
I 

I 
~ 

I 

f 

1 

{AMERICAN JOURNAL OF SCIENCE, VOL. 271, NOYE"8ER, 1971, P. 370·382] 

STABILITY OF THE ASSEMBLAGE 
IRON-RICH ORTHOPYROXENE-OLIVINE-QUARTZ 
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ABSTRACT. Experiments to del ermine Ihe rela tive stability of orth opyroxene and 
the compositionall)' equivaJclll as,embJagc of oli vine plus q uart1. were carricd out with 
synthetic phases in the system l\[g,S iO,- Fe_SiO.-Si O. a t tcmpelatures from GOO' to 
llOO' C and pressures up [0 H) kL. i\faximum limits of iron enrichment in orthopy· 
roxene slable at pressures of L kb Or lower arc FSNJEn." at GOO o alld 'iOO oC. Fs::.En~ 
at 800°C, and Fs",En,. at 900' and IOOO ' C. ,\ clUai limits are someWhat less iron·rich. 
These composiuous hound [lJrt of the area in the p}roxene quaddlateral in wbich 
calcium-poor pyroxenes are unstable rclau\'c to ol iline ph" qu,n'z plus a calcic py' 
]·oxcnc. Appropriltc lcm pcr:tlurcs and minimum prc!)\ lI1t:s fDr the ~(abjl it ) of pure 
orthoferro.ilitc arc 750°C and )~ kb, noooc allll J.l ~b. alld I IOO ' C and 16 ~ b. Rc>u lts 
at DOO oC and ilHcrmcd ialc ptCssu rcs may be used as an :JIJpIOXil1lalC g('obm·olllt.::lcr 
(or the tlucc·phasc assemblage in 1113gmaLic rocks. Data from 1l3lufal a~\clLlbb.gcs anti 
caJcul:ltions ha ,ed on a caJcub ted free cllers), for the rcoc ti on of faplite pillS 'lU3rtZ 
to £crrosililc arc LISCO together \\ ilh tlte c\.pcdmcllwl data 10 c-,t1I1l:lIC tlte approxi. 
male .Fc·~Ig partition bCl\fCcl1 olhine and Ollhop~ro:\cllc ill the thrcc · pha~c a~5eUl­
blage. 

J:-':TROIJCCno:-.: 

At sufficien tl y iroll·riclt COllt lJO'lll0Ib , 01 thop)l'oxelle i ~ not stable 
rel:llivc to the cOlllpmitiollall y C'IlIi\'Jlclll :l,;t:l1lbl:t;.;c of iron·rich oli vine 
plus si lica :tt luI\' prt:>,ul'e. as ~ito\\' n by the pionecring experi ments of 
1\O\,·<.:n :l Ilt! :o,(itailt:r (19:ti) 011 the ,»tCl1l l\l gO-" FeO"-SiO, . Pressure 
st.,IJilifC' 01 t ltupyro~clle I'dative to olivine plus quartz, hO\\'C'\,er, and at 
h i~lt pte,Wles the pure iron pyroxene end member, onho(clTosilite, is 
formed (Lind>lcy, Davis, and l\IacGregor, 1964; Akimoto, Fujisawa, and 
Katsura, '1964). A t pressures lowcr than those req uired to swb ilize pure 
orthoferrosi1ite, the three-phase assemblage orthopyroxene-olivine-si lica 
occurs in the system Mg2SiO.,-Fe,SiO.,-SiO, (fig. I). Thc orthopyroxene 
in this assemblage has the most iron·rich composition stable at a given 
pressure and temperature. T illS limiting orthopyroxene composition de­
fines part of the boundary of the "forbidden zone" of the pyroxene quad­
rilateral (Lindsley and Munol, 1969), a zone in which calcium-poor 
pyroxenes are not stable a t low pressures relativc to assembl:lges of more 
calcium·rich pyroxene, olivine, and quartz. 

The experiments reported here were designed to outline the stabil­
ity limits of the orthopYl'Oxene-olivine-silica field over the range of pres­
sures and temperatures at which these iron·rich silicates are likely to h ave 
crystallized in the Earth's crust. The data redefine part of the boundary 
of the pyroxene "forbidden zone," and they serve as a basis for experi­
mental investigations of the stability of tbe more complex iron-rich 
pyroxenes containing calcium. Because iron contents of orthopyroxene 
and olivines coexisting together with silica systematically increase with 
pressure at a given tempera ture, the experimental results may be useful 
as a geobarometer for some crustal rocks. Calcul:ltions based on these 
.data define activity ralios for olivine and orthopyroxene solid solutions 
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in the three-phase assemblage; the calculations can be used to check 
activity-composition relations and partition data determined by other 
experiments. 

EXPERIMENTAL RESULTS 

Results of experiments conducted with a solid-media, piston-cylinder 
apparatus in the limiting system Fe.SiO.-SiO. are shown in figure 2. 
Procedures and techniques for these amI other experiments and tables 
of experimental results are cited in the appendix. The fayalite·quartz­
orthoferrosilite boundary drawn in figure 2 is at somewhat lower pres­
sures and has a lower slope than the boundary detcrmined by Lindsley 
(1965). All but one of Lindsley's (1965) experiments defining the break­
down of pyroxene to fayalite plus quartz were at tempcratures of lOOO°C 
or higher. and at these high temperaturcs the cOlTe~pondcnce between 
thc two boundary cun'cs is good. At SOO°C, howe\ cr. the boundary de­
termined here lies 2 kb beloll' that of Lind,1cy. Pari of tlie discrcpancy 
may be attributed to thc fact that the boundary here \\'<15 bracketed by 
modifi ed piston.out reactions (Richardson, Bell, and Gilbert, 1968), 
,,'hereas the dircction of piston mO\'ement was not specified in the ex­
perimcllls of Li IIdslcy (1965). The comparisons of ,V . .Johannes and 
others (i n prcparation) havc emphasized the uncertainties invoh'ed in 
pre"ure dcte! minalions in solid-media, piston-cylinder apparatus. Even 
so, the determinations reported here and those of Lind;ley (1965) ,,'ere 
made with the samc furnace-cell design in the same apparatus, and part 
o[ the di,crepancy remains unexplained. Water was added to the reac­
tants in all 10w-temperatll1'e experiments, and the low-temperature field 
of clinoferrosilite found by Lindsley (1965) in "dry" experiments was 
not observed. 

Si02 

Fig. 1. Phase stability fields in the system M/:-..5iO.-Fc,5iO.-SiO. at low pressurc. 
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F;, 2 .• ",'" " "P"'m,,," " , ~,,,.,,.,, •. P'''''' .o;;;""" 'ppo"". '" P'" 
'oh"oooo"", ,,' ,,";; '" P'" 'W... P;'''' '''' p"'" ""'. '" moJ Woo p;,,,, .,,, 
,. po" m,,,.. "'" m,,,, 'r 'h, 'n" ""'" " RY'h""",. "'''. "," G """ (W"i 
P;"",.,,, '"" pr."" .,'" (" '''''' W", P''''" .,,, 'J .. P'" ... ,,'" ''',,'' h""" 'h, """ ,."",,, " "",; '" " p''',,, ,,' ,,; '" "'" "" '"" ",,~ " "",. .,,"" ".,,;'" 
p"n,,,,, ,,, .• , ,,, " " ""h" "".". ",,", ",' ,.,' '" 'n""., " p'" "".,,, '"'' m«ill . 
h'" p',,,, .,,, "po" "",.. (," ""). n" ",,' '''' ;; '" " "" ''''''''''''';; '~'""";,~ 
"""" '" ''' .. ,,,' " " .. "''', (' '<'J. T,,, 'ri" ,m ;". bY" q", n, ,,,' "" h.,,,, q'm" 
''''''''' "''' ", '''m T"", "'" ""'" (W." J ''',' y oj" (""J. =W" ,~, ,. E,p,," m~n("1 resu/(, nrc li slo<.l in (oole 1 (:oppcndi,x). 

R",h., ,( "poo'''''n,., '''''';ng w;'h on("p)To.,n, .• ,," o);';n, 
ph" 0""'" <ompo,;;;o", ;" ,/" 'r""" '''",S;O,.F"S;O,.S;O,' " ., n. 
P,,,,,,I ;" fig" n •. 1. \ '"'' / ' ". '1'1" ''''''I''');;"" 0' 0);');" ;n "" """. pI,,", """"""., I"" h"n '''·"k,,," """"n F'M ,,," F,,, " SOO'C 
"," I kr, h, 'h, 'Oro), '/'0"" ;" I),,,,, SA. n, "m. "P""" ;n fig"", 
3A ,(" ""'hl),h m";o,,,,,, 1)m;, 0' ;"''' """I,,,,,", ;n onhop,.,.""" 
"'"10 " p""".,, 0' I k" " I"m. Th, fim;;;ng rom,,,,;;;,", (moloc". 
I" p<opon;o",) "" F',.Eo" " GOO' 'nd 700'C. F,,,En,, " BOO 'C. 'nd 
F,,,E,,_ " 900' 'n" lOOOOC. TI" ,.""),, 0' nO""n '"d S"ha;,'" 093') 
nm );"I)~,," a", <ompo,);;o", 0' onhop)',o,,", ;0 "" 'b",.p"~, ,"",hI"., ""0m, 1,,, i,oo.,;<£, .. hh ;ncr",;ng "mp"""" " low p,.""",,. Th, "",opo,;,;O" " I orm P'~M' ,"d 12,,"C 1", hoen 

'ho"" " ,1,,,,,, F, ... hy 'o",n '''d 5",,,,;,.,,, 093'. ng. 8) and NaWg" Olnd l\[ [jan (1967, fig. 5). 

• Though compo>itions of Starring materials Were on the orthopyroxene join. ex­~"';;" "" """" " ," h"''''om" "l'<'rim,o" " """" OW"" ph=. AI, "p,,;", 0'" ""p' <h,~ ;" ~,",," 00' ;" p'"'' "1'"'" "P,"'"'' "'" 'orr,,,,, 
., <h ' ' '''''' " ",g<" (" '''''' (~ "P,"eo,,,, J. "'"" ~rrk '"'' w" 00'0'" '''''' present. but i( should h."c only a sligh( c/rccl on tl,e reactions studied here. 
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The actual compositions o£ orthopyroxene stable with olivine plus 
quartz in the (j00° to IOUuoC tcmperature range of figure 3A must be 
slightly less iron-rich than the limiting values listed ;,bove. These lim­
iting results are significantly less iron-rich than the composition of about 
Fs.,En., suggesteu by Bowen and Schairer (193.'), fig, 8) as the stability 
limit for iron-dch pyroxene at temperatures lower than 950°C a t low 
pressures. The "forbidden zone" of the pyroxene quadrilateral was 
drawn by Lindsley and Munoz (1969) partly on the basis of the data of 
Bowen and Schai rer. The results in figure SA indica te that this area in 
which iron-rich pyroxenes are not stable at low pre;sure should extend 
about twice as far into the quadrilateral along the enstatite-ferrosilite 
join as previously drawn, 

Natural orthopyroxenes in magmatic rocks with compositions more 
iron-rich than the low-pressure stabili.ty limits must either have crys­
tallized metastably or have been stabilized by pressure. The pressures 
necessary to stabilize pure onhoferrosilite are shown in figlll-e 2; the in­
crease in orthopyroxene stability with pressure is shown by the !:lOO°C 
data in figure SB. Since the compositions of olivine and orthopyroxene 
in the thrce-phase as;em bbge are uniquely a fllnction of pres;ure at a 
given temperature, the assemblage may be used as it gcobarometer, if the 
temperature can be estimated. 1£ only orthopyroxene is presellt, the re­
sults in fignre 3.3 may still be used to obtain an approximate minimum 
pressure [or the stable crystallization of sufTlciently iron-rich, calcium­
poor pyroxenes in magmatic rocks (for example. Smith, 1971). 

The stability of the olivine-orthopyroxene-quartz assemblage is 
limited at low tcmperalllres and sufficiel1lly high w:uer pr6sure by the 
fOlJnation of amphibole in the climminglOnite-gnll1erite series. Olivine 
(fa.,) reacted with qual'll to yield minor amphibole at G50°C, I kb HoO. 
Orthopyroxene (f s_,,) pal ti l' broke down to oli\'inc, quartz, and am­
phibole at oOO°C, I kb 1I,O. ,\Jllphiholc COl!ll'o,itiom were not deter­
mined. 

\\'10'1'11 OF TH E THREE-PHASE FIELD 

The boundaries of the tlu'ce-phase orthopyroxene-olivine-silica 
fields in figures 3A and 3B could be determined more precisely if exact 
values of the field widths were known . The width of one of the fields at 
any point is the difference in iron enrichment between coexisting olivine 
and orthopyroxene. This width is defined here as ilX. where 

( h) (h) t:.X= 
Fe + Mg oll,'lne Fe + :',Jg ortl,ol,yroxene 

Since AX is a measure of the partition between the two phases, It IS a 
function of pressure. temperature, and the composition of either phase. 
The pressure dependence of AX will be small. however, as shown by the 
calculations of Ramberg and DeVore (1951) and Medaris (1969). Like­
wise, the temperature dependence will be slight as shown by the experi-
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menl' .tnd calculations of Larimer (1968). Medaris (1969). and Williams 

<lllti [llostcr (1969). The experimental data in figures 3A and 3B provide limiting values 
(or the width of the three-phase field at low pressUl·es. Results at 800°C 
indicate that AX must exceed 0.05. The complete and nearly complete 
reactions at 7500. 800°. and 900°C establish that AX cannot be sub­
stantially greater than 0.15 for these temperatures in this iron-rich com­
position range. Slow reaction rates prevented a more precise experimental 
determination. The reaction of olivi ne plus quartz to pyroxene was 
particularly slow at Quid pressures lower tban I kb. even in hydrother­
mal. seeded experiments. and complete reaction of olivine plus quartz 
was achieved only above 6 kb. Measurement of the compositions of 
coexisting olivine and orthopyroxene in the products of these experi­
ments would define e.xactly the positions of the boundaries and the width 
of the three-phase field only if equi librium were achieved. Comparison 
of the propor tions of phases in the products of various experiments 
(figs. 3A and 3B) indicates that equilibrium was not ah~ays attained. 
However. three independent lines of evidence can be examined to de­
termine AX: (1) direct experimental studies of tbe Fe-J\[g partition be­
tween olivine and orthopyroxene. (2) an examination o[ the partition in 
natural occurrences of the three-phase assemblage. and (3) thermody-

namic calculations. 
The most direct evidence for the field width over the temperature 

range stud ied here is based on the experimental studies of the partition­
ing of Fe and Mg between synthetiC olivine and orthopyroxene by 
Medaris (1969). The best-fit equ ation he derived [or his partition data at 
9000C yields the following composi tions for coexisting olivine and 
orthopyroxene: olivine. Faso. orthopyroxene. Fs" (:.>X = 0.09); olivine. 
Fa",. orthopyroxene. 1'511 (.t.X === 0.08); olivine. Fa.o• orthopyroxene. Fs •• 
(AX = 0.06). However. these olivine and orthopyroxene compositions 
are more iron-rich than most of those used in his experiments. 

~ Fig. 3. Experiments with orthopyroxene and olivine plus silica starling materials. 
Triangles pointing ri ght show that orthopyroxene of the indicated Fe/ (Fe + Mg) ratio 
at least panly broke do\\'It to olivine plu, silica. Triangles pointing lc[t sho\< tha t oli­
" ine of the indicated Fe/ (f'e + Mg) ratio partly react cd with silica to )'ield orthopy­
roxene. The percentage of shading in each triangle is approximately proportional to 
the percentage of olivine plus si lica in the reaction productS; cstimated percentages 
may be obtained from tables 2 and 3 (appendix). Compositions of olivine and orthO­
pyroxcne coexisting with silica should lie on the dashed lines, which are projections 

of the boundaries of the three·phase field. 
A. Results at pressures of I kb or lower. Experiments at an(\ below SOO· C werc 

hydrothermal and were at I kb. Those at 900· and 950· C were hydrothermal a t pres­
sures of 0.5 and 0.3 kb. All hydrothermal experiments wcre buffered by the fayalite­
magnetite.quartz react ion . Experiments at lOOO· C were in evacuated and scaled silica-

glass tubing. B. Experiments a t 900.C o\'er a range of pressures. Those below I kb are repeated 
from figure 3A. Hydrothermal experiments at 3 and 7 kb were carried out in an in· 
ternally heated gas apparatus. Higher pressure experiments ,,'ere made in silvcr cap­
sules in a solid.media. piston.cylinder apparatus by piston·out and modified piston·out 

techniques. 
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Compositions o( olivine and orthopyroxene occurring with quartz 
in two geologic settings are similar, and they yield values of t.X distinctly 
laq;cr than those in accord with the extrapolation of the 900°C partition 
experiments of Medaris to more iron·rich compositions. Electron probe 
data (or three olivine-orthopyroxene pairs in one thin section of olivine 
quartz monLOnitc are pre~el1led in table 1. The rock is from one of a 
series o( minor intrusio ns associated \I"ith the Nain, Labrador, anortho· 
site complex (Wheeler, I !J68; Smith, 1971); the pressure and temperature 
of [ormation of the phases arc unknown. Bonnichsen (1969) determined 
compositions of olivine-orthopyroxene pairs (table 1) from six rocks con­
tailling the three·phase a~~emblage; the maximum crystallization tempera­
tures of these rock~, which arc from an iron form a tion in the contact aureole 
of the Duluth gabbro. have been estilllaterl to be in the range 7000 to 
750°C (Honnieh~en, 19(j9. p. 219). The t.X for orthopyroxene cuexi,ting 
with fa" olivine is about 0.14 in both cases, a value more than twice 
that o( 0.06 derived [rom the bes t· rlt equation of l\fedar is (1969). The 
differcnce betwce n the natural ami predi cted values could renect lack 
of equilibration in the natural sa llipies or the elTect of other elcments in 
them. The geologic ~c l tillgs of the two occurrences are quite different, 
howe\·cr. and th e simi larity of rOlllpo,itio ns ollggcsts that the partitions 
rcprc\l' lIt an approati t to equilibrillm. It is po~sible that the olivine­
OnliOp)IOXCI1C )Jair~ may ha\"c eqlli librated at ~illl il ar temperatures and 
pI C'~II I ("S. and thc ellcLl of the,e intclhi\'e \"ari:iI)lcs on the partition 
might bc ~rcale l ' tltall that prcdiuf'd "l' l.al·imcr ( \%8) and l\feclaris 
(\ !lIi!J) . . \it l·llI:lli\"eiy. it ilia), lIot he [ea\iblc to extcnd the results of 
j\f(',bri, to >tILiI ilon·ridl ("oIllJlo,>itiIJIIS . 

. \ thcl'llIuti:II .lll1ic cilud.Ilioll '>lIgl-\C>lS that the wlIH.!wltat larger 
parlil io ll imlil.ll("d b)' the lIatural ,,,'cllIhl:lgcs i, more nea rly eOlrect 
(or tlll:,<: il OIl·1 idt nllIlIH)\itiIJII'. C\l:1I at !)()()OC. The ,tability fidt! (or 
the tilree' l'h:hc a.,'l:llIb lagc lIIay Ilc dc,>cril;cd IJy lim cqualium, one 
rcqtlil ill:.i th .tt olivitle a nd orthOp)I"O:'I.Clle I;e ill exchange cqllilibrillm 

T.\llLE 1 

Fc/ (fe + l\f~) ratios of oli\'ine and orthopyroxene occurring 
with quartz in two different geologic settings 

Olivine quanz monzonite· Melamorphosed iron formation"" 

A,·c.ragcs 

Ortho· 
Oli\inc ppoxcne 

----
0.91 
O.fJ~ 

0.90 

0.76 
0.76 
0.7i 

6X 

0.15 
0.16 
0.13 

Olivine 
Ortho· 

pyroxene 

0.91 0.76 
0.90 0.74 
0.90 0.75 
0.91 0.79 
0.90 0.79 
0.91 0.77 

0.91 0.767 0.15 0.905 0.767 

• Electron probe "nalyses. three pairs of !,'fains in rock W2·1568 
•• Analyses by BOllnichsen (1%9): six different rocks 

6X 

0.15 
0.16 
0.15 
0.12 
0.11 
0.14 
0.14 

\ 
I 

I 
I 
I 

\ 

iron.
rich 
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,nd ,h' o'h" d'" 'h' o"hop",><,n, '" 'n ,quilib,'U'" w'<h oli,'n' 
pM ,il'''. Th' \"'" "qu'''''''"'' ,'dd, d" 'oUow,n, "\,,,on,hip· 

P.F •• P1 _ 1/ 2p.Fn.01 - 1 /2~,os\o2 = 0 

This equation can be rewritten,' 
be' ~ ,' .. _ 1/2,'" - \ / 2,'"", ~ RT \n (",.0';"'.'.) 

(,.u ~ <he ,h""'''\ po«nd,\ 0' A 'n .,lid .,,,,,'on B; ,'. " ,he ,h""'· 
,,\ po"nd,\ of pu" A; ' • . n " ,1" ,e,"'" 0' A 'n ,01id .,ludo

n 
B), 0' 

a... more simply. as: aFn.oll F •• l'X = e(!.~·/l\T) 
I} 

Th' ,,,' ,n"" of dco ",,,'on 01 pu« ,""U" p1u, q'''''' <0 o,<h~ 
fmo<i\'« (.,,') ",n b' oh,,'n,O "0''' ,lco "",1" 'n 'gu« 2. f..x",p~ 
\,,'on 0' ,h'" d," <0 ob,,'n ,,1"" '0' ,h' """00 " low "rope'''u" 
i< ,ubi'" <0 oon<'d",bl< '''·0' bOO'''"' 0' 'h' uo«'''''''' 'n d" ,\01" 
of 'h' ph'" bouno",; bo"''''·' "lu" 0'" b' ob,,'n,d " h"h "m· 
P""u" ,,'0' oo""o,,,b1, ,"0" "",,'n" b, ,"<0,,"°

0 

""h , "",pi, 
p""u",.o",m, """. i! d" ",,,,mpdon " m,d, ,1"" ",0" ,1", '0 di!· 
""n'" 'n ,h" .nm\ "1'" .. '00 ,od ,ocnp,·",'hili', '" """,,,1, n,gUg'· 
b\'. U,'o, ' ,V 0' "" "n' (bO'" Rob", Wh" ,,,\ n,,,d,ky. ,,61; 
skin

n
'" 190') ,,,0 ,h' h""",d p".u" 0' 14 'b " 900'C, ", ob",n 

a value oC 0.51 kcal [Of up.o (900°C) [or the reaction 
1I""S'O, + 1 /2S'O, (h"h q um") - "SiO, (O,· ,hO",,·O,i\',,) 

T'" 1'''''' '1',,1 """,,,,0<, '0 ,hi, "lu' " d""""""\ b, "" uo"""O<, 
'n 1" .""".' ,hc< <0 ,h' ,,,.,,,,,, 0' "CO ,01i,1 n"o" 'n ,h' p,,,on.,,lind,, 
'1'1"" ""'. R'd",d~'" ",n, ,od ,;;11"" (l9GS) ,hu,"'\ ,I".' " " oom'n,\ 
1"""'" 011",00".0'" "1'''''''''''' m'" h' ",.",,1 "lui" .. <00 h'gh ,,"h 
,lco '>1" 0' (" .... ",.,"1 ,,,,roh1,. ""d 1co"· .\" ,nU' 0' , 'h ,,, 1" .""'" 
"0,,h1 ,ITo<' ,h' " ,hco 0' " ,' hy , 100'" ,0 p"·,,n, . • , ,,,,o,,,,n, 0' ,CTO" 
<In' co ,h' nn"".' ,,,' ,. 'n 1"""'" ,,,,,,,,, ,1", ,h' ,·,1,,, 0' ",' (00

0

' C) 
nm' I" 'n ,,0 ,,,,,,,.,,1 ,,( _20 p""n, 10 + \U 1'''.''''' ,ho'" 0.54 ,,,\, 

that is. in lht: rang,e of () . \:'. to 0.:19 "cal. Th' ""0 ,,,.oJ',.,,., " p10,,,d 'n fi,"" 4 " , ,,,n«'on 0' <h' 
.",.",,, '0' ,1" o,I",I""d "",1 Ii"" ,'n, ",1"" 0' .,,' " ,"O' e. Do,l"d 
lin" "1".,,,o<'n, ",n,,,n' ,·,lu" 0' " ~ ",·,.0' - ,,,,, ,," ,,1,0 r

10
,,,d. 

T'" SOO' ,n
u 

"o'e "1",·'m,"" (fi,o. ,A ,nd ,n) ,,,d'o'" ,h" ,h' 
",,,,po.h'on 0' oli,'n' 'n 'h' d"'''.1'1",'' """,lib" "' "O' G ,,,d \0" p"~u" " "pp,o,hn,,,I, f,,,. Ji olidn' ,nd 0«\<01')'°'"'" b, h"-cd 
" ,,1,,1 ,olid ,0\n"O~' " ,w,ld ,.,,,1 'X, , n,1 ,1" "n,' 0' ,·,lu" '0' 
.X ,o""pond,n, '0 ,1" "ns' '0' " ,"u1d b' ""U ,1i",,1,. hom r,g· 
u" 4 " ",.0' ~ O.S •• ' " no"bl, 'n"""'" <0 ,."""0'" 'n ",'; '0' 

'An ~"~"" ,., '"' d_'''' ,01,"",1 .' (,,,"" ,n ,I" '0.510,-",,<,0, ,,1<0 
"""on "n "" wri"'" , "."' ~ , ',. + ,.T ,,, ,,,m· ,'n~ """ '" "'0 "".n 
," " ( .. " ond ", '" '"' 0\'" no ,,"',," u~1 " ·",,n p"'n. "". ,. ,,". """ '"" 
model. Xv •. 

m 
= a.· •. OI {or ideal solid solution behavior. 
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Fig. 1. Solid lines are plOlS of the function a ••. o,/a ... ,p, =exp(i1
p

o /RT) for three 
\alues of Apo al a temperature of 1173°K (900°C). The ratio of the activity of fayaJite 
in oli'inc (a

F 
•. O') to the activity of ferrosilite in pyroxene (aF •. pz) will lit this equation 

when the t\\"o phases arc in equilibrium wilh high quartz. The dashed lines are plots 
of ~a = ap • . ,,, - a ••. ",. \ 'alues of Aa arc rather insensitive 10 lhe exact values chosen { OJ Ap.° and J .... 01 • 

the idea l approximation (.oX = 4a), .c,X lies in the range 0.13 to 0.18, 
vnlucs distinctly grcater than the 0.00 figure derived from the partition 
data of :\Iedaris ( I OG9) [or orthopyroxene in eq uilibrium with Fa

ga
• 

Both olivine and FeSiO,-:\IgSi03 solid sol utions show similar, positive 
de\'iations [rom ideality at J~OO° (Kit~l)'ama and Katsura, 19G5; Kita­
yanw, 19iO) . .c,X will be less than ~A only if aF.,Ol _ X

f
' •. 

OI 
> ak' •. p, 

- XF •. l', [or the compositions in the three·phase assemblage; this could 
occur only if the oliville solid solution had a significantly greater positive 
dcviation from idcality than the orthopyroxene solution. The distribu­
tion of Fe and l\Ig between the l\I1 and M2 sites of orthopyroxene be­
comes increaSingly ordered at lower temperatures, and the positive non­
ideality of the orthopyroxene solid solution increases (Virgo and Hafner, 
1!JG9); Saxena and Chose, 1970). Olivines show much less pronounced 
lower temperature ordering (Finger, 1971), and it seems unlikely that 
olivine will be significantly less ideal than orthopyroxene at 900oe. The 
calculations thus suggest that ~X will be greater than 0.13 for tlle three­
phase asscmblage at 900 0 e and low pressure. 

l:unher partition experiments for iron-rich compositions are needed 
to definc the widlh of the three-phase field more accurately. Such data, 
together with the results in figure 4, will be useful in checking the con­
Sistency oC activity-composition relationships determined for the olivine 

iron.rich ortlrop) I OX("7lc-ol ll " lIr-qllart:. 
::Ii!) 

T"zu :! 

Hydrothermal experiments in (okl ·~ea l hombs. Tuttle p1 c~s . 
and illlernaU), hcatcrl gas apparatus· 

ProU UC\<\, with \huJlly 
E 

5tarting 

DUl"alion eSlimat ed pcrccntal!.c 0 
Temperature Pressure (hou rs or orthop) roxcllC in 

(±I00C) (kb) days) parenthe.cs 
material 

24 h 01 + 5iO, + oP" (30) 
.. (10) Fs"En", 950 0.3 

Fs"En", 950 0.3 23 h 
Fs,,En,. 900 0.3 70 It (>90) 
Fs"En,. 900 0.3 66 It (80) 
Fs .. En" 900 0.3 13 It (30) 
Fs",En" 900 0.3 53 h «I) 
Fs"En" 900 3 16 h (>90) 
Fs" En,. 900 3 6 h (50) 
I's" En,. 900 3 S h (<5) 
Fs".En" 900 7 5 h (80) 
F." Fo,.+5iO, 900 0.5 15d (10) 
Fa,.Fo,. + 5iO, 900 3 8 h (90)·· 
Fa" Fo,. + 5iO, 900 3 6 h (30) 
Fa",Fo .. + 5iO, 900 3 6 h «,)t 
Fa .. Fo,. + 5iO, 900 7 6 h (;>99) 
Fa" Fo" + 5iO, 900 7 5 h (50) 
l's"En", 800 1 52 <l (70) 
Fs .. En", 800 I 81 d (30) 
Fs",En.. 800 1 98 d 01 + 5iO, (0) 
Fa,,,Fo,,, + 5iO, 800 I 71 d 01 + 5iO, + opx (70) 
Fa" 1'o,, + 5iO, 800 1 52 d .. (30) 
F . .. Fo,. + 5iO, 800 I 81 d (I) 
Fa" Fo,. + 5iO, 750 1 100 d (90) 
Fs .. En,. 700 I 2:; d (50) 
Fs" En" 700 1 56 d (30) 
1'"".1'0-" + 5iO, . 700 1 56 d (50) 
1',_,Fo" + 5iO, 700 1 2" d .. (20) Fa ~fo" + 5iO, G50 1 39 d 01 + SiO, + amphibole 
J's ... En,. GOO I 50 d oP" + 01 + 5iO, + amphibole 

• OnhOp)TOXene or the composilion.11y cquivalent mLxlure of olivine plus silica 
were used as starting materials. Experiments were buffered with faplitc-magnelile­
quartz unless otherwise indicated. Only Tuns in which reaclion occurred are lisled . 

•• \vii'tite.magnetilC buffer used . 
t Approximately half the pp'oxene present had inclined extinction. 

TABU: 3 

Experiments at lOOOoe on orthopyroxene in evacuated, 
sealed silica-glass tubing 

Starting material 

Fs,.En .. 
F5"En .. 
Fs,.En", 
Fs,.En .. 

Duration (days) 

44 
44 
52 
52 

.. visually e.timated Products. wit .. 
percentages in parentheses 

SiO, (13). cpx (3) opx (70). 01 (13.) 
oP" (10). 01 (45). 5iO, (45) 
01 +5iO, 
01+5iO, 
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:tnd orthopyroxenc solid solutions. Likewise, a knowledge of the activity­
composition relationships together with the data of figure 4 will permit 
calculation o[ .lX. The better the partition is known for these iron-rich 
colllPositions, the morc accurately it will be possible to apply the ex­
perimcntal rcsults as a geobarometer. All expcrimental results obtained 
herc arc consi,tellt ,,'itll tIle partition data of Medaris (1969). Neverthe­
less, the widths of thc olivinc-onhopyroxene-silica fields in figures 3A 
and 313 have been drawn slightly grcatcr than would be consistent with 
an extrapolation of his rc>ult~ uccam e o[ the larger values suggested by 
UOtl1 calClllat iolls ant! n:Jtur;Il assemblages. Virgo and Ha[ner (1970) 
noted that a relatiomhip describing the intracrystalline distribution of 
Fc and i\f).; over the .\C po;itioll5 in magnesian onbopyroxencs could not 
be ex tended 10 de>criiJe thc di;tribution in iron-rich orthopyroxencs. 
Similarl y. the rewIL; ohtaincd here sll).;gest th at relatiomhi ps describing 
thc illl(;ruyHallillc parlition of Fe and i\fg betwcen magncsian ortho­
pyroxcnc anc! othcr phases Illay not describe tbe partition correctly 
for extr<:lll cly ilOn-rich (olllpositions. 
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Apr'J :-.aux 
O\idc mixc' o( orlhlip}ff\XC' II C COIl1 PO ... IIUHl ,,'ere made (rom Fe Sponge Oohnson 

;11111 ~1 :llI hl'). Fc,O, (!-i'hn", "C,·lIihccl ." Itll ifi ll :!) . SiO: glass (Cornillg 7910). :I"U 
• \lgO (plcpat.·cI hy 1>. II. Lilll"ky f' ''"1 UDU!I!f!i )1 ): IIIclal) accordin g II) the lcrhlli'lues 
ol Lilllhlc), and 2\hlllOl ( )!.It,;!,). Thc,c illiLi:11 mixtule .. ,,'Cle "'tapped ill ,\ g~Yd!') fo il 
alit! rc,lr.tc:d in c \:l c ll alcd, .. c.ded ~i li ca-gla,s l ll"t· ... or ill JI :!-CO: g~ mixull c'\ a t oxn;clI 
C,,:.:acitic" )()\\(T Ih:1It tho ... c of th e wlhlilt."- lIlag ll c l ilc buffer illltl at tClllpCr, tlUrc) f l'Olfl 
!I('O' II) I O~.-. C. CCIICI .III> se, eral reaclion pcdotls sep, ralcd by g.rinding ill an "g"Ie 
mOltar Well' u;qllircd. The rC;,lcl ioll Pl'O<illcls--oli\'iTlc plus lritlyrnilc plus SiO~ glass-­
scnnl a~ Olle Sct uf st:lrlill g materia ls. The o!i\'inc plus SiD: mixtulcs ,,"ere reacted 
,,,jI lt 10 mH 11 ;:0 and sliniciclIl excesS SiO: to sa turate the fluid phase ill mechanically 
se:llc,1 .\ 1; cap.ulcs in a la r!;e \'olumc pi'lon-C)linder "pparalus lO producc onho­
JI )T"" 'IIC ;ll Il'1l1pCr;Ulnes o[ !lOO· to 92~ ·C and prcssures of 20 lO 2~ kb. Rcaction 
J>I Otl ucts '\t're greacer lJlan 95 pcrcellt orlhopyroxene willl less lhan 1 pcrcelll mag­
II clilC (\ io;lIal c!'I limalc) allu minor olivine plus {lllJrll. These orthopyroxcl1cs scrn:d 
ao; the other se t o f s iaiting materials. 

Expe1illlenls in pislon·cylindcr appar;l1us (lahle 4) al and bclow 900· C wcre matle 
ill .\ g: c.qJ!l lIics tO~Cl her wilh 1 mg 11 ;:0 ;a nd approximately 0.5 mg excess s ilica. For 
C01 1IIXJo; itioJls cult13illing ~rJ.;. reacti on ploducts \\'ith morc than a trJCC of opaquc 
o, idcs \\CIC di<C:lrded . Experimcnls at 1075· and !lOO· C wcrc made in Fe capsules. 
F CI rosili!c W:l" bruken down under dry conditions at 11 00oC, whcrc~l s olivine plus 
si lica \';le; rcacted " Ct "'i1l1 cxce~s s ilica at I075°C; no melting was obscn 'cc.l. FlIrnacc~ 
cell a .. scrnblk"i and operational techlliC]lIcs were those o[ Richardson, Be ll, alld Cilbcrt 
(l !l6S)_ Nomina l prc" urcs arc reported . and no correction was made [or the erfeClS of 
prcssure 0 11 the Pt- Pl\lO, Rh 10 lhennocoupJcs. 

Rcaclants f(lr h><lrolhcrmal eXl)erimenls wcre sca led togclher with waler and 
app,oxi nll lely 0.5 Ill!; cXCess silic" il1 capsul e< made (rom Ag".Pd_~ tubin g (Ilblc 2) . 
All e'!,climcl1lS were bulTered by the [ayalile- magnetilc-quanz "caelion except one. 
lor \"hieh Ihe iron- wii"ile burrel' was u>ed. Experimenls al pressures of 0.3 to I kl> 

\ 

\ 
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iron-rich orthopyroxene-olivine-quartz. 

.~, m'
do 

in ,,,nd'" 00"-' ~d T."" _ ."""n' (f.,d" ,,.., ,9<", ". 
"rim

ffi

" " , •• d , " wo~ ~,i" .ill oy S , . , yOd~ in ~ in.""H, """d ,"' 

y,","'" ., '" ""d,n' _ ".di" .p""H, in .""p'i'" in,a .do, m,n, apparaluS (Yoder. 1950). 
,_ . ,,, X ... ," O"",,,_,n' ." "" ,n" ,,"ffi' po,,,"",p" .b><"" in mm' 
""dm

ffi
" .nd ,", p"d.mino" ~, in .H. Min", .. inn" ,""ffi' ",,,, wi'" 

incli nw ",i n"'on W'" w=" in" ,,,imffi" in ""."" '" "" " ,,000 C, in 
pi=n ." "",,, • " ... ,~ " "m P''''''''' 'mm "'. '" "". C, ,nd in ,,",,' .' ,,.. 
hydrol

hern
,a1 experimenls al loW pre>Sures. 

1.' ,\UI.£ 4, 

ExperiluentS in solid-media. piston.cylinder apparatus· 

Slarling 
lnalC\'ial 

l·Soo.flEn, .G 

l~Suo.t.Enu .l 
f aoo .• fOo .• + SiO, 
fa,. .• FOo .• + SiO. 
fs,,£n, 
f s"Ell, 
f'a",Fo. + SiO, 
fa,.,+ SiO, 
fa ,.,+ SiO, 
F3,., + SiO, 
Fa,oo+SiO, 
FS lOD 
1'3, .. +SiO, 
Fa, .. +5iO, 

Temperalure pressure"" puration 
(+15.~S) _ 92 

producls •. wilh visuall~ 
eSlltnatca pt;~,",cnlagc 

orthopyroxcne in 
~est 

01 + Si<?" + op" 
(30) 
(40) 
(20) 
(40) 
(30) 
(70) 
(70) 

F .... +SiO, 
f s ... 
1'.",,+ SiO, 
1'a ... + SiO: 

• :,tarting nlalcriah \\ere either ol lhoPylU ......... -
".cm

h1
.;;e of olivine pluS quaru. All cx pcrin,ents were hyu,v':'.'::--

lJuic-'s lIoted olhcf\, .. ise . 
., Experimenls m aliC by pislon-in (pi). pislon-out (PO)· and modificd pislon-put 

,mpn) ,,",,,i, .. ,, d'~'"" H, Ri"""~" ~d ""," ,,,GO). N.mi"" p~""" ~, 
f' s,t'IO 

""an,,'" ." "" ",",'" '"' "po,i mon" "i tl, p'" ." "" - " i" "' .. ," reporlell . "a p'~ .,.. .. , " on" 'h' di'~"" " ""'".' " imP"""' i" ,"" .""m ., ",,,ad 
variance. t Hydrolherma1 cxperimcnts in Fe capsules. 

§ Dry experiment tn Fe capsule. 
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• S .• Fujisawa. H .• and !talsur •• T .. 19&1. synthesiS of FeSiO, pyroxene ({er

ro

-

siJite) al high pressures: Ja\"n Acad. PrOC .• v. 40. p- 272-275. 
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