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Dissolution Rates of Upper Mantle Minerals
in an Alkali Basalt Melt at High Pressure:

An Experimental Study and Implications for
Ultramafic Xenolith Survival

by MARK BREARLEY* .a.No CHRISTOPHER M. SCARFE

Experimental Petrolog|,Labo;::;,iiť,:,;',,!,i,",,oťfÍ,logy, (Jniuersity of Alberta,

(Receioeil 12 Nouember 1985; reuised typescript accepted 7 April 1986)

ABSTRACT
The dissolution rates of the major upper mantle minerals olivine, orthopyroxene, clinopyroxene,

spinel, and garnet have been determined in an alkali basalt melt at superliquidus temperaiůres and
5. l2, and 30 kb' At low pressure where olivine is the liquidus phase of the baialt, olivině has a slower
ďssolution rate than clinopyroxene; however, at higher pressure where clinopyroxene is the liquidus
phase, clinopyroxene has a slower dissolution rate than olivine. The relative rates of dissolution of
olivine and clinopyroxene at each pressure are, therefore, governed by their relative stabilities in the
melt and hence by the structure ofthe melt. As the degree ofsuperheating above the liquidus increases at
each pressure, the dissolution rates of olivine and clinopyroxene converge, sugge.iing that the melt
undergoes temperature-induced structural changes.

Orthopyroxene has a dissolution rate similar to olivine at high pressure and similar to clinopyroxene
at low pressure. Spinel has the slowest dissolution rate at each pressure. Garnet dissolves very iapidly at
l 2 kb.and at a comparable rate of olivine at 30 kb. The dissolution rates determined in the eipeiiménts
varyfrom 9.2txt0_9 cm s_ 1 forspinel at 5 kbar and 1250.c to 3.83 x l0_5 cm s_ 1 for ga.nét at 30kb
and 1500"C.

Textures produced during the dissolution experiments are related to mineral stability in the melt at
each pressure and are independent of the degree of superheating. The mineral phases thát are stable on
oÍ near the liquidus exhibit no reaction; whereas complex reaction textúres and crystallization
characterize dissolution of minerals that are relatively unstable in the melt.

Concentration profiles in the melt adjacent to the same crystal for different experimental durations
are. identical, indicating that dissolution is time-independent and a steady-stale process. However,
cation diffusion coefficients calculated for single-component oxides in the melt reueil that dissolution
may not be completely controlled by diffusion of cations away from the crystal/melt interface. The
apparent diffusivities positively correlate with the dissolution rate, which suggests that the stability of
the mineral is an important factor to consider when deriving diffusion 

-coefficients 
from these

experiments. Other factors that may be involved are multi-component effects and the nature of the
diffusing species in the melt.

A simple model has been constructed that predicts the survival of ultramafic xenoliths in alkali
basalt magmas as a function of xenolith radius, magma ascent time and superheating. The results of the
model suggest that the relative proportions of peridotite and pyroxenite xenoliths brought to the
surface in alka|i basalts are génerally representative of their proportions as constitueňts of the
upper mantle. Further experiments using different melt compositions are required to extend the
model.

+ Present address: Institute of Geophysics and Planetary Physics, University of California, Los Angeles,
California 90024.
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1158 M. BREARLEY AND C. M. SCARFE

INTRODUCTION

The predominance of peridotite xenoliths found in alkali basalts and kimberlites is
evidence for an upper mantle composed of olivine-rich peridotite (e.9., Yoder, 1976).
Nevertheless, pyroxene-rich xenoliths are well represented at a few localities. The eclogites at
the Roberts Victor Mine, South Africa (Carswell & Dawson,1970; Dawson, 1980, 1981) and
the abundant garnet pyroxenites on Hawaii (Jackson & Wright, 1970) are two examples. The
general paucity of pyroxenites and eclogites relative to peridotite xenoliths has led to the
suggestion that either: (1) pyroxenites are only locally important constituents of the upper
mantle (Yoder, 1976);or (2) they preferentially dissolve in alkalic magmas while in the upper
mantle or during transport to the surface (Kutolin & Agafonov,1978).

The dissolution of crystals in silicate melts has been studied by a number of workers (e.g.,
Cooper & Kingery, 1964; Cooper & Schut, 1980; Scarfe et al.,1980; Harrison & Watson,
1983, 1984; Donaldson, 1984, 1985;Kuo & Kirkpatrick, 1985; Thornber & Huebner, 1985;
Tsuchiyama l985, 198óa; Chekhmir & Epel'baum, l986). The theoretical aspects of crystal
dissolutions in melts have been treated in detail by Cooper & Kingery (1964), Kuo &
Kirkpatrick (1985) and Tsuchiyama (1986b).

However, few studies have dealt with the dissolution rates of mafic minerals in mafic melts
(Kutolin & Agafonov , 1978; Scarfe et al., 1980; Donaldson, 1984, 1985; Thornber & Huebner,
1985). Kutolin & Agafonov (1978) performed experiments at I b to determine the relative
dissolution rates of the major upper mantle minerals in an alkalic melt. They concluded that
pyroxene dissolves more rapidly than olivine. This behavior was also observed by Scarfe
et al. (1980) at high pressure (12.5-20 kb).

Because of the absence of systematic data on the dissolution rates of ultramafic xenoliths
in alkali basalt melts at high pressure, we have investigated the dissolution rates of the major
upper mantle minerals olivine, orthopyroxene, clinopyroxene, garnet, and spinel in an alkali
basalt melt to pressures of 30 kb. We show that the relative rates of dissolution of these
minerals at each pressure is strongly related to the liquidus phase relationships of the melt. It
is concluded that dissolution is a steady-state process and that cation diffusivities in this
multi-component system are dependent on several factors including the dissolution rate of
the mineral. By utilizing these data, we present a simple model that predicts the dissolution
of ultramafic xenoliths in alkali basalt magmas and we briefly discuss the petrological
significance of the conclusions.

EXPERIMENTAL PROCEDURE

D i s solutio n e xp eriment s
Starting materials for the dissolution experiments were an alkali basalt rock powder and

crystals of olivine, orthopyroxene, chrome diopside, spinel and garnet, separated from
ultramafic xenoliths or megacrysts (Table 1). The alkali basalt, although apparently
somewhat evolved, was chosen because it is reasonably representative of the composition of
basalts associated with ultramafic xenoliths in British Columbia (Fujii & Scarfe, 1982
Nicholls et aI., 1982; Brearley et al., 1984). The crystals were ground into spheres using
a method described by Bond (1951). Each sphere was cleaned ultrasonically in dilute HCL
washed in distilled water, dried, and then measured at least six times with a micrometer. The
basalt was initially dried at 900 "c Íor 24h at the QFM oxygen buffer, and stored at 110.c
between experiments. The spheres were placed on a thin bed of alkali basalt powder in a
graphite capsule, which was then packed tightly with more powder. The graphite capsule was
fired at 800 "C for approximately 3 min both before and after the capsule was loaded to drive
off any water adsorbed on the surface. The capsule was then inserted into a talc-pyrex
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Te,nr,B 1

S tarting materials for dissolution experiments

sio2 40.0
TiO2 n.d.
Al2Or n.d.
FerO. n.a.
FeO 10'0
MnO 0'15
MgO 48'2
CaO 0'18
Na2O n.d.
KrO n.d.
Nio 0.48
Cr2O. n.d.
PrO, n.d.
HrO n.a.
Total 99'01

n.d. 42'31 54'7
0'24 0'81 n.d.

64.7 2r-68 4.54
4'30 n.a. n.a.
7.',t3 10.44 5.97
0.12 0.38 0.r5

22.2 19.40 34'3
n.d. 4'75 0'72
n.d. O'12 n.d.
n.d. n.d. n.d.
0 '56 n.d. 015
n.d. 0'46 0'49
n.d. n.d. n.d.
n.a. n.a. n.a.

99.85 100.3s 101.02

52.3 48.6
0.41 2'20
6.4.| 15.ó
n.a. 3'13
2.6',7 8.53
n.d. 0.16
16.2 6.30
r9.7 9.8s
t.45 3.50
n.d. l'21
0'05 n.d.
1'19 n.d.
n.d. 0'51
n.a. 0'02

1ú44 99.6l

(1) olivine, (2) spinel, (3) garnet, (4) orthopyroxene, (5) clino-
pyroxene (all from Summit Lake, British Columbia, Brearley
et aI', 1984), (ó) KR-l3 alka|i basa|t (from West Kettle River,
British Columbia, Fujii & Scarfe, 1982). FeO in alkali basalt by
wet chemistry, FerO3 in spinel by stoichiometry. All analyses
by energy dispersive microprobe methods described in text.
Basalt analysis performed on a bead, fused at 1300'C at the
QFM oxygen buffer n.d.-not detected, n.a.-not analyzed.

piston-cylinder assembly and dried for 8 h at 110"C. Graphite capsules were used in all
cxperiments in order to maintain the oxygen fugacity in the wustite stability field
lThompson & Kushiro, 1972).

Experiments were performed in a solid-media piston-cylinder apparatus (Boyd &
England, 1960). Temperatures were monitored by a Pt/Pt 13 per cent Rh thermocouple
without any correction for pressure and are accurate to -f 10'C. Pressures were monitored
continuously during each run with an Heise gauge and are accurate to * 0'5 kb. For further
details of the calibration and experimental procedures see Fujii & Scarfe (1985). Time series
experiments were done for each mineral in order to evaluate the time-depgndence of
dissolution. All runs were quenched at a rate of approximately 125 oC s - r by switching offthe
power to the graphite furnace. At the termination of each experiment, the graphite capsule
was sectioned and ground until the maximum diameter of the partially dissolved spheres was
exposed.

In order to detect any possible incorporation of water in the melt during the experiment,
safers of glass from a one hour experiment were analyzed for HtO by a micromanometric
technique (Harris, 1981). The concentration of water was < 0'l wt. per cent, which is not
considered sufficient to affect the rate of dissolution (e.9., Harrison & Watson, 1983).

P hase equilibrium experiment s

The liquidus phases of KR- I 3 alkali basalt were determined from 5 to 30 kb pressure in the
piston-cylinder apparatus. Graphite capsules were loaded with alkali basalt pou'der in the
same manner as described in the previous section. Experiments were run up to the desired
temperature and were held at that temperature for a duration of 1 day, before quenching. Run



trooucts were lclentrfied optlcally and the crystalline phases were examined with an electrot
nicroprobe for major elements. The principal objective of the liquidus phase equilibriun
xperiments was to determine the liquidus phase and the approximate temperatures of th,
iquidus at each pressure. Therefore, no reversal experiments were attempted.

ANALYTICAL METHOD
Concentration profiles in the mineral spheres and in the glass next to the mineral spheres ir

he dissolution experiments, and analyses of the crystalline phases in the liquidus phas
quilibrium experiments were obtained by both energy and wavelength dispersive micro
rrobe methods. Excellent agreement was found between the EDA and WDA analyses wher
roth methods were used on the same material. The agreement between EDA and WD/
,nalyses has been previously noted by Fujii & Scarfe (1985). For EDA, a 15 kV acceleratinl
rotential, 4 nA probe current and 240 s counting time were employed. For WDA, a 10 n/
rrobe current and 40 s counting times were used on peak and background positions. A poin
)eam was used in both EDA and WDA analysis. All microprobe data were processed witl
ull ZAF corrections using EDATA2 (Smith & Gold, 1979). No significant secondarl
Luorescence effects were found at the crystal/glass interface during energy dispersive analysir
rf a blank olivine-basalt couple.

RESULTS OF EXPERIMENTS

Liquidus phase equilibria
The results of the liquidus phase equilibria experiments are shown in Fig. L The liquidur

rhase at 5 kb is olivine of For. composition. From approximately 7.5 to at least 30 kb

o
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dinopyroxene (augite) is the liquidus phase. In accord with previous studies, the NarO and
.{lrO. content of the clinopyroxene increase with increasing pressure (e.g., Green &
R.ingwood, 1968; Bultitude & Green, 1971). At 30 kb, the Al2o3 content is 14.5 wt. per cent.
The liquidus temperatures, bracketed to * 10 "C, were used to determine the temperatures at
rhich the dissolution experiments were conducted.

Dissolution experiment s

C r y st aI I melt t e xtur al r el ationship s
The textures produced during the dissolution experiments are summarized in Table 2.
Textures at 5 kb.In all experiments at 5 kb, olivine crystals have no reaction texture. The

ďssolution of orthopyroxene produces a thin band of equant chromite crystals at the original
crystal/melt interface and further dissolution causes olivine crystals of Fono composition to
crystallize (Fig. 2a). Melt (glass) forms intersertal patches between the olivine crystals.
Clinopyroxene also reacts to form a thin layer of chromite crystals at the original interface
tFig. 2b). Thereafter, dissolution of clinopyroxene produces glass only. Spinel dissolution
forms a vermicular rim of spinels more Cr- and Fe-rich and less Mg- and Al-rich than the
original spinel composition. Irregular patches of glass are trapped between the vermicular
crystals (Fig. 2c).

Textures at I2 kb. Olivine, orthopyroxene, and clinopyroxene exhibit no reaction textures.
Spinel has a similar vermicular texture to that at 5 kb. Garnet has a complex reaction
relationship. Initially, dissolution of garnet produces olivine crystals of Foe6 composition.
Further dissolution results in the formation of an aggregate of aluminous orthopyroxene and
spinel (Fig. 2d). This spinel exhibits a quench texture around the edge of the aggregate.

Textures at 30 kb. At 30 kb, garnet has no reaction texture. All the other four phases exhibit
textures characteristic of rapidly quenched glass. Olivine has quench crystals of clino-
pyroxene with intersertal glass (Fig. 2e). In each case, the width ofthe zone ofquench crystals
represents the difference between the original and final crystal/melt interface.

Dissolution rates
The results of the dissolution experiments are given in Table 3 and shown in Figs. 3-5. The

results are not conclusive enough to discriminate between time-dependent and time-
independent crystal dissolution in these experiments. In order to further investigate this
problem, concentration profiles in the glass adjacent to the dissolving crystal were obtained
for several experimental durations (Figs. 6-8). The shape and length of the profile and the

T tsrn 2

Reaction textures produced during the dissolution experiments

5kb 12 kb 30 kb

x: no reaction textuÍe, - : no exP€riment conducted ol : olivine' chr :
chromite, sp: spinel, v. sp = vermicular spinel, gl : glass, opx : orthopyro-
xene, cpx : clinopyroxene, q : quench texture.
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clinopyroxene (augite) is the liquidus phase. In accord with previous studies, the NarO and
Al2O3 content of the clinopyroxene increase with increasing pressure (e.g., Green &
Ringwood, 1968; Bultitude & Green, 1971). At 30 kb, the Al2O3 content is 14'5 wt. per cent.
The liquidus temperatures, bracketed to * 10 "C, were used to determine the temperatures at
which the dissolution experiments were conducted.

D i s so lution e x p eriment s

Cr y stal I melt textur al r elationships
The textures produced during the dissolution experiments are summarized in Table 2.
Textures at 5 kb.In all experiments at 5 kb, olivine crystals have no reaction texture. The

dissolution oforthopyroxene produces a thin band ofequant chromite crystals at the original
crystal/melt interface and further dissolution causes olivine crystals of Foee composition to
crystallize (Fig. 2a). Melt (glass) forms intersertal patches between the olivine crystals.
Clinopyroxene also reacts to form a thin layer of chromite crystals at the original interface
(Fig. 2b). Thereafter, dissolution of clinopyroxene produces glass only. Spinel dissolution
forms a vermicular rim of spinels more Cr- and Fe-rich and less Mg- and Al-rich than the
original spinel composition. Irregular patches of glass are trapped between the vermicular
crystals (Fig. 2c).

Textures at I2 kb. Olivine, orthopyroxene, and clinopyroxene exhibit no reaction textures.
Spinel has a similar vermicular texture to that at 5 kb. Garnet has a complex reaction
relationship. Initially, dissolution of garnet produces olivine crystals of Foeo composition.
Further dissolution results in the formation of an aggregate of aluminous orthopyroxene and
spinel (Fig. 2d). This spinel exhibits a quench texture around the edge of the aggregate.

Textures at 30 kb. At 30 kb, garnet has no reaction texture. All the other four phases exhibit
textures characteristic of rapidly quenched glass. Olivine has quench crystals of clino-
pyroxene with intersertal glass (Fig. 2e). In each case, the width ofthe zone ofquench crystals
represents the difference between the original and final crystal/melt interface.

Dissolution rates
The results of the dissolution experiments are given in Table 3 and shown in Figs. 3-5. The

results are not conclusive enough to discriminate between time-dependent and time-
independent crystal dissolution in these experiments. In order to further investigate this
problem, concentration profiles in the glass adjacent to the dissolving crystal were obtained
for several experimental durations (Figs. 6-8). The shape and length of the profile and the

TnsrE 2

Reaction textures produced during the dissolution experiments

5kb 12 kb 30 kb

Olivine x
Orthopyroxene ol (Foee)+chr*gl
Clinopyroxene chr+gl
Spinel v. sp+gl
Garnet

x q. cpx+gl
x q cpx+gl
x q. cpx+gl

v sp+gl q +gl
ol  (Fo"o)+opx+sp+gl x

x : no Íeaction texture, - : no experiment conducted o| : olivine, chr :

chromite, sp : spinel, v. sp : vermicular spinel, gl = glass, opx: orthopyro-
xene, cpx: clinopyroxene, q = quench texture
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(d) li,jr

Fto. 2. Back scatteÍed electron images of textures produced during dissolution experiments. operating conditions:
15 kV accelerating voltage, probe current variable in order to obtain the best image. (a) Orthopyroxene dissolution
to olivine + chromite + glass (5 kb, 1300 'C, 30 min). Width of photograph 0'2 mm. (b) Clinopyroxene dissolution to
chromite+glass(5kb, 1300'C,30min).Widthofphotograph0.2mm (c)Spinel dissolutiontospinel+glass(5kb.
1250'C,30 min). Width of photograph 0'02 mm. (d) Garnet dissolution to olivine + orthopyroxene + spinel + glass
(12 kb, 1300'C, 10 min). Width of photograph 005 mm. (e) Olivine with quench crystals of clinopyroxene and

interstitial glass (30 kb, 1450'C, 10 min). Width of photograph 0'2 mm.

crystal/melt intercept value for each oxide are identical within analytical error. This suggests
that dissolution is time-independent and that steady-state has been achieved (Kuo & Kirk-
patrick, 1985). Therefore, the apparent time-dependence in some cases (e.g., clinopyroxene
dissolution at 12kb and 1400 "C; Fig. 4) is probably a function of error in the measurement
of the sphere size either before andf or after the experiment. Finally, in order to determine the

Run no.

O2SP
030L
O4SP
04GT
04EN
O5DI
070L
OTSP
OTGT
080L
OSGT
08sP
09oL(1)
oeoL(2)
lOEN
lODI
1lEN
t20L
12GT
I 2SP
130L
I4GT
145P
19GT
2IDI
220L
230L
25DI
27SP
28EN
3ODI
310L
32EN
32Dl
3soL
35SP
35GT
370L
38SP
40sP
430L
44SP
47SP
48GT
49GT
5OGT
52EN
52DT
53EN
53DI
54EN
54DI
5soL
5ssP
56EN
56DI
510L
57SP
590L

;Ú
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Results of dissolution experiments

Run no. P (kb) T ("C) r,{cm) r, (cm) Lr (cm'1 t (s)

02sP
030L
04sP
MGT
MEN
05DI
070L
07sP
OTGT
080L
OSGT
08sP
oeol-(1)
oeorl2)
IOEN
IODI
11EN
r20L
12GT
125P
t30L
I4GT
l4sP
19GT
21DI
220L
230L
25DI
27SP
28EN
3ODI
310L
32EN
32DI
350L
35SP
35GT
370L
38SP
40sP
430L
,l4SP
47SP
48GT
49GT
5OGT
52EN
52DI
53EN
53DI
54EN
54DI
550L
55SP
56EN
56DI
570L
57SP
590L

1500 0.033
1500 0.058
1500 0.037

0.M8

0.022 + 0.002
0.039
0.035
0.025
0.037
0.02ó + 0.002
0.054 + 0.002

0.0r 1 +0.002
0.019
0.002
0.023
0.008 + 0'002
0.015 + 0'002
0.000 + 0.002

0.005 + 0.002
0.003 + 0.002
0.007
0.019 + 0.002
0.022 + 0.002
0.003 + 0.002
0.038 + 0.002
0.035 + 0.002
0.004

30
30
30

1800
600
600

1500
1450

1450

0.M5 + 0.002
0.041 10.002
0.054 + 0.002
0'037
0'040
0.0ó8
0.M2
0.037

0'037 0.000
0.035 0.005

600
ó00

JU

30

30
30

30
30

30
30
30
30
30
30
30
30
30
30

12

1450 0.069 + 0.002
0'058

1450 0'03ó
0.036 + 0.002

1450 0.050
1450 0'073

0.049 t 0'002
0.037

t450 0.084 t 0.002
1450 0.053 + 0002

0.052
l s00 0.072 + 0.002
1450 0.039 + 0002
1450 0.053
1450 0.M8t0002
1450 0'034 + 0002
1500 0.054
1450 0.050
1450 0.036 + 0002
1500 G08ó
1500 0.050+0m2

0.034 + G002
1300 0'045

o03 I
0.u2

1300 0-0/7
1300 0.037
1300 0.039
1350 GM9
1350 0.030
1400 0.038
1300 0.054 +0002
1300 0'057
1400 0'079+0fl2
1300 0.043

0.039 + G002
1400 0.0ó5

o043
1350 0.044

0'029
1400 0.059 + G002

0-Ml
1300 0035

0.030
1350 0.048

0.029
1400 0.052

0.058 + 0.002
0.029 + 0.003
0.03ó
0.058 + 0.002
0'048
0.031+0.002
0.033 + 0'002
0.043
0.0s4 + 0.002
0.027 + 0.002
0.034 + 0.002
0.Mó+0.002
0.018
0'048

D
0.038
0.043 + 0.002
0.038 + 0.002
0.029
0.0t4
0.034 + 0.002
0.030 + 0.002
0.081 + 0.002
0.030

D
0'043
o030

D
0.044
0.037
0.038
oM8
o030
0.037

D
G047

D
o04l
0039 + 0.002
G0ó0
G028
o039
G026
G049
G041
G03r
G029
oo44
G029
oM3

0.010 + 0.002 1800
0.013 + 0.003 1800
0.001
0.011 + 0.002 1800
0.010

ó00

1800
3ó00

7200
7200

> 0.072+0.002 1800
0.001 + 0.002 1800
0.010 + 0'002 1500
0.010+0.002 1500
0.005 +0.002 3600
0'040 7200
0.01ó + 0.002 3600
0.006 + 0.002 7200
0.005 +0.002 300
0.020 + 0.002 1800

> 0.034+0.002
0.002
0.001

> 0.M2
0.003
0.000
0.001
0'001
0.000
0.001

> 0.054+0.002
0.010

> 0.079 + 0.002
0.002
0.000 + 0.002
0.005
0.015
o005
o003
oot0+0.002
G000
G004
0{01
0004
0-000
0.009

1800

3600
3ó00
7200
1200
1800
1800
1 200
600
ó00

r800

1800

1800

3ó00

't2cn

3600

1800

nts. Operating conditions:
)rthopyroxene dissolution
inopyroxene dissolution to
tron to spinel + glass (5 kb,
ropyroxene + spinel + glass
nals of clinopyroxene and
! mm.

ú error. This suggests
hieved (Kuo & Kirk-
s (e.g., clinopyroxene
r in the measurement
rder to determine the

t2
t2
t2
t2
l2
t2
t2
t2
t2
t2

12

l2

12

t2

L2

l2
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Tnnr.r 3 (cont.)

Run no. P (kb) T fC) r, (cm) 11 Gm) Lr (cm) t (s)

ó0sP
61EN
ó1DI
ó2EN
62DI
63EN
63DI
uoL
ó4SP
650L
ó5sP
660L
6ósP
670L
680L(1)
ó8oL(2)
ó9oL(l)
6eoL(2)
70oL(1)
't0oL(2)
71OL(1)
7ror.(2)
72OL(r)
72OL(2)
730L
73SP
74EN
74DT
150L
75SP
76EN,I6DI

770L
77SP
78EN
78DI
790L
79SP
SOEN
SODI
810L
81SP
82EN
82DI
830L
83SP
84EN
84DI
850L
85DI
860L
8óDI

12
t2

12

t2

t2

t2

TZ

t2
t2

12

t2

t2

Í2

)

5

5

)

5

5

5

5

5

5

5

5

Í2

Í2

1400 0.038 0.03ó
1300 0.034 0.032

0.029 0.028
1350 0.048 +0.002 0.M1

0.031 0-026
1400 0.0ól 0.051

0.043 0'024
1300 0.045

1250 0-022

1250

1300

1300

1,t00

0.041

0.054+0'002 0.032
0.M2+0.002 0.040
0.051 + 0.002 0.039
0'044 0.03ó

0.002
0.002
0.001
0.007 + 0.002
0.005
0.010
0.019
0'004
0.000
0.008
0.001
0.022t0.N2
0.002 + 0.002
0.012 + 0.002
0.008
0.012
0.014 + 0'002
0.014

0.01ó
0.007
0.016
0.013
0.015
0.001
0.000

0.001
0.000
0'004
0.007
0.001
0.000
0'006
0.004
0.002
0.002
0.007
0.020
0.001
0.001
0.007
0.012
0.007
0.003
0.017
0.034
0.003
0'006
0.006
0.012

3ó00
3600
3600
3ó00

3ó00

'1200
0.026 0-026

1350 0.052 0.044
0.031 0.030

1400

1400
1400

7200

7200

3ó00
3ó00

3600

3600
3600
3ó00

3600

1800

0.031 0.019
1400 0.041 +0.002 0.027

0.036 0.022
1400 0.061

1400
0.024 0'008
0.M2 0'03s
0.028 0.012

1400 0.037
0.032

0.050+0'002 0.011+0.002

0.024
0.017

1250 0.033 0.032
0'030 0.030

1250 0.037 + 0.002 0.035
0'040 + 0.002 0.036

1300 0.030 0.029
0.029 0.029

1300 0.034 0.030
0.031 0.024

1250 0.031 0.030
0.023 0.023

1250 0.03s 0.029
0.028 u024

1300 0.029 0-027
0.025 0.023

1300 0.034 0.027
0.028 0.008

0.002 + 0.002 1800
0.004+0.002

1800

1800

3ó00

3ó00
3ó00
3ó00

3600

72Ň

72ú

7500

72ffi

600

r200

0.021
0.022 0.021
0.036 0.029
0.032 0.020
0.026 0.019
0.02ó 0.023
0.046 0.029
0.043 0.009
0.026 0.023
o.o27 0.021

1,100 0.041 0.035
0.032 0.020

oL : olivine, SP : spinel, DI : chrome diopside, EN : oÍthopyroxene, GT : gaÍnet.
ri : initial radius of sphere, r.: final radius of sphere, Ár: change in sphere radius.
D: sphere completely dissolved. Errors are *0.001 cm unless otherwise stated.

Frc. 3. Change ir
Error bars on tbc
experiment. The
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melt region. I

data points
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Frc. 3. Change in radius (in on) of crystals against time for expeňments at 5 kb and the temp€ratures indicated.
Error bars on the individual points represent estimated erÍors during measurement of spheres before and after the
experiment. The dissolutión rate is ca|cu|ated by a |inear |east-squares regression fit through the data points with a

weighted value assigned to the origin (Table 4).

effect of the run-up on the dissolution rate, several experiments were performed in the partial
melt region. No dissolution was observed.

The dissolution rates were calculated by a linear least-squares regression fit through the
data points with a weighted value assigned to the origin, because there is clearly no
dissolution possibl€ atzeÍo time. The results are shown in Tab|e 4 and Fig. 9. In cases where
the rate of dissolution is slow and cannot be resolved from Figs. 3 and 4, the dissolution rate
was estimated according to the following equation derived for bubble dissolution in liquid-
gas systems (Epstein & Plesset, 1950):

l  l ó5

E O.O2
(t

?
o

: o.ol

o;

0': Fl'z+:rl (1)

l3OOoC , 5 lbor

+
?

+
f

t
{

The use and applicability of this equation has been discussed by Harrison & Watson (1984),
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Fro. 4. Change in radius (in cm) of crystals against time for experiments at 12 kb and the temperatures indicated. See
Fig. 3 for details of error bars and the calculation of dissolution rates.

who used it to calculate the dissolution rate of apatite in granitic melts. They noted that the
equation gave very similar results to, and is easier to use than, the more commonly employed
equation developed for heat transfer (Carslaw & Jaeger, 1959). In equation (1), r, is the initial
radius of the sphere, r is the final radius' Í is time, c. is the equilibrium saturation composition
at the crystal/melt interface, c, is the initial concentration of the relevant species and p is the

E

E
o

E
o

Frc, 5. Change in

density ofthe
the crystal
crystal (Hani
calculated f

(Crank, 1975r
error functioo

1350'C. 12 tbor

/ía
l ,
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r  Gornal
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\Ť' + )

H

T|IE (t

Frc. 5. Change in radius (in cm) of crystals against time for exPeriments at 30 kb and the temperatures indicated'

Points with parentheses Íepres€nt expenments where the sphere completely dissolved.

density of the bubble forming species. This latter parameter may be reptaced by the densityof

the crystal multiplied by the approximate volume fraction of the relevant species in the

crystaí (Harrisoí & Wátson, ix+). o is the diffusion coefficient of the relevant species

calculated from the following solution to the diffusion equation:

ct-c i

o.02
E
:

o
o

(2)

(crank, 1975). Here, c" is the concentration at distance x from the interface and erfc is the

error function compkment. In order to estimate the dissolution rate, the diffusivity of the
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o roo 200 300 400 500 600 700 000 900

DISTANCE FROM INTERFACE ( pm )
Ftc. 6. Concentration profiles of the major elements in the glass adjacent to dissolving olivine crystals. Experiments
made at 12 kb and 1400.C. Filled circles represent experiment of ó0min duration. Triangles represent experiment of

l0 min duration.

least mobile species in the melt was utilized in each case. It should be noted that the error
function approximation is a less than satisfactory fit to the concentration profile because of
the presence of a moving interface. However, in cases where the dissolution rate is
demonstrably slow, the effect of a moving interface may be neglected because the movement
of the crystal/melt boundary is small relative to the length of the profile (Harrison & Watson,
1984). The effect of a moving interface in calculating diffusion coefficients is considered later.
The parameters used in the estimation of dissolution rates using equation (l) are given in
Table 4. If the experimental duration t << pr? lzD(c, - c,), then equation (1) indicates there will
be little change of the dissolution rate with time and steady-state is approximated. The results
of the calculations are also plotted in Fig. 9.

Dissolution at 5 kb. At 5 kb, the rates of dissolution of olivine, orthopyroxene,
clinopyroxene, and spinel were determined at 1250 and 1300'C (equivalent to super-
heatings of 25 and 75'C, respectively). The dissolution rates at both temperatures
decrease in the order clinopyroxene > orthopyroxene > olivine > spinel. The temperature
dependence of dissolution of each mineral may be fitted to an Arrhenius equation of the
form:

t

:
z
9
F

É
F
z
lrto
z
oo a?

t

z
o

É,
F
z
lrJ
(J
z
oo

"".-o(^ri")

Ftc.7. Concent
Exoeriments made

where u is the
the gas
investigated at -<
is probable thau: (3)
orthopyroxene



UPPER MANTLE MINERALS AT HIGH PRESSURE

too 300

I 169

:t
I

:
9
F

É'
F
z
l!
o
z
o
o

r6.o

t4.o

t3.o

t l

i l .o

ro.o

8.O

f.r T ̂ -i .  s ioa I 2a

éot
t 

^ 
t^ .

Ar a .  A .  A .  A.

 
a

Ao

AA o
a

aa

Aleos I za
4'' l

a'
ia\

Fco I 
",t 

l..
' . | trAa.^.a. 

I  
.  

a .  a .  
^.

h- coO I zo
- 'aA\

aa. -t^ tt  t^ t 
r  .  A r a

I

?
^
- Mco I ",

\ 'Ag
a.a.a. 

a

. '
.a.aa

I

a.
t l

Gil]
Ů

E"
l@
b
tu
Íftc

DISTANCE FROM INTERFACE ( Pm )

Min, f. Concentration profiles of the major elements in the glass adjacent to dissolving clinopyroxene crystals.

Erytriments made at s 
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and 1250.C. Filled circ|es repÍesent experiment of 30 min duration. Triangles represent

experiment of 60 min duration.

mbre u is the dissolution rate, uo is a constant, E, is the activation energy of dissolution, R is

tůe gas constant and T is absolute temperatuÍe. Because only two temperatures were

irr"Ňigated at 5 kb, the calculated activation energies are subject to large erToÍs. However, it

fo probable that olivine and spinel have significantly larger activation energies than either

mthopyroxene or clinopyroxene (Table 5).
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Tnsln 4

Mineral dissolution rates (cm s- r)

r500

I
I
a

{

t2 kb

r250'c 1300'c 1300"c 1350'C r400"c t  500'c
Actrr,a

Oliv ine 1.0Q x 10-8 8.51x 10-7
orthopyÍoxene |.5l x 10-6 2.28 x l0-6
C|inopyroxene l .11 x l0-ó 4 84 x 10-ó
Spinel  at lv lo-e 410xl0-7
Garnet

6.33 x 10-7 1'11 x 10-ó
5.8lx10.? 2l lx l0_ó
I 59 x 10- '  1 '44 x 10-6
4. ' l  -  lo-E l .í l  x lo-7
1.67 x 10- s

3.24x10-6 5.35 x 10-ó 3.17 x 10-5
2.78 x 10-6 4.35 x t0-6 I t3 x l0- 5
6'2 ' lx10-6 905xt0-7 250x10-t
2.88 x 10-7 ó05 x 10-7 5.58 x l0-ó

5.13 x 10-6 3.83 x l0-5

Oli!
r_lli!

Cln
to
úí

!n

Underlined dissolution rates are calculated using equation (l). Parameters used are as follows: olivine. p: L'32 E cm-1-
D(SiOr):158x10-Ecm2s- ' ,(c"-c,):O0435gcm-3,spinel(1250'c,5kb),p=2'4gcm-3,D(Alro3)=15x10-Ecm2sr-
(c"-s,) :0 '048gcm-3,spinel(1300'C, 12kb),p:24gcm-3,D(AlrOr):495x10-8cm-2s-r,(c.-c):0051 gcm-3,spinel
(1350'C, lZkb), p:2'4 Ecm3, D(AlrO3):82x 10-E cm2 s-1, (c.-c ' ;  :0 '081 g cm-3.

See text for discussion of estimation 6f = p Melt densities for c" and ci estimated from Herzberg (1986)

Dissolution ot 12 kb. At 12 kb, the dissolution rates of olivine, orthopyroxene, clino-
pyroxene, and spinel were determined at 1300, 1350 and 1400'C (25,75 and 125'C
superheating, respectively). The dissolution rate ofgarnet is very rapid at this pressure such
that only one experiment of 10 min duration was successful at 1300"C. All other experi-
ments resulted in the complete dissolution of garnet (Table 3). The dissolution rate of
spinel is slowest at each temperature. At 1300'C, the order of dissolution is olivine*

orthopyroxene > cfo
clinopyroxene > o!r{l
fitted to the Arrhcro
dissolution were caur
orthopyroxene, cli-nil
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UPPER MANTLE MINERALS AT

T(cc)

HIGH PRESSURE

r330

3.6 5.8 6.0 6.2 6.4 6.0
l04l  T (K)

Logarithm of the dissolution rate taken from Figs. 3-5 v. reciprocal temperature. Error bars represent
in the best fit lines from Figs. 3-5 propagated through the calculations. Numbers on the data points

at 1300'C represent the dissolution rate at 5 kb.

T,C,SI-E 5

Actiuation energies (kcal mol-r) of dissolution at each pressure

5kb 12 kb 30 kb

olivine 335+ Í6128 84+ó 210+1'4142
orthopyroxene ó6 + 5 85 + 6124 |12!42
Clinopyroxene llI!12 2n+40/35 420+55143
Spinel 35,|+|6155 9ót5 280+4|156
Garnet 252+28156

Calculations at 5 and 30 kb based on two temperatures. t 28/56
refers to the error (+28, -56 kcal mol-r) calculated by fitting a
line through the error bars on the individual dissolution rates.

dopyroxene > clinopyroxene > spinel; whereas at 1400'C, the order of dissolution is
ůopyroxene > olivine + orthopyroxene > spinel (Fig. 9). These dissolution rates were
fred to the Arrhenius equation (3) by least-squares regression. Activation energies for
&olution were calculated as 84t6,85+6' zn+n and 9ó+5 kcal mol_r for olivine,
rthopyroxene, clinopyroxene, and spinel, respectively.
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DISCUSSION

Cr y st al l meh t e xtur al r elationship s
It is to be expected that a crystal not in equilibrium with a melt may exhibit a reaction

dationship with the melt. Many natural examples of reaction coronas around crystals in
Gequilibrium with a melt have been attributed to magma mixing, assimilation or
cpntamination processes (e.g., Hibbard, 1981; Sakuyama, 1981; Gerlach & Grove, 1982;
Tsuchiyama, 1985, 1986c, b).

We have documented the r',action textures produced by the dissolution of olivine,
athopyroxene, clinopyroxene, spinel, and garnet in an alkali basalt at superliquidus
Emperatures and at three different pressures (Table 2). The crystal/melt textural relation-
ships observed in this study may be grouped into two categories:

(l) Type A dissolution (simple dissolution of Tsuchiyama, 1985) characterized by the
reaction:

crYstal +meltr + meltzi
(2) Type B dissolution (partial dissolution of Tsuchiyama, 1985) characterized by the

reaction:

crystall + melt, --+ crlstalz + melt2.

Type A dissolution occurs at all three pressures studied (e.g., olivine at 5 and 12 kb, garnet at
30 kb). Type B dissolution occurs at 5 kb (e.g., orthopyroxene) and 12 kb (e.g., garnet).

The presence of crystal/melt textures at sup€r|iquidus temperatures may be discussed with
reference to the liquidus phase diagram of the alkali basalt (Fig. 1). Unfortunately,
subliquidus phase relationships have not been determined for this alkali basalt composition,
thus precluding a detailed examination of relative mineral stabilities with textures. However,
phase equilibria of similar compositions indicate that at low pressure the crystallization
sequence may be olivine+clinopyroxene+plagioclase*orthopyroxene and at higher
pressure clinopyroxene + garnet + orthopyroxene (Basaltic Volcanism Study Project, 198 l).

At 5 kb, olivine shows no reaction texture both because it is the liquidus phase and because
it is more Mg-rich than the equilibrium olivine composition (Tsuchiyama, 1986c). All other
phases are less stable and therefore exhibit reaction textures. The initial reaction of
clinopyroxene, orthopyroxene and spinel to produce chromite suggests that the CrrO.
released from these mineral phases during dissolution causes local saturation of chromite in
the melt. The lack of chromite crystallization after this stage may be due to the change in melt
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of mafic minerals in mafic melts at various pressures (Kutolin & Agafonov,I978;
oL 1980; Kuo & Kirkpatrick, 1985). The data of Donaldson (1984, 1985) and
& Huebner (1985) have been omitted from Fig. 10 for clarity.

at lb

ion rates of upper mantle minerals in an alkalic melt have been determined at
& Agafonov (1978). Their results show that the order of dissolution at small

ď superheating is garnet > clinopyroxene > orthopyroxene > olivine, and that
Fon, composition dissolves at a slower rate than does olivine of Foro composition.

be concluded that the mineral phase which is stable on the liquidus dissolves
rate and that the equilibrium olivine composition (presumably less Mg-rich

may dissolve at a faster rate than more Mg-rich olivine compositions. This latter
was confirmed by Donaldson (1984), who concluded that phenocryst olivines

faster than olivines which are more magnesian. The preferential dissolution of
olivine compositions relative to Mg-rich olivines may be explained by

ing the simple forsterite-fayalite binary loop. At isothermal conditions above the
more Mg-rich olivines experience a smaller degree of superheating and are thus

to dissolve at a slower rate.
& Agafonov (1978) also showed that garnet is not stable and therefore dissolves at

faster rate than olivine or pyroxene. In addition, because olivine has a higher
ion energy for dissolution than pyroxene (200 kcal mol-r vs. 125 kcal mol-r), it

that the dissolution rates ofolivine and pyroxene converge at greater sruperheatings
l0).

fu. l l .  Thebinarysystemdiopside-anorthiteus €dtoi||ustratethattherelat ivedr iv ingforcesfordisso|ut ionof

-rthite 
(unj vs. diopside (uo,) in the eutectic melt composition at 1375 'C are related to the distance bt:tween the

melt composition and the respective saturation surfaces. In this case uaJuprx yfx.

In a related study, Kuo & Kirkpatrick (1985) showed that the relative dissolutiorr rates of
brsterite, enstatite and diopside in a melt in the system forsterite-diopside-silicl can be
qualitatively explained by the relative driving forces for dissolution. This is illustrated
schematically in Fig. 11. The ratio of the dissolution rates of anorthite and diopside (unJuo,)
in the eutectic melt composition is approximately equal to the distanw ylx. This explanation
cannot easily be used quantitatively in a complex natural system. However, it can be
demonstrated qualitatively that the liquidus phase relationships of a complex melt govern
the relative dissolution rates at least at a small degree of superheating.
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