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Abstract: Amphiboles were crystallized in sub-liquidus experiments at 0.5-2.0 GPa and 1000-1050 °C from hydrous nepheline
basanite and olivine basalt starting compositions. The amphiboles and coexisting (quenched) melts were analysed for major,
minor and trace elements by a combination of electron microprobe, laser ablation microprobe and inductively-coupled plasma
mass-spectrometry (LAM ICP-MS). Individual amphiboles were also characterized by single-crystal X-ray structure refinement,
and empirical estimates of dehydrogenation were obtained based on M1-M2 distances. The amphiboles display compositional
variation that can be interpreted as crystal-chemical responses to: (1) increasing pressure, and (2) changes in oxygen fugacity
(fO,) and the activity of HO. As pressure increases, Al moves from the T1 tetrahedron (where it is replaced by Si) to the
octahedral M2 site. This coupled substitution, which implies an increase in coordination number for Al, results in a decrease in the
c and b unit-cell edges. The overall decrease in unit-cell volumes is kept small, however, by an increase in the B(Fe, Mg) content
with increasing pressure, which in turn decreases the volume occupied by the B-cations but increases the sin 8 value. In this way,
the entrance of minor K at the A site and Cl at the O3 site (Kps for both increase with pressure) is allowed, resulting in a slight
lengthening of the a edge. The degree of dehydrogenation at O3 correlates inversely with the H,O concentration in coexisting
melts. Generally, dehydrogenation is locally balanced by M!Ti, with the Ti excess with respect to 1/, O*~ ordered at the M2 site.
In one sample, crystallized under more oxidizing conditions, O~ is > 2Ti, and local charge balance requires the presence of Fe**
ordered at the M1 (and M3) sites. D¥"Ph/melt yalues measured for the high field strength elements Ti, Zr, Hf, Nb and Ta (Dyrsk)
correlate positively with O?~ and with AL, suggesting that Ti, Zr, Hf, Nb and Ta (HFSE) are incorporated in both the M1 and the
M2 sites. Partition coefficients for rare earth elements (Dgg) correlate positively with Al and negatively with [9Al. Increased
fO, results in increased Fe**, Al and Dz, but does not produce a noticeable increase in O>~ or in Dypsk.
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1. Introduction melts. The amphiboles were investigated by a combina-
tion of X-ray diffraction, electron microprobe, and laser-
ablation microprobe and inductively-coupled plasma mass
spectrometry (LAM-ICP-MS) techniques. The experimen-
tal conditions used to crystallize the amphiboles (Table 1)
varied from 0.5 to 2.0 GPa and 1000 to 1050 °C. They also
included a range of melt compositions, H,O starting con-
centrations (5-12 wt. %) and fO, conditions.

Under a number of circumstances amphibole is geneti-
cally associated with basalts and plays a role in their ori-
gin and evolution. Amphibole occurs as phenocrysts and
megacrysts in basalts (e.g. Irving & Frey, 1984; Rock et al.,
1991; Wilkinson & Hensel, 1991) and it is also present in
some type I peridotite xenoliths (e.g. Varne, 1970; Stolz
& Davies, 1988; Ionov et al., 1997). Thus amphibole can
be a fractionating phase from basaltic magmas, and may
also be present in their mantle source regions. In these

two roles amphibole serves both as a potential repository
and source of alkalis, high-field-strength elements (HFSE),
H,O and halogens. In this study, we use a group of amphi-
boles that were experimentally crystallized from hydrous
basaltic melts to examine the interrelationships between
amphibole crystal-structure, site occupancies, composition,
pressure of synthesis, melt H,O concentration and fO,. We
also consider how these factors affect the partitioning of
trace and minor elements between amphiboles and basaltic
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2. Experimental and analytical methods
2.1. Starting materials

The three different starting compositions used to grow am-
phiboles (Table 2) represent a spectrum of mildly to more
strongly alkaline basaltic rocks, of broadly sodic character,
that are typical of intraplate volcanic settings in many parts
of the world (see review of Knutson et al., 1989). They in-
clude an olivine basalt from Mount Leura in Queensland,
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Table 1. Summary of run conditions and products for the experiments examined in this paper.

Run product modes (wt. %)

starting  wt.% H,O

Run mix in S. mix
GPa °C amph

1923 ML 10,0 2.0 1050 16
1941 ML 75 1.5 1050 21
1925 ML 50 1.0 1050 12
1442 SH 10,0 2.0 1050 21
1541'  SH 100 2.0 1050 11
1539 SH 120 2.0 1000 40
1446  SH 10,0 1.5 1050 22
1447  SH 10,0 1.0 1050 34
1452 SH 50 05 1025 36
1950 BH 100 2.0 1050 17
1951 BH 75 1.0 1025 18

>
=N

mica  garnet

8

cpx o mag el
67
72
75
66
77
60
74
66
64
66

0.1 689

Nuoocoocoocoocooo
COO RO ®®IL W
coocococoococaoo
coococohrooco O
Scococoocococoocooos

eNeNeoNeoNoNoNoReoR o)
O —R OO OO OO O WL NT

S
S
~
©
S

Run product modes were calculated from mass balances between major element concentrations in run products and starting mixes. Run
15417 was conducted using a haematite/magnetite fO, buffer. Abbreviations for starting mixes are ML = Mount Leura, SH = Southern
Highlands, and BH = Bow Hill. Abbreviations for run products are amph = amphibole, cpx = clinopyroxene, ol = olivine, mag = magnetite,

ap = apatite, and gl = glass.

Australia, a nepheline basanite from the Southern High-
lands of NSW, Australia (Wass, 1980), and a second
nepheline basanite from Bow Hill in Tasmania, Australia
(Adam, 1990). Amphiboles crystallized from the latter two
compositions were produced during earlier experimental
studies by Adam & Green (1994, 2006). These include two
previously unpublished experiments on the Southern High-
lands basanite that are described in this study. Details of
the basanite starting material preparations are described by
Adam & Green (1994, 2006).

The Mount Leura starting glass was prepared using pro-
cedures nearly identical to those described by Adam &
Green (2006). Most of the 42 dopants added to the com-
position were added as aqueous solutions to give a total
of 1.52 wt. % of trace oxides in the dry mix. Once thor-
oughly ground and dried, the mix was melted and quenched
to form a glass. Cl, Br and I were added to individual exper-
iments, along with H,O, in a stock aqueous solution con-
taining 10 000 ppm each of CI, Br and I (added as potas-
sium halides). Actual CI concentrations in starting mixes
were higher than originally intended. This was a conse-
quence of using Cl-bearing aqueous solutions (ICP MS an-
alytical standards) as a source of dopants. Melting times
during preparation of the starting glass were kept brief to
avoid the excessive loss of volatile dopants (e.g. Mo, Sb and
Sn) and consequently Cl was incompletely degassed. Pre-
vious experiments by Adam et al. (1993) on a Cl-enriched
basanite containing 4.0 wt. % Cl showed no evident effect
of this amount of Cl on partition coefficients. Therefore the
Cl1 concentrations in our starting mixes (0.22-0.33 wt. %)
were unlikely to have perceptibly affected partition coeffi-
cients.

2.2. Experimental apparatus and procedures

The experimental methods used on the Mount Leura
olivine basalt were essentially the same as those described

by Adam & Green (2006). The experiments were per-
formed in a Boyd & England (1960) type piston-cylinder
apparatus using 12.7 mm diameter furnace assemblies and
a cold piston-in technique. Furnace sleeves were made of
talc and pyrex® with boron nitride inserts. A minus 10 %
correction for friction was applied to measured pressures
(Green et al., 1966). Temperature was measured using
Pt-PtggRhy thermocouples and controlled to within a few
degrees of the set point by a Leeds & Northrup® Elec-
tromax V single-loop controller. All experiments on the
Mount Leura olivine basalt were conducted at a tempera-
ture of 1050 °C, but to encourage the growth of large crys-
tals run temperatures were originally raised to 1160 °C and
maintained at this temperature for 30 min. The temperature
was then gradually decreased over a further 30 min to the
final run temperature. The total run time for each exper-
iment was 48 h. Experiments were performed at 1.0, 1.5
and 2.0 GPa.

Starting materials were contained in double capsules with
an outer Pt capsule and an inner graphite capsule. H,O
and halides were added to individual experiments using a
graduated micro syringe. In order to maintain an approxi-
mately constant degree of crystallization in all three exper-
iments, the amount of H,O added was varied from 5 wt.
% at 1.0 GPa, to 7.5 wt. % at 1.5 GPa, and 10 wt. % at
2.0 GPa. At the completion of experiments, capsules were
removed and sectioned longitudinally. The sections were
then mounted in epoxy and polished using non-aqueous
solvents. The experimental procedures used for experi-
ments on the Southern Highlands basanite are described
by Adam & Green (1994). They were similar to those em-
ployed on the Mount Leura and Bow Hill starting compo-
sitions, but differed by using unlined Ag;oPdso capsules in
place of graphite-lined Pt capsules. Run 1541 on the South-
ern Highlands basanite was also exceptional because it was
conducted in a double Ag;oPdso capsule with a haematite-
magnetite fO, buffer (see Adam & Green, 1994).
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Table 2. Major and minor elements in run products and starting compositions.

GPa 2.0 1.5 1.0 2.0 2.0 2.0 1.5 1.0 2.0
run 1923 1941 1925 1541 1539 1923 1941 1925 1541
amphiboles clinopyroxenes
Mount Leura Southern Highlands Mount Leura Southern
Highlands
n 17 13 15 16 2 10
SiO, 42.57(0.41)  41.30(0.85)  41.68(0.29)  41.41(0.33)  42.59 51.91(0.73)  49.31(0.66)  47.55(1.26)  49.46 (0.49)
TiO, 2.12 (0.08) 2.75 (0.34) 3.41 (0.11) 1.28 (0.02) 1.83 0.63 (0.16) 0.89 (0.10) 2.21(0.65) 0.63 (0.15)
AL O3 14.24 (0.40) 13.95(0.70)  14.17(0.49)  13.32(0.12)  13.09 422 (1.11) 5.49 (0.21) 7.77 (1.32) 5.73 (0.81)
Cr,03 0.05 (0.03) 0.07 (0.04) 0.09 (0.03) 0.02 (0.02) 0.16 0.09 (0.05) 0.10 (0.02) 0.36 (0.14) 0.11 (0.06)
FeO 8.37 (0.65) 9.32 (0.52) 8.73 (0.18) 8.23 (0.07) 8.55 7.12 (0.65) 7.12 (0.65) 8.75(0.42) 7.10 (0.37)
NiO 0.03 (0.02) 0.03 (0.03) 0.04 (0.03) 0.27 (0.04) 0.02 (0.02) 0.18 (0.04)
MnO 0.10 (0.02) 0.11 (0.01) 0.12 (0.02) 0.09 (0.02) 0.10 0.16 (0.04) 0.15 (0.01) 0.17 (0.01) 0.12 (0.03)
MgO 15.43 (0.48) 1472 (0.39)  14.66 (0.31)  16.16 (0.54)  15.09 16.23 (0.74) 15.19 (0.31) 13.38 (0.99) 14.16 (0.69)
CaO 10.29 (0.22) 10.20 (0.36)  10.73 (0.15) 10.94 (0.12) 10.90 18.25 (0.97) 18.14 (0.22) 19.22 (0.53)  21.61 (0.40)
Na,O0* 2.61 (0.10) 2.70 (0.14) 2.64 (0.11) 2.20(0.12) 2.41 0.86 (0.11) 0.75 (0.04) 0.63 (0.07) 1.01 (0.18)
K,O 1.29 (0.04) 1.01 (0.09) 0.78 (0.03) 2.07 (0.05) 1.72 0.00 0.00 0.00 0.00 0.00
P,0s 0.03 (0.02) 0.05 (0.03) 0.04 (0.02) 0.04 (0.04) 0.00 0.03 (0.00) 0.06 (0.03) 0.03 (0.02)
F 0.19 (0.03) 0.20 (0.01) 0.26 (0.01)
Cl 0.05 (0.01) 0.07 (0.01) 0.06 (0.00)
1 0.08 (0.02) 0.08 (0.02) 0.09 (0.00)
Total 97.45 96.56 97.50 96.03 98.08 99.47 98.89 98.48 99.41
Mg no 76.7 73.8 75.0 56.1 80.2 75.6 77.1 79.8
GPa 2.0 1.5 1.0 2.0 2.0 2.0 starting glasses
Run 1923 1941 1925 1923 1923 1541 Mount Bow Southern
orthopyroxenes olivine garnet magnetite Leura Hill Highlands
core rim
n 9 10 5 9 9 11
SiO, 52.91(0.45)  50.48 (0.55)  37.88(0.28)  39.82(0.09) 40.20 (0.20) 0.01 (0.00)  48.47(0.34) 43.88 46.66
TiO, 0.31 (0.03) 0.44 (0.09) 0.06 (0.02) 1.14 (0.07) 0.65 (0.21) 17.47 (0.02) 2.13 (0.07) 2.32 2.19
AL O3 4.61(0.79) 5.54 (0.96) 0.03 (0.01)  21.78 (0.14) 22.41(0.32) 2.05(0.00) 1520 (0.21) 11.35 14.09
Cr, 03 0.13 (0.04) 0.18 (0.04) 0.02 (0.01) 0.13 (0.06) 0.09 (0.09) 0.23 (0.04) 0.03 (0.02) 0.06 0.07
FeO 12.66 (0.89) 1243 (1.27)  23.46 (0.63) 14.31 (0.19) 14.50 (0.54) 69.35(0.13) 10.96 (0.17) 11.71 9.83
NiO 0.06 (0.05) 0.08 (0.04) 0.09 (0.02) 0.10 (0.03) 0.00 0.04
MnO 0.18 (0.05) 0.18 (0.04) 0.26 (0.02) 0.41 (0.04) 0.41 (0.03) 0.37 (0.01) 0.16 (0.04) 0.19 0.16
MgO 27.26 (0.54)  26.83 (0.66)  37.93(0.41)  13.92(0.29) 14.55 (0.47) 3.22 (0.04) 9.15(0.13) 12.00 8.43
CaO 1.53(0.27) 2.00 (0.29) 0.17 (0.02) 7.78 (0.21) 6.85(0.43) 0.01 (0.01) 8.95(0.13) 9.36 9.62
Na, O 0.11 (0.03) 0.10 (0.02) 0.01 (0.01) 0.05 (0.02) 0.04 (0.01) 0.00 3.19 (0.07) 4.12 3.50
K,O 0.00 (0.00) 0.02 (0.01) 0.01 (0.01) 0.00 (0.00) 0.00 (0.00) 0.00 1.15 (0.05) 2.02 2.00
P,0s 0.00 (0.00) 0.02 (0.01) 0.04 (0.03) 0.03 (0.00) 0.59 (0.05) 1.43 0.85
Total 99.70 98.41 99.95 99.34 99.70 92.84 99.98 98.60 97.40
Mg no 79.3 79.1 74.2 63.4 64.1 59.8 64.6
GPa 2.0 1.5 1.0 2.0 2.0
run 1923 1941 1925 1541 1539
run product glasses
Mount Leura Southern Highlands
n 20 13 11 15
SiO, 44.27(0.81)  44.44(0.72)  46.27(0.19) 35.79 (4.30) 37.98 (1.50)
TiO, 2.19 (0.08) 1.93 (0.06) 2.01 (0.05) 1.25(0.22) 1.87 (0.17)
AL O3 14.03 (0.26)  14.66 (0.19)  16.03 (0.08) 12.56 (2.64) 13.14 (1.13)
Cr,03 0.02 (0.02) 0.03 (0.01) 0.02 (0.01) 0.01 (0.01)
FeO 6.91 (0.45) 9.86 (0.18) 9.26 (0.14) 5.02 (1.06) 7.91 (0.94)
NiO 0.02 (0.01) 0.04 (0.03) 0.13 (0.04) 0.17 (0.06)
MnO 0.10 (0.03) 0.14 (0.02) 0.16 (0.03) 0.05 (0.02) 2.93(0.52)
MgO 4.93 (0.53) 5.05 (0.08) 4.84 (0.05) 4.65 (1.86) 6.14 (0.74)
CaO 7.07 (0.46) 7.18 (0.09) 7.61 (0.07) 7.35 (1.85) 2.95(0.28)
Na,O0* 3.60 3.04 (0.17) 3.32(0.11) 1.73 (0.35) 1.65 (0.26)
K,O 1.25 (0.29) 1.21 (0.04) 1.27 (0.04) 1.26 (0.37)
P,0s 0.75 (0.05) 0.68 (0.05) 0.70 (0.06) 1.26 (0.37)
F 0.19 (0.02) 0.13 (0.01) 0.13 (0.00)
Cl 0.37 (0.09) 0.44 (0.00) 0.42 (0.00)
1 0.15 (0.01) 0.21 (0.01) 0.18 (0.00)
Total 84.83 89.02 92.26 70.95 74.74
Mg no. 56.0 47.1 48.2 62.3 39.8
Na,O as analysed 2.74 (0.29)

*Na, O for quenched melt from run 1923 was estimated from the mass balance of run products and starting composition. n equals the number
of analyses used to calculate averages. Figures in parentheses are 1 sigma standard deviations calculated for replicate analyses. All runs were
conducted at 1050 °C, excepting run 1539 which was conducted at 1000 °C.
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Table 3. Nernst mineral/melt partition coefficients for Mount Leura and Southern Highlands (run 1541) amphiboles.

Run 1923 1941 1925 1541

GPa 2.0 1.5 1.0 2.0

Li7 0.18 0.03) 0.16 (0.02) 0.189  (0.004) 0.13 (0.01)
Be9 0.21 (0.002) 0.18 0.03) 0.23 (0.02) 0.40 (0.08)
B10 0.05 0.011)  <0.08 0.10 0.01) 0.30 (0.04)
Mg25 2.54 0.13) 2.67 (0.16) 2.95 (0.10) 2.17 (0.10)
Al27 0.97 (0.04) 0.83 (0.09) 0.88 0.01) 1.03 (0.03)
P31 0.018 (0.001) 0.07 (0.01) 0.043  (0.005) 0.04 (0.01)
Cad3 1.47 1.44 1.37 1.48

Sc45 2.25 (0.23) 1.81 (0.13) 2.39 (0.15) 1.79 (0.07)
Ti49 0.89 (0.02) 1.21 (0.15) 1.61 (0.06) 0.94 (0.03)
V51 4.1 0.4) 3.23 (0.22) 4.0 (0.5) 0.26 (0.01)
Cr53 7.0 (1.4) 5.23 (0.52) 11.9 (1.7) 3.27 (0.18)
Co59 2.1 0.3) 1.9 0.2) 1.92 (0.20) 1.76 (0.07)
Ni60 15.0 (2.8) 15.98  (0.94) 8.6 (1.2) 4.5 0.2)
Cu65 0.74 (0.73) 2.33 (0.33) 1.6 (0.3) 0.14 (0.01)
Zn66 0.16 (0.03) 0.48 (0.05) 0.28 (0.05) 0.54 (0.04)
Ga69 0.30 (0.03) 0.67 (0.06) 0.55 (0.09) 0.51 (0.03)
Ga7l 0.31 (0.03) 0.68 (0.06) 0.58 (0.1) 0.59 (0.04)
Ge74 0.50 (0.06) 0.91 (0.03) 0.80 (0.14) 0.66 (0.04)
AsT5 <0.026 0.03 (0.01) 0.04 (0.04) 0.60 (0.07)
Rb85 0.13 (0.02) 0.15 (0.01) 0.10 (0.01) 0.31 (0.01)
Sr86 0.287 (0.005) 0.39 (0.05) 0.49 (0.02) 0.42 (0.02)
Sr88 0.294 (0.006) 0.39 (0.05) 0.50 (0.01) 0.51 (0.03)
Y89 0.87 (0.15) 0.73 (0.10) 0.91 (0.03) 0.64 (0.02)
Zr90 0.114 (0.003) 0.21 (0.04) 0.24 (0.02) 0.17 (0.01)
Nb93 0.081 (0.003) 0.19 (0.02) 0.30 (0.01) 0.10 (0.004)
Mo98 0.06 (0.01) 0.14 (0.02) 0.20 (0.03) 0.12 (0.02)
Agl07  0.36 (0.13) 0.30 (0.06) 0.30 (0.06) 0.32 (0.03)
Cdl1l  0.35 (0.07) 0.58 (0.03) 0.34 (0.10) 1.3 (0.7)
Inl15 n. a. 0.81 (0.09) 0.85 (0.19) 0.52 (0.08)
Snl118 0.033 (0.001) 0.035 (0.003) 0.028 (0.003) 0.80 (0.06)
Sbl21 0.001 (0.000) 0.017 (0.003) 0.012 (0.008) 0.00

Cs133 0.003 (0.001) 0.09 (0.01) 0.004  (0.001) 0.00

Bal37  0.184 (0.008) 0.25 (0.03) 0.28 (0.02) 0.36 (0.02)
Lal39 0.058 (0.012) 0.09 (0.01) 0.099  (0.005) 0.17 (0.01)
Celd40  0.104 (0.002) 0.17 (0.02) 0.168  (0.004) 0.23 (0.01)
Nd146  0.25 (0.01) 0.36 (0.04) 0.41 (0.01) 0.43 (0.02)
Sml147  0.444 (0.005) 0.57 (0.06) 0.65 (0.03) 0.64 (0.02)
Tb159  0.74 (0.03) 0.76 (0.09) 0.89 (0.05) 0.78 (0.05)
Hol65 091 (0.14) 0.79 (0.10) 0.92 (0.08) 0.88 (0.03)
Tml169  0.99 (0.23) 0.71 (0.09) 0.84 (0.06) 0.58 (0.08)
Ybl74  0.30 (0.02) 0.62 (0.10) 0.50 (0.07) 0.52 (0.06)
Lul75 1.00 (0.29) 0.63 (0.09) 0.72 (0.07) 0.61 (0.03)
Hf177 0.220 (0.001) 0.37 (0.07) 0.41 (0.05) 0.37 (0.04)
Tal81 0.087 (0.002) 0.20 (0.03) 0.30 (0.02) 0.12 (0.01)
W183 0.013 (0.003) 0.007 (0.001) 0.023 (0.001) 0.024 (0.004)
W184 0.009 (0.001) 0.012  (0.003) 0.006 (0.001) 0.024 (0.004)
Pb208 0.051 (0.004) 0.038 (0.004) 0.048 (0.010) 0.055 (0.010)
Bi209 0.002 (0.001) 0.29 (0.25) 0.08 (0.07)

Th232  0.004 (0.000) 0.021  (0.005) 0.013 (0.001) 0.024 (0.004)
U238 0.005 (0.001) 0.021  (0.005) 0.014 (0.001) 0.031 (0.010)

Figures in parentheses are 1 sigma uncertainties propagated from the results of replicate analyses n.a. not analysed.

2.3. Analytical methods

The analytical methods used to analyse major, minor and
trace elements in the Mount Leura starting glass and run
products, and in amphiboles and melts from the haematite-
magnetite buffered run 1541 on the Southern Highlands
basanite are the same as those described by Adam & Green
(2006). Major elements (Table 2) were analysed with a

Cameca® SX50 electron microprobe. Trace and minor el-
ements, and some major elements, were analysed with a
laser microprobe coupled to an Agilent® 75008 ICP-MS.
Amphiboles and glasses were ablated with a 30 um diam-
eter beam of UV light (1 = 266 nm). CaO was used as
the internal standard for calibrating ICP-MS analyses. In
each case, electron microprobe analyses of CaO were cho-
sen from points close to the spots analysed by ICP-MS.
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Table 4. Selected crystal and refinement data for synthetic pargasites.

645

Sample SEQ  a(A) b(A) c(A) B VA®)  Ryw Ra Rar #Fur  #F,,
%0 %0 %
1923 1099 9.868(1) 18.001(1) 5.296(1) 105.12(1) 908.1 1.7 2.0° 24 2055 1737
1941 1096  9.855(1) 18.013(1) 5.299(1) 105.05(1) 9084 2.6 327 43 2064 1649
1925 1097  9.843(1) 18.033(1) 5.302(1) 105.09(1) 908.6 1.7 2.2 25 2059 1839
1541 1111 9.934(1) 18.026(1) 5.309(1) 105.43(1) 9164 1.5 1.6 1.8 1384 1297
1539 1110 9.929(1) 18.029(1) 5.299(1) 105.33(1) 914.9 34 2.3 3.8 1388 1049
1447 1041 9.913(5) 18.049(6) 5.308(2) 105.36(3) 915.8 2.8 1.9 22 2246 1208
1452 1114 9.932(1) 18.067(2) 5.309(1) 105.37(1) 918.5 2.2 2.2 2.6 2082 1827
1950 1112 9.879(1) 18.031(1) 5.296(1) 104.98(1) 911.3 3.7 34 54 2590 1843
1951 1113 9.898(1) 18.064(1) 5.303(1) 105.17(1) 9152 3.9 34 5.3 2593 1959

Note: SEQ is the sequence number in the CNR-IGG-PV database; R are the standard disagreement indices calculated for the corrected
intensities of equivalent monoclinic reflections (Ry,,), and for the observed and calculated structure factors (F) of all the reflections (R;)

and of those used for the refinements (/ > 30, R*, ; I > 507).

obs
Minimum detection limits and 1o errors for LAM ICP-MS
analyses are similar to those reported by Adam & Green
(2006). Mineral/melt partition coefficients calculated from
the LAM ICP-MS data are given in Table 3. Propagated
1o errors derived from replicate analyses of minerals and
melts (Table 3) are up to several times larger than those
attributable to counting statistics alone. Individual analy-
ses of crystals and quenched melts have been deposited
(Table A) and are available on request. Mineral/melt par-
tition coefficients and analytical data for run products from
the Bow Hill and Southern Highlands basanites are given
in Adam & Green (1994, 2003, 2006).

2.4. X-ray data collection and structure refinement

Crystals were handpicked from the sections mounted in
epoxy, and their crystal quality was checked first from
optical and then from diffraction behaviour. Data col-
lections were done with an area-detector Bruker/AXS
SMART-Apex diffractometer, using graphite monochroma-
tised MoK« X-ray radiation. Four batches of 840 images
each (0.2° w-rotation) were collected at different ¢ po-
sitions (0°, 90°, 180°, 270°). The crystal-to-detector dis-
tance was 4 cm. Intensity data were integrated using the
SAINT program (Bruker®) and corrected for absorption
using the SADABS program (Bruker®). Diffraction data
for amphibole from sample 1539 were collected with a
point-detector Philips PW1100 4-circle diffractometer us-
ing graphite-monochromatised MoK« X-radiation. Two
equivalent monoclinic reflections (hkl and hkl) were mea-
sured and corrected for Lorentz and polarisation factors
and for absorption before merging. Reflection profiles were
integrated following the method of Lehmann & Larsen
(1974) as modified by Blessing et al. (1974). Intensities
were corrected for Lorentz-polarisation and absorption fol-
lowing North et al. (1968). Unit-cell parameters were cal-
culated from least-squares refinement of d-spacings calcu-
lated for 60 rows of the reciprocal lattice by measuring the
reflections in the range —30 < 6 < 30°.

The reflections with § < 35° (38° for samples 1950
and 1951) were used in the unweighted full-matrix least-
squares structure refinement on F. The program used is a

locally modified version of program ORFLS (Busing et al.,
1962) which was designed to deal with complex solid so-
lutions (E. Cannillo, pers. comm.). Selected crystal and
refinement data are provided in Table 4. Geometrical pa-
rameters relevant to the present discussion are reported in
Table 5. Atomic coordinates and displacement factors have
been deposited (Table B). A recalculation of the amphi-
bole analyses based on the results of structure refinements
is given in Table 6. The differences between the refined
group-site scattering values and those calculated from the
unit formulae are also reported in Table 6.

3. Experimental results

3.1. Run products

The amphiboles produced in experiments appear black
when viewed with a hand-lens, but brown under strong
magnification and (non-polarized) lighting. In plane po-
larized light, they show blue-green to yellow and brown
pleochroism. Individual amphibole crystals are either
rounded or blocky in form and 200-300 um in diameter.
The identity of coexisting crystal phases varies depending
on run conditions and starting composition (see Adam &
Green, 1994, 2003, 2006). In the case of the Mount Leura
Basalt they include clinopyroxene (in all experiments), or-
thopyroxene (at 1.5 and 2.0 GPa), olivine (at 1.0 GPa) and
garnet (at 2.0 GPa). The haematite-magnetite buffered run
on the Southern Highlands basanite produced clinopyrox-
ene and titano-magnetite, in addition to amphibole. The
quenched melts from experiments vary in composition.
Those from the Mount Leura Olivine Basalt are equivalent
to hydrous olivine tholeiites, whereas melts from the Bow
Hill and Southern Highlands Basanites have either hydrous
nepheline basanite or hydrous nepheline hawaiite compo-
sitions.

To check for analytical consistency, an iterative proce-
dure was used to calculate mass balances between major
element concentrations in run products and starting compo-
sitions. These were also used to calculate H,O concentra-
tions in melts (assuming constant bulk H>O concentrations
during individual experiments), and to correct for Na,O
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Table 5. A comparison between the mean bond-lengths determined from structure refinement, the aggregate cation radii calculated from site
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populations and Shannon (1976) data, and the results of lattice-strain calculations (r + 1.38).

Run 1923 1941 1925 1541 1442 1539 1446 1447 1452 1950 1951
structure refinement

(T1-0) 1.666 1.668 1.669 1.671 1.666 1.671 1.672 1.662 1.666

(T2-0) 1.636  1.636 1.636 1.642 1.638 1.642  1.641 1.636 1.638

(M1-0) 2.079 2.080 2.078 2.081 2.078 2.080 2.083 2.082 2.078

(M2-0) 2.053 2.055 2.060 2.054 2.072 2.062 2.069 2.062 2.072

(M3-0) 2.070 2.071 2.068 2.075 2.068 2072 2.074 2072 2.068

Bl(M4-Oy 2488 2487 2487 2497 2.501 2494 2498 2494 2501

Ol(M4’-0) 2411 2408 2412 2.416

(A-O) 2.929 2927 2925 2946 2.935 2.940 2940 2929 20935

(Am-O) 2.880 2.878 2871 2914 2.888 2900 2.897 2.890 2.888

(A2-0) 2.634  2.619 2.609 2.650 2.633 2.612 2.629 2616 2.633
aggregate cation radii + 1.38

Tl 1.691 1.693 1.694 1.696 1.691 1.696 1.698 1.687 1.691

T2 1.642  1.642 1.642 1.648 1.644 1.648 1.647 1.642 1.644

M1 2.098 2.093 2.089 2.103 2.094 2.099 2.094 2.083 2.090 2.096 2.086

M2 2.043 2.050 2.046 2.036 2.044 2.051 2.044 2.056 2.065 2.064 2.073

M3 2,113 2113 2113 2.112 2.106 2.112 2.112 2100 2.112 2.110 2.110

[8IVi4 2463 2461 2466 2477 2478 2477 2476 2479 2478 2464 2.480

1215 2.833 2819 2811 2.868 2.856 2.852 2.846 2.836 2.823 2.830 2.828

1A 2.686 2.665 2.652 2739 2721 2714 2705 2.691 2671 2.682 2.679
lattice-strain calculations (ry + 1.38)

M2+3 2.06 2.05 2.07 2.06 2.07 2.08

[8Ivi4+2 2.46 2.45 2.46 2.44 247 247 247 247 2.46 2.45

RN 2.89 2.87 2.87 2.85 2.84 2.84 2.83 2.82 2.90 2.90

loss during electron microprobe analyses of quenched
melts. Although minor and trace elements were not used
to constrain the relative proportions of minerals and melts,
the agreement between calculated bulk run products and
starting compositions for most non-siderophile trace and
minor elements was very good (usually within a few per-
cent). But for some of the siderophile and chalcophile tran-
sition elements (including Fe, Ni, Sn, Cu, Ag, Sb and Pb)
there were significant shortfalls in the calculated bulk com-
positions. Most of these shortfalls may be due to alloying
between transition elements and precious-metal capsules.
In the case of graphite-lined capsules, this could have oc-
curred if the graphite capsules leaked during experiments
and allowed some of the melt phase to come in contact
with the Pt of the outer capsules. However, the problem
is one that seems to be common in hydrous experiments
conducted in graphite capsules, but not in otherwise simi-
lar dry experiments, and so the cause of the material losses
is uncertain.

The melt H,O concentrations calculated from mass bal-
ances (Table 6) are in most cases within 1.0 wt. % of the

shortfalls in the combined totals of electron microprobe
and LAM-ICP-MS analyses (i.e. 100 minus the combined
wt. % of major, minor and trace oxides, fluorides, chlo-
rides and iodides). Where SIMS analyses of H are avail-
able (see Hauri et al., 2006) there is a similarly close match
in the estimated H,O concentrations. But for runs 1923,
1541 and 1539 the differences between the melt H,O con-
centrations obtained from mass balances, and the shortfalls
in analytical totals, are significantly larger. For runs 1923
and 1539 these differences are 1.88 and 3.74 wt. % re-
spectively. However, these differences are associated with
high absolute melt H,O concentrations (14.15 and 18.67
wt. % respectively) and so do not represent gross relative
errors. But for run 1541 the difference is 16.25 wt. %.
This can only be attributed to significant porosity within
the coarsely quenched melt that has caused low analytical
totals for the electron microprobe. The alternative expla-
nation of 27.0 wt. % H,O in the original melt is inconsis-
tent with the expected effect of this much H,O on the bulk
composition’s liquidus temperature (i.e. the bulk composi-
tion should have been rendered super-liquidus). In contrast
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Table 6. Crystal-chemical formulae and H,O concentrations in coexisting melts for the amphiboles of this work.
Mount Leura Southern Highlands Bow Hill
Run 1923 1941 1925 1541 1442 1539 1446 1447 1452 1950 1951
GPa 2.0 1.5 1.0 2.0 2.0 2.0 1.5 1.0 0.5 2.0 1.0
°C 1050 1050 1050 1050 1050 1000 1050 1050 1000 1050 1025
T sites Si 6.240  6.155 6.142  6.137 6.246 6.291 6.258  6.093 6.052 6471 6.292
Al 1.760  1.845 1.858  1.863 1.754 1.709 1.742  1.907 1.948 1.529 1.708
sum T 8.000  8.000 8.000  8.000 8.000 8.000 8.000  8.000 8.000  8.000 8.000
C sites Ti 0.234  0.308 0.378  0.143 0.198 0.203 0.286  0.291 0364 0220  0.383
Al 0.700  0.605 0.603 0464  0.539 0.571 0512 0229  0.223 0411 0.284
Cr 0.006  0.008 0.010  0.002  0.027 0.019 0.036  0.012  0.057 0.021 0.045
Felll 0.006 0.064  0.156  0.593 0.224 0.062 0279 0.716  0.578  0.155 0.158
Fell 0.846 0917 0.752 0277 0.521 0.825 0467 0299 0566  0.734  0.708
Ni 0.004  0.004  0.005 0.008  0.005
Mg 3204 3.094 3.096  3.488 3.491 3.320 3.420  3.453 3212 3452 3417
sum M1-3 5000 5.000 5.000 5.000  5.000 5.000  5.000 5.000 5.000 5.000 @ 5.000
B sites Fell 0.175  0.181 0.167  0.149 0.209 0.248 0.216  0.153 0.103  0.046  0.075
Mn 0.012 0.014 0.015 0.011 0.011 0.013 0.011  0.014 0015 0011 0.011
Mg 0.166  0.175 0.123  0.079  0.000 0.000  0.000 0.000  0.000 0277  0.106
Ca 1.616  1.629 1.694  1.737 1.753 1.725 1.771 1.829 1.881 1.573 1.806
Na 0.031  0.001 0.001  0.023 0.027 0.014  0.023 0.004 0.001 0.093 0.002
sum M4 2.000 2.000 2.000 2.000  2.000 2.000  2.000 2.000 2.000 2.000  2.000
A sites Na 0.711  0.779 0.753  0.609  0.652 0.676  0.687 0.696  0.663  0.739  0.766
K 0.241  0.192  0.147  0.391 0.348 0324 0303 0.264 0.237  0.241 0.234
sum A 0952 0971 0.900  1.000 1.000 1.000 0.990 0.960  0.900  0.980 1.000
Wsites  OH 1.559  1.465 1.291 1.542 1.565 1.665 1.319 1411 1.426  1.498 1.465
F 0.088  0.094  0.121 0.027 0.035 0.036  0.101 0.094
Cl 0.012  0.018 0.015 0.000 0.001 0.001  0.017  0.018
I 0.006  0.006  0.006
o 0.335 0417 0.567  0.458 0.408 0.335 0.645 0589 0537 0384  0.543
sum W 2.000 2.000 2.000 2.000  2.000 2.000  2.001  2.000 2.000 2.000 @ 2.000
eC EMP 75.10  77.58 7730 7393 73.41 75.25 7425 7749 80.56  75.23 76.72
eB EMP 39.50  39.75 40.08  40.09  41.07 4143 41.56 4095 40.68  37.28 39.64
eA EMP 1240 1222 11.08  14.13 13.78 13.59 13.31 12.67 11.80  12.71 12.87
eC SCXRD 7431  77.81 76.96  76.06 80.04 78.03 80.31 78.41 77.43
eB SCXRD 39.08 3991 3991  40.14 42.16 41.82 4213 3875 39.93
eA SCXRD 12.56  12.70 12.45  14.46 13.77 13.24 1335 1275 13.37
AC 0.79 -0.23 033 -2.13 -4.79 -0.54 025 -3.19 -0.71
AB 0.42 -0.16  0.17 -0.05 -0.73 -0.87 -145 -147 -0.229
AA -0.16 048 -137 -0.33 —0.18 -0.57 -1.55 -0.04 -0.50
Wt. % H,0 in
co-existing melts 144 9.8 6.3 12.8 13.0 18.7 6.2 6.5 6.7 14.1 10.3

The OH contents in Mount Leura amphiboles, Bow Hill amphiboles, and samples 1541, 1539, 1452 and 1447 were calculated from the
refined M1-M2 distances (see text). The OH contents in samples 1442 and 1446 were determined from SIMS analyses of H (Hauri et al.,
2006). H,O concentrations in co-existing melts were calculated from mass balances and run product modes (see Sect. 3.1). The notation eC
(eB, eA) refers to the number of electrons per formula unit (epfu) at the C sites calculated based on EMP analysis or refined by single-crystal
structure refinement (SCREF). AC is the difference (in epfu) between the two independent estimates.

(and this applies to all of the experiments described in this
study) the melt H,O concentration obtained by mass bal-
ance is consistent with both the observed phase relation-
ships and the H,O concentration originally added to the
starting composition (10.0 wt. %). Very considerable care
was taken when preparing each experiment to ensure that
the latter was accurate. We therefore consider that the melt
H>O concentrations calculated from mass balances are re-

liable, and that in most cases they are within + 1.0 wt. % of

actual values.

3.2. Amphibole compositions

The amphiboles produced in experiments on the Mount
Leura Olivine basalt are dominantly pargasites with vari-
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able amounts of kaersutite component (from 24 to 35 mole
%) according to the classification scheme of Leake ef al.
(1997). They also contain minor fluoro, chloro, iodo and
presumably also bromo components (Br was added to the
starting composition but was not analysed). The amphi-
boles from individual experiments are typically quite ho-
mogeneous with respect both to their major and trace ele-
ment concentrations, although the compositional variation
is generally slightly larger than that attributable to analyti-
cal errors alone.

The main compositional changes observed with increas-
ing pressure and melt H,O concentration in the three
Mount Leura amphiboles of this work (Table 6) are:

— adecrease in Ti concentration (from 0.38 to 0.23 apfu)
coupled with a decrease in dehydrogenation (namely,
of the oxo component, O>~) at the O3 site (from 0.57 to
0.33);

— an increase in the Si content (from 6.14 to 6.24 apfu).
This is coupled with an almost constant Al;O3 content
and hence with an increase in [©'Al and 9 Al/#IAL;

— an increase in the K content (from 0.15 to 0.24 apfu).

Other variables that decrease with both increasing pressure
and melt H,O concentration are the partition coefficients of
I, Sr, Ba, Ti, Zr, Hf, Nb, Ta, and LREE.

Amphiboles from the Bow Hill and Southern Highlands
basanites are also pargasite-kaersutite solid solutions, but
are generally more calcic than the Mount Leura amphi-
boles. The effects of pressure on their compositions are
similar to those described for the Mount Leura amphiboles.
But in the case of the Southern Highlands amphiboles, the
degree of dehydrogenation is not a consistent linear func-
tion of pressure. This follows a similarly non-linear rela-
tionship between melt-H,O concentrations and pressure.

4. Discussion

4.1. Crystal-chemical changes as a function
of pressure

In the synthetic pargasites described in this study, there are
compositional trends that can be interpreted in terms of a
structural response to increasing pressure. Although Al re-
mains relatively constant, [9AI/*/Al increases as pressure
increases. The incorporation of /Al makes the M2 and
M3 octahedra smaller (®’Al = 0.535 A, ©IMg = 0.72 A,
[6]Fe2*+ = 0.78 A), whereas the incorporation of */ Al makes
the tetrahedral sites larger (11Si = 0.26 A, 1Al = 0.39 A).
These changes are consistent with the well known princi-
ple that higher pressure favours more compact structures.
The distribution of Al between the T1 and the T2 tetra-
hedra (which is interpreted as high-7 disorder) was eval-
uated based on refined bond-lengths and site populations
according to Oberti et al. (1995a). The ratio 72Al/71 Al is
almost constant, as expected from the small 7" range of the
synthesis.

Interestingly, the unit-cell volume decreases only slightly
when pressure increases from 0.5 to 2.0 GPa. However,

significant changes in all the unit-cell parameters are ob-
served, which are coherent with the changes in site popu-
lations discussed above. There is a marked shortening of
the b edge (which is sensitive to the aggregate size of the
octahedra). The ¢ edge (which is sensitive both to com-
position and to the conformation of the double-chain of
tetrahedra) also tends to shorten with increasing pressure,
and increasing /Al and [®/Al/IAI ratio (note that these
parameters are relatively elevated in amphibole from the
high fO, run 1541). In contrast, the a edge either short-
ens only slightly or even lengthens (in Mount Leura am-
phiboles) with increasing pressure. This is consistent with
the observed increase in the K content at the A site (as mea-
sured by EMP and confirmed by structure refinement). The
observed increase in the B(Fe, Mg) content with increas-
ing pressure significantly decreases the volume occupied
by the B-cations but increases the sin 8 value. We can con-
clude that the combination of the changes in the various site
populations allows the incorporation of higher K contents
at higher pressures without increasing the unit-cell volume.

The amount of partial dehydrogenation was estimated
from the refined M1-M2 distances, following a method re-
cently calibrated at the CNR-IGG Pavia. More detail of this
method is given in Oberti et al. (2007). In brief, a compar-
ison of more than 100 amphiboles for which both structure
refinements and SIMS analyses of H are available shows
a linear relation between the amount of the oxo compo-
nent (O?7) and the M1-M2 distance; this feature decreases
repulsive interactions between the high-charged cations at
these sites (those at M1 being involved in the local charge
balance after dehydrogenation). The M1-M?2 distance de-
pends on other compositional factors, such as the M4 site
composition, and different regression equations have been
developed to calculate the oxo component in calcic (par-
gasite/kaersutite) and sodic-calcic (richterite) amphiboles.
The discrepancy between the measured and calculated O*~
values for the amphiboles used to set up the method is
within 10 %; the estimates given for the Mt. Leura samples
may be biased by their higher ##(Mg, Fe) contents, which
in principle might allow for higher O?~contents than in the
reference sampling. Table 6 shows that for most of our re-
finements, the Ti:O% ratios calculated by this method are
slightly higher than 1:2. If the estimates of dehydrogena-
tion are correct, some Ti is not involved in the local bal-
ance of dehydrogenation, and thus occurs at the M2 site.
In amphibole from the haematite-magnetite buffered run
1541, Ti:O% is < 1:2, and thus the measured dehydrogena-
tion requires the presence of Fe™ at the M1 and M3 sites,
a feature that is confirmed by structure refinement results
(namely, the refined mean bond-lengths and site-scattering
values).

The amount of Ti assigned to the M1 site based on the
calculated oxo component can be validated by comparing
refined group site scattering results with those calculated
from the unit formulae (Table 6). If we assign to the M1
site only the amount of Ti required to compensate for the
estimated dehydrogenation, together with a mixture of Mg
and Fe?* calculated to reproduce the refined site-scattering
values, we obtain calculated bond lengths shorter than the
refined ones. This feature is coherent with the structural
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effects of dehydrogenation, but discards the possibility of
assigning all Ti to the M1 site (which would increase this
discrepancy further). The Ti content exceeding !, 0> is
thus incorporated into the M2 site. Also, a small degree of
Al disorder between the M2 and M3 sites cannot be dis-
carded on the basis of comparison of the observed and cal-
culated mean bond lengths. This feature would be consis-
tent both with the amphibole bulk chemistry and with the
high-T conditions of crystallization (Oberti et al., 1995b).

The major peculiarity of the Mt. Leura synthetic par-
gasites is the exceptionally high concentrations of small
cations (Mg, Mn and Fe?*) at the B sites (Table 6). This is
compatible with the high pressures and temperatures con-
dition of synthesis, but also reflects the influence of the
olivine basalt starting composition. Indeed, the B sites in
the Mt. Leura amphiboles are richer in Mg and Fe?* than
in amphiboles from the Bow Hill and Southern Highlands
basanites. This feature implies significant differences in the
size of the B polyhedron and in the shape of the electron-
density. In fact, the ionic radii of Mg and Fe*? (0.72-0.89 A
and 0.78-0.92 A respectively in [6]- or [8]-fold coordi-
nation) are far smaller than that of Ca*? (1.12 A in [8]-
fold coordination), and Mg and Fe*? tend to assume a
[6+2]-fold coordination. In a long-range perspective, such
as that of the structure refinements (which averages over
the studied crystal), the presence of distinct local environ-
ments for the M4 cations is indicated by the presence of a
complex shape of the electron density, which can be best
modelled only with two distinct sites (M4 and M4’) with
a total occupancy of 1 in the refined structural model (cf.
Table B, deposited). The presence of small cations at the
M4 site in amphiboles is reflected also by smaller values
of the g angle, which is a measure of the displacement of
the amphibole I-beams piling along the a edge. Actually,
the amphiboles of this work have S angles in the range
105.00-105.43°, among the lowest found in the IGG-CNR
database for pargasite/kaersutite. This feature and the re-
laxation of the a-edge with increasing K content keep the
unit-cell volume nearly constant (the unit-cell volume is
calculated as a X b X ¢ X sinf3).

A further peculiarity of Mt. Leura amphiboles is the high
atomic displacement parameters observed for the oxygen
atoms bonded to the M4 cation and building up the basis
of the T2 tetrahedron (namely, O4, OS5, O6). This feature
is consistent with the static disorder detected at the M4
site, and also reflects the changes in the local conformation
of the double-chain of tetrahedra occurring as a function
of the nature of the M4 cation. Also, the atomic displace-
ment parameter of the O7 oxygen atom, which links two T1
tetrahedra, is very high, and has the major component ly-
ing in the direction of the ¢ axis. This feature suggests that
the local environment of the O7 oxygen atom is strongly af-
fected by the M4 site population in these high-P and high-T
amphiboles.

A final remark concerns the A-site occupancies. As the
pressure of crystallization increases, Na tends to be re-
placed by K, and the overall A-site occupancy increases.
The same trend is observed for K (and Rb) in the South-
ern Highlands Basanite, and was also observed by Dalpe
& Baker (2000) in their study of partitioning between am-

phiboles and mafic silicate melts. K has been shown to be
stable in very high-P amphiboles (Yang et al., 1999) and
clinopyroxenes (Harlow, 1996; Bindi et al., 2002), where it
enters the crystal-chemically analogous M4*™P! and M2¢P
sites. In the present case, the structure refinement does
not provide any evidence of the occurrence of K at the
M4 site. However, as noted above, the crystal-chemical
changes produced by increasing pressure allow increased
incorporation of K into A sites without an increase in the
unit-cell volume.

4.2. The lattice-strain model

Onuma et al. (1968) studied element partitioning between
pyroxene phenocrysts and their host volcanic rock matrix.
They noticed that partition coefficients, when plotted on a
log scale against cation radius, form a series of parabolic
trends. Each parabolic series can be related to a particu-
lar crystallographic site within the pyroxene structure. This
type of relationship has been found to be characteristic of
many other minerals, including amphibole (e.g. Bottazzi
et al., 1999; Blundy & Wood, 2003; Dalpe & Baker, 2000).
Onuma et al.’s (1968) observations were explained and sys-
tematised by Blundy & Wood (1994), who built upon the
theoretical work of Brice (1975) to formulate what is gen-
erally known as the lattice-strain model. This is described
by the relationship:

—4ENA (% (ri = r0)* + $ (ri = ro)’)
RT '

D; = Dy exp (D

The relationship gives Nernst partition coefficients (D;) for
isovalent cations in crystals and melts as a function of
the relevant cation radii (r;), the optimum radius of the
structure site of incorporation (ry), the partition coefficient
(Dy) of the ideal or fictive cation having radius ry, and the
Young’s Modulus (E) of the site. N4, R and T stand for
Avogadro’s constant, the universal gas constant and tem-
perature (in K) respectively.

Adam & Green (2003, 2006) used the lattice-strain model
to calculate ry, Dy and E values for amphiboles from the
Bow Hill and Southern Highlands basanites. We also used
it to calculate ry, Dy and E values for amphiboles from the
Mount Leura basalt and run 1541 on the Southern High-
lands basanite (Table 7). Examples of fitted solutions and
original partition coefficient data are plotted in Fig. 1a for
amphibole from run 1925.

When applying the lattice-strain model to our data a num-
ber of simplifying assumptions and strategies were neces-
sary. Ideally the lattice-strain model is applicable to crys-
tals whose cations and anions are held together by ionic
bonds. It does not account for other types of bonding, lo-
calization of electrical charge, the effects of lattice distor-
tion or the influence of the melt phase. Also, the three
independent M octahedra, which have different sizes and
cation preferences, are treated altogether in the lattice-
strain model. Thus use of the model implies acceptance of
both a degree of approximation and of exceptions to a pre-
dicted pattern of behaviour. On Onuma diagrams (plots of
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Table 7. Dy, rp and E values, maximum Dy, optimum valence and AG“"” calculated for amphibole lattice sites.

RUN 1923 1941 1925 1541

Ml1-3 M4 A Ml1-3 M4 A M1-3 M4 A M1-3 M4 A
D;° 0.001 0.012 0.006
e 0.60 0.60 0.60
E*® 7000 7000 7000
D’ 0.08 0.20 0.29 0.12
e 0.627 0.628 0.628 0.62
E* 5000 5000 5000 3200
Dy* 1.34  0.005 1.8 0.023 2.4 0.015 1.5 0.04
ret 0.637 1.020 0.638  1.025 0.64 1.022 0.645 1.015
E* 1500 600 1500 600 1500 600 1600 800
D 5.1 0.66 4.7 0.83 5.0 0.92 5.5 0.85
e 0.68 1.02 0.67 1.02 0.69 1.022 0.68 1.04
E* 700 310 600 310 660 300 800 330
D? 3.4 1.6 035 3.0 1.7 049 3.0 1.6 0.57 5.0 1.8 0.7
e 0.69 1.08 1.5 0.67 1.07 1.5 0.67 1.08 1.49  0.64 1.06 1.44
E*? 250 180 100 300 180 120 300 210 100 400 180 220
D} 1.41 1.35 0.91 0.6 33
el 1.51 1.49 1.49 1.14 1.47
E*! 75 80 63 90 110
Maximum Dy 5.6 1.9 45 1.9 5.5 2.1 6.9 1.9
optimum
valence 2.7 2.26 2.77 2.23 2.87 2.31 2.57 2.04
AGEH (KT) 8.7 21.6 6.3 155 7.6 18.9 7.3 11.9

E*" values for valences greater than 3 (for M4 sites) and 4 (for M1-3 sites) are estimates used only for the purpose of constraining D"
and rj" values, and should not be considered as reliable. The ry values for +6 ions in M1-3 sites are only constrained by their predicted
relationship with r values for other valences and similarly should not be considered as reliable. The D, values for +6 ions in M 1-3 sites are

only minimum estimates based on D values for W.

D; versus cation radius) the partition coefficients of most
elements follow smooth parabolic trends, consistent with
the predictions of the lattice-strain model (usually within
+ 20 % of fitted values). But Ni*? and Cr*? plot well above
neighbouring isovalent cations, whereas Ga*>, Sn**, Cd*?
and Cu*? show converse behaviour. Sn, Pb, Bi, Cd and
Tl were simply inconsistent in their behaviour. In each
of these cases we assumed that there were specific fac-
tors (e.g. crystal-field and/or disequilibrium effects), un-
accounted for by the lattice-strain model, that affected the
measured partition coefficients. Thus these listed elements
were not used to fit the lattice-strain model.

Because Mo, W, Sb and V can all exist in a variety of
valence states, deciding on their probable valence states
during experiments was a problem. In most cases the par-
titioning of Mo and Sb follow the partitioning of Nb and
Ta. As the latter are usually assumed to be pentavalent and
have similar pentavalent radii to Mo and Sb, we assumed
that Mo and Sb were also pentavalent. In scheelite and wol-
framite W is hexavalent. As this seemed to accord with the
very low partition coefficients that we obtained for W in our
experiments we also assumed that W was hexavalent. In
experiments on the Bow Hill nepheline basanite that were
also conducted in graphite-lined capsules (Adam & Green,
2006), partition coefficients for V in olivine are relatively
small (0.15-0.23). Therefore most of the V in experiments
seems likely to have been present as V*3 rather than V*2.
This option also gives the smoothest and most consistent
results when V is plotted on Onuma diagrams.

The Young’s Modulus E, and ry could in most cases be
determined from fits to Eq. (1). But for +5 cations in M1-3
sites, these values cannot be unequivocally constrained us-
ing the data for individual amphiboles. Therefore a broader
and model dependent approach was necessary. We adopted
Tiepolo et al.’s (2000) proposal that the radius of Nb*> is
slightly larger than that of Ta*3, and also assumed that (for
each site) there is a systematic relationship between r( val-
ues for +5 ions and those of ions with other valences (see
Blundy & Wood, 2003). In addition, we assumed that the
behaviour of +5 ions in the octahedral sites of amphiboles
will be consistent with that of the same ions in the crystal-
chemically equivalent M1 sites of clinopyroxenes, where E
and r > values have been better constrained (see Adam &
Green, 2006). For +6 ions we only have the partition coef-
ficient data for W*® which we used to constrain minimum
values of D}°.

No attempt was made to take account of split-site be-
haviour. Instead, a different approach was taken and we
treated the M1, M2 and M3 sites as a single site, and av-
eraged the two distinct A2 and Am sites to the central
(A2/m = A) position, yielding a model with one six-fold
and one ten-fold site. In this way, a coherent set of Dj"
values could be obtained and later used to model electro-
static effects. A final point concerns partition coefficients
for heavy rare earth elements (HREE) in run 1923. Run
1923 produced garnet as well as amphibole and pyroxenes.
The effect of garnet in some experiments is to deplete the
melt in HREE after the crystallization of amphiboles and/or
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Fig. 1. Measured partition coefficients and fitted solutions to the
lattice-strain model (dashed lines show site radii measured by X-
ray diffraction) (a), and Dj" versus cation valence for the M1-3 and
the M4 sites (b, ¢) in amphibole from run 1925.

pyroxenes, because D values for HREE in garnet are > 1.0
and garnet is usually the slower nucleating phase (for a
description of a similar phenomenon involving zircon see
Watson & Ryerson, 1986). When fitting Eq. (1) to the REE
data for run 1923 we had to consider that the Dyrpr were
probably overestimated, and hence the calculated 3, Dg 3,

and E*3 values are less reliable.

4.3. A comparison of structure refinement results,
aggregate cation radii, and lattice-strain
calculations

Table 5 compares the mean the bond lengths of the T, M
and A sites obtained by:

(a) structure refinement;

(b) the aggregate ionic radius calculated for major elements
((i.1.)) + 1.38 A, i.e. the radius of O%" in four-fold co-
ordination (based on Shannon, 1976);

(c) lattice-strain calculations (ry + 1.38 A).

The (a) and (b) sets represent values averaged over the stud-
ied crystals, but the first one takes into account relaxation
effects due to local charge balance or steric hindrance con-
sequent to solid solution. The third set represents the ideal
dimension of the cation with a given valence state occu-
pying each (aggregate) site. This comparison also allows
a more detailed discussion of the crystal-chemistry and
cation ordering in the pargasite-kaersutite solid solution.
The (T-O) distances estimated from Shannon’s (1976)
radii are always longer than the refined ones, especially for

the T1 site (AT1 = 0.025, AT2 = 0.010 A), confirming a
significant covalent character of the T-O bonds. The calcu-
lated (M1-O) distances are smaller than the refined values,
and account for structural relaxation due to dehydrogena-
tion and partial repulsion between the high-charged cations
occurring at the M1 and M2 sites. However, the good cor-
relation between the two sets of values indicates that the
assumed ordering of cations is correct. The largest differ-
ences between calculated and refined bond lengths are ob-
served for the (M3-O) distances. This is expected because
refined (M3-0O) distances for Mg-rich pargasites are always
smaller than would be predicted based on ionic radii; this
feature allows for some Al disorder between M2 and M3
sites (Oberti et al., 1995b). The calculated r; 3 values for the
M1-3 sites are in good agreement with the refined (M2-O)
distances, confirming that trivalent cations mainly occur at
this site. The (M4-0O) distances calculated using Shannon’s
radii are similar to the calculated rg 2 yalues, but are smaller
than the refined values. This is because Fe and Mg actually
have a local [6] or [6+2] coordination (which is represented
by the occurrence of the M4’ site in the refined model). The
agreement becomes good when this feature is taken into ac-
count.

4.4. The influence of valence on D;"

When the D" values calculated for the M4 and M1-3 sites
are plotted against valence, the resulting parabolic trends
(Fig. 1a,b) are described by the equation

2)

N _AGcouleeZ
DIt = Dy exp (—RT )

where: Ae is the cation valence (+n) minus the optimum
site valence; AG“” is the coulombic potential energy pro-
duced by substituting a cation with a different valence;
DOAe:0 is the partition coeflicient of the hypothetical cation
having both optimum radius and optimum valence; Ris the
universal gas constant and 7" the temperature (in K).

This relationship was also used by Wood & Blundy
(2001) to describe the effects of valence on trace element
partitioning into the M2 sites of clinopyroxenes. The width
of the parabola described by Eq. (2) is inversely related
to AG“? . Hence, AG*“ is always larger for the [8]- or
[6+2]-coordinated M4 sites (15.5-21.6 kJ per mole) than
for the [6]-fold coordinated M1-3 sites (6.3-8.7 kJ per
mole). Similar differences in AG“”“? occur for the crystal-
chemically analogous M1 and M2 sites in clinopyroxenes
(Adam & Green, 20006).

5. Controls on the nature of the O3 anion

Variable H,O contents were used in our experiments to
maintain nearly constant degrees of crystallization, with
increasing amounts of H,O added to experiments with in-
creasing pressure. Consequently, the effects of increasing
pressure and increasing H,O concentration overlap and can
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Fig. 2. Oxo component (O~ at the O3 sites, apfu) versus melt H,O
concentrations for the amphiboles of this work. Solid black squares
= Mount Leura, solid triangles = Bow Hill, open circles = South-
ern Highlands, solid circle = Southern Highlands with haematite-
magnetite fO, buffer.

appear to be similar. This is shown by the degree of dehy-
drogenation at O3 which decreases as both pressure and
melt-H,O concentrations increase. However, if only ex-
periments with near-constant melt H,O concentrations are
considered (e.g. runs 1446, 1447 and 1452), the effect of
pressure turns out to be weak. In contrast, there is a strong
negative correlation between melt H;O concentration and
0% at O3 (Fig. 2). It should be noted that in the case of
the haematite/magnetite buffered run 1541 on the Southern
Highlands Basanite (the solid circle), increased fO, does
not result in a departure from the trend shown in Fig. 2.
Exchange Kps for the halides F, Cl and I (Table 8) in-
dicate that they all partition into amphibole more strongly
than H,O. This will not, however, reflect the behaviour of
OH™ ions, because most of the H,O dissolved in the melts
should be present as molecular H;O (see Stolper, 1982;
Silver et al., 1990). Thus exchange Kps for OH™ should
be considerably higher than for H,O. Whereas the over-
all halide concentration in amphibole seems to decrease as
pressure increases, there are no clear trends to constrain the
partitioning behaviour of F, Cl and I. For the Mount Leura
and Bow Hill compositions, F partitions most strongly fol-
lowed by I and then CI. In the Southern Highlands compo-
sition both the Nernst and exchange Kps for F are smaller
than for the Mount Leura and Bow Hill amphiboles. The
relative magnitudes of F and CI Kps are also reversed.
Exchange Kps for F do not show any evident dependence
on pressure, but may be sensitive to concentration because
F concentrations in the Mount Leura and Bow Hill starting
compositions were much higher than in the undoped South-
ern Highlands composition. Both Nernst and exchange Kps
for I decrease with increasing pressure. This is consistent
with the large size of the I" anion. In contrast, exchange
Kps for Cl appear to increase with pressure, and are largest
for the Southern Highlands compositions. The only reason-
able correlations of these effects are with the K content and
with the a unit-cell edge. The crystal-chemical relationship
between Cl and K in amphiboles has previously been dis-
cussed by Oberti et al. (1993), who noted that the substi-
tution of Cl into amphibole involved the ordering of K and
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Fig. 3. Amphibole/melt partition coefficients for Ti (a), Zr (b), Nb
(c) and Hf (d) versus O~ at the O3 site (apfu). Symbols as for Fig. 2.

Cl pairs into adjacent A and O3 sites together with lattice
expansion along a. They attributed this arrangement to a
chemical rather than to a structural affinity. Presumably, the
relatively strong partitioning of I into amphibole (in spite of
the size of this anion) reflects the same affinity but is more
constrained by steric hindrance.

4.6. The influence of bulk composition
on amphibole/melt partitioning of non-volatile
elements

We have already noted that in many of our amphiboles
the relative proportions of Ti and O~ at O3 are close to
1:2, consistent with the substitution M!Ti** + 2930%- o
MIR2+ + 2930H". This preferential mechanism to achieve
local charge-balance was demonstrated in a previous study
of Fe-free synthetic kaersutites and pargasites by Tiepolo
et al. (1999), but is observed in many partially dehydro-
genated amphiboles. Generally positive correlations be-
tween DPhimelt yalyes for Ti, Zr, Hf, Nb and Ta, and O~
at the O3 sites (Fig. 3a—d), confirm that all HFSE play some
role in balancing dehydrogenation, as already suggested by
Oberti et al. (2000). Conversely, it can be expected that
Dyrsg will be affected by dehydrogenation (which is it-
self a strong function of melt H,O concentration). How-
ever, in spite of the general correlation between Dypsg and
07?7, the measured O>~/HFSE ratios are variable. For exam-
ple, O>7/Ti varies from 3.24 to 1.25. Consequently, HFSE
concentrations must be affected by other factors in addi-
tion to dehydrogenation. In the case of amphibole from
the haematite/magnetite buffered run 1541, which has the
highest O?/Ti ratio, titanomagnetite was a co-crystallizing
phase and both the amphibole and quenched melt are com-
paratively depleted in TiO,. Thus the availability of Ti must
also affect how much Ti is incorporated into amphiboles,
independently of O~ concentrations.
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Table 8. Exchange Kps and Nernst partition coefficients measured for volatile species occupying the O3 site.
Run 1923 1941 1925 1442 1446 1447 1452 1950 1951
amphibole/melt exchange Kps
H,0/(H,O+halogens) 0.9 0.89 0.86 097 096 1.0 095 0.89 0.85
F/(H,O-+halogens) 4.4 4.9 4.6 24 1.9 3.0 4.2 52
Cl/(H,O+halogens) 1.1 1.0 0.6 6.6 7.6 1.6 0.4
I/(H,O+halogens) 4.3 6.8 7.9
Nernst partition coefficients
F 7.63 10.38 9.0 17.0 15.1 19.9 1.0 1.4
Cl 0.51 0.45 0.62 174 28.0 29.6 020 0.06
I 0.33  0.88 1.2
18 045 18 0-45
_ 16 °© = .. 040 ° 16 = O 040 °
@ 14 g D 035 T 14 A o © 035
E 1 e % 030 A S E 12 . £ o A
S 10 N S 025 Q g 10 ° S 025 u0
§ os a § o " e E o8 a £ o020 '.
= 06 N 015 A = 06 N 015 T
O o4 O o010 . O o4 O 010 8
02 005 b 02 a 005 b
00 ) . . . - . . . . ) o . . , . s oo . . . L )
00 0-5 10 15 20 H 0-0 05 10 15 20 25 12 14 16 18 20 22 12 14 16 18 2:0 22
pressure (GPa) pressure (GPa) Vip| (apfu) Vp| (apfu)
0-35 09 0-35 09
=030 . = 08 o =030 . =08 o
g 025 o g g; § 025 o g g:; .
'é- 020 3 - S 05 ° S oz A o o S o5 °
© 015 ° % 04 . ° © 015 g % 04 jo
z T 03 F4 To3 A
A 010 =} Q A 010 ° : ]
005 ! c gf d 005 £ @ c g.? d
00 . . . . ) o0 . . . . ) 00 . . . . , 00 , . . . !
0-0 05 1-0 1-5 20 25 0-0 05 1-0 15 20 25 12 14 16 1-8 20 22 12 14 16 18 20 22
pressure (GPa) pressure (GPa) 09| (apfu) 09| (apfu)

Fig. 4. Amphibole/melt partition coefficients for Ti (a), Zr (b), Nb
(c) and Hf (d) versus pressure of synthesis (in GPa). Symbols as for
Fig. 2.

One of the most consistent relationships observed both in
this study and in others (e.g. Adam & Green, 1994, 2003;
Dalpe & Baker, 2000; Fujinawa & Green, 1995) is the in-
verse correlation between Dypge for amphibole and pres-
sure (Fig. 4a—d). This feature should be read as a direct
correlation between Dyrsz and 1Al (Fig. 5a—d), where the
trends followed by amphiboles from the different starting
compositions are variably displaced. Adam & Green (1994,
2003) and Fujinawa & Green (1995) explained the correla-
tions they observed between Dypsx and YAl by suggesting
that the incorporation of high-charged cations at the M2
site allows local charge balance with the incorporation of
[41Al at T1. In the amphiboles of this work, at constant YAl
the highest Dygsg values are found in amphiboles with the
highest degree of dehydrogenation. On this basis, we con-
firm that Dyrge increase both with /Al and with dehydro-
genation, and thus that HFSE in pargasite-kaersutite solid-
solutions are distributed between both M1 and M2 sites.

Partition coefficients for REE also correlate negatively
with pressure and positively with Al and " Al/61Al
(Fig. 6a—d). Similar negative correlations between Dggg
and pressure for amphibole and basaltic liquids were noted
by Green & Pearson (1985) and Dalpe & Baker (2000).
They also occur for U and Th (Table 3; see also Adam &

Fig. 5. Amphibole/melt partition
(c) and Hf (d) versus Al (apfu).
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Fig. 6. D{* for REE at the M4 site versus pressure (in GPa) (a), 1Al
(b), Al (c), and A1/ Al (d). Symbols as for Fig. 2.

Green, 2006). Adam & Green (1994, 2003) argued that the
preferential incorporation of Al at the T1 site lowers the ag-
gregate positive charge at both M2 and T1. Thus, the incor-
poration of high-charged cations at the M4 site is involved
in local charge balance after the incorporation of Al at
adjacent T1 sites.
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4.7. Summary of conclusions

(a) With increasing pressure, amphiboles in equilibrium
with hydrous basaltic and basanitic melts show a decrease
in the ¢ and (more strongly) b unit-cell edges. This feature
reflects shortening of the (T-O) and (M2-O) mean bond dis-
tances, which in turn are due to a decrease in /Al and an
increase in YAl The a edge either decreases very little or
actually increases as pressure increases. These variations
in the unit-cell edges allow incorporation of K at the A site
and Cl at the O3 site at near-constant unit cell volume.

(b) The OH™ content at the O3 site is a near linear func-
tion of H,O concentrations in coexisting melts and is only
weakly affected by variations in pressure and fO,. F con-
centrations at O3 appear to be insensitive to pressure but are
affected both by their absolute concentrations and by the ra-
tio of F:H,O in coexisting melts. Amphibole/melt partition
coefficients for I decrease with increasing pressure at near
constant I:H,O in coexisting melts.

(©) ra’3 values for the averaged M1-3 sites are close to
measured (M2-O) distances consistent with the preferential
incorporation of +3 cations at the M2 site. r; 2 values for the
M4 site are distinctly smaller than the refined (M4-O) dis-
tances. This latter feature can be explained as the result of
averaging over two distinct M4 sites, one with [8] coordina-
tion, and the other (smaller) with [6] or [6+2] coordination.

(d) Amphibole/melt partition coefficients for the high
field-strength elements Nb, Ta, Ti, Zr and Hf correlate pos-
itively with both 302~ and #Al, consistent with the order-
ing of these elements at both the M1 and M2 sites accord-
ing to two distinct coupled exchanges.

(e) Partition coefficients for REE, Th and U correlate pos-
itively with 1Al and A1/ Al, but negatively with pres-
sure. Because the calculated ) 3 values of M4 sites are rela-
tively constant, this is consistent with a dominantly electro-
static control over these pressure-related variations in the
partitioning of REE, Th and U.
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