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Abstract

Partition coefficients for -1, -2, -3, +1, +2, +3, +4 and +5 valent
ions between the groundmass of tholeiite basalt and coexisting olivine
and plagioclase phenocrysts from the Mid-Atlantic Ridge and between the
groundmass»of'boninite and coexisting proto-, ortho-, €2/c pyroxenes and
spinel phenocrysts have been determined by secondary ion mass
spectrometry. The present cation partitioning strongly supports the
"erystal structure control" mechanism. The partition coefficient for an
anion is also under control of the crystal structure, so that each of
the cation and anion positions in the crystal structure gives rise to a
parabola~shaped peak on the partition coefficient vs. ionic radius
diagram.

Partition coefficients for -1, -2, -3, +1, +2, +3, +4 and +5 valent
jons between the exsolved blebby and the matrix pyroxenes in a
websterite nodule from Takashima, Kyushu, Japan, have been also
determined by secondary ion mass spectrometry. The partitiqn
coefficient for an ion between two pyroxene phases is expressed in term
of the relative internal energy change of each crystal structure, so
that the characteristic of‘partitioning between the exsolved and the
matrix pyroxenes appears to be in general agreement with that of

partitioning between coexisting pyroxene phenocrysts in igneous rock.
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0. TINTRODUCTION

Element partitioning between minerals and magma has been one of the
most fundamentai factors for discussing the evolution of Earth.
Especially the partition coefficients for olivine-, pyroxene-, chrome
spinel~, and plagioclase—silicate'magma systems would be most important
for discussing the distribution of element in upper mantle because most
of upper mantle materials occupied by those minerals.

Onumaiggiél.,(l968) found that partition coefficients for cations
between pyroxemnes (augite and bronzite) and gropndmass formed
parabola—shaged peaks on partition coefficient-ionic radius‘(PC-IR or
Onuma) diagrams, and similar peaks on PC-IR diagrams have been reported
for other mineral/groundmass systems (Higuchi and Nagasawa, 1969;
Jensen, 1973; Matsui.éﬁ;él,; 1977; Philpotts, 1978; Onuma et al., 1981).
The results give strong support to the idea proposed by Onuma et al.
(1968) that each type of coordination polyhedron around cations gives
rise to a parabola-shaped peak for cations with the same valency on the
PC-IR diagram and each peak tends to parallel .those for ions of other
valences. Further Onuma'ég_éi;4(l968) proposed that the positions of:
peak-tops for a given site can .be.regarded as being characteristic of
the structure of the relevant mineral. The theoretical treatment was
done on the basis of simple isotropic bulk strain model (Nagasawa, 1966)
or ionic lattice strain model (Tsang‘éé‘éi., 1978). Matsui et al.

(1977) termed the idea as "crystal structure control." -



The behavior of anion partitioning between mineral and groundmass,
which is important for discussing magma genesis, on PC~IR diagrams has
not yet been reported. Futher the partition coefficients of the
previous works has been measured by bulk analysis of each phenocryst and
- groundmass after phase separation. The previous method only assumed
that the "separated phenocryst and groundmass are in equilibrium, though
the zoning and inclusions are common features in phenocrysts which do
not favor this assumption. However, the analysis using secondary ion
mass spectrometry (SIMS) can analyze major and trace elements (including
anions) in a micro area of material. Therefore, in SIMS analysis, it is
possible to.evaluated whether equilibrium is acheaved or not on either
side of phenocryst/groundmass contact.

In this paper, we have measured mineral/groundmass partition
coefficients of many anions and cations in mid-ocean ridge basalt and
bqninite and measured exsolution/matrix partition coefficients for
pyroxene using SIMS. This report is to present PC-IR diagram of
olivene, protoenstatite, bronzite, augite, plagioclaée and chrome
spinel, and discuss.how anions and.cagions are distributed, how element
partitioning changes by the bulk chemistry of the system and how the
differences of partition coefficients are determined.ﬁetween mineral

phases. This is the first report of PC-IR diagrams that include anioms.



I. PHENOCRYST/MAGMA PARTITIONING IN MID-OCEAN RIDGE BASALT

Experimental

Sample

.Almost all anions are among the so-called volatile elements, so
that for minimizing the effect of possible degassing of volatile
elements from magma during and after eruption and later secondary
contamination, a quenched-rim part of mid-ocean ridge basalt was used
for the sample of the SIMS experiments. The sample is a phyric
olivine-plagioclase basalt that consists of clegr basaltic glass and
crystals, from Hole 3968, IbPD/DSDP Leg 46; the petrography was
described previously (Sato'ggggl,, 1978). ’Minefal/groundmass partition
coefficients are based on .measurements on both sides of the
mineral~glass boundary using SIMS and an electron micro-probe analyzer

(EPMA) .

" SIMS Analysis

The instrument used in this study was the Cameca IMS-3f ion
microanalyzer . at .the Chemical Analysis .Center of the University of
Tsukﬁﬁa. The vacuum of the sample chamber and the mass spectrometer
. were maintained at 3 and 0.5 ﬁPa; respectively, during the measurement.
Oxygen gas witﬁ a.purity of more than 99.997% was supplied to the
duoplasmatron to generate the primary ion beam which was mostly composed
of negativel§ charged monovalent oxygen (0 ) ionms.

The primary high voltage used in this study was 9.3 kV for



secondary positive-ion detection and 12.0 kV for secondary negative-ion
detection. The secondary high voltage used was 4.5 kV for both
detection. Therefore, the net primary ion beam accelérating energy was
13.8 keV (for the secondary positive-ion) and 7.5 keV (for the secondary
negative-ion). The beam was focused on the sample surface with a
diameter of 15-20 ﬂm on the gold-coated surface of a polished thin
section ‘and the current was ranging from 5 to 10 nA. TFor instrumental
reasons, it was not possible to monitor the fluctuations of the primary
beam current during the analysis. However, since the drift of the
primary beam current was less than 27 for a current measurement of over
10 minutes, the average of the current values measured before and after
the analysis for a isotope could be used with satisfactory accuracy as
the primary beam current value during the analyéis.

The secondary ions were measured by an electron multiplier coupled
with pulse-counting circuitry. Dead time of the electron multiplier was
measured as 50 ns and the corrections were negligible for count rates
less than lO6 counts/s. Background of the electron mﬁltiplier was
0.21£ 0.1 counts/s.

One of the major problems to SIMS analysis for most oxide materials
is the large abundance of molecular ions. The possible interferences on
olivine, plagioclase and basaltic glass with a mass resolution over
about 4000 are listed.in Table I-1. 1In this table, the degree of
interferences are calculated based on the observations and the natural
isotopic abundances. In this experimental condition, single charged
oxide and hydride interferences were less than 1% of the monatomic ion

intensities and dimer molecules were.less than 0.1% of the monatomic ion



intensities. Single charged carbide interferences were not observed and
more complex ion species are expected to be less than 0.01%Z of the
monatomic ion intensities. 1In order to eliminate the effect of the
molecular-ion interferences, the secondary ion intensities were counted
on the flat topped peak with a mass resolution (107% valley) of about
5000. The secondary ion signals attained to stable levels within
several minutes after starting the bombardment of the primary beam, and
this level was generally’maintained during the measurement.

The following procedures were employed for SIMS analysis:

The basalt sample was mounted on a slide glass by epoxy cemment.
The mounted sample was sliced by a diamond cutter and ground to thin
section on SiC paper and polished with 1 ﬁm alumina powder in distilled
water. Afte; the final polishing, the sample surface was cleaned
ultrasonically in alcohol and then distilled water, and dried
immediately in a vacuum chamber. In order to eliminate the electric
charge on the.surface during the analysis, the polished surface of the
sample was coated with a gold layer of about 15 nm in thickness using a
vacuum evaporator..

Positive .secondary ion intensity ratios relative to 2831 were
measured for Li, Na, K, Mg, Ca, Mn, Fe, Co, ﬁi, Cu, Zn, Sr, Cd, Ba, B,
Al; Se, V, Cx, Ga, Y, La, Ce, C; Ti,.Ge; Zr, P, As, H, F, O, S and N.
Negative secondary ion intensity ratios relative.to 28Si were measured
for H, F, C1, 0 and S.. The .secondary ions were counted in thé range
from 3 to 50 seconds for each isotope. The intensity of 283i was
measured after the measurement of every four or five different elements

in order to monitor the instrumental stability.



Table I-1 Analytical details for elements of olivine, plagioclase and basaltic glass

% possible )
Isotope Abundance " Interference® M/AM o o Comments

11-1 99.985 - - Background H contamination may be 1000 counts/sec at 10“6 Pa on Si single crystal.
The background intensity is below 20 % of H count rate in this study.

7Li 92.5 - -

iy 81.3 - -

12C 98.89 - - Background C contamination is not observed onm Si single crystal.

MN 99.635 1(‘C +82E3 §3ckgrouud N contamipation is not observed on Si single crystal.

: C is not observed because of the low concentration of carbon in natural silicate.

16O 99.759 - -_ Problem with background O contamination from primary beam. Background counts_are 1000
counts/sec on Si single crystal with a few nano-amperes of primary beam at 10 Pa.
The O signal from the sample is difficult to observe due to the background.

lgF 100.00 - -

23Na 100.00 3051160Z+ ~4246 5i0 interference can be separated.

g 11.29 - -

27 .2+ . 2+

Al 100.00 MgSi -68E3  MgSi interference is absent because MgSi~ intensity is not observed at m/e=26.5.

2835. 92.18 - -

2951 4.71 et -

3085_ 3.12 - -

31 30q.4F :

P 100.00 3081}{ 2+ +3961  Both SiH and 5102 interferences can be separated.
Sio +3880



6.2

‘Table I~1 (continued)

A possible
Isotope Abundance " Interference* M/AM Comments
325 95.018 gzNiii ~3952 Ni interference is absent because 61Niz+ interference is not oRserved at m/e=30.5.
. Zn -4263 Zn interference is absent judging from the low intensity of Zn .
35Cl 75.53 3485“ +5120 SH interference is less than 0.1% of F count rate.
39 24 54 2+ .
K 93.08 Mg~ Fe”~ -28E3 MgFe interference observed at m/e=40.5 is less than 5 counts/sec.
Therefore, the interference is less than 107 of K count rate.
40 24 56, 2+
Ca 96.96 éoMg Fe" =-15E3 MgFe interference is less than 50 counts/sec judging from the counts at m/e=40.5.
39K + +28E3 K interference is less than a few counts/sec and it is negligible.
KH +4470 KH interference is less than 1% of Ca count rate.
. Total count rate of the interferences is less than 1% of Ca count rate.
45Sc: 100.00 44Caﬁ+ +6705 CaH‘interference is less than 10% of Sc count rate.
47Ti 7.32 46TiH+ +5403 TiH interference is less than 1% of Ti count rate.
Sly 99.76 - -
52 51+ :
Cr 83.76 VH +4601 VH interference can be separated.
SSMn 100.00 54CrH+ +6359 CrH and FeH interferences are less than 0.1% and 5% of Mn count rate respectively.
54 -+
FeH +5857
56 55, .+ .
Fe 91.68 MnH 45118 MnH interference is less than 0.01% of Fe count rate.
5900- 100.00 SaFeH+ +7413 Both FeH and NiH interferences are less than 1% of Co count rate.
58, .+
NiH +5899
60, ' 59, .+ . . .
Ni 26.2 CoH +5858 CoH interference is less than 0.05% of Ni count rate.
8cu 691 82yin" 49578

NiH interference is less than 10%Z of Cu count rate.



6.3

TablefI—l—:(contipued)

% possible

Isotope Abundance Interference® M/AM ) Comments
66 65, .+ o
Zn 27.81 SOCuH+ +6903 Cul interference is less than 1% of Zn count rate.
5oTiO+ +4829  TiO and Cr0 interferences can be separated.
Cr0 +4422 .
69 68, .+ .
Ga . 60.2 ZnH . +9889 ZnH and Cr0 interferences are less than 1% and 10% of Ga count rate.
53, -+
Cr0 +6998
74Ge : 36.74 ;gFeoi +10E3  Interference mainly due to NiO.
56Ni98 + +7983 NiO interference may intense relative to Ge count rate.
Fe 0O +7319 .
75As 100.00 ;ZCOOI +12E3 Co0, GeH, TiAl and FeO interferences are less than 5, 1, 10 and 1% of As count rate.
48GEH + +11E3 '
Ti +3630
S7peltyt +5812
88 . 40, 48+ o
Sr 82.5 88Ca +Ti +18E3 CaTi, Ca2 and FaO2 interferences are less than 1% of Sr count rate.
56Ca + +8348 .
reB, " +5585
89 88,  + . o
Y 100.00 SrH +11E3 StH and FeO interferences are less than 1% of Y count rate.
57 +
Feoz +4562
90 . 89,,+ : P .
Zr 51.46 YH +9762  YH and Ni0O interferences are less than 1% of Zr count rate.
58 .. +
. N:.O2 +4318
114 113, .+ o
cd 28.86 CdH +12E3 CdH interference is less than 1% of Cd count rate.
1383a 71.66 l37Baﬁ+ +16E3  BaH interference is less than 1% of Ba count rate.
139La 99.911 13BBaH+ +20E3  BaH interference is less than 1% of La count rate.
140Ce 88.48 14OLaH+ +16E3 LaH interference is less than 1% of Ce count rate.

Some isotope ratios of elements are also checked by the natural isotope abundance. * over M/AM=4000.



EPMA Analysis

The EPMA instrument used in this study is a computer-controlled
electron probe X-ray micro-analyzer at the Chemical Analysis Center of
the University of Tsukuba. The EPMA system, which consists of a JXA50A
(JEOL) main part and an ACPS-XR (ELIONIX) controlling part, was used
with an accelerating voltage of 15 kV and a probe current of 0.014 pA on

a Faraday cage. A beam spot of about 1-2 um in diameter was used.

Standards used were SiO2 for Si, A1203 for Al, TiO2 for Ti, Cr203 for
Cr, Fe203 for Fe, NiO for Ni, MnFe204 for Mn, MgO for Mg, CaSiO3 for Ca,
NaA181308 for Na, and KAlSiBO8 for K. The Bence and Albee (1968) method

was used to make quantitative analysis corrections. Other experimental

procedures were similar to those employed by Nishida et al. (1979).

Results

EPMA line analyses across the contact between the phenocrysts and
the groundmass glass showed no detectable composition gradients for
major elements on either side of the contact; the chemical compositions
of each side are shown in Table I-2. This eﬁidence shows that the |
equilibrium is achieved between tﬁe phenocryst rim and groundmass in
both olivine—~ and plagioclase- groundmass systems. These equilibrium
parts were also analyzed by SIMS. Relative secondary ion intensities
for the phenocryst rim and the adjacent groundmass glass are listed in
Table I-3.

Table I-1 summarizes the systematic examination of interferences to
analytical peaks. The effects of interferences are less than 107

(mostly 5%) of the objective monatomic ion intensities except for H, O



Table I-2 Electron microprobe analyses of

olivine rim, plagioclase rim and the adjacent

groundmass glass

01 Pl Grm
510,  39.7 +0.27 47.7 +0.4  50.3 +0.4
Ti0, - - 1.47+0.05
AL0, = 32.5 +0.2  15.1 +0.2
FeO* 13.8 +0.3  0.40+0.06 9.3 +0.4
MnO 0.25+0.05 - 0.18+0.04
MgO  45.9 +0.2  0.24+0.03 7.8 +0.1
a0 0.3040.02 16.2 +0.2  11.4 +0.2
Na,0 - 2.33+0.05 3.0 +0.1
K,0 - - 0.09+0.02
Total 100.0 99.4 98.6

0l = olivine, Pl = plagioclase,

Grm = groundmass. The major compositions

of both the adjacent groundmass have the

same values.

% total iron as FeO. T Standard deviation.

- 10 -~



and Ge, so that the correction for the interferences is neglected.
Hydrogen background intensity may be below 207 of H peak. However, the
correction for the background is neglected because the absolute level is
uncertain due to lack of standards. Oxygen background level may be
intense relative to oxygen peak from the samples. Germanium peak may be
overlapped with NiO interference. Therefore, the secondary ion
intensities for O and Ge are eliminated from the discussion below.

Quantitative chemical analysis using SIMS is still difficult
because of the existence of various kinds of mutual interference in the
emission of the secondary ions (Shimizu and Hart, 1982). However, some
investigations have been made which indicate that an empirical approach
is useful for quantitative analysis for silicates (e.g. Shimizu et al.,
1978; Steele et al., 1981; Ray and Hart, 1982). The calibration curves
reported previously show that the secondary ion intensities are
generally proportional to the concentration of the element fgr many
major and trace elements. It has been reported that the secondary ion
intensity of 1H is proportional to water content or OH concentration in
minerals and glasses (Hinthorne and Andersen, 1975; Delaney and Karsten,
1981). Therefore, it is possible to consider that the relative
secondary ion intensities (Table I-3) are proportional to the
concentration of the element and that the intensity of 1H indicates the
concentration oé OH; in this study, although the background intensity
méy be below 20% (Table I-1).

Partition coefficient values calculated from the values in Tables
I-2 and I-3 are listed in Table I-4 and plotted in Figs. I~1 and I-2.

The partition coefficient(D) of a particular element is defined as the

- 11 -



Table I-3. Relative ion intensities of SIMS analyses of phenocryst rim
and the adjacent groundmass glass
Element Relative secondary ion intemnsity
Groundmass Olivine Groundmass Plagioclase

14 8.37 x 1074 4.64ip.74fx 1074 9.8240.58 x 1074 1.28 x 107%
Bya 1.57 7.77 x 1070 1.94 1.11

3 5.46 x 1072 1.76+0.32 x 107%  7.43 x 1072 1.00 x 1072
26Mg 1.38 x 1070 1.18 1.45 x 107% 3.90 x 1073
40ca 2,22 9.97 x 1072 2.42 3.19

PMn 114 x 1072 1.71 x 1072 1.23 x 1072 2.53+0.37 x 107"
%pe 4,03 x 1070 7.22 x 1070 439 x 1071 1.33 x 1072
0o 2.13+0.13 x 107% 8.35 x 1074 2.31 x 100% 4.6 +1.8 x 107°
60y  5.98 x 1073 1.00 x 1072 7.39 x 107> 4.09 x 1072
63y 1.45+0.15 x 1074 1.76+0.75 x 107> 1.6240.11 x 107 1.03+0.31 x 107
%620 2.5740.52 x 1077 3.1140.42 x 107> 2.92 x 107° -

8sr  1.01 x 1073 1.4040.43 x 107> 1.19 x 1073 2.37 1073
1464 8.38+0.88 x 107° - 1.19+0.16 % 1074 9.95+0.23 x 107
1385, 2.7740.24 x 107° - 3.1040.46 x 107> 7.7 +1.9 x 107°
g 1.18+0.12 x 107° - 1.28 x 107 1.1540.21 x 107>
2Ta1 1.56 9.00 x 1073 1.66 3.07

#3g¢ 5.41 x 1074 1.6640.24 x 1074 5.86+0.32 x 107% 9.9 +0.30 x 1070
Sy 1.46 x 1073 5.7 +1.7 x 107 1.47 x 1073 1.3740.45 x 107
20cr 2,02 x 1073 1.55 x 1072 2.18 x 107> 2.56+0.64 x 107"
%6a  7.3140.49 x 107° - | 8.9040.70 x 107> 5.6 +1.0 x 107"
8y  9.40+0.74 x 107° - 1.14 x 107 3.6140.11 x 107°
13902 2.69+0.32 x 107° - 4.25¢0.65 x 107° 6.3 +1.4 x 107°
140¢ce 4.42+0.36 x 107> - 5.3040.75 x 107> 5.3 +2.6 x 1076

12 -



Table I-3.

(continued)

Relative secondary ion intemnsity

Element
Groundmass Olivine Groundmass Plagioclase
12¢ 2.25+0.14 x 107> 6.95+0.65 x 107> 4.3040.11 x 107° 2.1140.51 x 107
2851 1.00 1.00 1.00 1.00

2931 4.78 x 1072 4.74 x 1072 4.77 x 1072 4.96 x 1072
30, -2 : -2 -2 -2

Si 3.01 x 1007 2.85 x 10 3.06 x 100° 3.15- x 10
¥y 5,44 x 1073 4.9 +1.4 x 107°  6.23 x 1072 1.15 x 1074
Thge  2.15+0.24 x 107% 2.3940.12 x 107> 2.08 x 107% 8.7040.68 x 107°
%0, 7.2240.62 x 107° - 9.3 1.2 x 1070 3.6 +1.4 x 1070
3p 1.1140.08 x 107 3.3040.74 x 1070 1.24 x 1074 8.9 +1.6 x 107°
750 1.3140.15 x 107 2.0840.20 x 107%  1.19 x 1074 3.8240.63 x 107
1 -2 -1 ' -2 -2

OH ("H) 5.6040.95 x 10~ 1.14+0.19 x 10 7.9040.91 x 10 ° 5.67+0.49 x 10
g 6.56+0.54 x 1072 1.6040.48 x 1077 9.78+0.82 x 107 2.09 x 107°
out(‘m)  7.54 x 1071 1.04 5.39+0.57 x 1070 2.55 x 107%
Ppe  1.85 x 107F 1.7540.12 x 1072 . 1.51 x 1070 481 x 107
35¢c1% 1.0240.06 x 107t 1.38+0.10 x 107t 9.10 x 1072 3.06+0.27 x 1072
169 3.76 1073 444 x 1070 3.95 x 1073 4.70 x 107>
324 5.5 41.1 x 107 3.2 +1.6 x 1070  6.48+40.77 x 107> 1.9 +1.2 x 107°
160x 1.88 x 10°  2.30 x 10> 1.82 x 10°  9.18+0.54 x 10
32gx 4.93+0.31 x 1072 6.80+0.68 x 1072 4.87 x 1072 2.60+0.17 x 10"3
Ly 2.5740.70 x 107> 1.0340.13 x 107 2.4640.45 x 107> 1.6740.33 x 107>
Values determined by using secondary positive-ion detection of SIMS. (*) Values

determined by using secondary negative-ion detection of SIMS.
deviation calculated from counting statistics, which is larger than 57%.

+ Standard

- 13 -



ratio: D = Cs/Cl’ where CS is the concentration of the element in the
solid at a particular stage, Cl is the concentration of the elements in
the melt that is in equilibrium with the solid. Ray and Hart(1982)
recognized about 30%(in average) different yield for both major and
trace elements between silicate glass and Ca-rich clino-pyroxene of the
same composition. Such a matrix effect are probably recognized between
the glass and the olivine or the plagioclase in this study. As shown in
Table I-4, the relafive ion intensity ratios of each major elemeﬁt
normalized for the 2881 value for both olivine~ and plagioclase~
groundmass systems have the values corresponding to the partition
coefficients measured by EPMA within a 357 error. ‘The error value do
agree with the value of the matrix effectlgiven in Ray and Hart (1982).
The relative ion intensity ratios for trace elements are also consistent
with partition coefficients reported previously ( e.g., Matsui et al.,
1977; Irving, 1978), the only exception being the Ni value in the
olivine-groundmass system. The similar anomaly of'Ni data is also
reported by Ray and Hart (1982) and it may be due to Ni contamination in
the primary-ion beam as discussed by them.

Therefore, we can assume, as a first approximation, that the
measured relative ion intensity ratios are equivalent to the partition
coefficients within about 307 error except for 0, Ni and Ge data:
although the verification of this assumption needs further developmeﬁt
of quantitativg_techniques for SIMS. This new method is suitable for
obtaininé a set of coherent data for major and trace elements

partitioning from the micro area in equilibrium of a given sample.
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Table I-4. Partition coefficients of the elements between phenocrysts and

groundmass
Ionic Partition coefficient
Element radius® Olivine Plagioclase
/pm EPMA®® STMS°°° EPMA°® SIMS°°°
Li 76 - 4.24 x 1071 - 1.19 x 107}
Na 102 - 3.79 x 1070 7.46 x 1071 5.24 x 107}
K 138 - 2.47 x 1072 - 1.23 x 107"
Mg 72.0 5.68 6.57 2.95 x 107°  2.46 x 1072
Ca 100 2.55 x 1077 3.43 x 1072 1.37 1.20
Mn 83 1.35 1.15 - 1.88 x 1072
Fek# 78 1.43 1.37 413 x 1072 2.77 x 1072
Co 74.5 - 3.00 - 1.83 x 1072
Cu 73 . - 9.29 x 1072 - 5.80 x 1077
Zn 74.0 - 9.26 x 1071 - -
St 118 - 1.06 x 1072 - 1.82
cd 95 - - - 7.63 x 107"
Ba 135 - - - 2,26 x 107"
B 27 - - - 8.20 x 107"
Al 53.5 4.43 x 1070 2.07 1.69
Sc 74.5 - 2.35 x 107" - 1.55 x 1072
v 64.0 - 2.98 x 1072 - 8.51 x 107>
Cr 61.5 - 5.87 x 107" - 1.07 x 1072
Ga 62.0 - - - 5.78 x 1071
Y 90.0 - - - 2.89 x 1072
La 103.2 - - - 1.36 x 1077
Ce 101 - - - 9.15 x 1072
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Table 4. (continued)

Jonic ’ Partition coefficient
Element radius® Olivine Plagioclase
/pm EPMA®° SIMS°°° EPMA°° STMS°°°
c 16 - 2.36 - 4.49 x 1071
2854 40 7.65 x 1000 7.65 x 107" 9.13 x 10°F  9.13 x 107"
2951 40 7.65 % 107 7.59 x 107" 9.13 x 107 9.49 x 107}
30g; 40  7.65x10% 7.24 x 100 9.13x 107F  9.40 x 107"
Ti 60.5 - 6.88 x 10> - 1.69 x 1072
Zr 72 - - - 3.56 x 1072
-1 ' -1
P 38 - 2.21 x 10 - 6.55 x 10
As 46 - 1.21 - 2.93 x 107!
OH 137 - 1.56 - 6.56 x 107"
F 133 - 1.87 x 1075 - 1.95 x 1071
OH* 137 - 1.06 - 4.32 x 1071
F* 133 - 7.24 x 1072 - 2.91 x 1072
C1¥ 181 - 1.04 - 3.07 x 1071
0 140 9.43 x 107" - 1.01 C— ,
s 184 - 4.48 x 1072 - 2.63 x 1072
g 184 - 1.06 x 107 - 4.87 x 1072
N 146 - 3.07 - 6.20 x 107"

Values determined by using secondary positive-ion detection of SIMS.

(*) Values determined by using secondary negative-ion detection of SIMS.

(#%) A part of the Fe is in the trivalent state with ionic radius of 64.5 pm.
(°) Shannon (19 g) (°°) Molar ratio. (°°°) Relative ion intensity ratio
normalized for
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Discussion

The results obtained in this study are shown in Figs. I~l1 and I-2
as PC-IR diagrams for olivine- and plagioclase-groundmass systems
respectively. Ionic radius values for six-fold coordination by Shannon
.(1976) were used on the diagrams except for the value of N. For the
value of N, the ionic radius for four-fold coordinétion by Shannon
(1976) was used because of the absence of six-~fold wvalue.

The olivine structure is based on hexagonal close-packed array of
oxygen and can be basically described by three crystallographically-
distinct sites, that is, sites for four-coordinated cations (T sites),
six—coordinated cations (M sites), and anions (X sites). The basic
plagioclase structure can be treated as though it has two kinds of
cation sites{ one for smaller Si and Al ions (T site) and the other for
larger alkali or alkaline~earth ions (A site), ana one kind of anion
site (X site).

For both systems, the three peaks in the diagrams at the left,
center, and right, obviously correspond to the T, M or A, and X sites of
the crystal structures .respectively.

The peaks of the X sites are displayed for_fl and -2 valent ions in
Figs. i—l and I-2, and are drawn so as to make the parabola-shaped lines
as smooth as possible. The most important feature in both diagrams.is.
that the positions of peak-tops for X sites do not coincide with
positions of 02_ » in other words, the optimum anion size for the X site
is larger than the ionic radius of 02— for both olivine and plagioclase

structures, assuming the peak-top positions in PC-IR diagrams represent
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optimum ion sizes for the crystallographic sites in the relevent mineral
structure (Onuma et al., 1968).

In the olivine-groundmass system, the peaks for the M sites are
very similar in shape to those reported previously (Matsui et al.,
1977). Phosphorus and arsenic ére substituted the T site of olivine
structure (Paques-Ledent and Tarte, 1974). Silicon is the major element
of the T site. The curve for Si, P, As and Al ions can be composed of
one parabola for the T site, as predicted by Matsui et al. (1977), and
the position of peak~top appears to be at the radius which is larger
than that of Si. This observation is supported by the partifion
coefficient of Ge (0.5-0.7) between olivine and silicate melt
(Capobianco and Watson, 1982). According to the diagram, the optimum
cation for the T site in olivine has the size of.Ass+, not Sih+. The
synthetic arsgnate olivines were reported by Paques-Ledent and Tarte
(1974): although the details of the crystal structures have not been
investigated. The deviation from the smooth curve is observed in Zn2+,
Cu2+ and Cr3+. The reason for the deviations of Zn2+ and Cr3+ are due
to the tetrahedral preference of Zn ion in oxide compounds and the
strong crystal field stabilization energies of Cr ion (Matsui et al.,
1977). The deviation of Cu2+ is due to the well-known square plannar
coordination preference of Cu ion, as exemplified by the non-existence
of the CuZSiO4 with the olivine structure. Copper ion can be
substitﬁted only iess than 2.5% in the solid solution of the silicate
olivine (Schmitz-Dumont éﬁ.éi.}. |

In the plagioclase-groundmass system, it is also confirmed in this

-study that Ca and Na ions are a little too small to fit in A sites
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(Higuchi and Nagasawa, 1969; Jensen, 1973; Matsui et al., 1977). Imn
contrast to the olivine-groundmass system, the optimum ion for the T
site has the size of Si4+, and this difference is perhaps related to fhe
corner-sharing tetrahedral framework in the feldspar structure rather
than the oxygen packing mode.

We measured Fe as total Fe and plotted the partition coefficients
on the basis of total Fe as Fe2+ in the diagram. The large discrepancy
between the observed partition coefficient of Fe and the curve for
divalent cations in the plagioclase-groundmass system perhaps appears to
be due to the existence of Fe as Fe3+ in significant amount in the
plagioclase.

The characteristics of partition patterns discussed above may
derive the following conclusion:

(1) Partitioa patterns fqr cations observed in this study are consistent
with the result of Matsui et al. (19775.

(2) The patterns for anions observed seem to indicate that the "crystal

structure control" mechanism is applicable to anion site.
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II. PHENOCRYST/MAGMA PARTITIONING IN BONINITE

Experimental
Sample

Boninite is a highly magnesian but relatively siliceous and glassy
rock which containing one or more varieties of pyroxene, accessory
magnesio chromite and, commonly, minor amounts of olivine. Some or all
of the pyroxenes have a morphology characteristic of rapid growth.
Lathes of amphibole or plagioclase gicrolite are rare. (Cameron et al.,
1979). Kuroda and Shiraki (1975) have'investigated the boninite and
related rocks in the Bonine Islands and state that the boninite might
have been formed by strong fractionation and quenching of partial
melting product derived from the hydrous upper mantle. More detail
investigations (Kuroda et al., 1978; Cameron et al., 1979, 1983; Hickey
and Frey, 1983) confifmed(the earlier idea and deveioped the geochemical
models.

The boninite sample used (CJ-02) was collected from quenched~rim
part of pillow lava at Tsuri-hama, Chichi-jima, Bonine Island, Japan.
The rock sample consists of bronzite, augite, clinoenstatite and chrome
spinel phenocrysts; dendritic to fine acicular pyroxene microlites and

;unaltered groundmass glass. It contains about 10 modal% phenocrysts and
about 90 modal% groundmass glass.

The bronzite phenocrysts are usually euhedral to subhedral. Augite
occurs as euhedral phenocrysts and as overgrowth on bronzite

phenocrysts. Parallel growth of augite and bronzite phenocrysts is
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gsometimes observed. Clinoenstatite phenocrysts are anhedral and are
rimmed or overgrown by bronzite. Clinoenstatite in chichi-jima have
been described in detail by Komatsu (1980) and Shiraki et al. (1980).
Chrome spinel is very rare and occurs as phenocryst and inclusion of
clinoenstatite. The shape is microcube up to 0.2 mm.
I measured bronzite phenocryst partially overgrown by augite and
(Figd @)
the overgrown augite -en—i% in thin section no. CJ-024% bronzite and
(R3[4
augite phenocrysts in CJ-02By clinoenstatite phenocryst rimmed(by (
] 0)
[ b‘)‘u

epitaxial grown bronzite and the epitaxial bromnzite in CJ-02C% chrome

spinel phenocryst in CJ-02B; and the coexisting glass using EPMA and

M
STMS. %j}‘”%')) ’

SIMS analysis

The SI&S instrument used in this study is the Cameca IMS-3f
ion-mass microanalyzer at the Chemical Analysis Center of the University
of Tsukuba. A beam of O ions with net energy of 13.8 keV (for
secondary positive~ion detection) and 8;0 keV (for éecoﬁdary
negative-ion detection) was focused with a spot about 15 ym in diameter
on the gold-coated surface of a polished thip section. The vacuum of
sample chamber is 0.5 UPa. The secondary jion intensities were measured
by an electron multiplier coupled with pulse~counting circuitry with a
mass resolution of about 5000 (10% valley), with the use of a cold trap
of liquid nitrogen for more clean vacuum around the sample surface.
Positive secondary ion intensity ratios relative to 285i were measured
for Li, Na, K, Mg, Ca, Mn, Fe, Co, Cu, Zn, Sr, B, Al, Sc, V, Cr, Ga, Y,
C, Si, Ti,;Zr, P, As, H, F, S and N. Negative secondary ion intensity
ratios relative to 2881 were measured for H, F, C1 and S. bther
© experimental procedures were similar to those employs by Yurimoto and
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Sueno (1984a).

EPMA analysis

The EPMA system at the Chemical Analysis Center of the University
of Tsukuba, which consists of a JXAS50A (JEOL) main part and an ACPS-XR
(ELIONIX) controlling part, was used with an accelerating voltage of 15
kV and a probe current of 0.016 pPA on a Faréday cage. A beam spot of
about 1-2 ym in diameter was used. The Bence and Albee (1968) method
was applied to make quantitative analysis édrrections. Other
experimental procedures were similar to those employed by Yurimoto and

Sueno (1984a).

Results

"EPMA line analyses across the contact befween bronzite phenocrysts
(CJ-02A and CJ-02B) and adjacent groundmass glass are shown in Fig.
II-1. At the outermost rim of bronzite, normally-zoned structure
(enrichmént of Fe0* content and the depletion of MgO content) is
observed. The_composition of glass.aré also modifiéd at the contact
with bronzite. These compositional zonings suggest that the growth of
the bronzite phenocrysts were continued just before solidification of
the magma and physicochemical conditions change rapidly at the last
stage of the magmatism. The zoning of the bronzite at the outermost rim
andVthe glass at the contact may be formed during the eruption and

quenching of the magma. It is considered that the bulk. liquid
&W/Df"m aof °.-c>4_'_

fut Sl

composition was little affected by the event of theL1 st &tage because a
large proportion of the rock is occupied by the glass and the zoning of
glass can be observed only at the contact with crystals. Therefore, the
bulk liquid composition is equilibrated with the rim of thé bronzite
phenocryst except for the outermost rim part.
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EPMA line traverse analysis of clinoenstatite (CJ-02C) and glass
are shown in Fig. II-2. Tt is widely accepted that clinoenstatite in
nature was originally protoenstatite which inverted to clinoenststité
upon cooling. The inverted protoenstatite is rimmed by epitaxial
bronzite. The epitaxial bronzite have normally-zoned structure at the
outermost ‘rim similar to the bronzite phenocrysts as shown in Fig. II-1l.
There is a crack ér small void at the boundary between the overgrown
bronzite and the glass. The relationship between the epitaxial bronzite
~and groundmass glass may be the same as the relationship between the
bronzite phenocrysts and the glass although the compositional zoning in
glass can not be observed because of the crack. Therefore, it is
‘considered that the bulk liquid composition is equilibrated with the
epitaxial bronzite except for the outermost rim part. The
protoenstatite, which is an original form of the clinoenstatite, has
been cfystalized from the magma at the earlier stage. The
protoenstatite is not equiiibrated with the bulk liquid composition
because the inverted protoenstatite is not in contact directly with the
groundmass glass. However, bbvious compositional zoning can not be

observed in the inverted protoenstatlte. The volume of the epitaxial

(i?ﬂlégufiilf§22;)dw0%ZJ

bronzite is very small\/hen it is compared with the volume of the
groundmass glass. Therefore, the chemical change of the liquid
éomposition may have been very small during crystalization of.the
overgrown bronzite. Wépéssume that the protoenstatite is nearly
equilibrated with the bulk liquid composition.

EPMA line analyses across the contact between overgrown augite on

bronzite phenocryst (CJ-02A), augite phenocryst (CJ-02B) and the

adjacent groundmass glass are shown in Fig. II-3. The composition of

- 26 -



(wi%)

10 -
8
o §
o
G
'3
2
D
3
34
2
JEN N
S 2
=
28
25
24
N
y
4
2
gl
* - d ’ £t
(o) e
Q A
L
b
(TR RS SUNNNN AU YU TN SN S N
20 ] 20 49 60
—Clinoenstatite ~»¢ Bronzite =>4 <Glass —{um)
’ ) Crack ~
Fig. 1I1-2 Electron microprobe traces across contacts among

clinocenstatite, epitaxial bronzite and glass.

- 27 -



glass are modified at the contact with augite., At the outermost rim of
the overgrown augite em=bronzite (CJ-02A), compositional zoning
structure which is enrichment of MgO and FeO* content and depletion of
Ca0 content, is obser&ed (Eig. II-3A), while complex zoning structure is
observed in the augite phenocryst (CJ—OZB,’Fig. II-3B). The chemical
compositioﬁ of the outermost rim 6f both augites have similar wvalues.
These evidences suggest that the growth of the outermost rim of the
augite might have been formed during the eruption and quenching of the
magma/éimilar to the results obtained from the outermost rim on the

| gk
bronzite phenocryst. The-bulk liquid-have fiot been—achieved—in
equiTibrium-with the outermest-rims—of-augite. Therefore it is
considered that the bulk liquid composition is equilibrated with the rim
of the overgrown augite,exclgding the outermost‘rim part and the core
part of the augite phenocryst.

EPMA line analyses across the contact between chrome spinel
phenocryst (CJ-02C) and adjacent groundmass glass are shown in Fig.
II-4. Normally—zonea structure is observed in the chrome spinel
phenocryst. At the outermost rim of the chrome spinel, abrupt increase
of Fe0* content and decrease of MgO and A1203 contents are detected.

In the glass part, Alumina content is modified at the contact with the
chrome spinel but the other compositions did not show any clear
gradients on EPMA line analysié. These compositional zonings on both
sides of the contact suggest that the bulk liquid composition is
equilibrated with the rim of the chrome spinel except for the outermost
rim part.

The bﬁlk liquid compositions equilibrated with each mineral were

measured with EPMA and SIMS by analyzing the homogenious area near each
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mineral. Each mineral composition equilibrated with the bulk liquid
composition were also measﬁred with EPMA and SIMS by analyzing the rim
of the mineral except for the outermost rim. EPMA and SIMS results are
listed in Tables II-1 and II-2, respectively. It is considered the
analyzed minerals and glass is about in equilibrium dne another because
the chemical compositions of each glass have essentially the eguivalent
values as shown in Table II-1.

Partition coefficient values calculated from the values in Tables
II-1 and II-2 are listed in Table II-3. The partition coefficient D(i)
of a particular element i is defined as the ratio: D(i) = Ci/Ci, where

Ci The concentration of the element i in the solid phase at a particular

stage, C? is the concentration of the elemenﬁ i in the liquid phase that
is in é;;ilibrium with the solid.

Ray and Hart (1982) recognized about 307% (in average) different
yield of secondary ion for both major and trace elements between
silicate glass and Ca-rich clinopyroxene. Such a matrix effect is
probably recognized between the solid and liquid in this study.
However, Yurimoto and Sueﬁo (1984a) found that relative ion intensity
ratios normalized for the 2881 value for olivine- and plagioclase-
groundmass glass systems had the values corresponding to the partition
coefficients. The relative ion intensity ratios normalized for 2881
between phenocrysts and the groundmass glasses as well as between
augites and bronzites are plotted in Fig. II-5 against partition
coefficients calculated by EPMA analyses. In the spinel-groundmass
glass system, the relative ion intensity ratios wefe normalized for the

2 . . . . .
7Al instead of 2831 because S5i concentration in the spinel was under
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Table I1I-1 Electron microprobe analyses of phenocrysts and the coexisting groundmass glass in boninite

CJ-02B CJ-02a CJ-02B CJ-02C
Spinel Glass 0G-Aug . Brz Glass Aug . Brz Glass Clino-En 0G~-Brz Glass

SiO2 - 61.76+0.69 52.76+0.30 55.34+0.48 62.2619.50' 53.41+0.48 55.38+0.56 62.09+1.03 57.5240.46 55.16+0.69 61.33+0.41
Ti02 - 0.2440.03 0.09+0.02 - 0.25+0.02 0.10+0.02 - 0.26-+0.03 - - 0.24+0.03
A1203 6.89+0.32  14.63+0.28 2.36+0.16  0.63+0.07 14.56+0.23 1.78+0.29 1.41+0.10 14.52+0.48 0.46+0,19 1.18+0.26 15.03+0.15
Cr203 v[§9.06jl.3l, - - - - 0.46+0.16 - A - 0.32+0.13  0.2940.04 -
FeO* 25.61+1.13 7.88+0.44 8.72+0.25 11.84+1.10 7.9040.18 8.89+40.55 11.93+0.14  7.79+0.30 6.40+0.32 11.80+0.45 7.71+0.39
MnO 0.38+0.07 0.21+0.04 '0.30+0.02  0.4240.04  0.20+0.04 0.23+0.08 0.29+0.05 0.174+0.04 0.23+0.07 0.3240.05 0.17+40.04
Mg0 8.2040.85 3.04+0.11 16.74+0.42 28.60+0.85  2.8440.11 18.55+0.60 27.8Li0.38 2.87+0.21 34.8640.84 29.24+0.32  3.1440.21
Ca0 - 7.5540.17 18.6740.70  2.03+0.16  7.46+0.09 16.29+41.07  2.5540.27  7.56+0.27 0.34+0.03  2.0340.14 7.83+0.21
Nazo - 2.04+0.26 0.19+0.02 - 2.04+0.32 0.18+0.02 - 2.12+0.23 - - 1.97+0.31
KZO - 0.54+0.02 - - 0.55+0.05 - - 0.55+0.03 - - 0.53+0.04
Total 100.14 97.89 99.83 -98.86 98.06 99.89 99.45 97.93 100.13 - 100.02 . 97.95

Spinel = chrome spinel phenocryst, Glass = groundmass glass, 0G-Aug = Overgrown augite on bronzite, Brz =

phenocryst, Clino-En = inverted protoenstatite phenocryst, OG-Brz = epitaxial grown bronzite on Proto-En.

Bronzitem phenocryst, Aug = augite

* total iron as FeO.




Table 11I~2 Relative ion intensities of SIMS analyses for exsolution and the host pyroxenes

Relative secondary ion intensity

CJ-028 cJ-02a
Element Spinel Glass 0G-Aug Brz Glass
TLi 6.8140.09°x1070  g.44 x107%  3.26+0.46 x107%  2.7040.53 x107%  1.33+0.41 x10°
Bya 476 x1070 114 x10°  9.70+0.24 x107%  1.65 x1072  1.3340.19 x10°
3y 1.4140.09 x10™  3.82 x1071  7.7040.61 x107*  1.3240.70 x107%  3.9240.59 x107
24 6.55 x10%  3.67 x1072  3.3940.25 x1071  5.0740.87 x1071  4.4140.27 x1077
40ca  1.5640.09 x10°  1.22 x10°  5.0740.36 x10°  4.4540.55 x10”0  1.3140.10 x10°
Sun 836 x10'  6.85 x1073 1.5940.23 x107%  2.00 x10°% 7.62 x1073
56pe  3.4140.17 x10°  2.94 x1071  3.60¢0.71 107! 5.1940.47 x10™1  3.07 x107!
o 3.4940.40 x10°  1.08 x107%  2.68+0.62 x10™"  4.9940.34 x10™%  1.08+0.08 x10™"
63y 5.1940.54 x107%  1.53 x107%  1.1140.10 x10™°  6.97+0.35 x10™°  1.43+0.09 x10™"
650 7.9640.70 x1072  1.28 x107°  B.04+1.51 x1078 ' 1.7240.24 x1070  8.7540.78 x107°
885, s5.3341.40 x1072 7.7 x107%  7.5540.86 x107°  1.05 X107 7.8240.65 x107
11y 5.7940.21 x10™°  9.7240.58 x107°  1.65+0.08 x107°  1.9140.56 x10™>  1.09+0.07 x10™"
T 7.50 x10°  1.18 «10 - 261 - x107' 1.0940.35 x107}  1.2840.15 x10°
85¢ 1.0 x10°  3.63 x107% 2.46 x1073  4.9340.67 x107%  4.7540.65 x107¢
Sy 6.08 ot 1.s4 ¥1073  1.99+0.18 x107°  4.2341.25 %1070 1.9440.25 x107°
ey 2.1 x10%  7.5540.80 x107°  B.11+0.63 x107°  7.80+1.50 x10™>  4.49+0.37 x107°
8%a 9.0 x107l 450 x107° 1,74 x10™>  7.4340.74 x10™°  4.5240.13 x10™
89y - 2.63 x107°  2.8840.40 x107°  4.4540.47 x107°, 3.2740.52 x107°
12¢ - 2.16 x107%  8.19+0.81 x107% - 2.76 x1078
2855 (oo 1.00 1.00 ' 1.00 1.00
P51 433 x107%  5.29 x1072  5.08 x1072 511 x1072 5,11 x1072
3055 378 x1072 331 x1072 3.3 x1072 3.3 x107% 3,29 x1072
431 3.6740.20 x10°  9.02 x107% 417 107" 1.2240.14 x107%  1.0940.16 x107>
0z - 3.70 x107° -~ - 3.81 x107
3p - 5.46 X107 1.76+0.66 x107>  2.5540.53 x10™>  5.88 x107°
TSas 2.2240.26 1070 4.33 x107% 3.5140.27 %1077 1.4940.30 x107%  8.55 x10™%
on () 1.6140.16 x100  1.38 x1072  4.96+40.46 x107°  6.46+1.00 x1070  1.28+0.09 x107°
Y 1.0740.36 %1072 3.58 x107°  2.0240.18 x107°  1.4540.37 x10™°  4.3040.79 x107°
on®('m) 3,39 x1072° 4.2140.43 x107°% 2.3 x10%%  1.380.13 x10°  2.45 x10°
19ga 547 x107% 7.67+1.76 x107%° 5.50+0.55 x107%  9.18 x1073  4.58 x107}
35012 B.2520.47 x1073° 4.0340.76 x107°% 2.2240.21 x107  1.9240.11 x107%  2.85 . x10°
32 - 1.3140.09 x1070  1.7040.17 x1077  3.3140.33 x1077  1.3340.15 x10™
3268 2.3140.31 x107%° 2.09%0.21 x107°° 1.0440.21 %1072  1.9040.16 %1073  1.30+0.17 x1072
Lay 2.41 x107t 3,89 x107°  2.4140.48 x107°  1.7040.13 x10™>  2.5140.37 x10™°

Values determined by using secondary positive-ion detection of SIMS.
2 yalues determined by using secondary negative-~ion detection of SIMS.
b Standard deviation calculated from counting statistics, which is larger than 5%.

? normalized for 160.
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Table II-2 (continued)

Relative secondary ion intensity

CJ-02B €J-02¢
Element Aug Brz Glass .Clino—En 0G-brz Glass
Ta 3.72200.15%107% 2.23+0.15 x107% 1.1240.10 x1070  1.44#0.11 x10™ 3.59 x10™% 7.4640.51 x107
2ga 1.46+0.35 x1071 1.69 x1072 1.41 x10°  1.4640.29 x1070 8.86+1.09 x10™> 6.10+0.56 x107
39 1.6340.83 x10™> 2.85+0.21 107" 3.86 x1071 5.1542.07 x107%  1.63+0.81 x107>  9.51+1.44 x1072
26yg  3.7540.45 x107! 5,04 x1071 4,41 x1072 4,03 x1070 4.1640.37 x107F 3.42 x1072
40ca  4.56+0.37 x10°  5.05 x07l 1037 x10®  5.62 x1072 3.08+0.64 %1071 9.30 x107!
Sin 1.91+0.15 x1072 2.01+0.29 x1072 8.7840.60 x107>  7.55 x107 1.1940.38 x1072 5,71 x1073
Fe  4.60+0.36 x107' 5.67+0.63 x1071 3.57 x107t 2,07 x1071 3.4641.00 x1070 2.48 x107!
o 3.56+0.33 x107 5.3440.39 x107% 1.33 x107% 2,22 x107% 3.08+0.93 x10™% 8.5740.50 x10™°
8¢y 1.2640.11 x107°0 7.22+40.43 x107° 1.7740.20 x107%  3.11 x107% 6.45+0.56 x107% 1.03 x1074
8620 6.49+1.57 x107% 1.58+0.42 x10™° 1.06+0.17 x10™°  4.30 x107%  1.0140.67 x107> 1.10+0.26 x107
885y 6.3440.86 x107° 1.0740.33 x107° 7.8340.61 x10™'  3.28+0.38 x1070 2.75+0.65 x107° 6.23+1.91 x10™"
g 1.1940.33 x10™> 4.58+0.35 x107° 9.45 x107>  8.58+0.49 x107° 8.56+0.63 x107° 9.29 x107°
2751 2,70 x1071 1.4440.08 x107 1.29 x10°  2.69 x107% 1.0440.17 x1071 1.08 x10°
B55c 2,37 x1073 7.7040.67 x107% 4,21 x107% 1.1 x107% 3.2141.13 x107% 3.25 x1074
Sly 17640029 x1073 6,77 x107% 1.96+0.26 x10™>  1.43 x107% 3.7040.72 x107% 1.43+0.08 x107>
S2cr 2.9140.63 x1077 1.96+0.10 x1072 3.58+0.32 x10™°  9.91 x1072 1.0040.09 x1072 6.44+0.44 x107°
% 1.70 X100 2.3940.54 x107> 5.1240.55 x107° - - 2.7540.26 x10™
89y 2.3140.35 x107° 3.13+1.32 x107° 3.0740.52 x10™°  1.8240.41 x107/ 2.98+0.58 x107° 2.15 X107
126 5.6241.82 x107% 5.48+1.20 x107% 1.1941.43 x107®  7.09+4.39 x107% 8.1943.69 x107® 1.49+0.64 x1077
28ss  1.00 1.00 1.00 1.00 1.00 1.00
Bsi 5.6 x1072 5.07 x107% 5,29 x1072 5,05 x1072 5,06 x107% 5,19 x1072
g5 3019 x1072 3.22 x1072 3,32 x107% 3.19 x107% 3.24 x107% 3.29 x1072
4705 4.0240.71 x107% 1.6040.13 x107* 1.06+0.07 x107>  1.62 x1077  1.02+0.16 %107 7.43 x107"
0z, - - 3.2840.28 x107°  3.36+1.00 x107° - 2.69+0.59 x107>
3p  g2241.66 x100 1.9840.42 1078 5.62+0.62 x1070 - 2.94+0.42 x107%  4.26+0.40 x107°
PAs  3.5140.64 x107> 1.5740.28 x107°  5.65+1.43 x10™"  3.68 x107% 9.4740.85 x107® 1.28+0.85 x10™*
o (M) 4.9640.46 x107> 4.56+1.97 x107> 1.2440.09 x107%  3.40+1.76 x10”> 1.3840.12 x1073  5.0440.56 x10™>
YF  1.2310.47 x1077 1.0740.38 x107°0 4.5940.38 1070 5.2242.41 x1075 7.5042.57 x10™® 2.3 x107°
on?(li) 7.00+0.38 x107! 1.59 x10° © 8.84+0.36 x107  8.49 x107! 9.68+0.54 x107! 9.90 x107!
Y% 3.0640.16 x107% 5.0140.44 x1072 2.26+0.14 x107)  1.13 x1072 3.75+0.65 x107% 6.95 x1072
Bea? 1.3 x107% 3,47 x1070 1,23 x10%  1.7940.11 x107% 9.1840.65 x1072 2.72 x107}
32 1.5640.10 x10™"  3.6440.41 x107> 1.4040.32 x10™>  3.63+0.43 x10™° 1.9540.26 x10™> 9.25+0.49 x10™°
3258 2.29+0.23 %107 1.1140.13 x1072 .42 x107  2.3840.67 x107> 4.08+0.82 x1072 7.40+1.70 x1073
Yy . 1.7740.74 x107° 2.98+0.22 x107°  1.95 x1077 2.85 x107% 9.98+1.42 x107

Values determined by'using secondary positive-ion detection of SIMS.

g Values determined by using secondary negative-ion detection of SIMS.
Standard deviation calculated from counting statistics, which is larger than 5%.

¢ normalized for

160.
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Table II-3. Partition coefficients of the elements between phenocrysts and groundmass

Partition coefficient

Relative ion intemsity ratio normalized for " Si.

Relative ion intensity ratio normalized for

F of positive~ion detection.

Ionic CJ-02B CJ-02A CJ-02B CJ-02C
Element radius Spinel QG-Aug ,Brz LAug L,Brz Clino-En 0G—-Brz
/pm  EPMA® SIMS® EPMA™  SIMS~ EPMA~  SIMS® EPMA™ SIMS™ EPMAT  SIMS® EPMA™ SIMS~ EPMA®  SIMS®
Li 76 - 0.0716 - 0.211 - 0.179 - 0.288 - 0.175 - 0.171 - 0.303
Na 102 - 0.0000415 0.0972 0.0628 - 0.0109 0.0867 0.0899 - + 0.0105 - 0.00213 - 0.0110
K 138 - 0.0000366 - 0.00169 - 0.000296 - 0.00367 - 0.000648 - 0.00481 - 0.0105
Mg 72.0 3.8l 1.77 5.98 9.96 10.1 6.50 7.38 9.51 10.0 10.5 10.4 9.11 10.9
Ca 100 - 0.000127 2.54 0.269 0.299 2.17 2.89 0.332 0.324 0.0426 0.0537 0.252 0.279
Mnb 83 2.67 1.21 1.50 2,17 2.31 1.40 1.89 1.80 2.01 1.40 1.17 2.00 1.70
Fe 78 4.35 1.15 1.12 1.48  1.49 1.15 1.12 1.51  1.39 0.783 0.742 1.49 1.28
Co 74.5 - 3.21 - - 4.07 - 2.32 ~ 3.53 - 2.30 - 3.35
Cu 73 - 0.0337 - - 0.0429 - 0.0618 - 0.0358 - 0.0267 - 0.0540
In 74.0 -~ 0.617 - - 1.73 - 0.531 - 1.31 - 0.346 - 1.19
Sr 118 - 0.000690 - - 0.0118 - 0.0703 ~ 0.012 - 0.00467 - 0.0453
B 27 - 0.00591 - - 0.109 - 0.0426 - 0.082 - 0.0814
Al 53.5 0.165 0.124 0,182 0.0949 0.098 0.0295 0.0221 0.0761 0.0768
Se 74.5 - - .89 - (1,61 - 0.357 - O guT
v 64.0 - - 0.771 - 0.303 - 0.0886 - 0.224"
Cr 61.5 - 156 - 706 - 481 - 137 - 530
Ga 62.0 - 0.331 - 0.288 - 0.410 - - - -
Y 90.0 - - - 0.758 - 0.653 - 0.0895 - 0.00752 - 0.106
zg 16 - - ) - 2.55 - - - 4.10 - 4.04 - 0.421 - -
2951 40 - 0.0000993 0.861 0.861 0.880 0.880 0.868 0.868 0.878 0.878 0.888 0.888 0.879 0.879
30Si 40 - 0.0000813 0.861 0.856 0.880 0.880 0.868  0.847 0.878 0.841 0.888 0.864 0.879 0.867
Si 40 - 0.000113 0.861  0.871 0.880 0.837 0.868  0.834 0.878 0.852 0.888 0.862 0.879 0.843
Ti 60.5 - 0.404 0.286  0.329 - 0.0985 0.429  0.329 - 0.133 - 0.0193 - 0.105
Zr 72 - - - - - - - - - - - 1.11 - -
P 38 - - - 0.258 - 0.382 - 0.127 - 0.0309 - - - 0.0710
As 46 - 0.0509 - 0.0353 - 0.153 - 0.0539 - 0.0244 - 0.0255 - 0.0478
OH 137 - 0.116 - 0.334 - 0.444 - 0.347 - 0.323 - 0.598 - 0.189
F 133 - 0.029 - 0.404 - 0.2% - 0.23 - 0.20 - 0.17 - 0.24
i Oga 137 - 0.217Ef - 1.53?f - 8.34Ef - 1.372f - 1.66Ef - 1.Olgf - l'ZA?f
F a 133 - 0.0297f - 0.404f - 0.297 £ - 0.233f - 0.205f - 0.176 £ - 0.244f
ci 181 - 0.0553 - 0.315 - 0.0997 - 0.204 - 0.260 - 0.0711 - 0.103
0 140 g.908 - 0.960 - 0.961 - 0.961 - 0.962 - 0.961 - 0.961 -
S 184 - - - 11 - 2.19 - 9.67 - 2.28 - 0.349 - 1.77
s® 184 - 0.298° - 0.574F - 2.16% - 0.617% - 1.60° - 0.347% - o.611f
N 146 - 0.615 - 0.827 - 10.596 - e - 0.0521 - 0.173 - 2.20
alues determined by using secondary positive-ion detectiom of SIMS. 2 Values determined by us%ng secondary negative-ion detection of SIMS.
A part of the Fe is in the trivalent state w}gh ion%c radius of 64.5 pm. Shannon {(1976). Mo}gr ratio.

- 35 -



182

182

[ T T T 1T TITT] T T T T T 1T11] T T T T TTTT] T T T 1
. Ca |
=
= 18! -
& - -
- 188 ]
>
P— — R -
H -l -
1)
= -
1
'...
= n N
Lau}
i
e}
=o1p8 |- —
> [~ 3
¥ - _
« - -
= N -
=z
(] e -
Q
L » .
T3]
1 L. g
>
Ll
l.....
5 gt
o 107 F =
[v'4 - 3
| i
/ d i
13—2 |/| 1o yyatl ! 1t oty 1 Lo vl 1 L1 rprt
18—¢ 18~1 199 18!
PARTITION COEFFICIENT
Fig. II-5 The relation between the relative secondary ion intensity

and the partition coefficient measured by EPMA.
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Olivine/groundmass (Yurimoto and Sueno, 1984a)
Olivine/groundmass (Yurimoto and Sueno, unpublished)
Plagioclase/groundmass (Yurimoto and Sueno, 1984a)
Bronzite/augite (Chapter IITI) '
Protoenstatite/groundmass (This study)
Bronzite/groundmass (This study)

Augite/groundmass (This study)

Chrome spinel/groundmass (This study)
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the detection limit of the EPMA analysis. As shown in Fig. II-5, all
relative ion intensity ratios have the values corresponding to the
partition coefficients measured by EPMA within a +307% error, except for
spinel~glass system. The relative ion intensity ratios for trace
elements are also consistent with partition coefficients reported
previously (e.g., Henderson, 1982). The error value does also agree
with the value of the matrix effect given in Ray and Hart (1982).

The larger matrix effect of the spinel-glass system may be due to
the difference of Si concentration, that is, Si concentration of the
spinel crystal is under detection limit of EPMA analysis, but the
.groundmass glass belong to silicate material. Nevertheless the relative
ion intemnsity ratios of the spinel—glass system have the values within O
to -60%Z error except for Fe as shown in Fig. II-5. The range of error
is relatively shifted ~307 from the other mineral systems, but the
internal consistency holds as same as the other systems. Further the
relative ion intensity ratios for trace elements are also consistent in
order with partition coefficients reported previously ( e.g., Irving,
1978). These evidences suggest that the correspondence between the
relative ion intensity ratio and partition coefficient remains within
1307% error as internal coherency of relative ion intensity ratio:
although the error value is shifted by the element species of
normalization. The only exception detected is Fe value in spinel-glass
system. Because secondary ion yield of trivalent iron would have
different value from divalent iron, the anomaly of Fe may be due to the
existence of Fe as trivalent state in significant amount in the spinel

crystal in addition to divalent state in the spinel crystal. Assuming
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stoichiometry, it is expected that about 20% of total iron content is in
trivalent state in spinel crystal (calculated from Table II-1).

Therefore, we can assume, as a first approximation, that the
measured relative jion intensity ratios are equivalent to the partition
coefficients within about 307% error in average: although the
verification of this assumption needs further development of .
quantitative techmniques for SIMS. The partition coefficients for the
spinel-glass system may be estimated to be about 307% excessive in this
study.

The results obtained in this study are shown in Figs. 1I-6, II-7,
I1-8 and II-9 as PC-IR diagrams for bronzite~, protoenstatite-—, augite-
and chrome spinel- groundmass systems, respectively. Because the ionic
radius y§;_c§ordination number plots are reasonably regular (Shannon,
1976), the regularlity concluded for the six-fold coordinated radii
remains unchanged for the radii of other coordination number. Ionic
fadius values %or six-fold coordination by Shannon (1976) were used on
the diagrams except for the value of N regardless 6f the actual
coordination number afound a crystallographic site in a given crystal.
For the value of N, the ionic radius for four-fold coordination by

Shannon (1976) was used because of absence of six-fold value.

DISCUSSION

Bronzite-groundmass system

PC~IR diagram for bronzite and bulk rock composition of boninite
has been reported by Hirano et al. (1979). However, it is not clear
whether their bronzite sample was in equilibrium with the boninite

sample used because the bronzite sample was collected from bronzite
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sands at Hatsune—ura, Chichi-jima, Bonine Islands, and the groundmass
phase in the boninite sample was not separated.

New PC~IR diagrams for bronzite and groundmass in boninite are
shown in Fig. II-6. The partitioning patterns and partition
coefficients repérted by Hirano et al. (1979) are good agreement with
those in this study. This agreement give strong support that the
equilibrium'are nearly achieved between the bronzite and bulk rock
composition of boninite reported by Hirano et al. (1979). As shown in
Fig. 1I-6, most of partition coefficients for three kinds of bronzites
have essentially the equivalent values. The agreement again showed that
the bronzites and groﬁndmass glass are in equilibrium one another.

The crystal structure of Ca-poor pyroxene is based on distorted
cubic close-packed array of oxygen (Matsui, 1975) and can be basically
described by }our crystallographically-distinct sites, i.e., sites for
four-coordinated cations (T sites), six~coordinated cations (Ml and M2
sites), and anions (X sites), which are mainly occupied in nature by

Si4+, Mg2+ and Fé2+, and 02-, respectively. It is well estabilished

that Mn2+, Fe2+, Mg, Fe3+,-Al, Cr and Ti in the Ml site; Na, Ca, Mn2+,
Fe2+, Mg and Li in the M2 site; and Si and Al in the T sites in
pyroxenes (Cameron and Papike, 1980). In bronzite structure, Fez+ ions
prefer the M2 site whereas Mg2+ ions the Ml site, and A;3+ ions prefer
the TB site whereas Si4+ ions the TA site (Takeda, 1972).

Matsui et al. (1977) reported the PC-IR diagram (originally Onuma
et al., 1968) for bronzite-groundmass systemnin an alkali-olivine
basalt. They presented that partition patterns for divalent and

trivalent cations could be seen as composed of two parabolas, one with

. its peak located near 70 pm and another with the peak located near 85
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groundmass system.

(A) CJ-024A,

(B) CJ-02B and (C) CJ-02C.

Symbols are the same as in Fig.

I-1.
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pm. The former peak was assigned to the M1 site, and the latter to the
M2 site although the M2 peak appeared only as a shoulder upon the
conspicuous M1l peak. In Fig. II-6 the curve for divalent cations can be
clearly observed ‘as two parabola peaks, one Qith its peak corresponding
to Ml site neér 70 pm and another with the peak corresponding to M2 site
near 85 pm. The Ml peak was also confirmed by the trivalent curve with
the peak near 70 pm between Sc3+ and V3+. The peak positions for the Ml
and M2 sites are unchanged in spite of the difference of bulk chemistry.
and physical condition between the systems; the bronzite crystal used by’
Matsui et al. (1977) contains the unusually high alumina composition and
it is estimated that the alminous bronzite equilibrated with the
alkali-olivine basalt magma under a pressure of about 10 kbar (Kuno,
1965), whereas it is estimated that the bfonziéé crystal in boninite
equilibratedfwith the boninite magma under a pressure of below 5 kbar
and a temperature about over 1000°C in hydrous condition (Kuroda et al.,
1978). Owing to insufficient number of rare earth elements anal?zed it
is impossible to draw exactly the righthand half of the M1l peak and the
M2 peak for trivalent ions. However, it is conceivable to suppose a
minimum and a maximum on the trivalent curve between Sc3+ and Y3+ plots
as shown in Fig. II-6 according to the curve for divalent cations in
Fig. 1II-6 and the curve for trivalent cations reported Matsui et al.
(1977). The partition coefficients for Li+, Na+ and K% decrease in this
order ekcept for the epitaxial bronzite on protoenstatite (Fig. II-6C),
but it is also conceivable to suppose a minimum and a maximum on the
‘monovalent curve between Li+ and Na+ plots as shown in Fig. II-6, i.e.,
the curve from Na+ to K+ should be the righthand slope of M2 peak. 1In

the epitaxial bronzite (Fig. II-6C) the partition coefficients for Na+
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and K* are roughly equal. The reason is disscussed at the following
section.

The bronzite structure has two kinds of T sites called TA and TB.
TA and TB sites have very similar configulation around them and
metal-oxygen distances, the mean TB-0 distance being only about 1.2 pm
and 1.8 pm larger than thelmean TA-O distance in enstatite and bronzite,

respectively (Table II-4). Because only eleven ions (Be2+, B3+, A13+,

C4+, Sié+, Ti4+, Ge4+, P5+, ASS+, Mo6+ and W6+) have the ionic radii for
gix~fold coordination less than 60 pm in terrestrial materials, it is
difficult to define the exact shape of the Eurve for homovalent ions
less than 60 pm. Therefore the peak corresponding to the TA and TB
sites should be overlapping completely with each other. 1In Fig. II-6
the curves for trivalent, tetravalent and penta&alenf cation strongly
suggest the éiigtence of the TA plus TB peak located near Si4+ plot.
The partition coefficients for pentavalent éations and Cr3+ of the
bronzite phénocryst partially overgrown by augite (Fig. II-6A) have
higher and lower values than that of other bromnzite c?ystals (Fig. II-6A
and B), respectively. The anomalies may be due to compositional
heterogeneities or kinetic effects of crystal growth for the ions
because the similar anomalies are also observed for the overgrown augite
on the bronzite crystal (Fig. II-7A). Nevertheless the partition
‘pattern for pentavalent cations is consistent with the curve for other
valence cations.

The peaks of the X sites are displayed for monovalent and divalent
anions in Fig. II-6 and are drawn so as to make the parabola-shaped

lines as smooth as possible. The position of the X peak seems to be

1 '3 . . 2"‘ . ..
larger than the ionic radius of 0~ , but owing to the absence of the
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Table II-4 Comparison of the mean interatomic distances (pm) in pyroxene and spinel

P-En C-En O-Eﬁ Br Di . Aug Sp
1080°C R.T. R.T. R.T. R.T. 1000°C R.T. R.T.
{M(1)-0p 212.1 207.8 207.8 207.0 207.7 210.7 205.7 192.7%%*
<M(2)-0> 219.1 214.2 215.1 . 217.6 . 242.5# 245.2# 239.9#
(249.8)(253.8) (248.2)
£ 8i-0> 162.6 163.4 163.4 163.6 163.4 163.7 164.4 191, 9%%%
{SiA-0> 162.8 162.8 162.7
<SiB-0> 163.8 164.0 164.5

P-En: proto-enstatite (Murakami et al., 1982), C-En: clino-enstatite (Ohashi and Finger, 1976),
6—En: ortho-enstatite (Sasaki EE.él-’l982)’ Br: Aluminan Bronzite (Takeda, 1972),

Di: diopside (Di at R.T.: Clark et al., 1969; Di at 1000°C: Cameron et al., 1973),

Aug: Augite (Takeda, 1972), Sp: Spinel (Yamanaka and Takéuchi,1983).

R.T.: room temperature. # Six-coordinated value.

( ): Eight-coordinated value. #*%{B-0)., ¥%¥k<A-0),
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. . .. 2- -
monovalent and divalent anions with radii between those of 0 and Cl
it is impossible to define exactly the position of the peak.
Among the divalent cations analyzed, the significant deviation from
. . 2+ 2+ s
the smooth curve is observed in Zn and Cu~ . The deviation are
ascribed to the well-known tetrahedral (Matsui et al., 1977) and square
. . \ +
planner coordination (Yurimoto and Sueno, 1984a) preferences of an and
2+ . . . 3+
Cu” , respectively. Among trivalent cations, Cr shows a marked
deviation from regularity, and this is ascribed to the strong crystal
. + . .
field effect in Cr3 ions (Matsui et al., 1977). Among tetravalent
. 4t . s .
cations, C shows a deviation from the smooth curve, and this may be
. bt . - . .
ascribed that C ions occupy the interstitial site or exist as

inclusions of sub-microscopic size in the bronzite crystal.

Protoenstatite—-groundmass system

In theﬂprotoenstatite all the tetrahedral site are equivalent (T
site and are very similar té TA site of orthoenstatite in configulation
around them and in available space. The protoenstatite M2 site is less
flexible than orthopyroxene M2 site because the orthopyroxene M2 site
has a considerably displaced bridging oxygen (03B) in addition to a less
displaced one (03A) whereas all bridging oxygens coordinated to the
protoenstatite M2 site are the less displaced ones (03) and M2 can not
be expand anymore (Murakami et al;, 1982). Therefore in the
protoenstatite-groundmass system we can expect well. defined M1 peak and
less prominent M2 peak than the bronzite M2 peak. Further because Al3+
ions do not prefer the TA site of bronzite (Takeda, 1972), the partition
coefficient of A13+ should have smaller value than that of bromzite.

Fig, II-7 is the PC-IR diagram for protoenstatite-groundmass

system. As expected, partition pattern for divalent cations have
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conspicuous and small peaks, which correspond to the M1 and M2 sites,
respectively. The Ml peak is also constructed by the curve for
trivalent cation. The curve from T14+ té Zr4+ shows the left~hand half
slope of the Ml peak. The curves for monovalent and trivalent cations
can be drawn a minimum and a maximum between Li+ and Na+ and between
Sc3+ and Y3+, as shown in Fig. II-7, according to the discussion of the
bronzite-groundmass system. The peak positions of M1 and M2 sites have
the radii with about 70 pm and 85 pm, respectivery.

The partition coefficient for K+ have slightly higher value than
that for Na+ (Fig. II-7). The similar tendency for K+ are observed in
the epitaxial bronzite on the protoenstatite-~groundmass system (Fig.
11-6C). The partition coefficients for K+ in both systems are roughly
equal whereas the partition coefficient for Na+ in the protoenstatite -
groundmass éystem is considerably lower than that in the epitaxial
bronzite-groundmass system. The anomal distribution for K+ may be due
to the influence of submicroscopic inclusions with high K content. The
idea is also suggested by the following evidences: the inverted
protoenstatite crystal has conspicuous cracks formed during the proto to
clino transformation. The epitaxial bronzite has also considerable
cracks which may be formed by a strain with the proto to clino
transformation of the base crystal. Yasuda et al. (1983) reported that
the cracks in inverted protoenstatite in boninite were filled with
fibrous crystals.

The T peak appears around Sié+ accoraing to the superposition of
the curves for trivalent and tetravalent catioms. The partition
coefficient for A85+ seems to be located on the right-hand slope of the

T peak. As expected, the partition coefficient for Al3+ has smaller
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value than that of bronzite, but the partition coefficient for 837 is
less affected by the structural differences between proto and ortho
pyroxenes. If this interpretation and the symmetrical shape for the T
peak are accepted, the peak position of T site may be slightly sifted
from Si4+ to the smaller direction of the ionic radius.

The curves for monovalent and divalent anions can be seen as one
parabola-shaped peak. The position of the X peak seems to be larger
than the ionic radius of 02—. The partition coefficients for Cl and
82_ have smaller values than those of bronzite-groundmass system. It is
conceivable that the protoenstatite X site has less tolerance to

accommodate large anions.

Augite—-groundmass system

The CZ/Q clinopyroxene structure can be basically described by the
T, M1, M2 and X sites such as protoenstatite struéture. However the
C2/c clinopyroxene structure can be no longer constructed by close
packing of oxygen because of M2 site occupied by Ca2+,ions. In nature
the T, Ml, M2 and X sites are mainly occupied by Si4+, Mg2+ and Fe2+,
Ca2+, and 02~, respectively. The geometrical contrast between the Ml
and M2 sites is much more enhanced in the C2/c clinopyroxene structure
than in the Ca-poor pyroxene structure (Matsui et al., 1977). On the
otﬁer hand, all the tetrahedral sites aie equivalent (T site)‘and are
very similar to Té site of orfhoenst;tité in anion configulafion aﬁd T-0
diétances.

Matsui et al. (1977) reported the PC-IR diagram (originally by
Onuma et al., 1968) for augite-groundmass system in an alkali-olivine
basalt. The; presented the conspicuous Ml and M2 peaks for monovalent,

1

divalent and trivalent cations, the M1 peak located near 70 pm and the
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M2 peak located near 95 pm. Fig. II-8 is the PC~IR diagram for
augite-groundmass system in boninite. Partition pattern between Figs.
II-8A and B have essencially the equivalent shape. As described by
Matsui et al. (1977) the M1 and M2 pgak is confirmed by fhe curves for
monovalent, divalent and trivalent cations. The peak position for Ml
and M2 sites are unchanged in spite of the difference of bulk chémistry
and physical conditions of each system; the difference is already
described in the section of bronzite-groundmass system. The T peak
is observed around Si4+ according to the superposition of the curves for
trivalent, tetravalent and pentavalent cations. It is conceivable that
the augite T site is slightly flexible to accommodate larger cation as
compared with the tetrahedral sites of bronzite and protoenstatite,
because the patrtition coefficient for A13+ and Tié+ have higher values
than that of bronzite.

The curves for homovalent anions compose the X peak which position
is larger than the ionic radius of 02—. The partition coefficient for
52— has the largest values in the three pyroxenes analyzed. It may be
suggested that the augite X site has one of the most tolerance to
accommodate large anions in the pyroxene polymorphs.

The deviation from the smooth curve is observed in Zn2+, Cu2+, Cr3+

- . . .
and 04 . The reason for the deviations are ascribed to the

characteristics of the ions as noticed already.

Chrome spinel-groundmass system

The spinel structure is based on distorted cubic close-packed array
of anions (X site) in which one-eight of the tetrahedral (A site) and
one-half of the octahedral (B site) interstices are occupied by cation

(Bragg, 1915; Nishikawa, 1915). The A and B sites have very similar
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metal-oxygen distances, the B-0 distance being only about 0.4 pm longer
than the A-0 distance in pure spinel crystal (Yamanaka and Takéuchi,
1982). However, the larger Mg2+ ion occupies A site whereas the smaller
A13+ ion occupies B sites (Bacom, 1952; Fischer, 1967). Therefore, in
the spinel-groundmass system we can expect the appearance of three peaks
corresponding to the A, B and X sites.

The PC-IR diagram for chrome spinel-groundmass system of boninite
is shown in Fig. II-~9. The preliminary results of this system have been
reported by Yurimoto and Sueno (1984b). As expect, partition patterns
for divalent and trivalent cations have separately construct two peaks
in PC-IR diagram, which almost certainly correspond to the A and B
sites, respectively. The curve for monovalent cations shows the
‘right—hand half slope of the A peak. The curve for tetravalent cations
indicates the left-hand half of the B peak. The optimum sizes for the A
and B sites have the six- (four~) coordinated radii of about 75 pm (60
pm: inferred from the four coordinated values of Co2+ and Li+) and 65
pm, respectively. The very steep slopes of both peaks strongly
suggested that the spinel structure is intolerant of larger and smaller
cations.

The partition coefficients for Na+ and K+ are roughly equal and the
partition coefficient for Sr2+ are larger than for Ca2+. The
"distribution for K+ and Sr2+ ions may be ascribed that those ions mainly
occupy imperfections in spinel structure such as point defects and |
dislocation, and/or due to inclusions with submicroscopic size, as
exemplified by the non-existence of the spinel structure including K+
and Sr2+ iéns.

Similar to the previously described other phenocryst—gréundmass

2+

‘ systems, the deviation from the smooth curve is also observed for Cu” ,
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Zn2+»and Cr3+ in this spinel-groundmass system. The deviation for Cu2
may be due to the square planner coordination preference of Cu ions
(Yurimoto and Sueno; 1984a), but the deviation for Zn2+ is not
understood by the tetrahedral preference of Zn ions (ﬁatsui et al. 1977)
because the ionic radius of Zn2+ is fitted in the A peak. Whereas Cr3
ions are ﬁajor components of this spinel crystél, very large discrepancy
from the regular curve is observed. This.evidence suggests that the
crystal field stabilization energies play an important role in the
solid/liquid partitioning for the spinel crystal. The deviation for Fe
from the smooth curve is due to the uncertainty of SIMS analysis in this
system noticed already.

As expected, partition pattern for monovqlent and divalent anions
have one pegk, which is correspond to the X site. Similar to the other
phenocryst—-groundmass systems, the peak position for X site does not

coincide with the plot of 02_.

Comparison of partition coefficients among pyroxenes

The proto-, ortho- and C2/c clino- pyroxenes have four peaks on
PC-IR diagrams corresponding to the T, Ml, M2 and X site of the pyroxene
structure (Fig. I11-6, II-7, II-8 and II-9).

The position (about 70 pm) for the Ml peak is unchanged among the
pyroxene polymorphs analyzed in spite of the difference of the chemicai
composition and physical condition of the system. The width of the Ml
peak, which may correspond to the tolerance of the site, ére unchanged
among the polymorphs although the trivalent peak shift vertically.

These integpretations are in harmony with the results of c;ystal

structure analyses, i.e., the mean M1-0 distances have the almost fixed

- 52 -



value at a given temperature (table 4). However, the values of M2 peak
for the proto-, ortho- and C2/c clino- pyroxenes increase from 85 to 95
pm in this order. Because the proto- and ortho- pyroxene structures are
based on nearly cubic close-packed array of oxygen, the M2 values for
ﬁhese two pyroxenes have nearly same value. On the other hand the M2
peak position for C2/c clinopyroxene have a large shift which may be due
to the eight~fold coordination of anion for the M2 site. The order of
the M2 shift is consistent with the mean M2-0 distances as shown in
Table II-4. The tolerances of the M2 sites among the pyroxene
polymorphs inferred from the crystal structures are confirmed by the’
partition coefficients of the right-hand slope of the M2 peak,
especially the M2 site for protoenstatite is intolerant of larger
cations as nearly same as the case of olivine (Yurimoto and Sueno,
1984a).
- A L4+

The position of the T peak is nearly unchanged around Si plots.
However, the tolerance of T site increase in the order of the proto-,
ortho- and C2/c clino- pyroxene, because the partition coefficients for

3+ e . . . .

Al and Ti increase in that order inspite of the fixed value of the
partition coefficient for Si4+. There are two kinds of the tetrahedrons
in actual pyroxene structure, small one corresponding to the
orthopyroxene TA site and the protopyroxene T site, and another
corresponding to the orthopyroxene TB site and the C2/c clinopyroxene T
site. The small tetrahedron naturally exhibits a strong site preference

b+ 3+ . .
of Si over Al (Takeda, 1972). This evidence from the X-ray
structure determination is consistent with the order of tolerance of T
site.

. . 3+ S .
Because the substitution of Al for Si in the pyroxene T site

violates the Pauling's electrostatic valence rule (Pauling, 1929), in

- 53 ~



order to maintain charge balancing, the Ml and M2 curves for trivalent
cations move upward in the order of proto—-, ortho- and clino- pyroxene.
If this interpretation of the charge balancing ascribed to the
substitution of Al3+ in the T sites and the strong M1 site preference of
Cr3+ ions by crystal field effect (Burns, 1970) are accepted, the order
in the strong enrichment of Cr3+ ion in pyroxene polymorphs can be also
interpreted. Futher the little enrichments of Cr3+ and Sc3+ in olivine
erystal (Yurimoto and Sueno, 1984a) can be also interpreted, because the
olivine crystal genérally does not contain Al3+ ion (Brown, 1982). -

The peak positions of the X site seems to be larger than the ionic
radius of 02- in the pyroxene pdlymorphs, bgt owing to the absence of
the anions with radii between those of 02_ and Cl , it is impossible to
define the exact position of the peak.~ The féﬁture of the peak position
is also confirmed to other silicate and oxide mineral-magma systems
reported Yurimoto. and Sueno (1984a) and in this study.

The peak position for the cation curve is assumed to6 present an
optimum ion size for the crystallogrophic site in the mineral (Onuma et
al., 1968). This assumption is useful for discussion of the
partitioning of cation, and have been confirmed empirically. It seéms
that the empirical basis of this assumption is Pauling's first rule

(Pauling, 1929): A coordination polyhedron of anions is formed about

each cation, the cation-anion distance equaling the sum of their

characteristic packing radii and their radius ratio determining both the

nature of the coordination polyhedron and therefore the coordination

number of the cation. However, it is considerable that each anion is

mainly surrounded by anion, because the volume of anion is dominant in
crystal structures and the volume of most cations is negligible except
- for the alkali and alkaline earth ions. Because the anion and anion
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distance is highly variable even in a given mineral( e.g., from 255.3 to
338.5 pm in forsterite, Takéuchi et al., 1982) Pauling's first rule can
not apply to the anion coordination polyhedron around aniom. The anion
porosities.(Dowty, 1980) of oxides and silicates are also highly
variable and always greater than the anion porosity of ideally
close-packed spheres, assuming standard radii for oxygen, as the anions
repel each other . Further the six-coordinated ionic radii for Cl1 and
82_ (Shannon, 1976) may be inconsistent with other values in Shannon's
table because he picked up the values for Cl . and 82_ from Pauling's
(1960) crystal radius.

These evidences suppose that it is difficult to evaluate whether
the peak position for X site represent an optimum anion size in crystal
or not. Nevertheless the partition coefficiéﬁt of Sz— for proto- ortho-
and C2/c ciino— pyroxene clearly increase in this order. This order is
consistent with the order of increase in the possible displacement of
the bridging oxygen 0(3) and with that of the distortion from the close
packing of oxygen. It suggest that the X site in p?roxene structure
become more tolerance in order of proto-, orth- and C2/c clino pyroxene.

For the empirical evidence in pyroxene the assumption for the peak

position may be applicable to anion sites.
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IV. EXSOLUTION/MATRIX PARTITIONING IN PYROXENE CRYSTALS

OF ULTRAMAFIC NODULE

Experimental

Sample

A nodule of websterite (TKW-~03) was collected from alkali-olivine
basalt in Takashima, North Kyushu, Japan. The websterite mainly
consists of augite and bronzite, and was classified into Group II rock
type described by Kobayashi and Arai (1981). 1In the bronzite grain
(TKW-03-A), there are many blebby exsolved augite and augite exsolved
lamellae, and, in augite .grain (TKW-03-B), thefé are many blebby
exsolved broazite and bronzite lamellae (Fig. III-1). Augite/bronzite
partition coefficients between the blebby and surrounding phases were
measured on both side of the contact using SIMS and an electron
micro-probe-analyzer (EPMA).

SIMS analysis

The SIMS instrument used in this study is the Cameca IMS-3f
ion-mass microanalyzer at the Chemical Analysis Cenﬁer of the University
of Tsukuba. A beam of 0 ions with net energy of 13.8 keV'(for
secondary-positive-ion detection) and 8.1 keV (for secondary
negative-ion detection) was focused with a spot 15-20 ym in diameter on
the gold-coated surface of a polished thin section. The vacuum of
sample chamber is 0.5 yPa. The secondary ion intensities were measured

by an electron multiplier coupled with pulse~counting circuitry with a
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Fig. III-1 (a) Transmitted light photomicrograph of exsolved pyroxens
fyom specimeﬁ TKW-03. The length of the scale bar is 0.3 mm.
Under polarized light. Aug=augite. Brz=bronzite.
(b) Transmitted light photomicrograph of specimen TKW-03-A.
The length of the scale bar is 20 ym. Under polarized light.
w=trace of primary beam of SIMS analysis.
(é) Transmitted light photomicrograph of specimen TKW-03-B.

The length of the scale bar is 20 um. Under polarized light.



mass resolution of about 5000, with the use of a cold trap of liquid
nitrogen for more clean vacuum around the sample surface. Positive
secondary ion intensity ratios relative to 2881 were measured for Li,
Na, K, Mg, Ca, Mn, Fe, Co, Sr, Al, Sc¢, V, Cr, Y, C, Si, Ti, P, As, H, F,
S and N. Negative secondary ion intensity ratios relative to 28Si were
measured for H, F, Cl and S. Other experimental procedures were similar

to those employs by Yurimoto and Sueno (198%4a).

EPMA analysis

The EPMA system at the Chemical Analysis Center of the University
of Tsukuba, which consists of a JXAS50A (JEOL) main part and an ACPS-XR
(ELIONIX) controlling part, was usea with an accelefating voltage of 15
kV and a probe current of 0.0l14 YA on a Faradayucage. A beam spot of
about 1-2 umiin diameter was used. The Bence and Albee (1968) method
was applied to make quantitative analysis correctibns. Other
experimental conditions were similar to those employed by Yurimoto and

Sueno (1984a).

Results
EPMA line analyses across the contact between blebby exsolved
augite and bronzite matrix, and between the blebby bronzite and augite
matrix showed no detectable compositional gradients for major elements
on either side of the contact of both systems. The chemical
compositions of each phase have essentially the equivalent values as
shown in Table III-1. These evidences show that the equilibrium is

achieved between the blebby exsolved and surrounding matrix phases in
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Table III~1 Electron microprobe analyses of exsolution

and the matrix pyroxenes

TKW-03-A TKW-03-B

Augiteb Bronzite® Augitec Bronziteb
SiO2 50.9 jp.Sd 53.2 +0.2 50.6 +0.2 53.3 +0.4
TiO2 0.73+0.08 0.24+0.04 0.94+0.04 0.2840.23
Ale3 7.40+40.15 5.4340.12 7.09+0.10 5.07+0.18
Fe0® 5.77+0.12 10.6 +0.4 5.7240.15 10.7 +0.2
Mg0 14.8 +0.3 29.4 +0.1 15.1 +0.2 29.8 4+0.2
Ca0  18.5 +0.2 1.11+0.04  18.9 +0.2 1.15+0.05
NaZO 1.45+0.04 0.15+0.03 1.5540.03 0.12+0.03
Total 99.6 100.1 99.9 100.4
Oxygen = 6
Si 1.86 1.87 1.85 1.87
Ti 0.0201 0.0064 0.0258 0.0074
Al 0.319 0.225 0.305 0.210
Fe 0.176 0.312 0.175 0.315
Mg 0.807 1.54 0.823 1.56
Ca 0.725 0.0419 0.740 0.0433
Na 0.103 0.010 0.110 0.0082
Total  4.01 4,01 4,03 4.01
g total iromn as FeO.
c matrix Phase.
d exsolution phase.

Standard deviation.

Cr,0 NiO, MnO and K,O:

273 2

not detected.
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both augite-bronzite systems. These equilibrium parts were also
analyzed by SIMS. Relative secondary ion intensities for the both
systems are listed in Table III-2,

Partition coefficient values calculated from the values in Tables
III-1 and III-2 are listed in Table III-3. The partition coefficient
D(i) of a particular element i is defined as the ratio:

D(i) = Cgpx/cgpx’ where Cgpx is the concentration of the element i in

. . (0] . ,
the augite phase at a particular stage, Cipx is the concentration of the

element i in the bronzite phase that is in equilibrium with the augite.
Ray’and Hart (1982) recognized about 307% (in average) different
yield of secondary ion for both major and trace elements between
silicate glass and Ca-rich clinopyroxene. Such a matrix effect is
probably recognized between the augite and bronzite in this study.
However, Yurimoto and Sueno (1984a) found that the relative ion
intensity ratios normalized for the 2881 value for olivine~ and
plagioclase- groundmass glass systems had the values corresponding to
the partition coefficients. Relative ion intensity ratios between
silicate phenocrysts and the groundmass glasses as well as between
augites and bronzites in this study are plotted in Fig. III-2 against
partition coefficients calculated by EPMA analyses. As shown in Fig.
III-2, all relative ion intensity ratios have the values corresponding
to the partition coefficients measured by EPMA within a +30% error,
eéspecially the relative ion intensity ratios for augite~bronzite systems
have the values within 0 to +30 % error. The error value does also

agree with the value of the matrix effect given in Ray and Hart (1982).
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Table III-3. Partition coefficients of the elements between exsolution and
the host pyroxenes

Tonic Partition coefficient
Element radius® TKW-03-A  TKW-03-B
/pm EpMa® sIMs® rpyad SIMS®

Li G6 ) - 1.63 - 2.85

Na 102 1.00 x 10 1.32 x 100" 1.34 x 100 1.58 x 10°
K 138 - 3.16 - 1.38 x 101
Mg 72.0 5.23 x 100 6.57 x 1000 5.26 x 1070 5.83 x 107"
Ca 100 1.73 x 100 1.94 x 10 1.71 x 101 2.51 x 10°
Mn 83 - 8.56 x 10" - 7.69 x 1077
Fe® 78 5.65x 1000 6.63x 1000 5.55x 1070 5.90 x 107"
Co 74.5 - 4.98 x 1077 - 4.14 x 1071
St 118 - 8.61 x 10 - 1.47 x 102
Al 53.5 . 1.42 1.66 1.45 1.83

Sc 74.5 - 3.41 - 3.68

v 64.0 - 2.47 - 3.10

Cr 61.5 - 1.87 - 2.12

Y 90.0 - 1.34 x 10! - 1.08 x 10!
C 16 - 1.37 x 107 - : -

28¢ 40 9.94 x 1077 9.94 x 1000 9.86 x 1071 9.86 x 107"
2954 40 9.94 x 100 9.88x 1001 9.86 x 1070 9.50 x 1077
30g4 40 9.94 x 1007 9.63 x 1000 9.86 x 1070 9.41 x 107"
Ti 60.5 3.16 3.80 3.49 4.31

P 38 - 1.43 - 3.21

As 46 - 2.16 - 5.63
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Table III-3. (continued)

Ionic Partition coefficient
Element radius® TKW-03-A TKW-03-B
/pm gpma’ stMs® gemal sMs®
OH 137 - 3.05 - -
F 133 - 2.29 - -
og? 137 - 2.95% - 9.15 x 107 °F
Fe 133 - 2.29% - 255
c1® 181 - 2.25% - 1.42F
0 140 1.00 - 9.99 x 107} -
184 - 1.05 x 10 - 6.00
g2 184 - 4,06 - 3,647
N 146 - - - 1.46

Values determined by using secondary positive~ion detection of SIMS.
Values determined by using secondary negative-ion detection of SIMS.

A part of the Fe is in the trivalent state with ionic radius of 64.5 pm.
Shannon (1976). '

Molar ratio. 28

Relative ion intensity ratio normalized for Si.

. . . , . . 1 ‘o . .
Relative ion intensity ratio normalized for 9F of positive-ion detection.

L W = VI o T w i}
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where S and L identify solid and liquid, respectively, k is Boltzman's
constant, T and E are the temperature aﬁd the internal energy of this
system, respectively. /(EE/BNi) is the internal energy change provided
by the substitution of an ion of the maiﬁ component by an ion of a trace
component at constant temperature and pressure.

From same assumption and similar procedure given by Nagasawa
(1966), we find that the distribution coefficient between A and Eﬁphases

are given in general as

log K5/B(1/9) = - j@ﬁ’:) (2)
i‘p

In the closed two phase system,

Né -+ N? = constant. (3)
i i 2

Finally, the distribution coefficient are calculated as

A/B, . . 1 ‘E’EA) EB) }
log (i/3) = - — (;”" -l (4)
D kTiaN‘;‘p EN?p..

. : ' N
From Eq. 4, one finds that Kg/s (i/j) is controlled by the relative
internal energy change provided by the substitution of an ion of the
main component by an ion of a trace component between crystal structures

of solid S and another solid S' phases. The distribution coefficient

S/L

“

is only controlled by (ZES/BNE) , and, (BEL/ENE) =0, because it appear
: -_— 1P " 0 °)

(i/j) can be approximated as a particular example of Eq. 4, i.e., it

that the solid/liquid partitioning is under strong comntrol of the

crystal structure, and that the peak position on PC-~IR diagram is

represented the optimum ion size for the crystal (Nagasawa 1966; Onuma

- 70 -



162 i i i i T J i | i

= ce @- -
i Sn @ ]
18! =
}_.. - -
z — -
i = .
—
O = -
-
Lo - .
L
Ld = -
(<)
O 8 -
=
O
H = -t
l..._
b
[
o
E -
198 — -
1@"1 1 1 1 1 | I | 1 i I
8 28 48 6@ 8@ 168 128 148 168 188 26@
IONIC RADIUS /pm
Fig. III-5 Partition coefficient-ionic radius diagram for

augite~-bronzite phenocrysts (after Matsui et al. 1977).

Symbols are the same as in Fig. I-1.

- 72 -



(7) Generally, the partitién coefficients between A and B phase may be

defined by relative internal energy change provided by the substitution
of an ion of the main component (j) by an ion of a trace component (i)

between The phases as shown in below:

A/B.. ... 1 )[og" o>
5 ““’“;‘T‘{(ggﬂ) o X
: . ‘ ip- iL‘
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