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slower. Diffusivities of Zr in experiments in San Carlos oli-
vine at 1,400 °C, fO2 = 10−6.6 bars are similar to those in 
forsterite at the same conditions, showing that the controls 
on diffusivities are adequately captured by the simple sys-
tem (nominally iron-free) experiments. Diffusivities are 
in good agreement with those measured by Spandler and 
O’neill (Contrib Miner Petrol 159:791–818, 2010) in San 
Carlos olivine using silicate melt as the source at 1,300 °C, 
and fall within the range of most measurements of Fe–Mg 
inter-diffusion in olivine at this temperature. Forsterite–
melt partitioning experiments in the CaO–MgO–al2O3–
SiO2–ZrO2/HfO2 show that the interface concentrations 
from the diffusion experiments represent true equilibrium 
solubilities. another test of internal consistency is that 
the ratios of the interface concentrations between experi-
ments buffered by Mg2SiO4 + Mg2Si2O6 + ZrSiO4 or 
Mg2SiO4 + ZrSiO4 + ZrO2 (high silica activity) to those 
buffered by Mg2SiO4 + MgO + ZrO2 (low silica activity) 
agree well with the ratios calculated from thermodynamic 
data. This study highlights the importance of buffering 
chemical potentials in diffusion experiments to provide 
constraints on the interface diffusant concentrations and 
hence validate the assumption of interface equilibrium.

Keywords Diffusion · experimental petrology · 
Forsterite · Zirconium · Partitioning · laser ablation 
ICP-MS

Introduction

Olivine, with its widespread distribution through the upper 
mantle, has emerged as a common target for studies of 
major and trace element diffusion rates. The rates of dif-
fusion of the fastest moving major cations in olivine, iron 

Abstract The diffusion, substitution mechanism and 
solubility limits of Zr and Hf in synthetic forsterite 
(Mg2SiO4) and San Carlos olivine (Mg0.9Fe0.1)2SiO4 have 
been investigated between 1,200 and 1,500 °C as a function 
of the chemical potentials of the components in the sys-
tem MgO(FeO)–SiO2–ZrO2(HfO2). The effect of oxygen 
fugacity and crystallographic orientation were also inves-
tigated. The solubilities of Zr in forsterite are highest and 
diffusion fastest when the coexisting three-phase source 
assemblage includes ZrSiO4 (zircon) or HfSiO4 (hafnon), 
and lower and slower, respectively, when the source assem-
blage includes MgO (periclase). This indicates that Zr and 
Hf substitute on the octahedral sites in olivine, charge bal-
anced by magnesium vacancies. Diffusion is anisotropic, 
with rates along the crystal axes increasing in the order 
a < b < c. The generalized diffusion relationship as a func-
tion of chemical activity (as aSiO2

), orientation and temper-

ature is: logDZr = 1
4

logaSiO2
+ logD0 −

(

368±17 kJ mol−1

2.303 RT

)

 

where the values of log D0 are −3.8(±0.5), −3.4(±0.5) 
and −3.1(±0.5) along the a, b and c axes, respectively. 
Most experiments were conducted in air (fO2 = 10−0.68 
bars), but one at fO2 = 10−11.2 bars at 1,400 °C shows no 
resolvable effect of oxygen fugacity on Zr diffusion. Hf is 
slightly more soluble in olivine than Zr, but diffuses slightly 
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(predominantly Fe2+) and magnesium have been widely 
studied, with relatively good agreement between different 
research groups using different techniques (Chakraborty 
2010 and references therein). Silicon is generally agreed to 
be the slowest diffusing species in olivine, although quan-
tifications of the absolute rate vary over 2–3 orders of mag-
nitude (e.g., Fei et al. 2012; Houlier et al. 1990).

In contrast, the diffusion rates of trace elements in olivine 
are the subject of considerable disagreement. In some stud-
ies, trace elements in olivine are found to diffuse at around 
the same rate as silicon self-diffusion [e.g., rees (Cherniak 
2010) and tungsten (Cherniak and Van Orman 2014)], and in 
others, similar element suites are found to diffuse closer to 
the much faster rates of Fe–Mg diffusion (Qian et al. 2010; 
Spandler and O’neill 2010; Spandler et al. 2007). Determin-
ing trace element diffusivities is a non-trivial task; the exper-
imental design and analytical procedure must be suited to the 
solubility and diffusion rate of the element(s) in question. 
Where the solubility of the diffusing element is low (on the 
order of μg/g), analytical sacrifices must be made; the high-
est sensitivity methods such as laser ablation ICP-MS have 
relatively poor spatial resolution (e.g., Spandler and O’neill 
2010) compared to rutherford backscattering spectroscopy 
(rBS) (e.g., Cherniak and Watson 2001), which has much 
higher detection limits but the ability to resolve short (tens to 
hundreds of nanometers) diffusion profiles.

Various experimental designs have also been proposed 
in diffusion studies, each either altering the way in which 
the diffusant(s) is supplied to the mineral or controlling dif-
ferent thermodynamic variables. The source of diffusant 
may be a gas (e.g., gerard and Jaoul 1989), a fluid (e.g., 
Demouchy and Mackwell 2003) or melt (e.g., Spandler and 
O’neill 2010), but most commonly for geological appli-
cations, the source is solid. In one experimental strategy, 
nanometer-scale laser-deposited thin films of a doped oli-
vine composition are deposited onto the surface of a pol-
ished crystal (Dohmen et al. 2002a). This is effectively a 
small-scale refinement of the diffusion couple technique, 
where olivines of different composition are placed together 
and annealed to allow diffusive exchange (e.g., Chakraborty 
1997). Similarly, the source may be a loosely packed pow-
der with a composition approximating to olivine plus dif-
fusant (Cherniak 2010). However, in all of these cases, the 
chemical potentials of the source components are unbuff-
ered. Chemical potentials are expected to exert a considera-
ble control on the local point defect population of the target 
crystal and hence will also alter the rate and potentially the 
mechanism of diffusion through the lattice (e.g., Zhukova 
et al. 2014). This effect is well established in the rheologi-
cal literature as bulk diffusion variations as a function of 
chemical environment (ricoult and Kohlstedt 1985) but 
rarely treated in the closely related field of trace element 
diffusion in minerals.

The chemical environment of the source assemblage will 
also define the substitution reaction that produces the trace 
element complex inside the target crystal and with it the 
expected solubility of the diffusant in the mineral lattice. 
Known chemical potentials therefore allow predictions of 
the diffusant concentrations at the crystal–source interface 
if true equilibrium partitioning is being achieved, which 
can be supported by synthesis experiments in the same 
system.

In this paper, we study trace element diffusion in olivine 
in a simple, 3-component system, in which it is experimen-
tally feasible to control all the chemical potentials. The dif-
fusion study is coupled with an investigation of partitioning 
behavior between the diffusant and source, in which it is 
demonstrated that the interface concentrations from diffusion 
experiments represent true equilibrium. Comparing the data-
set to theoretical predictions of interface concentration, cal-
culated using independent free energy data, provides further 
support of true equilibrium. The results of the simple sys-
tem experiments then guide which compositional variables 
to investigate in the more compositionally complex natural 
mineral, and experimental results can be compared.

Experimental strategy

In order to advance our understanding of trace element dif-
fusion, we present a study of the diffusion of Zr and Hf in 
synthetic forsterite (fo100, Mg2SiO4), and natural San Car-
los olivine (fo90, (Mg0.9Fe0.1)2SiO4. Zr and Hf in olivine 
were chosen to be the target of this study because of the 
following experimental and theoretical advantages:

1. The phase relations of the three-component systems 
MgO-SiO2-ZrO2 are well known and relatively simple 
(Fig. 1).

2. These phase relations are backed up by thermodynamic 
data for all the relevant phases (Holland and Powell 
2011; O’neill 2006), allowing quantitative checks on 
the Zr and Hf solubility relationships.

3. The solubilities of Zr and Hf in olivine in equilibrium 
with zircon may be independently checked by combin-
ing existing olivine/melt partitioning data with experi-
ments determining zircon saturation in the same sili-
cate melts.

4. The concentrations of Zr and Hf over the range of 
interest can be determined precisely by laser ablation 
ICP-MS, for experiments covering the temperature 
range (1,200–1,500 °C) at which diffusion takes places 
in analytically accessible length scales (~102 µm) over 
feasible experimental durations (a few weeks or less).

5. Both Zr and Hf occur only in the one oxidation state 
(4+) over a large range of oxygen fugacities, so there 
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is no additional complexity from having to consider 
more than a single diffusing species.

6. The ionic radii of Zr and Hf allow location only on the 
octahedral sites in olivine, removing any complexities 
arising from multiple site solubility.

7. The close similarity of Zr and Hf in their geochemi-
cal properties provides a check for consistency of the 
experimental results and may also give some insight 
into the mass dependence of diffusion.

The results in the simple systems (diffusion in pure 
forsterite) are compared to diffusion of Zr and Hf in nat-
ural San Carlos olivine of major element composition 
(Mg0.9Fe0.1)2SiO4 (galer and O’nions 1989), which con-
tains abundances of minor and trace elements typical of oli-
vine from the upper mantle.

Experimental methods

Diffusion experiments

Diffusion in synthetic forsterite (Mg2SiO4) was investi-
gated using 2- to 3-mm cubes cut from a large Fo100 crystal 
grown by the Czochralski method by the Solix corporation 
(Belarus). The purity of this Mg2SiO4 was established by 
la-ICP-MS analysis (Zhukova et al. 2014). The cubes were 
polished on the (001), (010) or (100) planes, to investigate 
diffusion along c, b and a axes, respectively. These planes 
were readily identified using the growth bands and crystal-
lographic faces on the original crystal, and the orientations 
were verified using characteristic spectra of silica over-
tones from polarized infrared spectroscopy (asimow et al. 
2006). The diffusant sources were three-phase powders of 
Mg2SiO4 plus two other phases (Fig. 1 and Online resource 
1), which fix the chemical potentials of the three compo-
nents (ZrO2/HfO2, SiO2 and MgO) in these ternary sys-
tems according to gibb’s phase rule F = C–P + 2 (gibbs 
1876). For the Zr compositions, the three-phase powders 
were synthesized using the sol–gel technique (Hamilton 
and Henderson 1968), starting from magnesium and zir-
conyl nitrates, and tetraethyl orthosilicate liquid. This pro-
duced fine, homogeneous and reactive powders, which 
were then pressed in a tungsten carbide dye and sintered at 
1,300 °C for 48 h in a box furnace. The corresponding Hf 
assemblages were synthesized by mixing oxide powders 
under acetone in an automated agate mortar until apparently 
homogeneous (1–2 h). These powders were pressed into 
pellets and sintered for 48 h at 1,400 °C in air.

experiments on natural San Carlos olivine were 
approached in a similar way. gem quality cm-sized crys-
tals with clear faces were oriented in reflection mode using 
a Siemens X-ray diffractometer, and where the planes cor-
responded to (001), (010) or (100), the crystals were cut 
using cleavage directions as a guide to reveal the other two 
mutually perpendicular faces. The planes were then pol-
ished using SiC paper (p 800–1,200) followed by 6-μm 
diamond paste on a ceramic or tin lap to ensure a flat sur-
face, then 3 μm and 1 μm paste on a cloth lap to give a 
mirror-like finish (Fig. 2a). The three-phase assemblages 
providing the diffusant sources and chemical potential 
buffering were synthesized from oxide mixtures as for the 
Hf buffering assemblages, except that ground San Carlos 
olivine was added to the mix to aid in equilibrating the 
buffer composition with the San Carlos olivine composi-
tion. These Fe-bearing Zr buffer mixtures were crystallized 
at 1,400 °C under a CO2/CO gas mix with ratio 9:1 (cor-
responding to QFM-0.5, within the stability range of San 
Carlos olivine (nitsan, 1974)). The extra components in 
these systems (mainly Fe2+O with some Fe3+-related point 

Fig. 1  Phase relationships in the ZrO2–SiO2–MgO system after 
Foster (1951). Compositions (calculated) of mixes marked with 
gray circles. The other relevant phase diagrams [HfO2–SiO2–MgO 
and ZrO2–SiO2–(Mg, Fe)O] can be found in the Online resource 1. 
abbreviations used throughout the text are also presented
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defects in the natural olivine) means that these assemblages 
do not completely buffer all chemical potentials, but still 
provide a contrast in silica activities.

Following sintering, the buffers were analyzed by X-ray 
diffraction using a STOe diffractometer to ensure that the 
desired mineral phases had formed. The high-temperature 
polymorph of Mg2Si2O6, protoenstatite, undergoes a tran-
sition to a mix of clinoenstatite and protoenstatite upon 
quench, such that the Mg2Si2O6 phase in the buffer appears 
as two phases upon XrD analysis. By contrast, ZrO2, 
which exists in the tetragonal field in these experiments 
(O’neill 2006), and commonly also undergoes this type 
of martensitic transition on quenching, was found only in 
its monoclinic form and no trace of the high-temperature 

polymorph remains in the buffers. This may be explained 
by the small grain size of this phase as a result of being 
produced from a sol–gel. The intended assemblage ZrO2–
(Mg,Fe)O–(Mg,Fe)2SiO4 also crystallized tetragonal zirco-
nia (nominally Zr1−xMgxO2-x (i.e., partially stabilized zir-
conia, PSZ)) as a phase, giving a four-phase assemblage. 
The presence of Fe in the iron-bearing assemblage may 
have catalyzed grain growth, causing the persistence of the 
tetragonal form on quenching, as commonly found in ZrO2 
(O’neill 2006). The presence of two such martensitic min-
erals in a single experiment is an interesting curiosity.

The buffer powders were mixed with polyethylene oxide 
and water to form viscous pastes, which were then brushed 
onto the polished crystal surfaces and allowed to dry (Fig. 2b). 

Fig. 2  Sample preparation and 
analysis. a Polished, oriented 
cubes of San Carlos olivine 
(right) and pure forsterite 
(left). Diagonal cross is marked 
onto underside of forsterite to 
indicate orientation. b forsterite 
cube with buffer-polyethylene 
oxide mix pasted on top. The 
mix in this case is still wet; 
before the anneal, the excess 
moisture is fully dried off. c 
Crystal–buffer couple after 
anneal, mounted in epoxy, 
sliced in half then polished 
(before laser ablation). In this 
case, the buffer has become 
slightly detached during the 
mounting phase. d laser tracks 
in forsterite moving from inte-
rior of crystal to crystal–buffer 
interface. e Best case crystal–
buffer interface; the interface 
is flat on a micron scale. f 
Worst-case interface scenario; 
the interface is damaged over a 
10–20 micron scale. areas such 
as this are avoided when placing 
laser tracks
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The crystals plus their applied buffer assemblages were placed 
into a small platinum box loosely packed in powdered forster-
ite, and hung inside a gas mixing furnace or elevator furnace. 
experiments were mostly conducted in air, with the excep-
tion of ZODe3 (QFM-4.8) and ZODe7 (QFM-0.5) where 
fO2 was controlled with CO/CO2 mixes. run conditions are 
described for each experiment in Table 1. Temperatures were 
monitored with a ‘type-B’ Pt–rh thermocouple placed within 
1 cm of the experimental charge. Thermal profiling of the fur-
naces showed that temperature variations over this distance are 
expected to be less than 1 °C in the furnace hotspot.

Following anneals, the furnace was ramped down to 
idle temperature, and the crystals were pulled out of the 
furnace top when the temperature dropped to around 
1,000 °C. experiments were not quenched by dropping 
out of the furnace, as the thermal and physical shock often 
causes the crystals to fracture. The buffers were removed 
from the crystals by gentle scraping and then examined by 
X-ray diffractometry to ensure the three-phase composition 
had persisted. The crystals were then sliced in half using 
a low-speed 120-μm wafering blade, and the interior faces 
mounted in epoxy and polished as above for laser ablation 
ICP-MS analysis (Fig. 2c–e). Where the interface had been 
damaged during anneal, these areas were simply avoided 
when selecting locations for laser tracks (Fig. 2f).

Olivine/melt partitioning experiments

The starting mix for partitioning experiments was based 
on the multiply saturated melt composition at 40 kb of 
Davis and Schairer (1965) in the system CaO–MgO–a2O3–
SiO2 (in wt %: CaO = 3.2, MgO = 41.5; al2O3 = 6.7; 
SiO2 = 48.6), prepared from oxides. The crystallization 
of olivine from this composition was studied by Tuff and 
O’neill (2010) at atmospheric pressure. ZrO2 or HfO2 
was added into the mix in various proportions from 0.5 
to 16 wt% (Table 2), and mixes were then ground under 
acetone in an agate mortar. Following drying, mixes were 
glued onto Pt/rh loops using polyethylene oxide to form 

beads, which were then hung from a Pt chandelier in a 
1 atm furnace, in air. The furnace was initially ramped up to 
1,500 °C in order to achieve total melting of the beads, then 
after around 6 h, the temperature was dropped to 1,400 °C 
and held for 10 days. The runs were quenched by dropping 
into a beaker of water positioned below the furnace tube.

analysis

Diffusion experiments

analyses were conducted using a lambdaPhysik Compex 
110 eximer 193 nm laser coupled to an agilent 7700 series 
ICP-MS, with a stationary ~6 × 100 μm slit-shaped laser 
beam scanning over a mobile stage as described in Spandler 
and O’neill (2010) and Zhukova et al. (2014). In all cases, 
scans were conducted from low to high diffusant concen-
tration (i.e., from the core to rim of crystal). laser analy-
sis traces are shown in Fig. 2c; areas such as that in Fig. 2f 
(showing interface damage on the 10 s of micron scale) 
were avoided when placing laser tracks. The carrier gas was 
He–ar, fluence was maintained at ~50 mJ and pulse rate was 
set to 5 Hz. nIST610 and 612 glasses were used as primary 
and secondary standards, respectively, with 29Si counted for 
0.01 s as the internal standard assuming stoichiometry. In 
all analyses, the stage was set to move at 1 μm/s toward the 
crystal–powder interface. 90Zr and 91Zr counted for 0.1 and 
0.3 s, respectively, and in separate scans, 178Hf was counted 
for 0.4 s. In addition, 25Mg, 27al and 57Fe were counted for 
0.01, 0.05 and 0.05 s respectively. example raw data profiles 
are presented in Fig. 3 as counts against time.

laser ablation ICP-MS data were reduced using Iolite 
freeware (Paton, et al. 2011) against inbuilt georeM val-
ues of nIST610 and 612 external standards, with silicon 
as the internal standard calculated assuming stoichiometry. 
The nIST glasses have been shown to have good homoge-
neity for Hf and Zr (eggins and Shelley 2002), and in all 
cases, the averaged nIST612 secondary standard values 
were within error of those given by Jochum et al. (2011).

Table 1  Time, temperature and oxygen fugacity conditions of each experiment conducted in this study, along with the furnace types, olivine 
compositions and diffusants

Oxygen fugacity of 10−0.68  bars corresponds to air. The value of the quartz–fayalite–magnetite equilibrium is from O’neill (1987)

expt ID T (°C) logfO2 logfO2 ΔQFM Furnace type t (d) t (s) Target Diffusant

ZODe1 1,313 −0.68 +6.48 Box 31 2,678,400 Fo100 Zr (Hf)

ZODe2 1,400 −0.68 +5.63 gas-mix 22 1,870,320 Fo100 Zr (Hf)

ZODe3 1,400 −11.1 −4.79 gas-mix 22 1,876,740 Fo100 Zr (Hf)

ZODe4 1,503 −0.68 +4.70 gas-mix 3 230,340 Fo100 Zr (Hf)

ZODe5 1,400 −0.68 +5.63 gas-mix 21 1,785,600 Fo100 Hf

ZODe6 1,205 −0.68 +7.67 elevator 91 7,945,200 Fo100 Zr

ZODe7 1,397 −6.60 −0.27 gas-mix 11 950,400 Fo90 Zr
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Olivine/melt partitioning experiments

Following experiments, the melt–crystal beads were 
mounted in epoxy and polished to 0.25 μm using diamond 
paste. The mounts were then etched with Citranox acid 
detergent, which makes the olivine stand out from the glass 
for laser ablation ICP-MS analysis.

The laser aperture was masked to give a circular 16-μm-
diameter laser spot, and the ICP counted for 60 s (20 s of 
background and 40 s of ablation time). 25Mg and 29Si were 
both counted for 0.01 s, and 27al and 57Fe for 0.05 s. 43Ca 
was counted for 0.1 s, and either 178Hf or 91Zr for 0.2 s. Si 
was used as the internal standard for forsterite, and Ca for 
glass. nIST610 glass was used as the external standard. The 
small size of newly grown forsterite meant that ablation pits 
often hit a crystal edge or drilled completely through the 
crystal. all analyses with anomalously high al, Ca or Zr or 
Hf were rejected as being contaminated by the glass com-
position for this reason. Standard measurements were made 
every ~10 sample measurements. Data were also processed 
using Iolite freeware, as with the diffusion profiles.

Internal standard values of Ca in the glass, along with Zr, 
Hf, al, Mg and Si, for consistency were obtained using a 

Cameca SX100 electron microprobe. The column was set to 
15 keV and 40 na, with a beam size on sample of 10 μm. 
Standards were hafnon, zircon, quartz, corundum, periclase 
and wollastonite for Hf, Zr, Si, al, Mg and Ca, respectively. 
Si (Ka), al (Ka) and Mg (Ka) used the TaP crystal; Zr (la) 
and Ca (Ka) used PeT; and Hf (la) was counted on llIF. 
Peak counting times were 20 s for Ca; 30 s for Si, al and 
Mg; 90 s for Zr; and 120 s for Hf. Background measure-
ments were taken for half peak time on either side.

Results

Partitioning of Zr and Hf between forsterite and silicate 
melt at 1,400 °C

The results of the forsterite/melt partitioning experiments 
are given in Table 2 and plotted in Fig. 4 as concentration 
of Zr or Hf in the forsterite against concentration in the 
coexisting melt. The concentrations of Zr and Hf in forster-
ite increase proportionally with those in the melt up to the 
point of saturation in either a Zr or Hf phase (Fig. 4). The 
experiments showing ‘saturation’ in Fig. 4 were saturated 

Table 2  Starting mix, glass and crystal compositions from six crystal–melt partitioning experiments

numbers in brackets are 1 standard deviation. i.s. represents calculated internal standard, Only trace element values for the crystals are presented 
(no MgO or SiO2) hence no totals are presented
a represents data from la-ICP-MS (all other data from ePMa), italic values are quoted in μg/g (all others in wt%)

CMaSZr1 CMaSZr2 CMaSZr3

Mix glass Crystal Mix glass Crystal Mix glass Crystal

(a) Zr olivine–melt partitioning experiments

 SiO2 48.36 55.41 (0.43) 47.48 54.13 (0.43) 46.17 52.41 (0.86)

 al2O3 6.67 15.34 (0.11) 602 (79)a 6.55 14.27 (0.08) 581 (49)a 6.36 14.04 (0.08) 640 (52)a

 CaO 3.18 6.77 (0.11) 858 (379)a 3.13 6.32 (0.01) 771 (355)a 3.04 6.21 (0.04) 795 (341)a

 MgO 41.29 22.06 (0.07) 40.55 21.89 (0.08) 39.42 22.06 (0.12)

 ZrO2 0.50 1.11 (0.05)a 5.8 (1.9)a 2.30 3.66 (0.19)a 17.4 (3.4)a 5.00 5.04 (0.27)a 25.8 (3.9)a

 (Zr) 0.82 (0.04)a 4.3 (1.4)a 2.71 (0.14)a 12.9 (2.5)a 3.73 (0.20)a 19.1 (2.9)a

 FeO 0.19 (0.03)a 511 (82)a 0.19 (0.03)a 499 (81)a 0.13 (0.01)a 322 (63)a

 Total 100.0 100.7 100.3 100.0 99.8

CMaSHf1 CMaSHf2 CMaSHf3

Mix glass Crystal Mix glass Crystal Mix glass Crystal

(b) Hf olivine–melt partitioning experiments

 SiO2 48.38 55.19 (0.21) 47.56 52.84 (0.64) 45.71 51.13 (0.21)

 al2O3 6.67 15.17 (0.06) 649 (102)a 6.56 14.28 (0.11) 585 (52)a 6.30 14.1 (0.17) 635 (49)a

 CaO 3.19 6.69 (0.06) 1,185 (477)a 3.13 6.21 (0.04) 1,202 (528)a 3.01 6.27 (0.03) 1,247 (569)a

 MgO 41.31 21.89 (0.17) 40.61 22.22 (0.05) 39.03 21.72 (0.03)

 HfO2 0.45 1.01 (0.06)a 9.1 (1.3)a 2.15 3.53 (0.22)a 29.6 (4.0)a 5.95 6.63 (0.39)a 57 (11)a

 (Hf) 0.86 (0.05)a 7.7 (1.1)a 2.99 (0.19)a 25.1 (3.4)a 5.62 (0.33)a 48.6 (9.6)a

 FeO 0.17 (0.03)a 462 (75)a 0.13 (0.01)a 365 (72)a 0.17 (0.03)a 476 (74.6)a

 Total 100.0 100.0 100.0 99.1 100.0 99.8
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with zircon and baddeleyite in the case of Zr, and hafnon 
where Hf was added.

The starting compositions with the highest concentrations 
of ZrO2 and HfO2 crystallized abundant Zr and Hf phases, 
in addition to olivine. The small olivines in these two experi-
ments had apparently nucleated around small Zr or Hf phases, 
and it proved impossible to avoid these during microanalysis. 
Data for these experiments are not reported. The samples with 
the next highest ZrO2 and HfO2 in the starting compositions 
were also saturated, with zircon + baddeleyite and hafnon, 
respectively (no hafnia phase was found in the Hf-saturated 
sample), but the amounts of these phases were low, and inclu-
sion-free forsterite could be analyzed. The remaining experi-
ments contained olivine (close to pure forsterite) and silicate 
glass only. Taken together with the previous studies, these 
results establish that the partition coefficients of Zr and Hf are 
constant over nearly three order of magnitude in Zr and Hf 
concentrations, up to saturation of the silicate melt in zircon 
and hafnon, which occurs at 5.3 and 6.6 wt%, respectively, 
with 19 and 49 μg/g Zr and Hf, respectively, in the forster-
ite (Fig. 5). That simultaneous saturation with both zircon and 
baddeleyite was achieved in the Zr series was fortuitous but 
useful because it fully defines chemical activities. The con-
stant partition coefficients also imply that the activities of the 
ZrO2 and HfO2 components in the forsterite are proportional 
to their concentration (Henry’s law), up to the saturation limit.

Diffusion of Zr and Hf in forsterite

Over 50 conditions were investigated (varying orientation, 
source assemblage, olivine composition, temperature and 
oxygen fugacity), and each crystal was analyzed at least 
five times for Zr and three to five times for Hf, giving >400 
complete Hf or Zr diffusion profiles. Multiple scans across 
the same crystal attest to good reproducibility (Fig. 6d). In 
all cases, the measured concentration–distance profiles for 
Zr and Hf are well fitted by the one-dimensional diffusion, 
semi-infinite medium, constant interface composition solu-
tion of Fick’s second law (Crank 1975):

(1)
C(x) − Ci

C0 − Ci

= 1−erf
x

2
√

Dt

(a)

(b)

(c)

Fig. 3  raw count data from the ICP-MS from three experiments. 
On the left hand side of each is the pre-ablate signal, where the mass 
spectrometer counts before the laser begins to ablate. On the right 
hand side of each is the interface, identified by a decrease in Si and 
Mg counts, and a sharp rise in Zr (or Hf). no moving average or 
smoothing correction has been applied. a is from an experiment with 
considerable contamination from iron (worst-case scenario), shown 
by its long diffusion profile. b is from San Carlos olivine where Fe 
and Mg are constant throughout, and c is from the low-oxygen fugac-
ity experiments in forsterite

▸
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When x is measured in meters, and t in seconds and D 
will be derived in m2s−1, which is commonly given in log-
arithmic form due to the small values involved. Ci is the 
initial concentration, C0 is the interface concentration and 

C(x) is concentration at position x. The erf term is the error 
function, which defines the diffusion profile shape where 
diffusion is independent of the concentration of the diffu-
sant. examples of Zr and Hf diffusion profiles and their fits 
to this equation are shown in Fig. 6a. Diffusion coefficients 
from each experiment (as log10D) are given in Table 3.

The concentration–distance profiles are fitted to eq. 1 
using least squares regression which is highly sensitive to 
outliers. Hence, the near interface region, (generally the 
first 10 μm where the profiles are long enough to per-
mit this), where contamination from the buffer material 
is not uncommon, is eliminated from the curve fit. This 
ensures that D is representative of the whole profile. It is 
very difficult to give errors for individual curve fits given 
the number of variables in eq. 1, but in this case, sigma 
is estimated as the square root of variance from the fitted 
curve.

The estimated errors and known mean values from 
curve fitting individual profiles were then combined using 
a Monte Carlo technique; the mean and standard devia-
tion was turned into a simulated normal distribution with 
106 synthetic data points, assuming gaussian statistics. The 
synthetic normal distributions were then randomly aver-
aged to give a combined normal distribution, and the errors 
quoted in Table 3 are the resultant standard deviations from 
the mean.

The arrhenius relationship for diffusion of Zr in forster-
ite, as a function of temperature, buffered by fo-pren-zrc, 
along the c axis (the fastest diffusing conditions) is

Fig. 4  a Zr and Hf concentrations in CMaS glasses and coexisting 
forsterite crystals. Black symbols are Hf, and white are Zr. Squares 
represent unsaturated conditions, where no zirconium or hafnium 
phase has formed on the liquidus. Circles are saturated conditions, 
where no more Zr or Hf can dissolve in the melt and explicit zir-
conium or hafnium phases form (zircon–baddeleyite or hafnon). 

also shown is the range of interface concentrations from diffusion 
experiments where either zircon (light gray) or hafnon (dark gray) 
is present in the buffer assemblage. b BSe image of glass + forster-
ite + zircon + baddeleyite; the saturating phase assemblage in the 
Zr-bearing experiments

Fig. 5  Forsterite–melt partition coefficients at 1400 °C of Zr 
(white) and Hf (black) from this study (squares), Tuff and O’neill 
(2010) (circles) and evans et al. (2008) (hexagons) and at 1,525 °C 
from Kennedy et al. (1993) (triangles). Error bars from the data of 
this study and Kennedy et al. (1993) are 1 standard deviation from 
the mean; error bars from evans et al. (2008) and Tuff and O’neill 
(2010) represent the range of values obtained as data are not normally 
distributed and a range of melt compositions was used
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Other arrhenius relationships are presented in the 
Online resource 2

effect of orientation

Diffusion is always anisotropic, with fastest diffusion along 
the c axis (i.e., where (001) face is polished) and slowest 
along a, with b intermediate (Figs. 6a, b, 7a). Over the 

(2)

DZr(fo - prEn - zrc,c)

= 7.22 × 10−5exp

(

−272.2 ± 21.6 kJ mol−1

RT

)

m2s−1

temperature range studied, diffusion along the c axis is 
found to be consistently around one order of magnitude 
faster than along a. There is no change in interface solu-
bility between experiments with different orientations con-
ducted with the same source buffering assemblage and tem-
perature (Figs. 6a, b).

effect of source buffering assemblage

The source assemblages (hence the chemical potentials) 
control both diffusion and interface solubility, with the 
fastest diffusion and highest interface concentrations 
in fo-pren-zrc- and fo-zrc-tBdd-buffered experiments 

(a) (b)

(c) (d)

Fig. 6  Typical diffusion profiles. a Zr diffusion in forsterite at 
1,400 °C, air, buffered by fo-pren-zrc. Dark, medium and light gray 
spots represent diffusion along the c, b and a axes, respectively. Red 
lines represent idealized solutions to the diffusion equation fit to the 
data (b) Zr diffusion in San Carlos olivine at 1,400 °C, fO2 buffered 
at QFM-0.3, chemical activity buffered by orthopyroxene–olivine–
zircon. axes as in 4(a). c Hf diffusion in forsterite at 1,400 °C, air, 

along the c axis. Three curves represent the three different chemical 
activity buffers; dark, medium and light gray represent fo-pren-hnon, 
fo-hnon-hnia and fo-hnia-per, respectively. Significantly lower inter-
face solubility in the fo-hnia-per buffered experiment is shown in the 
inset. d reproducibility of laser transects from the same experiment as 
(c), buffered by fo-hnon-hnia
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(or Fe-bearing or Hf equivalents), and slower diffu-
sion and lower solubility in fo-per-tBdd-buffered runs 
(Fig. 7b). The effect of chemical potential on diffusion 
is weaker than the orientation effect, with only 0.5 log 
units faster diffusion where zircon is present compared 

to where zircon is absent. Interface concentrations of Zr 
or Hf are 20–40 times greater where zircon or hafnon is 
present in the buffer assemblage (fo-pren-zrc or fo-zrc-
tBdd buffers) compared to where they are absent (fo-
tBdd-per buffer) (Fig. 8a), although the precise ratio is 

Table 3  Diffusion coefficients of Zr, Hf in this study

refer to Table 1 for full experimental conditions. estimated standard deviations of diffusion coefficients around the log mean are given, where 
possible. n refers to the number of laser ablation ICP-MS scans conducted. also provided are interface concentrations of diffusants. The profiles 
are all fit to the one-dimensional, constant interface, semi-infinite media solution to the diffusion equation described in the text

T (C) ID log fO2 Olivine Buffer log DZr/mean (st.dev(estimate),n)

c b a Zr (μg/g, st.dev)

(a) Zr diffusion coefficients and interface concentrations

1,205 ZODe6 −0.68 Forsterite fo-pren-Zrc −16.2 (0.5, 5) −16.3 (0.6, 5) −17.0 (0.6, 6) 1.6 (0.3)

fo-zrc-tBdd −15.9 (0.8, 6) −16.3 (0.4, 6) −16.7 (0.7, 5) 1.5 (0.3)

fo-tBdd-per b.d.l. – – b.d.l.

1,313 ZODe1 −0.68 Forsterite fo-pren-Zrc −15.2 (0.2, 4) −15.5 (0.3, 4) −16.0 (0.1, 5) 6.2 (0.9)

fo-zrc-tBdd −15.3 (0.1, 5) −15.5 (0.1, 4) −16.0 (0.2, 5) 6.1 (0.8)

fo-tBdd-per −15.8 (0.4, 5) −16.2 (0.7, 2) −17.0 (0.3, 5) 0.3 (0.2)

1,400 ZODe2 −0.68 Forsterite fo-pren-Zrc −14.5 (0.1, 5) −14.8 (0.2, 4) −15.3 (0.1, 5) 20.7 (2.7)

fo-zrc-tBdd −14.5 (0.1, 5) −14.8 (0.1, 5) −15.3 (0.1, 5) 18.1 (1.8)

fo-tBdd-per −14.7 (0.5, 5) −14.9 (1.3 4) −15.1 (0.4, 6) 3.6 (3.9)

1,400 ZODe3 −11.1 Forsterite fo-pren-Zrc −14.6 (0.1, 5) −14.8 (0.1 5) −15.3 (0.1, 5) 12.8 (0.7)

fo-zrc-tBdd −14.7 (0.1, 5) −14.8 (0.1, 5) −15.6 (0.1, 5) 12.1 (1.0)

fo-tBdd-per −14.8 (0.1, 5) −15.3 (0.1, 5) −15.3 (0.1, 5) 11.8 (1.2)

ol-opx-zrc −14.4 (0.1, 5) −14.8 (0.1, 5) −15.2 (0.1, 5) 22.3 (1.6)

1,397 ZODe7 −6.60 San Carlos ol-zrc-tBdd – – −15.2 (0.1, 5) 20.4 (0.6)

ol-tBdd-mw – – −15.0 (0.2, 5) 3.7 (0.7)

1,503 ZODe4 −0.68 Forsterite fo-pren-Zrc −14.1 (0.03, 5) −14.3 (0.1, 5) −14.7 (0.1, 3) 35.3 (2.9)

fo-zrc-tBdd −14.0 (0.04, 5) −14.3 (0.1, 5) −14.8 (0.1, 5) 38.5 (3.6)

fo-tBdd-per −14.3 (0.05, 4) – −15.1 (0.8, 1) 1.1 (0.2)

T (°C) ID log fO2 Olivine Buffer log DHf/mean (st.dev(estimate),n) Hf interface (μg/g (st.dev))

a b c

(b) Hf diffusion coefficients and interface concentrations

1,313 ZODe1 −0.68 Forsterite fo-pren-Zrc −16.5 (0.6, 3) −15.7 (0.4, 3) −15.4 (0.3, 4) 0.2 (0.1)

fo-zrc-tBdd −16.5 (0.4, 3) −15.9 (0.3, 3) −15.5 (0.3, 3) 0.2 (0.1)

fo-tBdd-per b.d.l. b.d.l. b.d.l. n.D.

1,400 ZODe2 −0.68 Forsterite fo-pren-Zrc −15.4 (0.3, 3) −15.2 (0.2, 3) −14.6 (0.2, 3) 1.0 (0.1)

fo-zrc-tBdd −15.0 (0.4, 3) −15.1 (0.2, 3) −14.6 (0.3, 3) 1.3 (0.7)

fo-tBdd-per −15.0 (0.5, 3) −15.1 (0.5, 3) −15.0 (0.5, 3) 1.5 (1.3)

1,400 ZODe3 −11.1 Forsterite fo-pren-Zrc −15.8 (0.3, 3) −15.3 (0.3, 3) −14.8 (0.3, 3) 0.4 (0.04)

fo-zrc-tBdd −15.8 (0.3, 3) −15.2 (0.2, 3) −14.8 (0.3, 3) 0.4 (0.1)

fo-tBdd-per −16.1 (0.2, 3) −15.6 (0.2, 3) −15.0 (0.2, 3) 0.6 (0.1)

1,400 ZODe5 −0.68 Forsterite fo-pren-hnon −14.7 (0.1, 5) 40.9 (1.3)

fo-hnon-hnia −14.2 (0.1, 5) 42.3 (2.4)

fo-hnia-per −14.9 (0.2, 5) 1.1 (0.03)

1,503 ZODe4 −0.68 Forsterite fo-pren-Zrc −15.2 (0.3, 3) −14.7 (0.3, 6) −14.2 (0.4, 3) 1.2 (0.3)

fo-zrc-tBdd −15.1 (0.3, 3) −14.6 (0.2, 3) −14.1 (0.3, 3) 1.2 (0.4)

fo-tBdd-per −14.6 (1.1, 3) −14.7 (0.5, 2) 0.4 (0.1)
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not well defined at lower temperatures due to the large 
relative errors at the very low concentrations in the latter 
assemblage.

effect of fO2

Zr and Hf diffusion in forsterite does not appear to vary 
significantly as a function of oxygen fugacity (Fig. 7a–c), 
although interface concentrations do (Fig. 7a–c); in the 
low-oxygen fugacity (ZODe3) experiment, the interface 
concentrations from all three buffer assemblages converged 
to around 12 μg/g.

Zr versus Hf

Zr diffuses slightly faster (0.2–0.5 log D units) than Hf 
in all runs (Fig. 7c). However, the errors associated with 
Hf diffusion when Hf is a contaminant in Zr experiments 
are high due to the low concentrations, such that the two 
arrhenius curves are within error. additional constraints 
are provided by the explicitly Hf-buffered experiments; 
errors are smaller in this case and the rate difference is 
outside of error. Comparing explicitly zirconium-buffered 
experiments with hafnium-buffered (ZODe2 with ZODe5 
in Table 3), hafnium interface solubility (μg/g by weight) is 
around double that of Zr.

effect of olivine composition

Olivine composition has a negligible effect on diffusion; 
the diffusion coefficients from experiments in pure forst-
erite overlap with those from experiments in natural San 
Carlos olivine (Fo90). The interface concentrations of Zr 
are the same between fo90 and fo100 where zircon is pre-
sent in the buffer. Where zircon is absent, the interface con-
centrations appear higher in fo90, but the large errors in Zr 
concentration from the 1,400 °C, air, forsterite experiment 
(3.6 μg/g ± 3.9) make direct comparison between the two 
compositions difficult.

(b)

(c)

(a)
Fig. 7  arrhenius plots. a is Zr diffusion, buffered by fo-pren-zrc, 
along the c, b and a axes. Data from San Carlos olivine agree well 
with data from forsterite, and runs at low fO2 have overlapping error 
with those conducted in air. Data from Spandler and O’neill (2010) 
are also presented. b is Zr diffusion in forsterite as a function of dif-
ferent chemical activities. Diffusion is always fastest in the fo-pren-
zrc- and fo-zrc-tBdd-buffered experiments, and slower in the fo-tBdd-
per-buffered experiments. c is the diffusion of Hf in forsterite along 
the a, b and c axes. Most of the data are from Hf as a trace contami-
nant in fo-pren-zrc buffered runs, and as such has considerable error 
associated (due to low concentrations). The explicitly hafnium-buff-
ered experiment (star) has much lower error and is in agreement with 
Hf diffusion from Zr diffusion experiments

▸
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experimental contamination

The common contaminants in these experiments are al and 
Fe; al from the forsterite itself and Fe presumably from 
the furnace assembly and chemicals used to prepare start-
ing mixes. al shows diffusion-out profiles from around 
25 μg/g in crystal core to around 15 μg/g at crystal rim 
(in the 1,400 °C, air experiment) as Zr or Hf diffuse in 
(Fig. 3). Fe contamination is considerable, reaching nearly 
1 wt % in the worst case. assuming that Fe substitutes for 
Mg, this is equivalent to Fo# changing from 100 to ~98.7 at 
the interface. However, in most experiments, Fe contamina-
tion is less; in c-axis experiments, the modal Fe interface 
concentrations are ZODe1-300,70 μg/g, ZODe2-6,000, 
1,000 μg/g, ZODe3-400,40 μg/g, ZODe4-4,000,600 μg/g, 
ZODe5-5,000,2,000 μg/g, ZODe6-500 μg/g, in protoen-
statite and periclase-buffered experiments, respectively. 
Periclase-buffered Fe contamination was not determined 
in ZODe6. There appears to be no correlation between the 
diffusion or interface concentrations of Fe and those of Zr 
or Hf despite Fe concentration always being higher than Zr 
and Hf; Fe diffuses faster and substitutes freely for Mg in 
olivine. The slight change in Fo# does not appear to affect 
Zr or Hf diffusion; the comfortable fits of the profiles to the 
error function (therefore showing constant diffusion coef-
ficients) show this. as the interface concentrations and 
valence of Fe are uncontrolled and unknown, respectively, 
the Fe diffusion profiles are not presented.

Discussion

equilibrium partitioning and solubility limits of Zr  
and Hf in forsterite

The three-phase assemblages in the diffusion experiments 
buffer the chemical potentials of all chemical components; 
hence, equilibrium solubilities are rigorously defined. This 
would not be the case if the Zr or Hf source was an oli-
vine with an elevated Zr or Hf content, as in a classic diffu-
sion couple experiment. The expectation for our diffusion 
experiments is that the measured concentrations of the dif-
fusing species, Zr and Hf, at the diffusion interface should 
correspond to the equilibrium solubilities of the elements in 
forsterite imposed by the buffering assemblages. The inter-
face concentrations are shown in Fig. 8a as a function of 
both temperature and buffering assemblage and Fig. 9 as 
a function of the activity of silica, aSiO2

, calculated from a 
combination of data from Holland and Powell (2011) and 
O’neill (2006).

The solubilities of Zr are the same within error whether 
buffered by the assemblages fo-pren-zrc or fo-zrc-tBdd 
(i.e., zircon present), and at 1,400 °C are identical to the 

zircon–baddeleyite-saturated olivine/melt partitioning 
experiments (Table 2), which implies that Zr substitutes 
into olivine as a component with the stoichiometry of 

(b)

(a)

Fig. 8  a Interface concentrations of zirconium from the diffusion 
experiments. The interfaces have around the same concentrations in 
the two zircon-bearing buffer assemblages, and a much lower concen-
tration in the fo-tBdd-per (zircon-absent) assemblage. The high aSiO2

 
activity buffers show excellent agreement between pure forsterite and 
natural olivine, with the low aSiO2

 interface concentrations agreeing 
only due to considerable error on the 1,400 °C, forsterite experiment. 
The interface concentrations from the low-oxygen fugacity runs in 
forsterite (circles) all converge upon around 11–12 μg/g, regardless 
of buffer assemblage. The reason for the convergence is unknown. b 
Predicted maximum solubility of Zr in forsterite extrapolated to low 
temperatures commonly used in diffusion studies. also shown is the 
Zr content of natural olivine from a garnet peridotite with zircon pre-
sent, showing a small disagreement with the prediction
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zircon. From crystal-chemical considerations, the most 
likely component is (Zr□)SiO4, with charge balance being 
maintained by an octahedral site cation vacancy (denoted 
□). The same mechanism is assumed for Hf.

This inference may be tested quantitatively by compar-
ing the solubility of Zr (as (Zr□)SiO4) in equilibrium with 
zircon with that defined by the fo-per-tBdd assemblage, 
which is much lower (Fig. 8a). In equilibrium with zircon 
(zrc), the Zr substitution reaction is:

(3)ZrSiO4
zrc

= (Zr�)SiO4
ol

Hence, by definition, at equilibrium with pure ZrSiO4 
(zircon):

where (XZr
Ol)zrc is the concentration of Zr in olivine in zir-

con-buffered conditions, γ ol
Zr is the activity coefficient of 

(Zr□)SiO4 in forsterite, found to be constant (Henry’s law) 
in the olivine/melt partitioning experiments (Fig. 5), and 
thus identified with the activity coefficient at infinite dilu-
tion, γ ol

Zr, and −Δg(3) is the free energy of reaction (3). 
In contrast, in equilibrium with periclase plus baddeleyite 
(per,tBdd), the same substitution mechanism for Zr in forst-
erite is controlled by the reaction:

So that at equilibrium:

Subtraction of eq. (4) from eq. (6) gives:

where (Δg(3) − Δg(5)) refers to the free energy of the 
reaction:

The gibbs free energy of reaction (8) and its Hf equiva-
lent are taken from the Holland and Powell (2011) and 
O’neill (2006), and are summarized in Table 4. The ratios 
calculated from these thermodynamic data for solubil-
ity in pure forsterite are compared to the observed ratios 
in Fig. 10. The agreement between theoretical prediction 

(4)ln
(

XOl
Zr

)zrc
+ ln γ Ol

Zr = −�G(3)/RT

(5)ZrO2
tBdd

+ Mg2SiO4
ol

= (Zr�)SiO4
ol

+ 2MgO
per

(6)ln
(

Xol
Zr

)per,tBdd
+ ln γ ol

Zr = −∆G(5)/RT

(7)

ln
(

Xol
Zr

)per,tBdd
− ln

(

Xol
Zr

)zrc
= (∆G(3) − ∆G(5))/RT

(8)ZrSiO4
zrc

+ 2MgO
per

= Mg2SiO4
ol

+ ZrO2
tBdd

Fig. 9  Maximum Zr and Hf solubility in olivine as a function of silica 
activity, aSiO2

. Squares are interface concentrations from diffusion experi-
ments, and circles are concentrations from synthesis experiments. The 
aSiO2

 of the Zr synthesis experiment was fully constrained as both zircon 
and baddeleyite formed, whereas the activity in the Hf experiment is con-
strained between the low and high aSiO2

values where hafnon is present

Table 4  Thermodynamic data used in this study

Free energy of the reactions has been fit to the relationship a + BT + CTlnT to allow data from Holland and Powell (2011) to be combined with 
that of O’neill (2,006). also given are data regarding the free energy of formation of the Zr and Hf plus metal vacancy complexes assuming a 
linear relationship between Δg and T in the studied range. numbers in brackets represent error from visual fit, assuming all error is taken up by 
the A term

reaction Dataset used Δg = A+BT + ClnT

A B C

2MgO(per) + 2SiO2 (βqtz) = Mg2Si2O6 (pren) Holland and Powell (2011) 78,430 −137.3 17.371

2MgO(per) + SiO2 (βqtz) = Mg2SiO4 (fo) Holland and Powell (2011) 68,737 −65.07 7.9414

ZrO2 (tbdd) + SiO2 (βqtz) = ZrSiO4 (zrc) O’neill (2006) 34,771 −14.10 −0.3966

HfO2 (tbdd) + SiO2 (βqtz) = HfSiO4 (zrc) O’neill (2006) 28,201 −14.10 0.3340

ZrSiO4 (zrc) = Zr□SiO4 (ol) This study −235,200 (7,200) −52.3

HfSiO4 (hnon) = Hf□SiO4 (ol) This study −144,200 (7,600) at 1,405 °C only
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and experimentally derived ratio is good only where there 
is a tight constraint on the interface concentrations in the 
fo-tBdd-per buffered (zircon-absent) experiments. at lower 
temperatures, where the concentration of Zr approaches the 
resolution of the la-ICP-MS system in scanning mode, the 
errors on the experimental ratios are extremely high, so that 
no reasonable conclusion can be drawn. 

That the olivine/melt partition coefficient (notated KD 
to avoid confusion with the D representing diffusion) of 
Zr is independent of Zr concentration in olivine (Fig. 5) at 
1,400 °C implies that aol

ZrSiO4
 is proportional to Zr concen-

tration in the olivine. This further implies that the charge-
balancing vacancies do not contribute to the configurational 
entropy of mixing; hence, their positions in the olivine 
crystal lattice are specified by the positions of the Zr4+ 
impurities. In other words, there is a high degree of short-
range order between Zr4+ and vacancies. If the vacancies 
were completely disordered over the olivine crystal lattice, 
aol

ZrSiO4
 would be proportional to the square of the Zr con-

centration. Potentially, al from the CMaS melt might allow 
coupled al-Zr Tschermak’s-type substitution in the form 
(ZrMg3)al2O8, increasing the Zr solubility accordingly. The 

good agreement between Zr solubilities determined from 
the diffusion experiments at 1,400 °C (Table 3), in which 
al concentrations in forsterite at only 15–20 μg/g, and the 
olivine/melt partitioning experiments (Table 2) at the same 
temperature, where al concentrations are ~290–370 μg/g, 
rules out a significant role for Zr substitution being charge 
balanced by al substitution for Si. The good agreement 
between the observed interface concentrations in the diffu-
sion experiments with those in the partitioning experiments 
suggest that the former are indeed the equilibrium partition-
ing values, and the substitution mechanism is (Zr□)SiO4. 
This is backed up by the internal consistency between the 
ratios of the interface concentrations buffered by the differ-
ent assemblages and the thermodynamic data. These asser-
tions can only be made because the chemical potentials of 
the components in the diffusion experiments were explicitly 
controlled; a diffusion couple technique where a Zr-doped 
olivine was placed next to a Zr-free olivine, for example, 
would lack such chemical potential control, and hence, no 
external check on solubility would be possible.

The free energies of formation of the (Zr□)SiO4 and 
(Hf□)SiO4 components in forsterite, referenced to the 
standard state of the component at infinite dilution (i.e., 
related to the free energy of the pure component by includ-
ing the rT γZr

ol,∞ term), can then be calculated from eq. (4) 
and its Hf equivalent as a function of temperature (Table 4). 
For this, the solubilities measured in μg/g were converted 
to mole fractions using:

where x is the molar Mg/(Mg + Fe) of olivine. Using the 
fitted Δg values, the expected solubility of Zr (in mole 
fraction) in forsterite can be predicted at temperatures out-
side of the studied range by extrapolation, as in Fig. 8b 
which also includes Zr concentration of olivine in a par-
agenesis of garnet peridotite plus zircon equilibrated at 
~830 °C (Hermann et al. 2006, unpub. data). The maximum 
solubility of Zr in forsterite decreases greatly with decreas-
ing temperature; for example, at 900 °C, we calculate that 
the solubility of Zr in olivine in equilibrium with ZrSiO4 
would only be 16 ppb, although comparing values from the 
extrapolation into low temperatures with those of Hermann 
et al. (2006) suggests that the actual solubility might be 
slightly higher in a complex natural system.

effect of silica activity on Zr diffusion

Zr diffusion depends not only on temperature according to 
the arrhenius relation (Fig. 7a–c), but also crystal orien-
tation (Fig. 7a) and silica activity (aSiO2

) (Fig. 7b). Silica 

(10)
Xol

ZrSiO4
=

(

[

Zr(µg/g)
]

× 10−6

×(40.32 × 2x + 71.84 × (2 − 2x) + 60.08)

)

/91.22

Fig. 10  Interface concentration ratios from zircon or hafnon-absent 
over zircon or hafnon-present experiments in pure forsterite from 
experiments run in air, as a function of temperature, along with the 
theoretical curves showing the predicted interface concentration 
ratios for Hf and Zr. The agreement between theoretical and meas-
ured is within error where the Zr or Hf contents in periclase-buffered 
experiments are well constrained (1,500 °C Zr, 1,405 °C, Hf). Where 
there are poor constraints on Zr concentration at diffusion interface 
in periclase-buffered experiments (1,400 and 1,313 °C, Zr) the errors 
on concentration ratios are extremely high. Conclusions are therefore 
drawn from the data points with lower errors
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activity is considered instead of magnesia activity, because 
it changes less than aMgO would between the forsterite and 
the San Carlos olivine experiments. The faster diffusion in 
the low aSiO2

 experiments implies that diffusion takes place 
via octahedral site cation (Mg2+) vacancies. For this rea-
son, and following Zhukova et al. (2014), we assume that 
the effect of aSiO2

 is on the diffusion jump frequency rep-
resented by the pre-exponential factor in the diffusion rela-
tion (Do), rather than the activation energy, eact. The gener-
alized relation for the diffusion coefficient as a function of 
temperature along each crystallographic axis is:

where 2.303 is ln(10). To this relation, we fitted the meas-
ured diffusion coefficients for the experiments in forsterite 
in air from 1,200 to 1,500 °C (four temperatures at 100 °C 
intervals), buffered by the three three-phase assemblages, 
and along the three crystallographic axes. This gives a total 
of 4 × 3 × 3 = 36 samples, less than 3 samples at 1,200 °C 
buffered by fo-tBdd-per, for which the diffusion profiles 
were of too poor a quality to be quantified. The remaining 
33 data were fitted by weighted least squares, with log D 
weighted using either the observed uncertainties in Table 3 
or ±0.1, whichever is the larger. This weighting avoids 
biasing the fit to values with improbably small uncertain-
ties. The initial results gave a very good fit to the data, with 
a reduced chi-squared 

(

χ2
v

)

 of 1.0, assuming a simplified 
model with the same values of n and Eact in all three crys-
tallographic orientations. The value of n was 0.24 ± 0.05. 
Since the value of n should reflect the stoichiometry of 
the point defect equilibrium that produces Mg vacancies, 
it should be a rational number; accordingly, it was fixed at 
1/4, and the regression repeated. The results of the fitting 
with n = 1/4 gave Eact = −368 ± 17 kJ mol−1, and log 
Do(a) = −3.82 ± 0.53, log Do(b) = −3.36 ± 0.53 and log 
Do (c) = −3.07 ± 0.53. The dependence on aSiO2

 is weak 
(

D ∝ a
1/4
SiO2

)

 and contrasts to its effect on the diffusion 
of the 2+ cations ni2+ and Co2+, for which 

(

D ∝ a
2/3
SiO2

)

 
(Zhukova et al. 2014). at present, there is insufficient 
experimental evidence to explain this discrepancy, which 
might be illuminated by studying diffusion of other trace 
elements in forsterite in a similar manner.

relative rates of Zr and Hf diffusion

Diffusion of Hf was studied either by analyzing Hf impuri-
ties in the Zr experiments or on its own, buffered by the 
three three-phase assemblages fo-pren-hnon, fo-hnon-
hnia and fo-hnia-per (experiment ZODe5, along the c 
axis only). Observed values of log DHf are compared to 
fitted values of log DZr in Fig. 7c. The average ratio DHf/
DZr for diffusion along the c axis is around 0.6, i.e., Zr is 
slightly faster than Hf. Since we did not conduct explicitly 

(11)logD = nlog aSiO2
+ logDo − Eact/2.303 RT

Hf-buffered experiments to measure diffusion along the a 
and b axes, the only data for diffusion along these crystal-
lographic axes are from the experiments where Hf is a con-
taminant. The very low levels of Hf in these experiments 
mean that the data are not precise enough for a meaningful 
comparison.

The geochemical similarities of Zr and Hf are well 
acknowledged. Here, this similarity is attested to by the simi-
lar solubilities of Zr and Hf in olivine coexisting with equiva-
lent buffering assemblages (within a few percent, when taken 
as a mole fraction), as do the similar olivine/melt partition 
coefficients (see also Tuff and O’neill 2010). This raises the 
question of why the diffusion rates of Hf, although broadly 
similar to those of Zr, should be resolvably slower where 
the data are precise enough to justify the comparison. The 
ionic radii are so similar in octahedral coordination (0.72 
Å for Zr4+ and 0.71 Å for Hf4+) that it would be surprising 
if this factor had much effect, given that the large range in 
ionic radii of the rare earth elements does not produce much 
difference in diffusion rates (Spandler and O’neill 2010). 
Perhaps, by analogy with differences in the diffusion of iso-
topes (e.g., Vineyard 1957), the heavier atomic mass of Hf 
(178.49) compared to Zr (91.22) may contribute.

Solubility and diffusion of Zr in San Carlos olivine and the 
effect of Fe contamination

The solubility of Zr in natural Fe-bearing olivines might 
in principle differ from that in pure forsterite due to two 
effects. Firstly, even if the substitution mechanism remains 
the same, the activity coefficient γ ol

Zr may change with Fe2+/
(Mg + Fe2+) ratio, as indeed the activity coefficients for 
a variety of divalent cations do, substituting homovalently 
in olivine (Tuff and O’neill 2010). The underlying reasons 
include the larger sizes of the octahedral sites in Fe2SiO4 
compared to Mg2SiO4 and changes in ability of the octa-
hedral sites to relax to accommodate cations of differ-
ent sizes (e.g., Blundy and Wood 1994)). The expectation 
is that Zr concentration should increase with increasing 
Fe2+/(Mg + Fe2+) because Fe2+ is larger than Mg2+ and 
the Fe2SiO4 structure (fayalite component) is less rigid 
than Mg2SiO4. Secondly, the substitution mechanism may 
change because the presence of Fe3+-related defects or per-
haps other impurities (predominantly al3+) in the natural 
olivines provide alternative possibilities for charge balanc-
ing, although the comparison between the interface concen-
trations in the diffusion experiments with the zircon-satu-
rated olivine/melt partitioning experiment shows that al 
has no effect. In fact, the experimentally observed solubili-
ties of Zr in the San Carlos olivine in equilibrium with the 
equivalent buffering assemblages is only slightly greater 
than those in pure forsterite (Table 3), suggesting that the 
substitution mechanism remains the same.
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 The presence of Fe3+-related octahedral site vacancies 
(i.e., Fe3+

4/3�2/3SiO4) might be anticipated to have substan-
tial effects on diffusion rates by providing vacancy path-
ways for the aliovalent cations to move through. However, 
the DZr values measured in the San Carlos olivine overlap 
within uncertainty with those from pure forsterite [−14.4 
(±0.1) compared to −14.5 (±0.1)]; they appear to only be 
slightly faster (Fig. 7). Spandler and O’neill (2010) esti-
mated ~200 μg/g Fe3+ in their experiment on San Carlos 
olivine, which was done at lower T (1,300 °C) and slightly 
lower relative fO2 (ΔQFM = −1 vs. −0.27). We expect 
that the Fe3+ in olivine in the present study will be slightly 
higher and that this Fe3+ is present throughout the crystal. 
The concentrations of Zr at the interface in orthopyroxene 
and magnesiowustite-buffered experiments are only 20 and 
4 μg/g, respectively, so on a molar basis, the concentrations 
of Zr (and Hf) are about two orders of magnitude lower 
than Fe3+ over most of the diffusion profile, such that con-
siderable potential for Zr and Hf to diffuse via Fe3+-asso-
ciated vacancies is possible. We suggest, however, that the 
trivalent iron-associated octahedral site vacancies in San 
Carlos olivine are not utilized by the diffusing Zr or Hf, 
both of which require a vacancy for charge balance. rather, 
the charge-balancing vacancies in the (Zr□)SiO4 complex 
move with the diffusing Zr; hence, the overall vacancy pop-
ulation of the crystal has a reduced effect on diffusivity. It 
is expected that a diffusing aliovalent cation with a strong 
binding energy to its associated vacancy should yield an 
error function-shaped profile (Crispin and Van Orman 
2010) as demonstrated by both Zr and Hf. This suggests 
that these cations are predominantly exploiting their own 
vacancies rather than the overall vacancy population of the 
crystal.

This is further supported by the lack of correlation 
between Fe-contaminant diffusion and Zr diffusion (e.g., 
Fig. 3). If the Fe3+-associated vacancies (in air, at 1,200–
1,500 °C, a considerable amount of the contaminant Fe 
will be trivalent) were being exploited by diffusing Zr, we 
would expect to see coupled diffusion, the profiles should 
be the same length and shape. This is not observed.

The contaminating amounts of Fe at the crystal interface 
were often high (102–104 μg/g) when experiments were 
conducted at high fO2 (air). The experiment at 10−11.2 bars 
(ZODe3) had much lower levels of Fe contamination than 
the air equivalent at 1,400 °C (ZODe2), and its contami-
nating Fe would be all Fe2+, whereas in air, it would be a 
mixture of Fe3+ and Fe2+ (Mallmann and O’neill 2009). 
Taken together with the results on San Carlos olivine, there 
appears to be no correlation between Zr diffusivity and the 
contaminating Fe in our forsterite experiments. This does 
not, however, mean that the diffusivities obtained in this 
study can be readily extrapolated into the natural olivines; 
the arrhenius curves may have different activation energies 

leading to considerably different diffusion coefficients at 
lower temperatures. Conducting further experiments, spe-
cifically a temperature series in natural olivine, can eluci-
date this.

The effect of oxygen fugacity on diffusion and partitioning

In order to check the effect of oxygen fugacity (fO2), a dif-
fusion experiment was conducted at reducing conditions at 
1,400 °C using a 95 % CO: 5 % CO2 mix to produce an fO2 
of 10−11.2 bars, corresponding to 4.9 log units below the 
quartz–fayalite–magnetite oxygen buffer, ΔQFM = −4.9 
(O’neill 1987). given that all ions in the system (Si4+, 
Mg2+, O2−, Zr4+) are homovalent in the region of interest, 
the solubilities should be independent of fO2, and diffusion 
rates should only change with those point defect equilib-
ria in Mg2SiO4 that depend on fO2 such as oxygen anion 
vacancies charge-balanced by electrons in the conduction 
band, or Mg and Si interstitials (Smyth and Stocker 1975; 
Stocker 1978).

The results show no resolvable effect on diffusion but 
a peculiar effect on interface concentration. The inter-
face concentration buffered by the two zircon-bearing 
assemblages have a small but resolvably lower concentra-
tion of Zr, with a weighted average of 12.5 ± 0.6 versus 
18.9 ± 1.5 μg/g for the equivalent two samples in air. The 
latter solubilities are in good agreement with solubilities at 
higher and lower temperatures in air (Fig. 8a). Secondly, 
the interface concentration in the sample buffered by fo-
tBdd-per has the same concentration as the two zircon-buff-
ered assemblages, not the factor of five lower concentrated 
observed in the experiments in air, which is as expected 
from thermodynamic calculation. One explanation is that 
SiO2 becomes slightly volatile under the conditions of the 
experiment. Mobility of SiO2 might have contaminated the 
low-aSiO2

 samples with enough SiO2 to change the buffer-
ing assemblage. Unfortunately, the buffering assemblages 
were not recovered from the samples of this run, so this 
explanation cannot be checked. It also does not address 
the slightly lower concentrations in the two ZrSiO4-buff-
ered assemblages. These results are the subject of further 
investigation.

Comparison of diffusion coefficients with previous studies

Only one published study of Zr and Hf diffusion in olivine 
currently exists, that of Spandler and O’neill (2010). They 
filled an olivine ‘crucible’ with a synthetic basaltic melt 
doped with a variety of trace elements, heated to 1,300 °C 
and monitored diffusion from the melt into the crystal. 
Despite the differences in experimental procedure, the dif-
fusion coefficients for both Hf and Zr from Spandler and 
O’neill (2010) are in good agreement with those found 
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in this study (Fig. 7). The unpublished study of remmert 
et al. (2008) where Hf diffusion was measured in olivine 
with rBS will not be discussed, as insufficient information 
is available to allow the evaluation of their experimental 
technique and results.

Figure 11 shows the temperature of Zr diffusion buff-
ered by the highest aSiO2

 assemblage (fo-pren-zrc) along 
the three principal crystallographic axes along with some 
data representing H, Fe–Mg (or Fe or Mg tracer), O and 
Si diffusion in olivine. It is well established that of the 
major elements in olivine, Fe–Mg diffuse fastest and Si 
significantly slower, with O intermediate between the two, 
although there is still quite considerable variation of meas-
ured rates between different studies. Zr and Hf are found 
to diffuse at around the same rate as the divalent cations 
(i.e., their diffusivities are closer to Fe–Mg than O or Si), 
a finding that is unsurprising when the octahedral site sub-
stitution mechanism of Zr and Hf are considered. every Zr 
cation moving through the forsterite structure will require 
a coupled movement of a single vacancy in the same direc-
tion and a movement of two magnesium ions in the oppo-
site direction to maintain local charge neutrality.

While the diffusivity of Zr (and Hf) are within the range 
of Fe and Mg at around 1,400 °C, the activation energies 
for diffusion are considerably higher compared to Fe–Mg 
interdiffusion, shown in Fig. 11 by the steeper slope of 
the arrhenius curve. This suggests that, assuming a linear 
extrapolation of the curves, Zr and Hf diffusion will be con-
siderably slower than the divalent cations at lower, geologi-
cally more relevant, temperatures. However, it may be that 
the activation energy is more a function of the forsterite 
matrix than the diffusing cations; Chakraborty et al. (1994) 
showed that Mg tracer diffusion in pure forsterite has a con-
siderably higher activation energy than in natural olivine 
[400(±60) k J mol−1 compared to 275(±25) k J mol−1]. 
Further experiments investigating the temperature depend-
ence of Zr and Hf diffusion in natural olivines are of course 
necessary to determine whether the diffusing cation or 
the enclosing matrix exerts a greater control on activation 
energy.

Implications for diffusion studies

Chakraborty (2008) stated elegantly that the process of 
diffusion “may well hold the record for the longest gap 
between the observation/application of a phenomenon and 
its explanation.” However, despite the plethora of diffusion 
studies quantifying the rate of trace element diffusion in 
olivine and other geological materials, we have shown that 
our collective understanding of the process has a long way 
to go before a true unifying theory can be presented.

One commonly held belief is that cations with high 
charge diffuse much more slowly in olivine than divalent 
and monovalent cations. In olivine, al3+ and P5+ do indeed 
seem to have orders of magnitude slower diffusion rates, 
similar to Si4+, presumably because these cations sub-
stitute on the tetrahedrally coordinated Si site. This study 
has shown that the rates of diffusion of Zr4+ and Hf4+ at 
1,200–1,500 °C lie closer to the range of iron–magnesium 
inter-diffusion and Mg tracer diffusion than to silicon 
self-diffusion in olivine, as do the ree trivalent cations 
(Spandler and O’neill 2010; Qian et al. 2010). all these 
cations, being too large to substitute for Si, are thought to 
occupy octahedral sites. This shows that ionic charge is not 
by itself a major factor in determining diffusion rates.

This study has demonstrated that the activity of compo-
nents in the system of interest exerts significant control on 
the diffusion of Zr and Hf in olivine, and it is postulated 
that this effect will carry through to other mineral species 
as well. This has also recently been demonstrated for ni 
and Co diffusion in olivine (Zhukova et al. 2014). Thus, 
experimental diffusion data are valid only for the activity 
conditions under which the experiments were run and can-
not be readily extrapolated into natural conditions without 
a more thorough understanding of the effect of chemical 

Fig. 11  Some data from this study (fo-pren-zrc buffer, all three axes) 
compared with a variety of trace and major element diffusion in oli-
vine. Dashed lines represent hydrogen diffusion. Short dashed lines 
are either Fe–Mg interdiffusion or Mg tracer diffusion. Dotted lines 
are oxygen diffusion, and dashed-dotted lines silicon self-diffusion. 
a Mackwell and Kohlstedt (1990) (H-in); b Demouchy and Mack-
well (2006) (H-in); c Padrón-navarta et al. (2014) (H-out) d Mis-
ener (1974); e Buening and Buseck (1973); f Dohmen et al. (2007); 
g Chakraborty et al. (1994); h: ryerson et al. (1989); i Costa and 
Chakraborty (2008); j reddy et al. (1980); k ando et al. (1981); l 
Jaoul et al. (1983); m Dohmen et al. (2002b); n Houlier et al. (1990)
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potentials and substitution mechanisms. We recommend 
that future diffusion experiments are designed to take this 
into account, regardless of the system under investigation 
and the analysis method being used.

This study has demonstrated the desirability of con-
straining the equilibrium solubility of the diffusing trace 
elements in the target material independently of the actual 
diffusion experiments. Many studies of trace element dif-
fusion in minerals fail to present the concentrations of 
the diffusant, despite these data generally being available. 
Without this information, which is of course a prerequisite 
of showing that the interface values represent equilibrium, 
it is difficult to evaluate whether the process being investi-
gated is indeed diffusion. The error function is not unique 
to diffusional processes, so proffering the profile shapes as 
evidence for bulk diffusion is insufficient. Similarly, plots 
of diffusion coefficients against inverse temperature are 
insufficient evidence to establish that the process studied is 
lattice diffusion; other effects, such as the development of 
surface topography or chemical reactions at the interface, 
may also follow the arrhenius relationship. In this study, 
partitioning experiments were used to show that the inter-
face concentrations in the diffusion experiments conformed 
to equilibrium solubility. While we acknowledge that this 
may not always be feasible, at the very least, interface con-
centrations need to be reported, to demonstrate that the val-
ues both fall within a reasonable range and change in a pre-
dictable manner with temperature.
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