill 2010). This fast diffusivity 
may be related to the creation of octahedral-site vacan-
cies by the proposed substitution mechanism. In contrast, 
at low  aSiO2 (hence high  aMgO), diffusivities are three 
orders of magnitude slower, a rather greater effect than 
found for the diffusivities of  Ni2+ and  Co2+ (Zhukova 
et al. 2014) or  Zr4+ and  Hf4+ (Jollands et al. 2014).

Although the experiments reported in this study 
address the simple system MgO–Al2O3–SiO2, the experi-
ment on the San Carlos olivine shows that fast-diffusing 
mechanism also applies to natural olivines. Therefore, it 
is likely that other substitution mechanisms of Al become 
important in natural, compositionally complex olivines, 
including:

a. tetrahedral  Al3+ charge balanced by some other alio-
valent cations such as  Fe+3 or  Cr+3 in octahedral 
sites (e.g., Bershov et al. 1983), either coupled or 
uncoupled by short-range order, e.g.:

  

b. Al3+ in octahedral sites charge balanced by monova-
lent cations such as  Li+1 or  Na+1 also in octahedral 
sites, again with or without short-range order:

  

c. octahedral  Al3+ associated with H substitution form-
ing  OH− anions, as found by FTIR spectroscopy 
(e.g., Berry et al. 2005).

If the principle deduced from this study of fast diffusion 
of octahedral Al but very slow diffusion of tetrahedral Al 
is maintained for these compositionally complex substi-
tutions, then it would be expected that Al substituting by 
mechanism (a) would be immobile whereas Al associated 
with mechanisms (b) or (c) would diffuse relatively rapidly. 
Fast octahedral-site diffusion might be expected to allow 
partial diffusive equilibration of Al zoning, blurring such 
zoning compared to that of phosphorus, assuming that P 

(12)Al·Mg + V′′′′
Si ↔ Al′Si + V′′

Mg

(13)MgxMg + SixSi ↔
(

Cr·Mg + Al′Si

)

(14)2MgxMg ↔ Al·Mg + M′
Mg
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occurs only on the ultra-slow diffusiving tetrahedral sites 
of olivine.

Evans et al. (2008) observed that the concentration 
of Al in olivine was approximately proportional to the 
square root of its concentration in coexisting silicate 
melt, indicating that the dominant substitution mecha-
nism (the  MgAl2O4 substitution mechanism) occurred 
by a coupled substitution between octahedral and tetra-
hedral Al, with a high degree of short-range order. By 
contrast, we expect that Al in olivine substituting by the 
OSVC mechanism would be proportional to its concen-
tration in the melt, rather than the square root of its con-
centration, because this proportionality (corresponding 
to Henry’s law) is observed for large  R3+ cations, like 
Sc and the REE, that also substitute in olivine by the 
OSVC mechanism (Beattie, 1994; Evans et al. 2008). In 
other words, the OSVC mechanism has relatively higher 
configurational entropy than the  MgAl2O4-like mecha-
nism. Consequently, the OSVC mechanism should 
become relatively more important at higher tempera-
tures than the 1300 °C of this study, and also at alumina 
activities lower than those studied here. The effect of 
pressure is unknown.

Conclusions

Although the possibility of multiple substitution mecha-
nisms for a trace element in a mineral has seemed plausible 
on crystal-chemical grounds, this phenomenon has rarely 
been documented experimentally. An important exception 
is the substitution of H in nominally anhydrous minerals 
like olivine (e.g., Berry et al. 2005, 2007), where the sen-
sitivity of the substitution mechanism to IR spectroscopy 
enabled the multiplicity of mechanisms to be identified. 
Here we use a different experimental approach to provide 
evidence for an essentially similar phenomenon. This study 
also highlights the important consequences of multiple sub-
stitution mechanisms for trace element geochemistry. For 
example, multiple substitution mechanisms add complexity 
to the compositional dependence of partition coefficients, 
including their “stoichiometric control” (e.g., O’Neill 
and Eggins 2002), as demonstrated here by the different 
dependence of the OSVC mechanism on  aSiO2 compared 
to the dominant  MgAl2O4-type substitution in olivine. This 
study also provides another example of different substitu-
tion mechanisms being associated with enormously dif-
ferent transport properties, which may be a common phe-
nomenon in the complex natural crystals. In olivine, for 
example, different diffusion mechanisms have now been 
observed for Li (Dohmen et al. 2010), H (e.g., Padrón-
Navarta et al. 2014 and references therein) and Ti (Jollands 
et al. 2016a, b).
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