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Combined with five previously investigated sodic amphi-
boles and sodic pyroxenes from Shikoku and western Cali-
fornia, it is now possible to examine element partitioning
in the coexisting single- and double-chain N a-silicates. This
study also utilizes appropriate crystal structure refine-
ments, most of which have become available only recently
(Whittaker, 1949; Prewitt and Burnham, 1966; Clark and
Papike, 1968; Papike and Clark, 1968; see also Colville
and Gibbs, 1965). The interested reader is referred to
these papers for descriptions of the structures and the site
terminology.
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ABSTRACT
Two pairs of coexisting riebeckites and aegirines, and their parent metacherts from near Laytonville, California,

were analyzed by conventional gravimetric techniques. In combination with previously available data these analyses
show clearly that, under blueschist facies metamorphic conditions, solid solution among sodic amphiboles extends from
near glaucophane towards magnesioriebeckite and riebeckite compositions; no solvus exists in this mineral group.
Sodic pyroxenes exhibit a wide range of solid solutions from jadeite to acmite and diopside ; if a solvus exists in this
series, it lies at Fe'+-poor compositions of limited range between jadeite and omphacite.

Cation proportions, structural site geometries and ionic sizes are compatible with concentration of manganese in
the octahedral M(l) + M(3) sites of sodic amphiboles investigated but in the 8-fold coordinated M(2) positions of the
sodic pyroxenes. The partitionings of (Fe2++ Mn)/Mg and of (Fe" + Ti)/AI for the two pairs of coexisting iron-rich
sodic amphiboles and sodic pyroxenes, and for five other aluminous and/or magnesian pairs from blueschist facies rocks
of diverse compositions from the California Coast Ranges and the Sanbagawa terrane of Shikoku, Japan, are systematic;
the first case is regular but complex, probably reflecting a three- or four-site versus a two-site cation exchange model,
whereas the second is essentially ion-for-ion, indicating single-site participation by each phase in the equilibrium. In all
examples, the bigger Fe" cations tend to be concentrated in the sodic amphibole relative to the more magnesian
coexisting Na-pyroxene ; in general, Fe" is favored over Al in the sodic amphibole, whereas the associated sodic
pyroxene typically is more aluminous.

INTRODUCTION

Sodic amphiboles and sodie pyroxenes are common min-
erals in metamorphic rocks of the blueschist facies. Re-
cently, a wealth of new analytical data, documenting solid
solution relations within each of these two mineral groups
has become available (Miyashiro and Iwasaki, 1957;
Banno, 1959; Iwasaki, 1960; Ernst, 1964; Essene and
Fyfe, 1967; Borg, 1967; Coleman and Clark, 1968; Cole-
man and Papike, 1968; Ernst and others, in press). Al-
though compositional variations among the sodic amphibole
end members glaucophane, ONazMg3AlzSisOz2(OH)l rie-
beekite, oNa2Fe3 +2Fe2+3SisOz2(OH).2, and magnesiorie-
beekite, ONa2Mg3Fez +3SisOz2, are well demonstrated,
blueschist pyroxenes approximating acmite (aegirine), N a-
Fe+3Si206, have not been chemically analyzed previously.
Such sodic pyroxenes are fairly common in metacherts
from the Franciscan terrane of the California Coast
Ranges and the Outer Metamorphic Belt of Japan, where
they typically are associated with riebeckitic or magnesio-
riebeckitic amphiboles.

In part to remedy this lack of chemic! data, pairs of
coexisting sodic pyroxenes and sodic amphibiles were ana-
lyzed gravimetrically from two Franciscan siliceous schists.
The host rocks, exposed in a small rip rap quarry situated
within a landslide five miles south of Laytonville, Califor-
nia, directly north of U.S. highway 101 (Chesterman,
1966) were also analyzed. The locality is notable for the
occurrence of the new minerals deerite, howieite and zuss-
manite (Agrell and others, 1965).

1The large 10-12 fold coordinated A structural site of amphi-
boles is unoccupied in sodic varieties; the symbol 0 indicates this
vacancy here and in Figure 1.

PETROLDGY OF THE INVESTIGATED ROCKS

The sodic amphibole + sodic pyroxene-bearing rocks
studied are all metasedimentary. Modes are presented in
Table 1. The pair of newly analyzed rocks from Layton-
ville are metachert (LO-1) and siliceous ferruginous shale
(LO-3), as are the two specimens from eastern Shikoku
(E-7 and E-Z017). In contrast, three other rocks from the
Californian Diablo Range (X-1 and X-3) and its northern
extension (G-1l9) represent tuffaceous and subarkosic meta-
graywackes. The principal contrast in phase assemblages
among the various samples involves the hydrous Ca-AI-sili-
cates: piemontite occurs in one of the Japanese specimens
(E-Z017), whereas the three Californian metac!astics carry
lawsonite. Otherwise the rocks have quite similar mineralo-
gies, the remaining differences being attributable to vari-
able phase proportions, and to contrasts in compositions of
the solid solutions.

The rocks all exhibit weakly to intensely developed
schistosity paralleling a somewhat vague or irregular com-
positional layering. Sodic amphiboles and sodic pyroxenes
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TABLE 1. MODES OF SODIC AMPHIBOLE+SODIC
PYROXENE-BEARING METASEDIMENTS

Sample no.

Mineral~
LO-! LO-3 E-7 E-2017 X-I X-53 G-J19

Quartz 81.8 58.0 79.0 52.9 5 20 21
Na-amphibole 8.6 24.9 S.4 21.4 34 8 24
Na-pyroxene S.7 5.1 4.0 3.0 29 30 30
Stilpnomelane 0.3 4.1 0.0 0.0 0 4 5
White mica 0.0 0.0 0.6 12.1 0 0 5
Chlorite 0.0 0.0 0.1 tr 0 0 0
Garnet 1.0 S.O 6.1 2.0 0 0 0
Piemontite 0.0 0.0 0.0 3.9 0 0 0
Lawsonite 0.0 0.0 0.0 0.0 24 30 10
Others" 2.6 2.9 4.8 4.7 8 8 S

LO-1, LO-3, metachert and siliceous metashale from near Laytonville, Calif.,
(present study).
E-7, E-2017, siliceous schists from the K6tu-Bizan District Eastern Shikoku
(Iwasaki, 1963; Ernst, 1964).
X-l, X-53, metac1astic rocks from Pacheco Pass, Calif., (Ernst and others, in
press).
G-119, metaclastic rock from Goat Mountain, Calif., (Ernst and others, in press).

a others =iron oxides, clay, carbonate, carbonaceous matter and very fine-
grained matrix.

show preferred orientations lying within the plane of foli-
ation defined by alignment of the white mica, chlorite,
stilpnomelane and minor clay minerals. Grain sizes of the
chief phases range from less than 0.2 to more than 1.5 mm.
Quartz and garnet tend to be equigranular and fine-grained
(0.02-1.0 mm), whereas sheaves of sodie amphibole and
sodic pyroxene (± stilpnomelane) are acicular and in some
cases are intimately intergrown; the chain silicates range
from very finely fibrous to prismatic crystals exceeding 1.5
mm in length. Layered silicates form individual flakes a
tenth of a millimeter or so in maximum dimension, but
mainly are intimately intergrown in a finely dispersed ma-
trix.

Bulk chemical analyses of the two Laytonville rocks
(LO-1 and LO-3) are presented in Table 2, along with
analyses of the spilitic, tuffaceous metagraywacke (X-1)
and a subarkosic metagraywacke (G-119) from the Diablo
Range and its northern extension. Supporting the model
data, these analyses demonstrate that wide ranges in rock
bulk compositions have produced rather comparable min-
eral assemblages. It should be noted in passing that al-
though most Sanbagawa and Franciscan metacherty sedi-
ments, including siliceous shales, are rich in KzO relative
to Na20 (Iwasaki, 1963, Table 6; Bailey and others, 1964,
Tables 9 and 10), certain others contain larger amounts of
soda than potash (Coleman and Lee, 1963, Table 5; Ernst,
1965, Table 11; this study, Table 2).

MINERAL CHEMISTRY

Coexisting sodic amphiboles and sodic pyroxenes were
concentrated from crushed aliquots of the two investigated
Laytonville rocks using a magnetic separator and heavy
liquids. Analyzed separates of the sodie amphiboles exceed
98.5 percent purity, but the presence of fine-grained inclu-
sions of quartz and an unidentified phase in the sodic pyro-
xenes reduced the purity in these samples to barely 98 per-

cent. Table 3 presents the chemical results. Cation propor-
tions based on structural formulas are given in Table 4;
for pyroxenes, the calculations were based on six oxygens,
whereas for amphiboles, cation proportions were based on
23 oxygens (assuming 2 OH per formula unit, as discussed
by Miyashiro, 1957). The suffixes Am( = sodic amphibole)
and Px( = sodic pyroxene) are used throughout the text,
tables and figures to indicate the mineral of a particular
rock-thus LO-3Am refers to the sodic amphibole of rock
LO-3.

As evident from Fig. 1, the newly analyzed amphiboles
are both riebeckites, employing Deer and others' (1963,
Fig. 82) terminological modification of the classification
scheme proposed by Miyashiro (1957). Each specimen ex-
hibits insufficient HzO in the chemical analysis to provide
two OH- per formula unit. A similar relationship was
noted by Whittaker (1949), Ernst (1960), Coleman and
Papike (1968), and in fact by numerous investigators of
ferric iron-bearing amphiboles. Barnes (1930) showed that
oxyamphiboles can be produced by heating ferrous ana-
logues in air; in this case dehydrogenation is accompanied
by an increase in Fe3+/Fe2+ ratio to maintain overall
charge balance. Inasmuch as cations residing in the amphi-
bole M (1) and M (3) octahedral sites are bonded to the
occupant of site 0(3) (typically hydroxyl), the preferen-
tial stripping of electrons from such adjacent iron cations
to preserve local charge balance in hydrogen-deficient am-

TABLE 2. BULK CHEMICAL ANALYSES OF SODIC AMPHIBOLE
+SODIC PYROXENE-BEARING

CALIFORNIAN METASEDIMENTS

Sample no.
LO-1 LO-3 X-1 G-119

Oxide

SiO, 84.98 65.28 51.71 68.15
Ti02 0.22 0.38 1.12 0.33
AbOa 0.39 3.45 18.21 12.75
Fe,Oa 6.01 9.21 1.41 3.37
FeO 5.13 10.68 4.86 1.90
MnO 0.05 3.43 0.12 0.08
MgO 0.02 0.35 4.20 0.77
CaO 0.31 1.33 6.96 3.91
Na20 1.76 2.66 6.15 4.55
K,O 0.10 0.69 0.05 0.73
H,O(+) 0.78 1.09 4.43 2.73
H,O( -) 0.18 0.73 0.11 0.30
P20, 0.03 0.54 0.12 0.07
CO2 0.45 0.04

-- --
Total 99.96 99.82 99.90 99.68

Analyst H.Onuki

LO-1, LO-3, metachert and siliceous metashale from near Layton-
ville, Calif. (present study).
X-1, metaclastic rock from Pacheco Pass, Calif. (Ernst and others,
in press, Table 7).
G-119, metaclastic rock from Goat Mountain, Calif. (Ernst and
others, in press, Table 6).
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The analyzed pyroxenes coexisting with the riebeckites
are both aegirines, or aegirine-augites (see Fig. Z) using
the somewhat similar classifications by Essene and Fyfe
(1967), Clark and Papike (1968) and Coleman and Clark
(1968). End member proportions according to Banno's
(1959) method of calculation are ACs9.sAugs oJd2.z and
Ac73.7Aug17 7Jd8.s for samples LO-1Px and LO-3Px respec-
tively. Both the aegirine and riebeckite from LO-3 exhibit
an unusually high concentration of manganese, reflecting the
high bulk rock MnO content as seen in Table Z (3.43 weight
percent). Evidently the manganese resides principally in the
large 8-fold coordinated M (Z) site in the sodic pyroxene
LO-3Px, whereas it is distributed among the smaller octa-
hedral M(l) + M(3) (but no M(Z)?) sites in the sodic
amphibole of samples LO-3Am, judging from cation sums
listed in Table 4. This reasoning satisfactorily accounts for
compositional relations in the sodic amphiboles and sodic

TABLE 3. CHEMICAL COMPOSITIONS OF COEXISTING SODIC AMPHIBOLES AND SODIC PYROXENES FROM
BLUESCHIST FACIES METAMORPHIC ROCKS

~. LO-IAm LO-1Px LO-3Am LO-3Px E-7Am E-7Px E- E- X-lAm X-1Px X-53Am X-53Px G-119Am G-119Px2017Am 2017Pxe

SiO, S2.05 51. 66 51. 97 S1. 20 55.62 52.47 5S.56 S2.26 S5.04 56.60 54. SI SS.94 S4.S0 S9.37TiO, 0.44 0.24 0.19 0.21 0.26 0.10 0.13 O.IS 1. 03 0.63 1. 39 1. 25 1.00 0.08AhO, 0.40 0.57 2.01 2.11 4.54 6.98 6.71 8. S9 9.68 19.04 12.14 20.17 12.27 22.72Fe,O, 16.57 30.49 14.14 23.29 12.99 17.39 9.16 12. S4 2.87 3.70 2.01 2. S6 2. S9 1. 41FeO 21. 77 2.98 19.59 5.21 3.53 1. 25 5. S3 1.17 11. 64 1. 5S 11. 07 1. 76 11. 36 0.29MnO 0.13 0.10 3.00 3.71 1.25 1.07 0.63 0.90 0.19 O.OS 0.15 0.08 0.19 0.06MgO 0.36 0.29 0.48 1.05 11. 98 4.88 12.35 S.22 8.11 2.02 7.14 1. 38 6.86 0.38CaO 0.15 1. 83 0.75 3.70 1. 95 6.87 2.1S 9.77 1.64 3.28 2.60 4.29 1. 69 2.39Na,O 6.29 11. 66 S.83 9.41 5.58 8.51 S.78 7. S5 6.87 12.57 6.1S 12.16 6. S8 12.12K20 0.20 0.12 0.34 0.18 0.36 0.28 0.20 Tr 0.06 0.11 0.08 0.15 0.42 0.56H2O(+) 1. 49\ 0.07 1. 78} 0.05 1. 96 0.43 1. 93 1. SS 2.79
_

2.71 } 0.21 2.19 0.24H,O(-) 0.04! 0.20 0.00 0.00 0.00 0.13 0.20
_

0.19 O.OS 0.39-- -_ -_ -_ -_ -_ -_ -_ -_ -- -_ -_ -- -_Total 99.89 100 01 100.28 100.12 100.02 100.23 100.13 99.83 100.12 99.55 100.14 99.94 99.70 100.01___ -.-

Analyst
H.Onuki H. Haramura H.Onuki

LO-IAm, LO-IPx, LO-3Am, LO-3Px, (this study)
E-7Am, Miyashiro and Iwasaki (19S7, Table 3)
E-7Px, Banno, 19S9 (Table I, no. 2)
E-2017Am, Iwasaki (1960, Table I, no. II)
E-2017Px, Iwasaki (1960, Table 3, no. IV)
X-lAm, X-53Am, G-119Am, Ernst and others (in press, Table 32)
X-1Px, X-53Px, G-119Px, Ernst and others (in press, Table 33).

phiboles might be expected. However, crystal structure
studies by Whittaker (1949), Colville and Gibbs (1965 and
pers. commun., 1969) and by Papike and Clark (1968)
have demonstrated a preference of the M (Z) amphibole
octahedral site for the smaller ferric iron and aluminum,
relative to the bigger Fe2+ and Mg ions. Similar conclu-
sions were made by Burns and Prentice (1968) from a
study of the crocidolite infrared spectra. The M(Z) site is
adjacent M (4) which, in the sodic amphiboles, is occupied
by a large, monovalent cation. Therefore the concentration
of trivalent cations in M(Z) of Na-amphibole probably re-
flects a tendency towards maintaining local charge balance
among neighboring cations rather than between the M strip
and coordinating layer of anions.'

1Although the M(l) cation also shows anions with the occu-
pant of M(4), there are four M(4)-O-M(2) bonds in contrast
with only two M(4)-O-M(1) bonds.

TABLE 4. CATION PROPORTIONS OF COEXISTING SODIC AMPHIBOLES AND SODIC
PYROXENES FROM BLUESCHIST FACIES METAMORPHIC ROCKS

~I LO-IAm LO-3Am E-7Am 210~Am X-lAm X-S3Am G-119Am LO-1Px LO-3Px E-7Px E- X-1Px X-53Px G-119Px2017Pxe

IV {Si 8.020 7.966 7.80 7.74 7.79S 7.661 7.669 1. 996 1. 983 1. 94 1. 94 1. 974 1. 948 2.024Al 0.000 0.034 0.20 0.26 0.205 0.339 0.331 0.004 0.017 0.06 0.06 0.026 0.OS2 0.000
(AI 0.072 0.329 O.S5 0.84 1. 408 1. 668 1. 701 0.022 0.079 0.2S 0.32 0.7SS 0.774 0.911ITi 0.051 0.022 0.03 0.01 0.110 0.167 0.106 0.007 0.006 0.00 0.00 0.017 0.033 0.002

VI ~Fe3+ 1. 91S 1. 631 1. 36 0.96 0.304 0.21S 0.274 0.883 0.677 0.48 0.3S 0.097 0.067 0.036, Fe2+ 2.796 2.511 0.41 0.64 1. 374 1. 296 1. 332 0.096 0.168 0.03 0.04 0.04S 0.051 0.008IMg 0.083 0.110 2.50 2.56 1.722 1. 50S 1.448 0.017 0.061 0.27 0.29 0.106 0.072 0.019lMn 0.017 0.390 0.15 0.07 0.023 0.018 0.022

Total VI 4.934 4.993 5.00 S.08 4.941 4.869 4.883 1. 025 0.991 1. 03 1. 00 1. 020 0.997 0.976

tn
0.003 0.122 0.03 0.03 0.001 0.002 0.002Ca 0.025 0.123 0.29 0.32 0.249 0.391 0.2S5 0.076 0.IS4 0.27 0.39 0.123 0.160 0.087VIII Na 1.877 1. 733 1. 52 1. S6 1. 883 1. 673 1.792 0.872 0.706 0.62 0.S4 0.848 0.820 0.800lK 0.039 0.067 0.07 0.04 0.010 O.OIS 0.078 0.006 0.009 0.01 0.00 O.OOS 0.007 0.024

Total VIII 1. 941 1. 923 1. 88 1.92 2.142 2.079 2.125 0.9S7 0.991 0.93 0.96 0.977 0.989 0.913
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pyroxenes investigated, but may not be applicable to cer-
tain other chain silicates. For instance, Klein (1964, p. 969)
showed that manganese is located in M (4) in members of
the cummingtonite-grunerite series; similar conclusions may
be drawn from the electron microprobe data presented by
Ross and others (1968).

Compositions of five other metamorphic pairs of single-
and double-chain Na-silicates from rocks of the California
Coast Ranges and the Outer Metamorphic Belt of Japan
previously described are also listed in Table 3; Table 4
presents the corresponding cation proportions. The analyti-
cal data of these two tables indicate a wide range of com-
positions for coexisting sodic amphiboles and sodie pyrox-

o N02 Mg3Fe2+ 3 Sie022 (OH ~2
~--O-O ~

oo mognesioriebeckite

o
o I 0

o
o

glaucophane

oo 0

o
o

o

enes. As was apparent from the four new mineral analy-
ses, these additional ten support the idea that manganese is
predominantly eight-fold coordinated in Na-pyroxenes,
whereas it occupies chiefly octahedral sites in N a-amphi-
boles (see Table 4). Smith and Albee (1967) have demon-
strated that Mn3+, which is favored over Mn2+ by a high
chemical potential of oxygen, is preferentially incorporated
in the epidote-type structure relative to chain silicates;
therefore, the presence of only minor amounts of man-
ganese in the sodic amphibole and sodic pyroxene asso-
ciated with piemontite in sample E-2017 may reflect a high
oxidation state (hence an elevated Mn+3/Mn+2 ratio) for
this rock.

o
o •LO-I Am

o •LO-3 Am
riebeckite

ferroglaucophane

mole proportions
FIG. 1. Compositions from the literature of amphiboles closely approaching the glaucophane-ferroglaucophane-magnesioriebeck-

ite-riebeckite series, determined by conventional gravimetric methods. All samples illustrated are from low-grade schists or feebly
recrystallizd sediments. Specimens represented by black circles have been investigated in this study. Classification employed is that
of Miyashiro (1957), modified slightly by Deer and others (1963, Fig. 82).
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FlG. 2. Compositions from the literature of pyroxenes closely approaching the acmite-jadeite-augite seriees; circles represent
conventional gravimetric analyses, dots indicate partial microprobe analyses. Samples illustrated are predominantly from low-grade
metamorphic environments. Specimens represented by black circles have been investigated in this study. Classification employed is
that of Essene and Fyfe (1967).

COMPOSITIONAL RANGES OF METAMORPHIC SODIC AMPHI-

BOLES AND SODIe PYROXENES

Chemical variations among sodic amphiboles from
weakly recrystallized and low-grade metamorphic rocks are
shown in Figure 1; the data are taken principally from
Ernst (1960), Colville and others (1966), Coleman and
Papike (1968), Ernst and others (in press) and the present
study (see also Borg, 1967). As is well known, solid solu-
tion is essentially complete among glaucophane, magnesio-
riebeckite and riebeckite. There is, however, apparently only
limited natural solid solution towards ferroglaucophane.
Evidently appropriate rock bulk compositions crystallize to
condensed assemblages containing albite, iron oxide and
quartz rather than oNa2Fe3+zAI2SisOz2(OH)2-bearing as-
sociations under physical conditions of low-grade metamor-

phism. Whatever the reason for the apparent nonoccurrence
of end member ferroglaucophane, it is clear from Figure 1
that a solvus does not exist among the low-grade metamor-
phic sodic amphiboles. Such a relationship also has been
documented experimentally (Ernst, 1963).

Figure 2 illustrates chemical variation among Na-Ca eli-
nopyroxenes from blueschist-type metamorphic environ-
ments; the data are taken principally from Essene and
Fyfe (1967), Seki and Onuki (1967), Coleman and Clark
(1968), and Ernst and others (in press), as well as from
the present investigations. Dobretsov (1962) postulated
the existence of a solvus between omphacite (intermediate
Di-Jd solid solution) and jadeitic pyroxene; chemical and
crystallographic data presented by Coleman and Clark
(1968, p. 48) are compatible with such a miscibility gap in
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the region between approximately Di55J d45 and Di25J d75•

However, chemical analyses of sodic pyroxenes-some of
which come from igneous rocks-presented by Iwasaki
(1963, Fig. 17), Seki and Onuki (1967) and Essene and
Fyfe (1967, especially their Fig. 10, not shown in Fig. 2 of
the present paper) tend to support the concept of more near-
ly complete solid solution in this compositional region. From
high-pressure experimental phase equilibrium work, Bell
and Davis (1965,1967) conc!uded that a broad miscibility
gap exists between jadeite and diopside; however, using
similar techniques, Kushiro (1965) produced a wide com-
positional range of one-phase omphacite solid solutions em-
ploying bulk compositions lying along the NaAISi30s-
CaMgSi206 join. In any case, it seems clear from Figure 2
that although solid solution is extensive, few omphacites
lack essential amounts of ferric iron (NaFe3+Si206 compo-
nent). Thus the question of a solvus in the Na-Ca pyrox-
enes is unresolved, but if a miscibility gap occurs, its
compositional width is evidently rather narrow.

Coleman and Papike (1968, Fig. 3) and Coleman and
Clark (1968, Fig. 1) demonstrated a close relationship be-
tween the compositions of the host rocks and those of the
chain silicates produced. In addition, Ernst and others (in
press, Figs. 48-50) have shown that, even considering
rocks of essentially the same bulk composition, small but
systematic contrasts in the chemistry of chain silicates
from Shikoku and California are recognizable: in particu-
lar, Franciscan sodic amphiboles and sodic pyroxenes are
enriched in aluminum compared to the more iron-rich San-
bagawa equivalents. Such differences are attributed to rela-
tively higher pressures and/or lower temperatures of Cali-
fornia Coast Range metamorphism, compared to those op-
erating during recrystallization of the Outer Metamorphic
Belt of Japan (Ernst and others, in press).

Miyashiro (1967) has pointed out that relatively high
chemical potentials of oxygen and sodium in through-going
solutions would favor production of sodic amphiboles and
sodic pyroxenes in ferruginous rocks poor in aluminum,
such as cherts; in more aluminous rocks, the effects of
high fJ-Na probably would be obscured by the growth of al-
kali feldspar, white mica, or possibly blue-green horn-
blende. Where the chemical potential of oxygen is low, Mi-
yashiro (1967) suggested that magnetite would not react
with the sodic solutions. However, elevated values of fJ-Na

would cause the crystallization of a more ferrous sodic am-
phibole, arfvedsonite, and/or aegirine even at low oxidation
states, as indicated by experimentally determined phase re-
lations (see Ernst, 1962). Hence in either an oxidizing or a
reducing environment, high fJ-Na ought to be reflected by
the presence of sodic chain silicates in AI-poor, iron-rich si-
liceous rocks. The lack of evidence for soda metasomatism
under some conditions of elevated fJ-Na suggests the possibil-
ity that the original rocks possessed the requisite bulk com-
positions, including relatively high Fe203 and Na20 con-
tents.

It is evident from both natural occurrences and low-and

high-pressure phase equilibrium studies (Ernst, 1962; Vagi,
1966; Gilbert, 1967; Bailey, 1969) that riebeckite-arfvedso-
nite solid solutions and aegirine are stable at intermediate
oxidation states under magmatic as well as sub magmatic poT
conditions. The two newly-analyzed riebeckites have K20
contents of 0.20 and 0.34, whereas the aegirines contain 0.12
and 0.18 weight percents potash. In contrast, the six rie-
beckite-arfvedsonites from igneous rocks quoted by Deer and
others (1963, Table 54) range from 1.42 to 2.10 and aver-
age 1.69 weight percent potash; the six igneous aegirines
listed by these authors (Deer and others, 1963, Table 12) for
which K20 analyses are given range from 0.14 to 0.35 and
average 0.24 weight percent. Obviously the large 10-12 fold
coordinated A site in sodic amphiboles allows the accom-
modation of considerable amounts of potassium; sodic py-
roxenes have no equivalent structural position, hence such
minerals incorporate only trace amounts of potassium. KzO
is abundant in alkalic igneous rocks, whereas it is a very
minor constituent in metacherts and in many metagray-
wackes and metabasalts, ·so the characteristic concentration
of potassium in igneous riebeckite-arfvedsonites compared
to metamorphic analogues may be either a function of rock
bulk composition or of contrasting PsT conditions of for-
mation (or both).

ELEMENT FRACTIONATIONS BETWEEN CDEXISTING SODIC

AMPHIBOLES AND SODIC PYROXENES

Let us consider the equilibrium partitioning of a pair of
cations between two coexisting minerals. We will disregard
the intracrystalline effects of contrasting structural sites,
and merely relate the intercrystalline, or over-all, fraction-
ation to an exchange equation of the type

IAAn< + mBpx = IBAn< + mApx, (1)

where A and B represent the chemical species involved,
such as Fe2+ and Mg, and I and m. indicate the number of
moles exchanged. Remember that, for the case considered,
clinoamphibole-c!inopyroxene equilibrium, two muItisite
phases are involved; we have lumped both energetically
different sites, and the contrasting numbers of exchange-
able cations participating in each site. Dividing equation
(1) by I (letting n = m/l), the equilibrium is related to
the universal gas constant, R, the absolute temperature, T,
activities, a, and the standard free energy change, 6.Go, by
the mass action law:

If we make the further simplifying assumption that the
activity coefficients of the species A and B in both chain
silicates are of unit value, then we may replace the activity
quotient above by a readily measurable mole fraction quo-
tient defined as equal to the equilibrium constant, KD:

(XB) (XA)nexp (-L'>.Go/RT) = - -- == KD, (3)
XA Am XB Px

(Xb)n (XB)KD - =-
X.4 Px XA Am·

(2)

(4)
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TABLE S. SOME AVERAGE METAL-OXYGEN BOND DISTANCES

AND CATION SITE OCCUPANCIES IN SODIC

AMPHIBOLES AND SODIC PYROXENES

Magnesioriebeckitee j adeite'!

M(I) ~2.11 ~ (0.72 Mg; 0.28 Fe) M 1 ~1.928 ~ (0.99 AI; 0.01 Mg)
M(2)~2.07 A (0.02 AI; 0.33 Mg; M 2 ~2.469 A (0.98 Na; 0.02 Ca)

O.6§Fe)
M(3) ~2.111 (0.72 Mg; 0.28 Fe) Ornphacite"
M(4)~2.S4 A (0.69 Na; 0.06 K;

0.09 Ca; 0.12 Mg)
~ ~1.94 A (0.9S AI; O.OSFe)

Riebeckiteb M 1 ~1.9S ~ (0.82 AI; 0.18 Fe)

M(I) ~2.113 ~ (~1.0 Fe'+)
~2.07 A (0.81 Mg; 0.19 Fe)

l~2.10 A (0.80 Mg; 0.20 Fe)
M(2) =2.0341 (~1.0 Fea+)

~ ~2.44 A (0.64 Na; 0.36 CalM(3)~2.113 A (~0.2S AI; O.S Fe'+;
0.25 Li) M 2 ~2.47 ~ (0.36 Na; 0.64 Ca)

M(4)=2.S61 Al (~1 DNa) ~2.S0 A (0.64 Na; 0.36 Ca)
l~2. S5 A (0.03 Na; 0.97 Ca)

Glaucophane?

M(1) ~2.087 _~(0.84 Mg; 0.16 Fe2+)
M(2) ~1.943 f). (0.91 AI; 0.09 Fe3+)
M(3) ~2. 094 1\ (0.71 Mg; 0.29 Fe'+)
M(4)~2.498 A (0.98 Na; 0.02 Ca)

a Whittaker (1949, p. 31S, 316)
b Colville and Gibbs (1965 and pers. commun., 1969)
C Papike and Clark (1968, Table 7)
d Prewitt and Burnham (1966, p. 958 and Table 6)
C Clark and Papike (1968, Table 10)
I Octahedral coordination for sodic amphibole M(I), M(2) and M(3), sodic

pyroxene M(I); eight-fold coordinatron for sodic amphibole M(4), sodic
pyroxene M(2).

A straight line is defined by equation (4) on a log-log plot
of (XB/XA)Am as the ordinate versus (XB/XAhx as the
abscissa, provided that the values of KD and n are not a
function of composition for one or both of the participat-
ing phases. Setting the (XB/XAhx at unit value, KD is ob-
tained by reading off the value of the ordinate intercept
(XB/XA)Am' The slope of the line is n.

Where a simple ion-for-ion exchange takes place, such as

100,-----------r-----------.., --,

l LO-I
LO-3 •

10

(
Fe+2 +Mn)

Mg Am

G-119

1
E-7" [-2017

1.0
• x-53

0.10.1 1.0 10 100

(
Fe+2 +Mn)

Mg Px

FIG. 3. Partitioning of (Fe'+ + Mn)/Mg between coexisting
sodic amphiboles and sodic pyroxenes, blueschist facies rocks.
Ratios are based on atomic proportions. KD = 2.3, n = 1.5.

100r----r------------.-----------~------_,

(
Fe+3+Ti)

AI Am

LO-I •

10

• LO-3

E -7 •

1.0
• E - 2017

x -I •

• G-1I9
x- 53

0.1 0.1 1.0 10

(Fe+3+Ti)
\ AI Px

FIG. 4. Partitioning of (Fe'" + Ti)/AI between coexisting
sodic amphiboles and sodic pyroxenes, blueschist facies rocks.
Ratios are based on atomic proportions. KD = 1.2, n = 0.9.

in the case of perfect intracrystalline disorder or equilib-
rium between single-site phases, the slope is 45° and n is
unity. However, the M(l), M(2), M(3) and M(4) sites in
sodic amphiboles differ geometrically (hence probably en-
ergetically also) from one another, and so do M1 and M2
positions in sodic pyroxenes, as is evident from Table 5. It
is, of course, true that in some cases where different sites
carry identical cations, bond lengths may be quite com-
parable, as in members of the tremolite-actinolite and cum-
mingtonite-grunerite series (e.g., Zussman, 1955; Ghose,
1959; Ghose and Hellner, 1961; Fischer, 1966; see also
Table 5 of the present report). Nevertheless, the tolerances
--or compliances-of different structural positions for the
various cations must contrast markedly, or observed cation
ordering would be inexplicable. Such compliances undoubt-
edly are a complex function of structural geometry, cation
size, and the necessity of approximating local charge bal-
ance. Hence in general, for such at least partially ordered
phases, more complicated exchange equilibria are to be ex-
pected. The structural complexities of Na-amphiboles and
Na-pyroxenes require that eight specific exchange equilibria
(five of which are independent) be written to describe
fractionation between a four-site and a two-site mineral,
and the limited amounts of data presently available do not
warrant such treatment." For simpler systems, the reader
is referred to pioneering quantitative investigations by
Mueller (1962), Matsui and Banno (1965), Grover and
Orville (1969) and Thompson (1969).

1 For equilibrium between a phase containing x energetically
distinct structural sites, and a second phase containing y such
positions, the total number of partition coefficients required to
specify the exchange equilibrium is xy, of which x + y - 1 are
independent.
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FIG. 5. Partitioning of TiO, and of MnO between coexisting
sodic amphiboles and sodic pyroxenes, blueschist facies rocks.

The distribution of (Fe2+ + Mn) versus Mg in the
seven coexisting sodic amphiboles and sodie pyroxenes
studied in this investigation is illustrated in Figure 3. The
corresponding fractionation of (Fe3+ + Ti) versus AI is
presented in Figure 4 (total aluminum rather than AlvI was
employed because the analyzed concentrates of LO-1Am
and G-119Px evidently contained minor inclusions of
quartz, which in turn would have introduced a small error
into the calculation of Al!", hence Alvr, for these specimens).
Cations were divided into these groupings based on charges,
and on six-fold coordinated ionic radii taken from Shannon
and Prewitt (in press, Table 1: AI = 0.530, Ti = 0.605,
Fe+3 = 0.645, Mg = 0.720, Fe+2 = 0.770, Mn+2 =
0.820 A).

First let us consider distribution of the divalent cations.
The value of KD of 2.3 indicates that magnesium is en-
riched in the M1 positions of Na-pyroxene relative to
the Na-amphibole (Fig. 3). The roles played by amphibole
M (4) and pyroxene M2 regarding the partitioning of
ferrous iron, manganese and magnesium are not known,
but at least the latter apparently participate in the ex-

change. The complex fractionation model is reflected in a
value of n departing markedly from unity, 1.5. Because of
the relative low compliance of the sodic pyroxene M1
site, manganese apparently is too large to be accommo-
dated in major amounts, hence as previously mentioned, it
is located chiefly in the Na-pyroxene M2 position.

Aluminum and ferric iron evidently are ordered chiefly
in M (2) in the sodic amphibole, and mainly in the sodic
pyroxene M (1) site according to the investigations of
Whittaker (1949), Colville and Gibbs (1965) personal
communication, 1969), Prewitt and Burnham (1966),
Clark and Papike (1968) and Papike and Clark (1968),
summarized in Table 5. The value of n, 0.9, is sufficiently
close to unity to presume an ion-for-ion type of equilib-
rium; as suspected for this case, only a single set of posi-
tions for each participating phase seems to be involved in
the exchange. Pronounced fractionation of AI, Fe3+ and Ti
between the Na-amphibole M(2) and Na-pyroxene Ml sites
is not evident, as illustrated in Figure 4. This is reflected in
a KD value close to unity, 1,2. For coexisting aluminous
pairs, ferric iron (and titanium) are relatively enriched in
the sodic amphibole, whereas in the two riebeckite + aegi-
rine pairs, the sodic amphiboles are more AI-rich than the
associated sodic pyroxenes. Compliance to accommodate a
large ca:tion apparently is more marked in aergirine M1
than in riebeckite M (2), whereas compliance of the ap-
propriate glaucophane site evidently exceeds that of the
corresponding jadeite position.

The partitionings of Ti02 and MnO between sodic am-
phibole and sodie pyroxene are shown on Nernst (infinite
dilution) plots in Figure 5. Although the distributions are
fairly regular, some scattering is apparent. These minor
elements are not strongly fractionated, probably because of
roughly compensating effects among the contrasting struc-
tural sites involved.

In conc!usion, it is evident that (Fez+ + Mn) /Mg and
(Fe3+ + Ti) / Al distributions are systematic between coex-
isting sodic amphiboles and sodic pyroxenes. In the first
case n =1= 1 because of the complexity of the fractionation
(a three-or four-site versus a two-site model), whereas in
the second case n ;;:::;1, and the partitioning is virtually
ion-for-ion (one-site versus one-site model). Characteris-
tically, the bigger iron cations are concentrated in the am-
phibole structural positions-which therefore exhibit large
metal-oxygen bond distances-compared to the coexisting
Mg + Al-rich pyroxenes. As pointed out by Burns (1968),
increased octahedral distortion produces a greater crystal-
field stabilization energy for Fe2+, hence a distinct site
preference for this ion; judging from the ferrous iron dis-
tribution observed in the present study, the sodic amphi-
bole M(l) and M(3) (and M(2)?) sites might be expected
to depart more from symmetrical configurations than the 2111
(and )vI2?) positions of coexisting sodic pyroxenes.
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