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Clinopyroxene dissolution in basaltic melt
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Abstract

The history of magmatic systems may be inferred from reactions between mantle xenoliths and host basalt if the thermo-
dynamics and kinetics of the reactions are quantified. To study diffusive and convective clinopyroxene dissolution in silicate
melts, diffusive clinopyroxene dissolution experiments were conducted at 0.47–1.90 GPa and 1509–1790 K in a piston-cylinder
apparatus. Clinopyroxene saturation is found to be roughly determined by MgO and CaO content. The effective binary dif-
fusivities, DMgO and DCaO, and the interface melt saturation condition, CMgO

0 � CCaO
0 , are extracted from the experiments.

DMgO and DCaO show Arrhenian dependence on temperature. The pressure dependence is small and not resolved within
0.47–1.90 GPa. CMgO

0 � CCaO
0 in the interface melt increases with increasing temperature, but decreases with increasing pres-

sure. Convective clinopyroxene dissolution, where the convection is driven by the density difference between the crystal and
melt, is modeled using the diffusivities and interface melt saturation condition. Previous studies showed that the convective
dissolution rate depends on the thermodynamics, kinetics and fluid dynamics of the system. Comparing our results for clino-
pyroxene dissolution to results from a previous study on convective olivine dissolution shows that the kinetic and fluid
dynamic aspects of the two minerals are quite similar. However, the thermodynamics of clinopyroxene dissolution depends
more strongly on the degree of superheating and composition of the host melt than that of olivine dissolution. The models
for clinopyroxene and olivine dissolution are tested against literature experiments on mineral–melt interaction. They are then
applied to previously proposed reactions between Hawaii basalts and mantle minerals, mid-ocean ridge basalts and mantle
minerals, and xenoliths digestion in a basalt at Kuandian, Northeast China.
� 2009 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Reactive textures are commonly found along the surface
of mantle xenoliths. Dissolution or growth may happen
depending on the saturation status of the xenolith minerals
in the melt (Morgan and Liang, 2005; Shaw and Dingwell,
2008). The history of the xenolith-melt system may be
inferred from the textures if the thermodynamic and kinetic
aspects of the reactions are quantified. Clinopyroxene is a
common mineral in mantle xenoliths, and hence an impor-
tant component in the xenolith-melt reaction process.
0016-7037/$ - see front matter � 2009 Elsevier Ltd. All rights reserved.
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Clinopyroxene is usually the main reservoir for incompati-
ble elements in mantle rocks. For example, the partitioning
coefficients of rare earth elements between clinopyroxene
and melt are on the order of 0.1–0.01, 10 times higher than
that of olivine and orthopyroxene. Clinopyroxene can con-
tain high water content under certain conditions (Bell and
Rossman, 1992; Gavrilenko and Keppler, 2007). Thus,
clinopyroxene reactions with the host melt may affect trace
element and volatile budgets.

Crystal dissolution in nature often occurs under convec-
tive conditions, where convection can be driven by the den-
sity difference between the crystal and melt, or the density
difference between the interface melt and far-field melt
(e.g., Kerr, 1995; Shaw, 2000). Theory on convective crystal
dissolution has been developed by Kerr (1995) for Reynolds
number 61, and later expanded by Zhang and Xu (2003) to
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Reynolds number up to 105. This approach has been tested
by halide dissolution in aqueous sodium carboxymethyl cel-
lulose solutions (Kerr, 1995), halide dissolution in water
(Zhang and Xu, 2003), CO2 droplet dissolution in seawater
(Zhang, 2005), and CO2 bubble growth in beer (Zhang and
Xu, 2008). Application of this theory requires two key
parameters: the saturation condition (i.e., the interface melt
composition at given T and P) and the diffusivity in the host
melt, both of which can be obtained by diffusive crystal dis-
solution experiments. Convective crystal dissolution exper-
iments, on the other hand, cannot be used to quantify
diffusivity. Furthermore, convective crystal dissolution
experiments in laboratories often do not mimic the condi-
tions of natural convective crystal dissolution, and the
observed convective dissolution rate may not be applicable
to natural conditions. Hence, the approach of this study is
to carry out diffusive clinopyroxene dissolution experiments
to understand both diffusive and convective clinopyroxene
dissolution. The diffusivity and interface melt composition
are obtained from the diffusive experiments and applied
to convective crystal dissolution in nature.

Experimental studies on clinopyroxene dissolution are
limited (Fig. 1). In the early experiments by Scarfe et al.
(1980) and Brearley and Scarfe (1986) convection was not
controlled and affected the dissolution process, causing
inaccuracy in the derived diffusivities (Zhang et al., 1989).
Kuo and Kirkpatrick (1985) studied diopside melting in
its own melt at 1 atm and measured the interface reaction
rate. Zhang et al. (1989) investigated diffusive diopside
dissolution in an andesitic melt (3 sets of P–T conditions)
and highlighted past errors in extracting diffusivities from
convective dissolution experiments. Van Orman and Grove
(2000) studied diffusive diopside dissolution in a lunar fer-
robasalt at four P–T conditions but only reported diffusiv-
ities and interface melt composition at 1623 K and 1.3 GPa.
Fig. 1. T and P conditions of clinopyroxene dissolution experiments. D
experiment of this study, in which the clinopyroxene partially melted; 3.
basalt (47 wt% SiO2); 4. Brearley and Scarfe (1986), clinopyroxene dissolu
diopside dissolution in andesite (56 wt% SiO2); 6. Van Orman and Grov
SiO2). The solid curve is the pure disopide melting curve by Boyd and Eng
the rough liquidus of the basalt used in this study, estimated by MELTS
Hence, new and systematic diffusive dissolution experi-
ments covering a wide range of P and T conditions are nec-
essary to better quantify the diffusivity and saturation
condition, in order to model convective clinopyroxene
dissolution.

In this study, we investigate non-convective clinopyrox-
ene dissolution in basalt at 0.47–1.90 GPa and 1509–
1790 K. This is a sister study of our recent work on olivine
dissolution in basalt (Chen and Zhang, 2008). Convective
clinopyroxene dissolution is then modeled using the inter-
face melt composition and diffusivities extracted from the
experiments. This model and the previous model on olivine
dissolution are applied to mineral–melt reactions in Hawaii
basalts, mid-Atlantic ridge basalts, and continental intra-
plate basalts at Kuandian, Northeast China.

2. EXPERIMENTS AND ANALYTICAL METHODS

A clinopyroxene crystal and a basaltic glass disc are
placed together and heated to above the liquidus of the basalt
in a 1/2-inch piston-cylinder apparatus. The basaltic glass
was from Juan de Fuca Ridge (Dixon et al., 1986, 1988). Its
composition is listed in Table 1. Tholeiitic basalt glass was
chosen because tholeiite is the most common basalt and nat-
ural glass samples are available. The glass was cut and ground
into 2 mm diameter rods and sliced into�1.6 mm thick discs,
and doubly polished. The clinopyroxene is a natural sample
from American Museum of Natural History. Its composition
is close to diopside end-member (Table 1). The clinopyroxene
crystal was cut and ground into�2.4 mm diameter rods and
sliced into �1.1 mm thick discs, and doubly polished. The
clinopyroxene is difficult to machine because it breaks easily
along its cleavages. Efforts were made to minimize cracks in
the clinopyroxene discs used in experiments, but minor
cracks were difficult to avoid.
ata sources: 1. This study (50 wt% SiO2 in the melt); 2. A failed
Scarfe et al. (1980), convective clinopyroxene dissolution in alkali
tion in alkali basalt (49 wt% SiO2); 5. Zhang et al. (1989), diffusive

e (2000), diffusive diopside dissolution in lunar ferrobasalt (47 wt%
land (1963) and Williams and Kennedy (1969). The dashed curve is
program (Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998).



Table 1
Starting clinopyroxene and glass composition (wt%).

Clinopyroxene Basalt Electron microprobe
analysisa

2r Error Standard

SiO2 54.15 50.23 0.40 K-feldspar
TiO2 1.94 0.08 Geikielite
Al2O3 0.60 13.61 0.16 K-feldspar
FeO 0.91 12.06 0.19 Ferrosilite
MnO 0.22 0.11 Rhodonite
MgO 17.90 7.05 0.12 Olivine
CaO 25.40 10.75 0.19 Clinopyroxene
Na2O 0.41 2.73 0.10 Albite
K2O 0.17 0.05 K-feldspar
P2O5 0.10 0.09 Apatite
H2O 0.25–0.40b

Total 99.37 99.16

a Beam condition: 15 kV, 5 nA, 5 � 5 or 20 � 20 lm raster.
Counting time: 60 s for SiO2 and FeO, 30 s for TiO2 and CaO, and
20 s for the others.

b Fourier transform infrared spectrometry measurement.
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The sample assembly follows the design in Chen and
Zhang (2008). The interface melt produced by clinopyrox-
ene is actually less dense than the initial basaltic melt, based
on the density model of Lange and Carmichael (1987) and
Ochs and Lange (1999). This was not realized until Exp# 1,
5, 6 and 7 were done. Hence, in Exp# 1, 5, 6 and 7, the
clinopyroxene disc was placed under the glass disc, while
in later experiments it was placed on the top to prevent con-
vection. The potential problem of convection in Exp# 1, 5,
6 and 7 will be evaluated in Section 3.

The experimental procedure follows Chen and Zhang
(2008). Chen and Zhang (2008) carried out time-series
experiments on olivine dissolution to examine how the
interface melt composition and the compositional profile
in the melt evolve with experimental duration. They con-
cluded that the interface reaction was rapid for olivine dis-
solution. Time-series experiments were not conducted in
this study because (1) the clinopyroxene–melt interface
reaction is more rapid than olivine–melt interface reaction
rate (Kuo and Kirkpatrick, 1985); (2) Zhang et al. (1989)
showed that interface reaction is so rapid that diffusion
takes control within 0.0002–0.2 s; and (3) our experimental
design is proved to suppress convection effectively (Zhang
et al., 1989; Chen and Zhang, 2008). The duration of the
experiments is designed to be long enough to generate a
measurable diffusion profile, but short enough so that the
melt can be treated as an infinite reservoir.

Nine experiments were conducted at T and P shown in
Fig. 1. The feasible T–P conditions are limited by two fac-
tors. First, the temperature must be higher than the liquidus
temperature of the basalt, otherwise crystallization occurs.
Based on MELTS program (Ghiorso and Sack, 1995; Asi-
mow and Ghiorso, 1998), the liquidus phase is olivine at
low pressure and clinopyroxene at high pressure. Crystalli-
zation in the bulk melt must be avoided because it disturbs
the diffusion and dissolution processes. Second, the temper-
ature must be lower than the melting temperature of the
clinopyroxene. At 0.47 GPa, the melting point for pure
diopside is �1733 K (Boyd and England, 1963; Williams
and Kennedy, 1969), but the clinopyroxene used in this
study is not a pure diopside and was partially melted at
1653 K (the failed experiment in Fig. 1). The suitable tem-
perature range at a given pressure is limited to a window of
�200 K by these two factors. Considering that the predic-
tions by MELTS program have some errors, experiments
were tried at temperatures slightly lower than the liquidus
predicted by MELTS program in order to better constrain
the temperature dependence of the diffusivities and inter-
face melt saturation condition. It turned out that no crystal-
lization occurred at �30 K below the predicted liquidus.

After the experiments, the samples were examined under
electron microprobe. Compositional profiles in the glass
were measured. The analytical details are in Table 1.

3. EXPERIMENTAL RESULTS

Table 2 shows the run conditions of all successful exper-
iments. Fig. 2 shows a BSE image of a polished experimen-
tal charge and an associated MgO concentration profile.
The large center part of the clinopyroxene crystal is in con-
tact with the melt and was dissolved and indented. Since the
clinopyroxene disc has a larger diameter than the glass disc,
the narrow rim part of the clinopyroxene remains intact.
The clinopyroxene crystal and glass are always cracked
after exposure. The cracks in glass are sub-parallel to the
clinopyroxene–glass interface and are unfilled, indicating
that they formed during quench. Cracks in clinopyroxene
crystals are unfilled, filled by graphite, or filled by glass.
The cracks filled by glass are avoided when measuring com-
positional profiles.

The interface between clinopyroxene and melt is not as flat
(Figs. 3a, Fig. 4a) as that between olivine and melt in Chen
and Zhang (2008). Examining the clinopyroxene–melt inter-
face under optical microscope shows that when a cleavage
intersects the interface, the interface indents (Fig. 4b). Every
major indentation is correlated with a major cleavage in the
clinopyroxene. Those major indentations are avoided in
measuring dissolution distance and compositional profiles.

Quench crystals are observed in all experiments. They
fall into two categories based on their morphology and
experimental conditions. At temperatures lower than
1544 K (Exp# 1 and 14), a few needle-shaped or dendritic
crystals (<10 lm long) extend from the interface into the
glass (Fig. 3a). At temperatures higher than 1544 K, clus-
ters of crystals with dendritic texture extend up to 270 lm
away from the interface (Fig. 3b). Crystals of both types
are attached to the crystal–melt interface. No crystals are
found in other regions in the glass. The composition of
the crystals cannot be measured accurately because they
are too thin. EDS analyses suggest they are clinopyroxenes.
The compositional profiles within the crystalline zone were
measured with 20 � 20 lm electron beam size, as opposed
to 5 � 5 lm used for crystal-free zone.

Clinopyroxene dissolution distance is directly measured
in three ways (L1, L2 and L3 in Table 2). L1 is obtained by
subtracting the final clinopyroxene thickness (measured un-
der optical microscope) from the initial thickness (measured
by a digital micrometer). L2 is the dissolution distance



Table 2
Summary of experimental conditions and dissolution distances.

Exp# T1 (K) T2 (K) P (GPa) Duration (s) Diopside dissolution distance (lm)

t1 t2 L1
a L2 L3 L4

1 1544 1555 0.47 1799 1807 37 ± 10 37 ± 6 38 ± 6 31 ± 2
5 1635 1654 0.95 725 732 <81 49 ± 16 50 ± 15 51 ± 3
6 1719 1743 1.42 720 732 <198 158 ± 7 155 ± 6 163 ± 4
7 1594 1624 0.47 605 613 <89 67 ± 8 65 ± 7 94 ± 10
8 1667 1694 0.95 721 733 <247 138 ± 10 138 ± 9 141 ± 6
11 1695 1748 1.90 482 494 <92 44 ± 13 44 ± 12 41 ± 3
12 1641 1680 1.42 721 732 <118 31 ± 13 30 ± 12 28 ± 2
14 1509 1517 0.47 2397 2404 <22 11 ± 10 7 ± 9 8 ± 1
15b 1790 1797 1.90 356 378 <236 147 ± 8

Note: T1 is corrected experimental temperature (Hui et al., 2008). T2 is the liquidus temperature of the interface melt calculated using MELTS
program (interface melt compositions are listed in Table 4). P is the corrected pressure. t1 is the nominal duration. t2 is the corrected duration.
L1 is obtained by subtracting the final clinopyroxene thickness (measured under optical microscope) from the initial thickness (using a digital
micrometer). L2 is the dissolution distance measured under optical microscope using the clinopyroxene rim as a reference. L3 is that measured
under electron microprobe. L4 is calculated by Eq. (5). The errors are at 2r level.
All experiments except for Exp# 15 were heated up by single stage of fixed heating rate of 900 K/min. Exp# 15 was conducted in a different

piston-cylinder apparatus. Type-D thermocouple was used instead of type-S. The sample was heated up through multiple stages of different
heating rates to minimize temperature overshooting.

a For most experiments a small melt reservoir existed on the other side of the clinopyroxene disc opposite to the major melt reservoir, and
consumed some clinopyroxene. Hence L1 values for most experiments are only upper limites.

b The rim of the clinopyroxene crystal in the cross section of Exp# 15 is dissolved, hence L2 and L3 are not measured.

Fig. 2. Back-scattered electron image of the cross-section of Exp# 11 and corresponding MgO concentration profile measured by electron
microprobe. In the BSE image, the clinopyroxene disc is on top of the basaltic glass cylinder. Electron microprobe analysis traverses are
shown as dashed lines. An enlarged view of the zone of quench crystals is shown in Fig. 3b. In the profile (right-hand side), the MgO
concentration increases towards the clinopyroxene–melt interface, but decreases abruptly at very close to the interface (at distance of 0–20 lm,
marked by the shaded zone). Note that the zone of quench crystals extends beyond this shaded zone, and the profile segment within the zone
of quench crystals connects smoothly with the profile segment farther away from the interface.
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measured under optical microscope using the clinopyroxene
rim as a reference. L3 is that measured under electron
microprobe. Measurement of the final clinopyroxene thick-
ness under microscope has an error of ±5 lm. Measure-
ment of the dissolution distance between the rim and the
center has a reading error of ±1.25 lm under microscope,
and ±0.5 lm under electron microprobe. A more important
source of error is the heterogeneity in the initial clinopyrox-
ene thickness, which on average is about ±9 lm (2r). The
heterogeneity is caused mainly by two factors: (1) the rim
tends to be thinner than the center; (2) when a crack inter-
sects the surface, the adjacent area tends to be thinner.

Compositional profiles of Exp# 1 are shown in Fig. 5.
The profiles of the other experiments and data of all
experiments are in Electronic Annex 1 and 2, respectively.
For each experiment multiple compositional traverses were
measured. The traverses match suggesting that the they
were not disturbed by convection (e.g., Shaw, 2000). The
profiles can be fitted well with Eq. (2a) (Section 4.2). The
diffusivities and interface melt compositions extracted from
Exp# 1, 5, 6 and 7, in which the crystal disc was placed
below the glass disc, are consistent with later experiments
(Sections 4.2 and 4.3). If convection occurred in these early
experiments, there would be systematic differences between
the experimental datasets. Furthermore, the stability of the
melt boundary layer regarding composition-driven convec-
tion can be evaluated by estimating its compositional
Rayleigh number:



Fig. 3. BSE images of two different types of quench crystal
morphology. (a) In a low temperature experiment (Exp# 1,
1544 K). (b) In a high temperature experiment (Exp# 11, 1695 K).

Fig. 4. Optical microscope images of Exp# 1. (a) Reflective light.
Black arrow points to a major indentation in the interface. (b)
Transmitted light on the same area in (a). The white arrow on the
left points to the position of the major indentation shown in (a).
The white arrow on the right points to a cleavage that intersects the
interface at the position of the indentation.
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Ra ¼ gDqd3

gD
; ð1Þ

where g is the gravity constant, Dq is the density difference,
d is the boundary layer thickness, g is the melt viscosity, and
D is the diffusivity. This value must exceed about 1000 for
the boundary layer to be unstable (Sparks et al., 1984). In
Exp# 1, 5, 6 and 7, the boundary layer is not thick enough
to satisfy this criterion.

The compositional profiles in the far-field are flat. The
far-field melt compositions agree well with the initial
composition. In general, SiO2, MgO and CaO increase
towards the clinopyroxene–melt interface, while the other
components decrease. These general trends change
abruptly at very close to the clinopyroxene–melt inter-
face: SiO2, MgO and CaO decrease (e.g., the MgO profile
in Fig. 2 marked by the shaded zone) while TiO2, Al2O3,
FeO, Na2O and K2O increase when approaching the
interface. This bend of the profiles has been observed
previously (e.g., Zhang et al., 1989; Chen and Zhang,
2008) and is attributed to clinopyroxene overgrowth dur-
ing quench (see Section 4.1). Note that this feature is not
clearly resolved in some experiments (e.g., Exp# 1 in
Fig. 5). FeO shows uphill diffusion toward the interface
in Exp# 1, 12 and 14, but in other experiments the uphill
diffusion is not obvious.
4. DISCUSSION AND APPLICATIONS

4.1. Interface crystals and quench effect

Although the melt near the interface contains numerous
tiny crystals, the compositional profiles in this zone (aver-
aged by 20 � 20 lm electron beam) agree with those in
the crystal-free zone (Fig. 2), suggesting that they are not
disturbed by the crystals. This consistency and the dendritic
texture of the crystals suggest that the crystals formed dur-
ing quench, not during clinopyroxene dissolution.

The bent profiles very close to the interface (the shaded
zone of the profile in Fig. 2) are attributed to clinopyroxene
overgrowth on the existing crystal surface during quench.
The exact composition of the overgrowing clinopyroxene
cannot be measured because the layer is too thin. MELTS
program suggests that Mg- and Ca-rich clinopyroxene is
the liquidus phase of the interface melt, which is expected
because the interface melt is close to the saturation of
Mg- and Ca-rich clinopyroxene. Growth of such an Mg-
and Ca-rich clinopyroxene on the existing crystal surface
during quench would cause the depletions of SiO2, MgO
and CaO in the interface melt. The bent profiles are not
clearly resolved in some experiments, and are less



Fig. 5. Compositional profiles in the quenched glass of Exp# 1
(1544 K, 0.47 GPa, 30 min). The vertical axes are oxide concen-
trations in wt%. The horizontal axis is the distance to the
clinopyroxene–glass interface.
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significant compared to the feature in olivine dissolution
experiments (Chen and Zhang, 2008). This may be
explained by smaller compositional difference between
clinopyroxene and melt than between olivine and melt. It
is interesting to see that the extent of the quench crystals
does not match the length of the bent profiles.

In summary, there are two quench effects: the first is the
dendritic growth of clinopyroxene crystals in the melt near
the interface; and the second is the uniform overgrowth of
clinopyroxene on the existing clinopyroxene surface. For
the first quench effect, the melt composition before the den-
dritic growth can be recovered by using large beam size in
electron microprobe analyses, and are not excluded when
the prefiles are treated to quantify the diffusivity and inter-
face melt composition (Section 4.2). The bent part of the
profile is caused by the second quench effect and not related
to clinopyroxene dissolution. It is therefore excluded when
the profiles are treated.

4.2. Profile treatment and effective binary diffusivity

The main purpose of the experiments is to obtain the
interface melt composition and diffusivities. There is some
concern that the diffusivities in the melt could not be deter-
mined because clinopyroxene is a solid solution and diffu-
sion in clinopyroxene might control the dissolution
kinetics. Liang (2000) studied the effect of solid solution
on crystal dissolution and concluded that dissolution of
practically all minerals in natural melts is controlled by
diffusion in the melt, meaning that the diffusion in clinopy-
roxene does not affect the dissolution rate. Hence, the
compositional profiles in the melt can be fitted by the
solution to the one-dimensional diffusive dissolution equa-
tion (Crank, 1975; Zhang et al., 1989; Liang, 1999) to
obtain effective binary diffusivities:

C ¼ C1 þ ðC0 � C1Þ
erfc

x

2
ffiffiffiffiffi
Dt
p � a

� �
erfcð�aÞ ð2aÞ

where C is the component concentration in the melt, C0 is
the concentration at the crystal–melt interface, C1 is the
concentration at far-field, and should be a constant for
the solution to be valid, x is the distance to the crystal–melt
interface, D is the effective binary diffusivity of the compo-
nent, t is the duration of the experiment, and a satisfies:

expða2Þerfcð�aÞ
ffiffiffi
p
p

a ¼ C0 � C1
Cc � C0

; ð2bÞ

where Cc is the concentration of the component in the crys-
tal. The crystal dissolution distance L can be expressed as:

L ¼ 2a
qm

qc

ffiffiffiffiffi
Dt
p

; ð2cÞ

where qm and qc are the density of the melt and crystal,
respectively.

Fitting a profile by Eqs. (2a) and (2b) yields C0, C1 and
D of the component. The results are substituted in Eq. (2c)
and the calculated crystal dissolution distance is compared
with the L1, L2 and L3 (Table 2). This calculation is inde-
pendent of the direct measurements and provides cross-
check on the quality of the experiments.

The bent profiles close to the interface are excluded for
profile fitting. The length of the excluded part is set as

4
R t1

t0
Ddt

� �1=2

, where t0 is the time when the power is turned

off, and t1 is the time when the sample reaches room tem-
perature. The excluded parts vary from �16 lm in
�1509 K experiments to �50 lm in �1790 K experiments.
The apparent concentration maxima of MgO and CaO pro-
files always lie within the excluded segment.

Experimental durations are corrected for the effect of
heating up and quenching following Zhang and Behrens
(2000). The corrections are �7–12 s for Exp# 1–14, and
22 s for Exp# 15 (Table 2). The maximum correction
amounts to 6% increase in the effective experimental
duration.

The profiles for SiO2, TiO2, Al2O3, MgO, CaO and
Na2O have been fitted (Electronic Annex 1). The effective
binary diffusivities are listed in Table 3. SiO2 profiles of
Exp# 1, 12, 14 are not fitted because the profiles do not
constrain the diffusivity well. FeO profiles show uphill dif-
fusion and cannot be treated by the effective binary diffu-
sion approach. In the fitting results DCaO is the highest
and DSiO2

is the lowest. Using DMgO as reference,
DSiO2

� 0:48DMgO, DTiO2
� 0:8DMgO, DAl2O3

� 0:56DMgO,
DCaO � 2.4DMgO, and DNa2O � 1:3DMgO. The fact that
Na2O diffuses slower than CaO suggests complicated multi-
component effect (e.g., Zhang et al., 1989). The diffusivities
of different components tend to converge as temperature
increases, but do not converge at the same temperature
(there is no single compensation temperature).



Table 3
Effective binary diffusivities with 2r fitting errors (lm2/s).

Exp# SiO2 TiO2 Al2O3 MgO CaO Na2O

D 2r D 2r D 2r D 2r D 2r D 2r

1 ND 8.1 1.6 3.8 0.3 8.9 0.7 29.7 1.6 9.9 2.1
5 5.4 0.9 16.1 1.4 10.0 0.4 24.0 1.4 52.9 3.0 28.9 2.9
6 46.4 7.1 49.2 2.5 45.1 1.0 72.3 2.0 134.1 4.2 94.7 5.4
7 6.6 1.1 17.2 1.2 10.4 0.6 18.8 1.5 56.2 4.0 34.4 3.2
8 24.7 3.1 30.7 1.9 19.3 0.6 35.0 1.0 81.5 3.3 55.8 3.7
11 29.3 10.6 92.0 15.8 35.5 2.4 59.2 4.3 84.4 6.2 67.9 10.1
12 ND 17.1 5.8 16.1 1.5 28.2 2.5 69.4 6.0 37.7 9.6
14 ND 6.4 3.0 4.3 0.8 6.3 1.2 20.2 2.8 ND
15 50.4 5.8 62.2 10.8 71.6 2.0 111.9 3.0 197.4 9.6 123.6 9.1

ND: Not determined because the profile does not constrain the diffusivity well.
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DMgO and DCaO as functions of temperature are shown
in Fig. 6. The temperature dependence is well described by
the Arrhenian relation. The pressure dependence of the dif-
fusivities at 0.47–1.9 GPa is small and not resolved. DMgO

and DCaO are modeled as:

ln DMgO ¼ �6:664ð�0:745Þ � 28897ð�1221Þ
T

; ð3aÞ

and

ln DCaO ¼ �10:517ð�0:901Þ � 21205ð�1476Þ
T

ð3bÞ
Fig. 6. Effective binary diffusivities of MgO and CaO in the
basaltic melt as functions of T. The diffusivities are obtained by
fitting the compositional profiles with Eq. (2). The error bars
represent 2r fitting errors.
where the diffusivities are in m2/s and T is in K. The errors
given hereafter are at 2r level. The activation energy is
240 ± 20 and 176 ± 25 kJ/mol for MgO and CaO, respec-
tively. Eq. (3a) can reproduce DMgO within 0.09 natural log-
arithm units. Eq. (3b) can reproduce DCaO within 0.17
natural logarithm units.

The above equations are based on clinopyroxene disso-
lution in basalt and can be applied to MgO and CaO diffu-
sion in similar melt compositions and concentration
gradients. Although tholeiitic basalt is used in this study,
the results can be applied to alkali basalt because the diffu-
sivity in these two types of silicate melts fall within the cor-
responding errors (Chen and Zhang, 2008). Comparison
with literature data shows that the effective binary diffusiv-
ities depend on the SiO2 concentrations (Fig. 7). Applying
the results to andesite will introduce some errors. Note that
the data in Baker (1990), Kubicki et al. (1990) and Kress
and Ghiorso (1995) are from diffusion couple experiments,
not crystal dissolution experiments.

4.3. Interface and far-field melt compositions

The interface melt compositions are listed in Table 4 and
the far-field melt composition is in Table A1 (Electronic
Annex 1). Where the profile for a component is not fitted
with Eq. (2), its concentration in the interface melt is esti-
mated by visual extrapolation of the profiles to x = 0
(excluding the bent part), and its concentration in the far-
field melt is obtained by averaging the concentrations of
the flat part of the far-field profile.

The far-field melt needs to be examined to verify that it
was not affected by diffusion, so that Eq. (2) is applicable.
The far-field profiles are flat, and the composition agrees
with the initial composition. Therefore, diffusion did not
affect the far-field melt. Small variation in the far-field melt
composition is attributed to heterogeneity in the natural
basaltic glass.

The interface melt composition is one critical parameter
in modeling convective crystal dissolution and needs to be
quantified. In this section the interface melt is treated as clino-
pyroxene saturated. However, the interface melt cannot be at
exact saturation, because at exact saturation there would be
neither dissolution nor growth. Nonetheless, based on the
interface reaction rate by Kuo and Kirkpatrick (1985),



Fig. 7. DMgO and DCaO in silicate melts. The average SiO2

concentration of the silicate melts are listed in the legend. Data
sources: (a) Morgan et al. (2006), anorthosite dissolution at 1673 K
and 0.6 GPa; (b) Van Orman and Grove (2000), diopside dissolu-
tion at 1623 K and 1.3 GPa; (c) Chen and Zhang (2008), olivine
dissolution at 1543–1753 K and 0.47–1.42 GPa; (d) Kubicki et al.
(1990), diffusion couple at 1633–1873 K and 0.0001–2 GPa; (e) this
study; (f) Zhang et al. (1989), olivine, diopside and quartz
dissolution at 1488–1673 K and 0.5–2.15 GPa; (g) Kress and
Ghiorso (1995), diffusion couple at 1473–1723 K and 0.0001 GPa;
(h) Baker (1990), diffusion couple at 1473–1873 K and 0.0001–
1 GPa. Note that the quartz dissolution experiment by Zhang et al.
(1989) produced SiO2-rich melt, such that the data point falls in the
range of dacite and rhyolite.

Table 4
Interface melt composition with 2r fitting errors (wt%).

Exp# SiO2 TiO2 Al2O3

1 51.21c 1.37 0.02 9.57 0.10
5 52.73 0.33 1.07 0.03 7.10 0.14
6 52.81 0.23 0.69 0.02 5.08 0.08
7 53.05 0.26 0.62 0.03 3.71 0.26
8 53.78 0.33 0.52 0.04 3.40 0.22
11 51.54 0.30 1.42 0.02 10.10 0.10
12 50.95c 1.36 0.05 10.86 0.14
14 50.50c 1.66 0.02 12.50 0.09
15 53.51 0.34 0.68 0.12 5.31 0.17

a MnO is �0.2 wt%, K2O and P2O5 are �0.1 wt%.
b FeO profiles are not fitted. The interface FeO concentrations are esti
c SiO2 profiles of these experiments were not treated. The SiO2 concen

Fig. 8. CMgO � CCaO of the interface melt at different P and T.
Solid symbols are data from this study. Hollow symbols are
literature data. SiO2 ranges from 47 to 56 wt%. See Fig. 1 for the
experimental conditions of the literature data.
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Zhang et al. (1989) showed that during clinopyroxene disso-
lution the interface melt reaches 99% of saturation within
0.0002–0.2 s. Hence, the interface melt is practically satu-
rated with clinopyroxene considering the electron micro-
probe precision of no better than �1% relative. Another
issue is that the saturation melt during diopside dissolution
may not be the perfect equilibrium composition between
the crystal and the melt if the crystal is a solid solution (Zhang
et al., 1989; Liang, 2000; Zhang, 2008). That is, the saturation
condition we derive below is best applied to clinopyroxene
dissolution rather than clinopyroxene growth.

The saturation of Mg- and Ca-rich clinopyroxene may be
determined by the three major components MgO, CaO and
SiO2. Putirka (1999) used two empirical expressions for

diopside-melt equilibrium, involving either CMgO
0 � CCaO

0 �
ðCSiO2

0 Þ2 or CCaO
0 � ðCSiO2

0 Þ2. These expressions and CMgO
0 �

CCaO
0 were tried in modeling the interface melt composition.

Note that weight percent is used in this study instead of mole
fraction for simplicity. Available experimental data do not

show consistent trends in CCaO
0 � ðCSiO2

0 Þ2 versus T and P.

At a given P, CMgO
0 � CCaO

0 versus 1/T is roughly linear
FeOb MgO CaO Na2O

11.6 9.40 0.05 13.12 0.02 2.14 0.03
10.5 10.92 0.08 14.64 0.06 1.85 0.03
8.5 13.13 0.06 17.40 0.06 1.40 0.03
8.7 13.84 0.21 17.58 0.14 1.39 0.05
8.5 13.98 0.12 17.66 0.11 1.25 0.05

10.7 9.31 0.06 13.68 0.06 2.06 0.03
11.2 8.78 0.07 12.84 0.05 2.23 0.04
12.0 7.64 0.04 11.71 0.02 2.54 0.03
8.5 12.87 0.09 17.77 0.15 1.28 0.07

mated visually.
trations are estimated visually.



Fig. 9. Comparison between the prediction by Eq. (4) and the
measured values. The 2r error in using Eq. (4) to predict
lnðCMgO

0 � CCaO
0 Þ is 0.11.
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(Fig. 8), but CMgO
0 � CCaO

0 � ðCSiO2
0 Þ2 versus 1/T is strongly

nonlinear. Even though it is theoretically more appealing to

include ðCSiO2
0 Þ2, doing so would bring more complexity (han-

dling highly nonlinear relations) with no improvement in

data fitting. Therefore, CMgO
0 � CCaO

0 is adopted in this study.
The role of SiO2 is difficult to pin down from the available
data.

Fig. 8 shows the dependence of CMgO
0 � CCaO

0 on T and P.

CMgO
0 � CCaO

0 increases with increasing temperature, and de-

creases with increasing pressure. CMgO
0 � CCaO

0 is modeled as:

lnðCMgO
0 �CCaO

0 Þ¼22:85ð�1:82Þ�2:10ð�0:44ÞP

�26360ð�2565Þ
T

�1:22ð�0:43Þ�106 P 2

T 2
; ð4Þ

where C0 is in wt%, P is in GPa, and T is in K. The multiple
linear correlation coefficient r is 0.9907. Two data points
shown in Fig. 8 are not used in the regression because they
deviate from the trend constrained by the other data. Eq.
(4) is calibrated on the clinopyroxene dissolution experi-
ments in basalt (including tholeiitic and alkali basalt) and
andesite, and is readily applicable in this melt composition
range. It has second-order terms of T and P and should not
be extrapolated beyond the T and P range of the data
(Fig. 1). Extrapolating to lower pressures may be safe
because the second-order term diminishes as P approaches
zero. Fig. 9 shows the prediction by this formula compared
to the data. The 2r error in using Eq. (4) to predict
ln(CMgO � CCaO) is 0.11. The 2r errors in predicting
CMgO

0 and CCaO
0 are 1.2 wt% and 1.5 wt%, respectively.

4.4. Diffusive clinopyroxene dissolution distance

The effective binary diffusivities and interface-melt com-
position can be used to calculate diffusive clinopyroxene
dissolution distance (Eq. (2c)). This calculation is indepen-
dent of the direct measurements shown in Table 2, and pro-
vides cross-check on the quality of the experiments.
However, Eq. (2c) needs to be modified to accommodate
the complexity that two components (rather than a single
component) control the saturation of clinopyroxene in the
melt. The modification is as follows:
L ¼ 2aMgO
qm

qc

ffiffiffiffiffiffiffiffiffiffiffiffi
DMgOt

p
; ð5aÞ

L ¼ 2aCaO
qm

qc

ffiffiffiffiffiffiffiffiffiffiffi
DCaot

p
; ð5bÞ

where aMgO and aCaO satisfies:

expða2
MgOÞerfcð�aMgOÞ

ffiffiffi
p
p

aMgO ¼
CMgO

0 � CMgO
1

CMgO
c � CMgO

0

; ð5cÞ

expða2
CaOÞerfcð�aCaOÞ

ffiffiffi
p
p

aCaO ¼
CCaO

0 � CCaO
1

CCaO
c � CCaO

0

; ð5dÞ

The five unknowns (L; CMgO
0 ; CCaO

0 ; aMgO and aCaO) can be
solved iteratively from the five equations (Eqs. (4), (5a),
(5b), (5c), and 5d)).

Clinopyroxene dissolution distance of each experiment
is calculated using the above equations and listed in Table
2 as L4. Glass density (qm) is taken as 2.77 g/cc (Tilley,
1922), and clinopyroxene density (qc) is taken as 3.278 g/
cc (Thompson et al., 2005). Errors in L4 are obtained by let-
ting D and C0 vary within their error bounds. The errors in
melt and clinopyroxene densities and density variation
along the melt compositional profiles are ignored. Hence,
this error estimation is the lower limit. For all experiments
except Exp# 7, the dissolution distances agree with each
other. L4 for Exp# 7 is much larger than L2 and L3. The
cause for this disagreement is unclear. One possibility is
that the rim of the clinopyroxene disc used in Exp# 7 was
much thinner than the center. Using the rim as the reference
position of the initial clinopyroxene–melt interface may un-
der-estimate the dissolution distance, leading to smaller L2

and L3.

4.5. Convective clinopyroxene dissolution in basaltic melt

In this section the results from diffusive crystal dissolu-
tion experiments are applied to model convective crystal
dissolution in nature, where convection is driven by motion
of the crystal due to the density difference between the crys-
tal and the melt. Convective crystal dissolution rate (u) de-
pends on the thermodynamics and the kinetics and fluid
dynamics of the system (Zhang et al., 1989; Kerr, 1995;
Zhang and Xu, 2003):

u ¼ bD
d
; ð6aÞ

where b can be calculated as:

b ¼ qmðC0 � C1Þ
qcðCc � C0Þ

: ð6bÞ

The dimensionless parameter b is the ratio of two concen-
tration differences between the interface melt and far-field
melt (C0 � C1) and between the crystal and interface melt
(Cc � C0). It is related through C0 to the thermodynamic
saturation condition and depends on temperature and pres-
sure. The diffusivity (D) characterizes the mass transport
rate in the compositional boundary layer. The parameter
d is the thickness of the compositional boundary layer
and depends on dynamics such as the strength of the con-



Table 5
An example of calculating convective clinopyroxene dissolution
rate.

MgO CaO References

Conditions: 1523 K, 0.5 GPa, Di90, 1 mm radius

Cc (wt%) 16.5 25.5
C1 (wt%) 7.05 10.8
CMgO

0 � CCaO
0 102 Eq. (4)

qm (kg/m3) 2760 Lange and Carmichael (1987),
Ochs and Lange (1999),
Agee (1998),
Ohtani and Maeda (2001)

qc (kg/m3) 3200 Thompson et al. (2005)
g (Pa � s) 51.2 Hui and Zhang (2007)
D (m2/s) 7.35E-12 2.43E-11 Eq. (3)

Re 2.03E-6 Solved iteratively
from Eq. (8)

U (m/s) 1.88E-5
CD 1.18E7

Pe 5120 1550 Eq. (9)
Sh 18.2 12.6 Eq. (10)
d (m) 1.10E-4 1.59E-4 Eq. (11)
D/d (m/s) 6.70E-8 1.53E-7

C0 (wt%) 8.45 12.1 Solved iteratively from
Eqs. (4) and (7)

b 0.155 0.0684
u (m/s) 1.05E-8
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vection. Overall, D/d represents the kinetics and fluid
dynamics of the system. It also depends on temperature
and pressure, but does not depend on the degree of satura-
tion of the system. It depends slightly and indirectly on the
crystal and melt compositions, because the compositions af-
fect the diffusivities, densities and melt viscosity. In sum-
mary, the parameter b is a thermodynamic term, and D/d
is a kinetic/dynamic term.

When two components determine the saturation condition
as in the case of clinopyroxene, Eq. (6) must be modified as:

u ¼
bMgODMgO

dMgO

; ð7aÞ

u ¼ bCaODCaO

dCaO

; ð7bÞ

bMgO ¼
qmðCMgO

0 � CMgO
1 Þ

qcðCMgO
c � CMgO

0 Þ
; ð7cÞ

bCaO ¼
qmðCCaO

0 � CCaO
1 Þ

qcðCCaO
c � CCaO

0 Þ
: ð7dÞ

The five unknowns (u; CMgO
0 ; CCaO

0 ; bMgO and bCaO) can be
solved from the five equations (Eqs. (4), (7a), (7b), (7c),
and (7d)).

The boundary layer thickness dMgO and dCaO are esti-
mated from fluid dynamic theories as follows (Zhang and
Xu, 2003; Chen and Zhang, 2008):

(1) Use the following three equations to solve for the
Reynolds number (Re), crystal falling or rising veloc-
ity (U) and drag coefficient (CD):
Re ¼ 2aUqm

g
; ð8aÞ

U ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8gajqc � qmj

3qmCD

s
; ð8bÞ

CD ¼
24

Re
ð1þ 0:15Re0:687Þ þ 0:42

1þ 42500Re�1:16
; ð8cÞ

where a is the crystal radius and g is the melt viscos-
ity. Eq. (8a) is the definition of the Reynolds number.
Eq. (8b) is the general equation to calculate the fall-
ing or rising velocity of a rigid spherical particle in
a fluid (e.g., Turcotte and Schubert, 1982). Eq. (8c)
is from Clift et al. (1978) and has a relative error of
� ± 5% for Re 6 3 � 105.
(2) Calculate the compositional Peclet number (Pe) from
the definition of Pe:
Pe ¼ 2aU
D

: ð9Þ
(3) Calculate the Sherwood number (Sh) as following,
for Re 6 105 (Zhang and Xu, 2003): !

Sh ¼ 1þ ð1þ PeÞ1=3 1þ 0:096Re1=3

1þ 7Re�2
: ð10Þ
(4) Calculate the effective boundary layer thickness d
from the definition of the Sherwood number Sh:
d ¼ 2a
Sh
: ð11Þ
Because d depends on Pe and hence on D (Eq. (9)),
dMgO – dCaO.

An example of calculation is shown in Table 5 to dem-
onstrate how the experimental results of this study can be
plugged in the above calculation scheme. At 1523 K and
0.5 GPa, the convective dissolution rate is 1.05 � 10�8 m/s.
If the radius of the clinopyroxene crystal is 1 mm, it would
take about 1.1 days for the clinopyroxene crystal to com-
pletely dissolve. Under the same conditions, an olivine crys-
tal would survive for about 2.4 days (Chen and Zhang,
2008). Fig. 10 shows a comparison between convective oliv-
ine and clinopyroxene dissolution, where the olivine and
clinopyroxene are separated grains. The liquidus T of the
basalt is �1463 K at 0.2 GPa. Both olivine and clinopyrox-
ene are close to saturation at this condition. As the degree
of superheating increases, dissolution rate of clinopyroxene
increases more rapidly than olivine. This difference is due to
the difference in the b terms of the two minerals.

Based on our experimental result, (D/d)MgO and (D/
d)CaO are calculated for 1423–1723 K, 0.0001 to 2 GPa
and clinopyroxene composition from Di80 to Di100 within
diopside-hedenbergite binary system. The values of dMgO

and dCaO depend only weakly on grain radius. When the ra-
dius changes from 1 to 100 mm, dMgO and dCaO vary by
�10%. This variation is small compared to other uncertain-
ties, thus is ignored in developing Eqs. (12a) and (12b) be-
low. D/d depends strongly on temperature but only weakly
on pressure within the low pressure range discussed in this
study. The calculation results are fitted to the following
equations:



Fig. 10. Calculated b parameter and convective crystal dissolution
rate of olivine and clinopyroxene in basalt. The clinopyroxene
dissolution rate depends more strongly on T than that of olivine.
This stronger dependence is largely due to the difference in the b
parameter of the two minerals, which in turn depends on their
composition and saturation status.

Fig. 11. (D/d)MgO and (D/d)CaO for clinopyroxene dissolution in
basalt calculated using Eq. (12). The error bounds for (D/d)MgO are
shown. The (D/d)MgO for olivine dissolution in basalt is calculated
from Eq. (19) in Chen and Zhang (2008).
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ln
D
d

� �
MgO

¼ 6:64ð�0:01Þ � 34800ð�14Þ
T

� 0:0760ð�0:0008ÞP
� 0:299ð�0:008ÞX Di; ð12aÞ

and

ln
D
d

� �
CaO

¼ 3:87ð�0:01Þ � 29340ð�18Þ
T

� 0:0741ð�0:001ÞP
� 0:292ð�0:010ÞX Di; ð12bÞ

where (D/d)MgO and (D/d)CaO are in m/s, T in K, P in GPa,
and XDi is the mole fraction of diopside in clinopyroxene
within diopside-hedenbergite binary system (for pure diop-
side, XDi = 1). Eq. (12a) can reproduce the calculated ln(D/
d)MgO values with a 2r error of 0.008. Eq. (12b) can repro-
duce the calculated ln(D/d)CaO values with a 2r error of
0.01.

Eq. (12) is based on the diffusivity in tholeiitic basalt but
can be applied to alkali basalt with SiO2 content as low as
45 wt%, because the two melts have similar diffusivity and
viscosity (Chen and Zhang, 2008). Extrapolating Eq. (12)
to other silicate melt such as andesite may introduce errors
because the diffusivity and viscosity depend on melt compo-
sitions. On the other hand, the b parameter can be applied
to basalt and andesite (SiO2 from 47 to 56 wt%) because
Eq. (4) is calibrated within this composition range. Section
4.7 mentions an example where this model fails, and the
possible cause is that the melt composition (nephelinite with
�41 wt% SiO2) is beyond the applicable range.

The uncertainty in calculating (D/d)MgO and (D/d)CaO

mainly comes from the errors of: (1) 0.09 in lnDMgO and
0.17 in lnDCaO; and (2) 1.4 in lng (0.61 logg units in Hui
and Zhang, 2007) (all are 2r errors). The errors in melt
and olivine densities and the error in the calculation scheme
are much smaller than the above errors. To assess the
uncertainty in (D/d)MgO and (D/d)CaO, we allowed DMgO,
DCaO and g to vary in their corresponding error bounds.
Fig. 11 shows ln(D/d)MgO and ln(D/d)CaO as a functions
of temperature. The value of ln(D/d)MgO varies by ±0.06
as ln(DMgO) varies within its uncertainty of ±0.09, and by
±0.45 as lng varies within its uncertainty of ±1.4. The value
of ln(D/d)CaO varies by ±0.12 as ln(DMgO) varies within its
uncertainty of ±0.17, and by ±0.43 as lng varies within its
uncertainty of ±1.4. The error bounds for ln(D/d)MgO is
marked by the shaded areas in Fig. 11. Assuming the errors
in DMgO, DCaO and g are not correlated, the overall uncer-

tainty for ln(D/d)MgO is roughly
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:062 þ 0:452

p
� 0:45 (a

factor of 1.6 in (D/d)MgO), and that for ln(D/d)CaO isffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:122 þ 0:432

p
� 0:45. These values are much larger than

the 2r errors of Eq. (12). Therefore, using Eqs. (12a) and
(12b) (rather than Eqs. (3), (8a), (8b), (8c), (9), (10), and
(11)) to estimate (D/d)MgO and (D/d)CaO would only intro-
duce an insignificant error compared to the errors due to
uncertainties in melt viscosity and diffusivities.

Fig. 11 shows that DMgO/d for olivine dissolution in
basaltic melt is only slightly greater than (D/d)MgO for
clinopyroxene dissolution and slightly smaller than (D/
d)CaO. The small difference is mainly caused by the differ-
ence in the diffusivities. When the error due to the viscosity
uncertainty is considered, D/d for olivine and clinopyrox-
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ene dissolution are within error. Further refinement of the
viscosity model of natural silicate melts can significantly
improve the accuracy of convective crystal dissolution
models.

The error in b comes mainly from that in predicting
CMgO

0 � CCaO
0 (Eq. (4)). The relative error of b becomes

unbounded as C0 approaches C1 (as the melt is close to
clinopyroxene saturation), but the absolute error in b at
near-saturation is about the same as that far away from sat-
uration. Hence at near saturation, the relative error in the
calculated u is large, but the absolute error does not depend
on the saturation status of the system.

4.6. Convective dissolution rates for olivine and

clinopyroxene in a mantle xenolith in basaltic melt

The saturation of olivine is largely controlled by MgO
concentration (Chen and Zhang, 2008), whereas clinopy-
roxene saturation is controlled by MgO and CaO. At a
given T and P, an MgO–CaO plot can be used to illustrate
graphically the saturation status of both olivine and clino-
pyroxene and the corresponding dissolution or growth
rates. In the MgO–CaO plot shown as Fig. 12a, olivine sat-
uration at a given T and P is represented by the vertical line
Fig. 12. MgO–CaO composition regime illustrating the saturation stat
composition at olivine saturation (Eq. (17) in Chen and Zhang, 2008). T
melt composition at clinopyroxene saturation (Eq. (4) in this study). T
represents the melt composition that is multiply-saturated with olivine
clinopyroxene dissolution, the melts with compositions falling on EF wo
melts with compositions fall on P1P2 would share the fixed interface melt
into six regions, numbered 1–6 in the figure. The saturation status of oli
Table 6. (b) Contour lines for convective dissolution and growth rate calc
ones for clinopyroxene. (c) The dependence of the saturation curves on
AB, and diopside saturation is represented by the hyper-
bola CD (based on Eq. (4)). To the left of AB olivine is
undersaturated. And to the lower-left of CD clinopyroxene
is undersatured. Melt composition defined by point O,
where AB and CD intersect, is multiply saturated with oliv-
ine and clinopyroxene. Suppose the initial melt composition
is P1, since it is to the left of AB but to the upper-right of
CD, the melt is olivine undersaturated but clinopyroxene
oversaturated.

Given the initial melt composition at T and P, the posi-
tion of the interface melt of clinopyroxene is solely deter-
mined in the MgO–CaO diagram. Combining Eqs. (7a)
and (7b) and substituting bMgO and bCaO from Eqs. (7c)
and (7d) yields:

D
d

� �
MgO

CMgO
0 � CMgO

1

CMgO
c � CMgO

0

¼ D
d

� �
CaO

CCaO
0 � CCaO

1

CCaO
c � CCaO

0

: ð13Þ

Eq. (13) defines a family of linear equations of the initial
melt composition (CMgO

1 and CCaO
1 ). In Fig. 12a, the two

dashed lines (EF and P1P2) belong to this family of equa-
tions. The significance of this family of equations is: when
the initial melt composition varies along a line that satisfies
Eq. (13), the interface melt composition of clinopyroxene
us of olivine and clinopyroxene. (a) Line AB represents the melt
o the left of AB olivine is undersaturated. Curve CD represents the
o the lower-left of CD clinopyroxene is undersaturated. Point O
and clinopyroxene. Line EF and P1P2 satisfy Eq. (13). During

uld share the fixed interface melt composition at O. Similarly, the
composition at P3. AB, CD and EF divide the MgO–CaO diagram
vine and clinopyroxene in each of the six regions is summarized in
ulated at 1 GPa and 1573 K. The red lines are for olivine, and green
T at 1 GPa. (d) The dependence on P at 1573 K.



Table 6
Behavior of olivine and clinopyroxene when coexisting in xenoliths.

Initial melt
composition
region

Relation between the interface
melt composition and the initial
melt composition

Ol Cpx Ol growth at
the cpx interface?

Surface MgO
diffusion flux

1 CMgO
1 < CMgO

0;ol < CMgO
0;cpx CCaO

1 < CCaO
0;cpx Dissolution Dissolution Yes cpx ? ol

BO CMgO
1 ¼ CMgO

0;ol < CMgO
0;cpx CCaO

1 < CCaO
0;cpx At saturation Dissolution Yes cpx ? ol

2 CMgO
0;ol < CMgO

1 < CMgO
0;cpx CCaO

1 < CCaO
0;cpx Growth Dissolution Yes cpx ? ol

DO CMgO
0;ol < CMgO

1 ¼ CMgO
0;cpx CCaO

1 ¼ CCaO
0;cpx Growth At saturation Yes cpx ? ol

3 CMgO
0;ol < CMgO

0;cpx < CMgO
1 CCaO

0;cpx < CCaO
1 Growth Growth Yes cpx ? ol

EO CMgO
0;ol ¼ CMgO

0;cpx < CMgO
1 CCaO

0;cpx < CCaO
1 Growth Growth At saturation No flux

4 CMgO
0;cpx < CMgO

0;ol < CMgO
1 CCaO

0;cpx < CCaO
1 Growth Growth No ol ? cpx

AO CMgO
0;cpx < CMgO

0;ol ¼ CMgO
1 CCaO

0;cpx < CCaO
1 At saturation Growth No ol ? cpx

5 CMgO
0;cpx < CMgO

1 < CMgO
0;ol CCaO

0;cpx < CCaO
1 Dissolution Growth No ol ? cpx

CO CMgO
0;cpx ¼ CMgO

1 < CMgO
0;ol CCaO

0;cpx ¼ CCaO
0;1 Dissolution At saturation No ol ? cpx

6 CMgO
1 < CMgO

0;cpx < CMgO
0;ol CCaO

1 < CCaO
0;cpx Dissolution Dissolution No ol ? cpx

FO CMgO
1 < CMgO

0;cpx ¼ CMgO
0;ol CCaO

1 < CCaO
0;cpx Dissolution Dissolution At saturation No flux
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dissolution is fixed at the intersection between this line and
the curve CD. For example, if the initial melt composition
lies anywhere on the line P1P2, the interface melt composi-
tion would be fixed at P3. A particular line in this equation
family intersects AB and CD at O (line EF in Fig. 12a).
Melts with initial compositions falling on EF share the
common interface melt (point O) that is multiply-saturated
with olivine and clinopyroxene. AB, CD and EF divide the
MgO–CaO diagram into six regions, numbered 1–6 in
Fig. 12a. The saturation status of olivine and clinopyroxene
in each of the six regions is summarized in Table 6.

Given the initial melt composition, the position of the
interface melt of olivine is not solely determined in the
MgO–CaO diagram, because CaO is not buffered by olivine
dissolution. The interface CaO concentration during olivine
dissolution is less than that in the initial melt, and is greater
than that estimated from simple dilution by olivine dissolu-
tion because of multicomponent diffusion effect (Zhang
et al., 1989; Chen and Zhang, 2008).

Considering olivine and clinopyroxene, the saturation
status of one mineral in the interface melt of the other
may not be the same as its saturation status in the initial
melt. For example, suppose the initial melt composition is
at P2, and the interface melt of olivine is at P4. Clinopyrox-
ene is undersaturated in the initial melt, while oversaturated
in the interface melt of olivine. Hence, clinopyroxene would
grow in the interface melt of olivine. Crystal growth in the
interface melt will affect the crystal dissolution rate. Also
note that the scenarios of the initial melt composition at
P1 and P2 are different. In the former scenario, clinopyrox-
ene could grow everywhere in the melt. In the latter sce-
nario, clinopyroxene could only grow in the interface melt
region of olivine.

Convective dissolution and growth rates of olivine and
clinopyroxene at given T and P can be illustrated in the
MgO–CaO diagram. Fig. 12b shows the contoured lines
for the dissolution and growth rates at 1 GPa and
1573 K. The olivine composition is assumed to be Fo90,
and clinopyroxene Di90 (within diopside-hedenbergite bin-
ary system). Dissolution rates are positive numbers, and
growth rates are negative numbers. The effects caused by
possible crystal growth in the interface melt and some com-
plicating factors for crystal growth (such as nucleation and
dendritic growth) are not considered in the calculation. The
contour lines can be viewed as expressions for the b param-
eters, because the P, T and mineral compositions are fixed,
hence the D/d parameters are constants. The contour lines
of clinopyroxene dissolution rate are denser than those of
olivine, meaning the b parameter of clinopyroxene depends
more strongly on the melt composition than that of olivine.

Since olivine and clinopyroxene co-exist in mantle xeno-
liths, the difference in the interface melt compositions
would lead to diffusion along the xenoliths surface, in
addition to the diffusion between the xenoliths surface
and far-field melt. This additional diffusion will affect the
dissolution rate. For example, suppose the initial melt com-
position is at P2, the interface melt of clinopyroxene is at
P3, and the interface melt of olivine is at P4 (Fig. 12a). P3

has lower MgO and higher CaO than P4. Hence MgO
would diffuse from the olivine surface toward the clinopy-
roxene surface, and CaO diffuses the opposite direction.
Not considering the growth of clinopyroxene in the inter-
face melt of olivine, olivine dissolution would be enhanced,
because its overall MgO diffusion flux is enhanced. The
change in the dissolution rate of clinopyroxene is uncertain,
because the MgO and CaO fluxes are affected in opposite
directions. When the initial melt composition falls on EF,
the diffusion flux becomes zero.

The positions of lines AB, CD and EF depend on P and
T. Fig. 12c shows the temperature dependence at 1 GPa.
Fig. 12d shows the pressure dependence at 1573 K. The
dependence can be utilized to infer the thermal history of
the system from the interaction between the xenoliths and
host basalt.



Table 7
Details of constructing Fig. 13.

Reference

Parameter
T = 1573 K
P = 1 GPa

The clinopyroxene composition: Morgan and
Liang (2005)

CMgO
cpx ¼ 17:54 wt%

CCaO
cpx ¼ 18:98 wt%

XDi = 0.91

Line AB: the interface melt of olivine ln C ¼ 7:82þ
2:66 P � 8040

T � 4960P
T ,

CMgO
0 ¼ 9:17� 0:86 wt% Eq. (17) in Chen

and Zhang (2008)

Curve CD: the interface melt of
clinopyroxene (C in wt%):

CMgO
0 � CCaO

0 ¼ 88:83þ10:46
�9:36 Eq. (4)

Point O: the composition of a melt that is
multiply saturated with olivine and
clinopyroxene:

CMgO
0 ¼ 9:17 wt%

CCaO
0 ¼ 9:69 wt%

D
dMgO

� �
¼ 1:33� 10�7 m=s Eq. (12a)

D
dCaO

� �
¼ 2:71� 10�7 m=s Eq. (12b)

Line EF:
1:33� 10�7 9:17� CMgO

1
17:54� 9:17

¼ 2:17

�10�7 9:69� CCaO
1

18:98� 9:69

Eq. (13)
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4.7. Applications

Given T, P and the initial melt composition, the behav-
ior of xenoliths can be predicted. For example, Morgan and
Liang (2005) conducted lherzolite reactive dissolution
experiments in an alkali basalt (47.10 wt% SiO2) and a
basaltic andesite (54.86 wt% SiO2) at 1 GPa and 1573 K.
They observed dissolution of olivine and clinopyroxene
and precipitation of orthopyroxene in the basaltic andesite,
and dissolution of clinopyroxene and orthopyroxene and
precipitation of olivine in the alkali basalt. Fig. 13 shows
the behavior of olivine and clinopyroxene in these melts
predicted by our saturation models. The details about con-
structing such an MgO–CaO diagram are listed in Table 7.
Our model is consistent with the dissolution of olivine and
clinopyroxene in the basaltic andesite. For the alkali basalt,
the experimental data fall within error (the shaded areas) of
the saturation curves, and the reaction of olivine and clino-
pyroxene cannot be unambiguously determined. Note that
the model calculations should not be extrapolated too much
outside the calibrated melt composition range, with SiO2

from 47 wt% to 56 wt% (see caption of Fig. 1). A trial cal-
culation for a nephelinite melt containing 41 wt% SiO2 did
not match experimental results.

Another application is to infer the T–P conditions from
reactions between mantle minerals and melt. For example,
Stolper et al. (2004) proposed that melt with 48–50 wt%
SiO2 (named high-Si and high-(Ca, Al) melts) found in
the Hawaii Scientific Drilling Project might originate from
more primitive melts with 46–48 wt% SiO2 (named low-Si
melt). The low-Si melt was inferred to be formed by partial
melting of a lherzolitic mantle at 3–4 GPa. During its
ascending, it crystallized olivine and dissolved orthopyrox-
ene and clinopyroxene of the overlying mantle, which chan-
ged its composition to be the high-Si and high-(Ca, Al)
melts. As shown in Fig. 14, at plausible pressure range of
1.5–2 GPa, to have the high-Si and high-(Ca, Al) melts
close to olivine saturation while keep the low-Si melt to
Fig. 13. Test of the olivine and clinopyroxene saturation models
using experimental results of Morgan and Liang (2005). Line AB
represents the melt composition at olivine saturation, and curve
CD represents the melt composition at clinopyroxene saturation.
The shaded areas represent the model errors. Morgan and Liang
(2005) observed dissolution of olivine and clinopyroxene in the
basaltic andesite, and dissolution of clinopyroxene and precipita-
tion of olivine in the alkali basalt. The details on constructing this
figure are listed in Table 7.
be clinopyroxene under-saturated and olivine over-satu-
rated, the temperature range is 1713–1738 K. Considering
the model errors (shaded zones in Fig. 14), the possible tem-
perature range is 1673–1743 K. These values are in rough
agreement with the partial melting temperatures of 1770–
1849 K estimated by Putirka (2008; his Table DR1).

Lissenberg and Dick (2008) studied the texture and
chemical composition of the gabbro at the Kane Megamul-
lion, mid-Atlantic ridge. They proposed that the high-Mg#
clinopyroxene in the gabbro is formed by the reaction
between mid-ocean ridge basalt and primitive cumulates
in the lower oceanic crust, instead of high pressure crystal-
lization. In the context of their model, olivine and plagio-
clase dissolved into the basaltic melt, and clinopyroxene
and new plagioclase with lower anorthite content precipi-
tated. We calculate whether it is possible for the two model
basaltic melts in Lissenberg and Dick (2008) to be olivine
undersaturated and clinopyroxene oversaturated at the
pressure of 0.15 GPa. Fig. 15a shows that at about
1438 K and 0.15 GPa, the two model basaltic melts are
olivine undersaturated and clinopyroxene oversaturated.
As temperature increases, the two melts become undersatu-
rated with respect to both olivine and clinopyroxene
(Fig. 15b). Hence, our calculation shows that the mecha-
nism proposed by Lissenberg and Dick (2008) is possible.
Furthermore, the temperature for such reactions is inferred
to be about 1438 K. Considering model uncertainties, the



Fig. 14. Application of the olivine and clinopyroxene saturation
models to the petrogenesis model on Hawaii basalts (indicated by
crosses). Stolper et al. (2004) proposed that the melts with 46–
48 wt% SiO2 (low-Si melt) crystallized olivine and dissolved
orthopyroxene and cliopyroxene during its ascending, producing
the melt with 48–50 wt% SiO2 (high-Si and high-(Ca, Al) melts).
The T is around 1713–1738 K at 1.5–2 GPa to satisfy the olivine
saturation in the high-Si and high-(Ca, Al) melts, and the
clinopyroxene under-saturation in the low-Si melt.

Fig. 15. Application of the olivine and clinopyroxene saturation
models to the petrogenesis model on mid-ocean ridge basalts
(indicated by crosses). Lissenberg and Dick (2008) proposed that
olivine and plagioclase dissolved in the basalt, while clinopyroxene
and new plagioclase precipitated. Constrained by olivine under-
saturation and clinopyroxene over-saturation, the T is around
1438 K.
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possible temperature range for such reactions is 1393–
1493 K.

The last example is from a basalt from Kuandian,
Northeast China, which contains abundant mantle xeno-
lith, mainly spinel lherzolite. The basalt contains
48.72 wt% SiO2, 7.92 wt% MgO and 7.51 wt% CaO (KD-
HY-3a in Chen et al., 2007). It has a porphyritic texture,
with about 5% olivine phenocrysts. The olivine phenocrysts
are up to 300 lm in diameter. The groundmass consists of
clinopyroxene, plagioclase and Fe-Ti oxides, which are
about 10–30 lm. Fig. 16 shows a contact between the host
basalt and a xenolith. The olivine in the xenoliths has a
homogeneous core and an Fe-rich rim. No embayment
can be observed along the edge of the core. The composi-
tion of the rim changes gradually, with the inner part being
Mg-rich and the outer part being Fe-rich. No distinct
boundary can be observed between the core and the rim.
These features could be due to olivine growth or diffusion
in the olivine (e.g., Klügel, 1998; Liang, 2000; Shaw and
Klügel, 2002). The basalt is inferred to be olivine oversatu-
rated. The basalt could not be olivine under-saturated
because dissolution texture is not observed and because of
the relatively large olivine phenocrysts. The clinopyroxene
also has a homogeneous core and an Fe-rich rim. The
boundary between the core and the rim, however, is quite
distinct. Embayment is frequently seen along the boundary.
The rim contains pockets of glass and regions that have
similar composition as the core. These features suggest that
clinopyroxene was first dissolved after entrainment and
then some crystals grew. The boundary between the core
and the rim may hence be interpreted as the dissolution
front. The non-straight dissolution front may be attributed
to the cleavages in the clinopyroxene, as observed in our
experiments.

Besides olivine oversaturation and clinopyroxene under-
saturation, another constraint is the dissolution distance of
clinopyroxene. Based on the preservation of the shape of
the olivine and clinopyroxene in Fig. 16a, the dissolution
distance of clinopyroxene is inferred to be small, likely no
more than 100 lm. Assuming a plausible ascent rate range
of 0.1–10 m/s (Demouchy et al., 2006; Peslier and Luhr,
2006), if the dissolution started at 2 GPa and ended after
eruption, the average dissolution rate should be no more
than 0.015 lm/s. If the dissolution started at 1 GPa and
ended after eruption, the average dissolution rate should
be no more than 0.03 lm/s.

To satisfy the olivine oversaturation and clinopyroxene
undersaturation constraints at 1 GPa (Fig. 17a), the tem-
perature could be about 1538 K. Considering the model
errors (shaded zones in Fig. 17), the possible temperature
range is 1523–1563 K. The maximum dissolution rate is
0.016 lm/s, satisfying the dissolution rate constraint of less



Fig. 16. BSE images showing olivine and clinopyroxene reactive
textures between a mantle xenolith and its host basalt from
Kuandian, Northeast China. (a) An overall view; (b) a zoomed-in
view of the box area in (a). The contrasting textures of olivine and
clinopyroxene suggest olivine over-saturation and clinopyroxene
under-saturation in the host basalt.

Fig. 17. Application of the olivine and clinopyroxene saturation
models to the basalt from Kuandian, Northeast China. In addition
to the olivine saturation and clinopyroxene under-saturation
constraints, the dissolution rate is inferred to be no more than
0.03 lm/s if the entrainment pressure was 1 GPa, and no more than
0.015 lm/s if the entrainment pressure was 2 GPa, represented by
the dashed curves.
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than 0.03 lm/s. At 2 GPa, to satisfy the clinopyroxene
undersaturation and the dissolution rate constraints
(Fig. 17b), the temperature could be 1613 K. Considering
the model errors, the possible temperature range is 1588–
1628 K, which also satisfies the olivine oversaturation con-
straint. Overall, the possible temperature range for the
basalt at 1.5–2 GPa is 1523–1628 K.

In the above examples the errors in the estimated reac-
tion temperatures mainly come from the errors in the satu-
ration models and the uncertainty in the entrainment
pressure. Further constraint on the plausible pressure range
can help to refine the estimations.

5. CONCLUSIONS

The effective binary diffusivities of MgO and CaO, DMgO

and DCaO, and the concentrations of MgO and CaO in the
interface melt, CMgO

0 and CCaO
0 , are extracted from diffusion-

controlled clinopyroxene dissolution experiments. DMgO

and DCaO show Arrhenian dependence on temperature.
The pressure dependence is small and not resolved within
0.47–1.90 GPa. Clinopyroxene saturation is treated as
being determined by CMgO

0 � CCaO
0 . The saturation condi-

tion is modeled as a function of temperature and pressure.
For convenient calculation of convective dissolution

rates, (D/d)MgO and (D/d)CaO values (where d is the
boundary layer melt thickness next to a falling clinopyrox-
ene crystal) for Di80-100 clinopyroxene are calculated
within 1423–1723 K and 0.0001–2 GPa, and are given as
functions of T, P, and XDi. The uncertainty in both (D/
d)MgO and (D/d)CaO is a factor of �1.6, mainly due to
the uncertainties in viscosity. The kinetics and fluid
dynamics of convective clinopyroxene dissolution in ba-
salt, characterized by the (D/d)MgO and (D/d)CaO values,
are similar to that of convective olivine dissolution in ba-
salt (Chen and Zhang, 2008). Clinopyroxene dissolution
rate depends more strongly on the degree of superheating
and the composition of the melt than that of olivine. This
difference is mainly due to the difference in the b terms of
the two minerals.

The crystal dissolution models in this study and Chen
and Zhang (2008) are applied to melt-mineral reactions at
Hawaii (Stolper et al., 2004), mid-Atlantic ridge (Lissenberg
and Dick, 2008) and Kuandian, Northeast China (Chen
et al., 2007). The temperature for the proposed olivine crys-
tallization and clinopyroxene dissolution in Hawaii basalts
is inferred to be 1673–1743 K at 1.5–2 GPa. The tempera-
ture of the proposed olivine dissolution and clinopyroxene
precipitation in mid-ocean ridge basalt is inferred to be
1393–1493 K at lower oceanic crust pressure of 0.15 GPa.
For Kuandian basalts, the temperature is inferred to be
1523–1628 K at 1–2 GPa.
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Figure A1. Compositional profiles of Exp#5 (1635 K, 0.95 GPa, 12 minutes). The vertical axes are oxide 
concentrations in wt%. The horizontal axis is the distance to the clinopyroxene-glass interface. Maximum 
extent of the quench crystals is marked by the dashed vertical lines. 
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Figure A2. Compositional profiles of Exp#6 (1719 K, 1.42 GPa, 12 minutes). The vertical axes are oxide 
concentrations in wt%. The horizontal axis is the distance to the clinopyroxene-glass interface. Maximum 
extent of the quench crystals is marked by the dashed vertical lines. 
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Figure A3. Compositional profiles of Exp#7 (1594 K, 0.47 GPa, 10 minutes). The vertical axes are oxide 
concentrations in wt%. The horizontal axis is the distance to the clinopyroxene-glass interface. Maximum 
extent of the quench crystals is marked by the dashed vertical lines. 
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Figure A4. Compositional profiles of Exp#8 (1667 K, 0.95 GPa, 12 minutes). The vertical axes are oxide 
concentrations in wt%. The horizontal axis is the distance to the clinopyroxene-glass interface. Maximum 
extent of the quench crystals is marked by the dashed vertical lines. 
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Figure A5. Compositional profiles of Exp#11 (1695 K, 1.90 GPa, 6 minutes). The vertical axes are oxide 
concentrations in wt%. The horizontal axis is the distance to the clinopyroxene-glass interface. Maximum 
extent of the quench crystals is marked by the dashed vertical lines. 
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Figure A6. Compositional profiles of Exp#12 (1641 K, 1.42 GPa, 12 minutes). The vertical axes are oxide 
concentrations in wt%. The horizontal axis is the distance to the clinopyroxene-glass interface. Maximum 
extent of the quench crystals is marked by the dashed vertical lines. 
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Figure A7. Compositional profiles of Exp#14 (1509 K, 0.47 GPa, 40 minutes). The vertical axes are oxide 
concentrations in wt%. The horizontal axis is the distance to the clinopyroxene-glass interface. Maximum 
extent of the quench crystals is marked by the dashed vertical lines. 
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Figure A8. Compositional profiles of Exp#15 (1790 K, 1.90 GPa, 5 minutes). The vertical axes are oxide 
concentrations in wt%. The horizontal axis is the distance to the clinopyroxene-glass interface. Maximum 
extent of the quench crystals is marked by the dashed vertical lines. 
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Fittings to the compositional profiles 
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Figure A9. Fittings to the compositional profiles of Exp#1. In the legend of the fitting, m1 is the interface 
concentration (wt%), m2 is the far-field concentration (wt%), and m3 is the diffusivity (µm2/s). 
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Figure A10. Fittings to the compositional profiles of Exp#5. In the legend of the fitting, m1 is the 
interface concentration (wt%), m2 is the far-field concentration (wt%), and m3 is the diffusivity (µm2/s). 

48

49

50

51

52

53

0 500 1000 1500

Exp 5
S

iO
2 

(w
t%

)

distance (µm)

y = m2+(m1-m2)*erfc(M0/2/sqr...
ErrorValue

0.16352.732m1 
0.02449.519m2 
0.4695.355m3 

NA13.396Chisq
NA0.859R2

1

1.2

1.4

1.6

1.8

2

0 500 1000 1500

Exp 5

Ti
O

2 
(w

t%
)

distance (µm)

y = m2+(m1-m2)*erfc(M0/2/sqr...
ErrorValue

0.0141.07m1 
0.0041.888m2 
0.68216.105m3 

NA0.226Chisq
NA0.973R2

7

8

9

10

11

12

13

14

15

0 500 1000 1500

Exp 5

A
l 2O

3 
(w

t%
)

distance (µm)

y = m2+(m1-m2)*erfc(M0/2/sqr...
ErrorValue

0.0687.1m1 
0.01314.112m2 
0.2039.984m3 

NA3.319Chisq
NA0.993R2

6

7

8

9

10

11

0 500 1000 1500

Exp 5

M
gO

 (w
t%

)

distance (µm)

y = m2+(m1-m2)*erfc(M0/2/sqr...
ErrorValue
0.0410.923m1 

0.0127.121m2 
0.67623.973m3 

NA2.416Chisq
NA0.988R2

11

11.5

12

12.5

13

13.5

14

14.5

15

0 500 1000 1500

Exp 5

C
aO

 (w
t%

)

distance (µm)

y = m2+(m1-m2)*erfc(M0/2/sqr...
ErrorValue

0.02914.637m1 
0.01311.223m2 
1.47752.853m3 

NA2.244Chisq
NA0.989R2

1.8

2

2.2

2.4

2.6

2.8

3

0 500 1000 1500

Exp 5

N
a 2

O
 (w

t%
)

distance (µm)

y = m2+(m1-m2)*erfc(M0/2/sqr...
ErrorValue

0.0161.853m1 
0.0062.755m2 
1.47428.907m3 

NA0.5Chisq
NA0.962R2



14 
 

  

Figure A11. Fittings to the compositional profiles of Exp#6. In the legend of the fitting, m1 is the 
interface concentration (wt%), m2 is the far-field concentration (wt%), and m3 is the diffusivity (µm2/s). 
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Figure A12. Fittings to the compositional profiles of Exp#7. In the legend of the fitting, m1 is the 
interface concentration (wt%), m2 is the far-field concentration (wt%), and m3 is the diffusivity (µm2/s). 
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Figure A13. Fittings to the compositional profiles of Exp#8. In the legend of the fitting, m1 is the 
interface concentration (wt%), m2 is the far-field concentration (wt%), and m3 is the diffusivity (µm2/s). 
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Figure A14. Fittings to the compositional profiles of Exp#11. In the legend of the fitting, m1 is the 
interface concentration (wt%), m2 is the far-field concentration (wt%), and m3 is the diffusivity (µm2/s). 
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Figure A15. Fittings to the compositional profiles of Exp#12. In the legend of the fitting, m1 is the 
interface concentration (wt%), m2 is the far-field concentration (wt%), and m3 is the diffusivity (µm2/s). 
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Figure A16. Fittings to the compositional profiles of Exp#14. In the legend of the fitting, m1 is the 
interface concentration (wt%), m2 is the far-field concentration (wt%), and m3 is the diffusivity (µm2/s). 
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Figure A17. Fittings to the compositional profiles of Exp#15. In the legend of the fitting, m1 is the 
interface concentration (wt%), m2 is the far-field concentration (wt%), and m3 is the diffusivity (µm2/s). 
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Far-field melt compositions 

Table A1. Far-field melt compositionsa with 2σ fitting errors (wt%) 

Exp# SiO2 TiO2 Al2O3 FeOb MgO CaO Na2O 

1 49.85c  1.82 0.01 14.03 0.03 12.0 6.93 0.02 11.17 0.02 2.76 0.01 

5 49.52 0.05 1.89 0.01 14.11 0.03 12.0 7.12 0.02 11.22 0.03 2.76 0.01 

6 49.22 0.10 1.76 0.01 13.94 0.03 12.0 7.16 0.03 10.93 0.04 2.77 0.02 

7 49.88 0.07 1.82 0.01 13.99 0.06 12.0 6.90 0.06 11.23 0.07 2.82 0.02 

8 49.55 0.07 1.73 0.01 14.11 0.04 12.0 6.98 0.03 10.82 0.04 2.78 0.02 

11 49.43 0.10 1.84 0.01 13.87 0.03 12.0 6.80 0.03 10.96 0.03 2.70 0.02 

12 49.91c  1.66 0.01 14.04 0.02 12.0 6.88 0.02 10.94 0.02 2.70 0.01 

14 49.70c  1.82 0.01 14.00 0.03 12.1 6.88 0.02 11.19 0.01 2.68 0.01 

15 49.57 0.06 1.62 0.02 14.16 0.03 12.1 6.95 0.02 10.80 0.06 2.74 0.01 

a: MnO is ~0.2 wt%, K2O and P2O5 are ~0.1 wt%. 

b: FeO profiles are not fitted. The far-field FeO concentrations are approximately estimated. 

c: SiO2 profiles of these experiments were not treated. The SiO2 concentrations are estimated. 
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