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Introduction

Since Bowen and Schairer published the results of
their now classic studies on the systems FeO-SiO,
and MgO-FeO-SiO' (Bowen and Schairer,1932 and
1935, respectively), wherein they concluded that
FeSiO, may not exist as l mins1sl, Fe-rich pyroxene
has been of great interest to petrologists. FeSiO' was
named ferrosilite by Washington (1932), but only in
reference to a convenient, hypothetical end-member
for CIPW norur calculations. Until 1935 the most
iron-rich pyroxene known was from an iron-slag;
Boryen (1933) estimated it to have the composition
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Abstract

The efrect of magnesium on th€ relative stabilities of ferrosilite-rich orthopyroxene and

fayalitic olivine + quartz has been determined with reversed experiments in piston-cylinder

apparatus. Reaction reversals to within 0.2 kbar indicate instability of Fs"5Ent below 9.8'

I1.0, and 12.4 kbar, FsgoEnro below 8.2, 9.5, and 10.8 kbar at 800o, 9fi)", and lfi)0oc, respec-

tively; Fq5Enrs below ?.8 and 9.1 kbar, and Fs6oEn2s below 6.1 and 7.3 kbar at 9(X)o and

l000oc, respectively. FaerFo5 + quartz and Fa"oForo + quartz react to orthopyroxene * oli-

vitre + quartz above7.4,8.7, and 10.0 kbar and 5.4, 6.7, and 8.1 kbar at 8fi), 9fi) and lOO0oC'
respectively. Electron microprobe analyses of run products indicate KBil?lF. : 2.2 x.0.3 at
900o and l000oc and 2.2 *. O.7 at 800oC. Each mole 7o MgSiO3 extends orthopyroxene sta-
bility by -0.34 kbar, relative to FeSiO, (Bohlen et al.,1980a). These data combined with data
for manganese (each mole 7o MnSiOr extends orthopyroxene stability by -0.12 kbar, Bohlen

et al., 1980b) allow inference ofequilibration pressures for Fe-rich orthopyroxene and ortho-
pyroxene-quartz-olivine bearing assemblages in numerous localities throughout the world.

Pressures determined from assemblages in the Adirondack Mountains, New York, southern

Labrador Trough, Canada and Lofoten-Vesterlllen, Norway indicate that thick (-70 km)

continental crust was not unoornmon mid-to-late Proterozoic'

Fs*rEn,oRhWo.2, if significant amounts of N, Zn,
and Fe'* were ignored. Soon after Bowen and
Schairer concluded that FeSiO, probably did not ex-
ist, Bowen (1935) discovered a mineral in lithophysae
of obsidian from Lake Naivasha, Kenya having opti-
cal characteristics of pure or nearly pure monoclinic
ferrosilite. Subsequent microprobe analyses of the
pyroxene (Bown, 1965) indicate the pyroxene to be
Fs"rEnoRhrWoo. Without the benefit of chemical
analyses, Bowen could only conclude that the pyrox-
ene needles were either clinoferrosilite formed at low

2Pyroxene compositions given by Fs*En RhrWo" rcfer to th€
molar proportions of ferrosilitc, cnstatitc, rhodonite and wollas-

tonite componens rcspectively. Pyroxencs containing significant
proportions of othcr components will bc so noted.

0003-004x/E l /09 10-095 l $02.00 951



BOHLEN AND BOETTCHER: ORTHOPYROXENE GEOBAROMETRY

temperatures, where experimental studies (Bowen et
al., 1933) suggested the mineral might be stable, or
contained impurities such as Ti, Mn, and Fe3*, in-
creasing the refractive indices to values near those in-
ferred for ferrosilite. Bowen did point out that these
pyroxenes are quite corrmon in lithophysae of many
obsidians.

Recently, nearly end-member orthorhombic fer-
rosilite has been reported from the southern Labra-
dor Trough (Klein, 1978), Lofoten, Norway (Ormaa-
sen, 1977) and a well-documented occurrence has
been reported by Jaffe et al. (1978) from the Adiron-
dack Mountains, New York. The significance of
these and numerous other Fe-rich orthopyroxenes
(see Table 9) can be interpreted in fight of fifteen
years of experimental investigation (see following
section), the general results of which indicate that
ferrosilite and other Fe-rich orthopyroxenes are
stable only at high pressures relative to composition-
ally equivalent fayalitic olivine + quartz. Many in-
vestigators (e.g., Wood and Strens, l97l; Smith,
l97l) have emphasized the potential of this system as
a geobarometer. Tightly constrained pressure esti-
mates have been hampered by the lack of extensive
calibration of the effects of additional components on
the stability of ferrosilite. However, our experimental
results on the effect of MgSiO, on the stability of
FeSiO, combined with results from other studies
(Smith, l97l; Bohlen et al., 1980a, 1980b), are suf-
ficient to calibrate the orthopyroxene-olivine-quartz
geobarometer. Consequently, with the exception of
the occurrence described by Bowen, pressure minima
(maxina) can now be confidently deterrrined for as-
semblages containing Fe-rich orthopyroxene (Fe-
rich-olivine + quartz) and defined for coexisting or-
thopyroxene-olivine-quartz.

Previous studies

Nearly thirty years elapsed between Bowen's dis-
covery of naturally occurring ferrosilite and the first
experiments on its stability. Two groups of experi-
mentalists (Akimoto et al., 1964; Lindsley et al.,
1964) independently and nearly simultaneously dem-
onstrated that ferrosilite could be synthesized at high
pressures. Lindsley et al. (1964) were the first to de-
fine the stability at high pressures by reversing the re-
action:

FerSiOo + SiO, :2 FeSiO, (l)
fayalite quartz ferrosilite

Lindsley et a/. showed that fayalite + quartz react to
ferrosilite above 18 kbar at I 150.C and that ferrosi-

lite breaks down to fayalite + quartz below 14 kbar
at l000oC. Shortly thereafter, Akimoto et al. (1965'1
demonstrated reversible equilibrium for the above
reaction between 13.9 and 16 kbar at 960o and
950oC, respectively. Olsen and Mueller (1966) at-
tempted to calculate the effect of MgSiO, on the sta-
bility of ferrosilite. This study showed qualitatively
that Mg extends the stability of iron-rich ortho-
pyrox€nes to lower pressures. Nafziger and Muan
(1967) showed that pyroxene compositions of up to
FsrrEno, are stable at 1250"C and I atm, in agree-
ment with the results of Bowen and Schairer (1935).
Wood and Strens (1971) attempted to delineate the
three-phase orthopyroxene-olivine-quartz field at
1250"C and ll0ooC at I atm. Their results differ
from those of Nafziger and Muan (1967) particularly
in the I-X dependence of the three-phase field. Us-
ing the data of Lindsley et al. (1964), Akinoto et al.
(1965), preliminary data of Smith (1970), and their
own data at one atmosphere, Wood and Strens calcu-
lated the effect of up to 40 mole 7o MgSiO, on the sta-
bility of FeSiO, and proposed an orthopyroxene
geobarometer. Despite the abundance of studies
dealing directly or indirectly with ferrosilite prior to
the early 1970's, the stabitty of this end-member py-
roxene and the effect of additional components wer€
unknown in detail. Smith (1971) experinentally re-
versed reaction I at750",900", and 1050'C and in-
vestigated the effect of MgSiO, compon€nt at 900"C.
He showed that less than 35 nrcle Vo MgSiO, stabi-
lizes the Fe-rich orthopyroxene at 900oC and atmo-
spheric pressure. Additionally Smith showed how the
compositions of coexisting orthopyroxene and olivine
in the presence of quartz vary as a function of pres-
sure at 900oC. These were the first experimental data
which directly calibrated the effect of MgSiO, on fer-
rosilite stability.

More recently, Bohlen et al. (1980a) located the
stability of fenosilite and fayalite + quartz to within
0.1 kbar from 700-l050oC and showed that the c-B
quartz transition causes an increase in slope from
-10 bars/oC to -15 bars/oC in the p quartz field, a
somewhat larger effect than that calculated pre-
viously by Olsen and Mueller (1966). Results of Boh-
len et al. (1980a) are in good agreement with those of
Smith (1971) and in reasonable agreement with the
original work of Lindsley et al. (1964) and Akimoto
et al. (1965), considering the different experimental
techniques used in the various studies. Bohlen et al.
(1980b) calibrated the effect of 5 and l0 mole Vo
MnSiO, component, and they concluded that each
moleVo MnSiO, in FeSiO, extends the stability of the
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pyroxene 0.12 kbar. Lindsley and Munoz (1969) in-
vestigated subsolidus phenomena on the join heden-
bergite-ferrosilite and delineated the miscibility gap
for Ca-rich and Ca-poor pyroxenes. Similar relations
were determined by Smith (1972) on part of the join
Wo,--FsrrEn,r. Both studies indicate that Fe-rich or-
thopyroxene in equilibrium with Ca- and Fe-rich
clinopyroxenes contain less than 3 mole 7o wollaston-
ite component for temperatures of less than 850oC,
in agreement with observed CaSiO, contents in natu-
ral orthopyroxenes coexisting with Ca-rich clinopy-
roxenes. Hence, wollastonite solid solution in ortho-
pyroxene probably plays only a minor role in
extending Fe-rich orthopyroxene stability to lower
pressures.

Experimental methods

Starting materials

Starting materials were prepared from elec-
trolytically reduced Fe powder (Mallins11od1 1.,
BBA), spectroscopically pure MgO (Puratronic Batch
5.85439) and natural Brazilian quartz leached in
HNO3. Appropriate mixtures of Fe * quaftz and Fe
+ MgO + quartz were reacted in a CO,/H, gas-mix-
ing furnace at I l00oC andfo, = l0-r3 for 3 days with
grinding to approxirnately -300 mesh every 12 hours
to produce olivines of compositions Fa,-, FarrFor,
FauoFo,o, FarrFo,r, and FaroForo. The olivines were
analyzed by optical, X-ray, and electron microprobe
techniques (Table l) to ensure that they were homo-
g€neous and stoichiometric. Mixtures of olivine and
quartz with traces of H'O were reacted using Ag cap-
sules in a piston-cylinder device at 25 kbar and
900oC for approximately 30 hours to synthesize fer-
rosilite (Fs,oo), FsrrEnr, FsroEn,o, Fs.rEn,r, and
FsroEnro. The products (pyroxene with traces of
quartz) were also analyzed by optical, X-ray and
electron microprobe lsshniques (Table 1). The py-
roxenes were homogeneous and stoichiometric.
Small excesses of quartz over stoichiometry were
used in the syntheses of orthopyroxenes and olivines
to promote complete reaction and to saturate the va-
por phase with SiO, in runs where water was used to
enhance reaction rate. Metallic iron powder was
packed around the capsules in the furnace assembly
to help maintain a low ambient,fo.. Some of the start-
ing materials were analyzed with Mdssbauer sp€c-
troscopy to check for Fe3*. Spectra were collected for
approximately 72 hours at room temperature. The
limit of detectabitty of Fe3* under the conditions

Table l. Electron microprobe analyses of startitrg materials

F s g s E n s  F s g o E n r o  F s e s E n t r  F s o o E n 2 o  F s r o o

S 1 0  z
Fe0
Mgo
T o t a l

s l  1 . 9 9  r . 9 9
F e  l . 9 l  1 . 8 1
M s  0 . 1 0  0 . 1 9
/ ,  Po in ts  12  12

F e 9  s F o s

s i 0 z  3 0 . 1 ( . 3 )
F e O  6 8 . 0 ( . 5 )
M s o  2 . 2 ( . 3 ' )
To ta l  100 '3

s i  1 . 0 0
F e  1 . E 9
M B  0 . 1 I
/l Polnts 6

4 s . c ( . 3 )  4 6 . 6 (  4 )  4 7 , 5 ( - 4 )  1 7 . r ( . 4 '  4 6 . O ( ' 2 ' )

5 2 . 6 ( . 4 )  s O . 9 ( . 6 )  4 7 . 8 ( . 5 )  1 6 . 4 ( . 6 )  5 4  7  ( . 2 )

1 . 5  (  .  r )  3 .  o ( . 3 )  4 . 9 ( , 2 )  6 . 5 (  . 3 )  _ = ! . ! < . o l
1 o o . o  r o o J  1 0 0 . 2  1 0 0 ' 0  1 0 0 . 7

2 . 0 0  r  . 9 8  2 . 0 0
l  6 9  I  . 6 1  2 . 0 0
0 . 3 1  0 . 4 1  0 . 0 0

t 4  1 6  L 2

F a s o F o t o  F a e s F o r s  F a e o F o z o

3 0 . 8 ( . 4 )  3 1 . 1 ( . 4 )  3 i . 1 ( . 3 )
6 6 . 4 ( . 7 '  6 3 . 1 ( . 7 )  5 9 . 9 ( . 4 )

4 . 3 ( . 3 )  6 . 2 ( . 3 )  8 . 8 ( . 3 )
r 0 r . 5  1 0 0 . 6  9 9 . 8

1 . 0 0  l  0 0  0 . 9 9
L . 7 9  1 . 7 0  1 . 6 0
o . 2 L  0 . 3 0  0 . 4 1

I O 6 I I

employed is estimated as less than lVo of the iron
present, and no Fe'* was detected in any sample.

Capsules

ln our previous studies on the stability of ferrosil-
lite (Bohlen et al., 1980a, 1980b) the experimental
charge was loaded in silver capsules and run without
an external buffer in talc furnace assemblies, since no
magnetite was observed in the run products and
Mdssbauer results showed no detectable ferric iron in
the orthopyroxenes. However, we are now using an
anhydrous furnace assembly with no hydrous parts.
Consequently the intrinsic fo, of the furnace assem-
bly is higher (there is no HrO to react with the graph-
ite heater to produce Hr) and in our initial runs min-

ute amounts of magnetite were observed. Therefore,
to maintain /o, below the value defined by QFM a
double capsule (Eugster, 1957) was used. For every
run an equirnolar amount of olivine * quartz and or-
thopyroxene was sealed in 2.5 mm AgroPdro capsules.
For runs of =9(X)oC, less than one weight percent
HrO was added to promote reaction rates. The react-
ants in the inner capsule of experiments above 900'C
were run dry. The inner capsule was loaded into a 5
mm Ag,* outer capsule containing Fe buffer and suf-
ficient HrO to react with roughly half of the Fe.

Apparatus and run procedure

All experiments were carried out in a piston-cylin-
der apparatus (Boyd and England, 1960) with 25'4
mm diameter furnace assemblies and pistons. The
furnace assemblies differ from those used previously
(Boettcher in Johannes et al., l97l) in that the talc
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bushing that surrounds a thin cylinder of pyrex Table 3.

954

which in turn surrounds the graphite furnace is re-
placed by KBr (Boettcher et al., in preparation). In-
side the graphite cylinder the capsule was placed hor-
izontally in the notched top surface of a cylinder of
BN, the renainder of the furnace was then filled with
crushable alumina. Temperature was measured with
Ptrm-PteoRh,o thermocouples with no correction for
the effect of pressure on emf. We used the piston-in
technique by bringing the pressure to l}Vo below that
of the final run pressure, increasing the temperature
to the final value and increasing the pressure to the
final value. During the period over which the tem-
perature was increased there was a concomitant in-
crease in pressure due to the thermal expansion of
the KBr. Typically the pressure increase did not ex-
ceed the final pressure. When this did occur, the pres-
sure was reduced to roughly 5Vo below the desired
value and then increased to the final pressure.

The assembly has been catbrated against the reac-
tion fayalite + quartz : ferrosilite, Bohlen et al.
(1980a) and quartz : coesite, Boettcher and Wyllie
(1968). The results relative to those obtained in a talc
assembly with a -67o pfessure correction (Boettcher
in Johannes et al.,l97l) indicate that the KBr assem-

Table 2. Experimental results for Ferrosilitcr5Enstatites bulk
composition
-

R u n  #  T ( " c )  p ( K b a r ) Durat ion Reactants products
( h r s )

Experimental results for FerrosiliterqEnstatitelq bulk
composition

R u n / l  T ( " c )  P ( K b ; , r ) Dura t ion  Reactan ts
( h r s )

Products

900
900
900
900
900
900
900
900
900
900
900

1000
1000
1000
1000
1000
1000
1000
I 000
1000
1000
r000

L97
198
2t5
2 7 5
294
282
288
295
296

180
1 8 1
200
2 4 7
2 6 4
293
280
2 8 1
290
29r

1 4 8
1 5 4
1 5 6
t 6 l
239

243
286
247
289
2 9 2

8 0 0  7  - 8
8 0 0  6 . 6
8 0 0  6 . 2
8 0 0  5  . 8
8 0 0  6 . 4
8 0 0  a . 2
8 0 0  5 . 0
8 0 0  8 . 0
8 0 0  5 . 4

9 . 4
8 . 6
8 . 2
7 . E
9 . 4
7 . 8
8 . 0
1 . 0
6 . 4
9 . 2
6 . 7

1 0 . 0
r 0 , 4

9 . 6
9 . 2

1 0 . 4
9 . 2
8 . 6

l 1 -  0
8 . 1

r 0 . 8
8 . 3

4 4 . 5
3 9 . 5
4 7
6 2
6 6
6 9
6 9
6 5

J1
2 3 . 2
2 6  . 5
3 0
2 4
2 a
2 9 . 3
2 1
3 8
2 6  . 2
2 6  . 2

2 4
2 4 . 5

24
2 8 , 5

I 7
2 3

2 4  . 2
3 0 . 5

B
B

c
D

9!I+(o1iv+qtz)
opxtuf ivt tz
opx+ol idqtz
ol lv+qtz+(opx)
opxtu Iiv+q tz
g-PI+(or iv+ctz)

9!I+(ol ivt tz)
ol iv+qtz+(opx)

92I+(ol ivt tz)
opxtul ivt tz
opxtu1lv\ tz
o I iv+q t z+o px
gPI+(or lv+qtz)
ol iv+qtz+opx
opx+oI lv+qtz
o l lv+qtz+(opx)

gPI+(ol iv\ lz)
oI iwotz+(opx)

opxtu 1iv+q tz
gp!tu I iv+q tz
opxtu11v+q t z
opfr l ivt tz

SP.I
glltu1lv+q t z
ol tv+q tz+(opx)

9.PI
oliv+q t z
g-PI+(o1iv+qlz)
ol iv+q tz+(opx)

B
B

A
c
D

A = p6 e sEh s+Fa e sFo s+qua"tz ; B = Fa 6 oEn 2 o+AFq I o o +gq@tz ; C = F a g sEn s ;
D -= Fa s sFo s+qw"tz . tJnderlining ind.ietes domi@nt phase ( s ) . pa?en-
theaeg indicate t?ace @urxta.

A = Fs s aEnr olFae oFo I o+q@rtz; B = fe e oEh 2 otFar o o+qu@tz ; C = Fs e oEh I o;
D = FdtoForo+qe?tz. Uaderl ia ing indicates doniwnt phaee(e).  P@en-
theees indicate traee @wts.

bly requires no pressure correction at temperatures
above the solidus of KBr, whereas, at temperatures
greater than 50oC below the solidus of KBr a -2Vo
pressure correction is required. Using different salts,
other workers (Johannes,19781' Holland, 1980) have
also noted that salt assemblies require little or no
pressure correction. Pressures given in Tables 2 and3
for runs at 800oC are corrected xssuming a -2Vo
pressure correction. Nominal pressure values are
listed for experiments at 9(X) and l0O0"C.

Run products

All run products were analyzed optically and by
X-ray diffraction. Many were analyzed by electron
microprobe. Reversal of the olivine-out boundaries
(the low pressure limit of stability of FsrrEn, and
Fs"oEn,u) and the orthopyroxene-out boundary (the
high pressure limit of stability of FoorFo, + quartz
and FanoForo + quartz) requires detecting trace
amounts of orthopyroxene or olivine by careful ex-
amination. Olivine occurs as green, birefringent,
equant crystals; orthopyroxene typically occurs as
bladed, subhedral  crystals with very faint
pleochroism (X : pale lellow-pink, Y - pale pink-
yellow, 7 : pale green). Microprobe analyses (Ta-

1 8 9  8 0 0
1 9 0  8 0 0
214 800
2 4 4  8 0 0
2 5 2  8 0 0
255 800
2 6 2  8 0 0
263 800
271- 800
2 1 2  8 0 0
2 7 3  8 0 0
2 7  4  8 0 0

164 900
779 900
r 9 9  9 0 0
2J0 900
237 900
254 900
258 900
26t 900
2 7 6  9 0 0
2 7 7  9 0 0
278 900

143 1000
744 1000
155 1000
160 1000
t-72 1000
228 1000
229 1000
2 3 7  1 0 0 0
264 1000
269 1000
210 1000

9 . 4
8 . 2
7 . 8
9 . 4
9 . 4
9 . 4
7 . 4
8 . 6
7 . 2

I 0 . 0
9 . 8

1 1 . 0
9 . 8
9 . 4

1 1 . 0
9 . 4

1 l . 0
9 . 4

l o . 2
8 . 6

r 0 . 8
8 . 8

1 2 . 0
t 2 . 4
I I . 2
1 0 . E
r l . 6
t 2 . 4
1 0 . 8
1 1  . 6
1 0 . 0
1 0 . 3
1 2  . 2

4 2
4 0
4 0
4 7 . 5
27

4 3
4 3
6 2
4 8
64
4 9

3 0 . 5

3 0

3 E . 3
2 2
2 4

23
2 4 . 5

4 E
2 7

2 7 . 5
2 4
24

9ll+ol ivt t z
o px+o11v+q t z
o Ilv+q t ztu px
gIItut iv+q t z
opxtul i*qtz

9!1tu1i*qtz
ol iv+qtz+(opx)
optr l tsqtz
oliv+q t z
g.PI
g-PI+(ol iv+qcz)
ol l#qtz+(opx)

9PI+(ol iv+qtz)
o px+o 1 iv+q t z
o 1 tv+q t z+o px

9!I+(o11*qtz)
ol lsqtz+(opx)
gpl+(o1lv+qrz)
o1l*qtz+(opx)
opx+o I ivt tz
o l i s q t z

9!I+(o11v+qtz)
o1lv+otz+(opx)

opx+o1ldq t z
9!I+(ol iv lqtz)
ol lv+qtzbpx
ol ivt  tz+(opx)
opx+oliv+q t z
gPI
ol l*qtz+(opx)
ol isqt z+o px

ol iv+qtz+(opx)
op#(o1lv+q t  z)



bles 5 and 6) of orthopyroxene and olivine were ob-
tained to check the phases for stoichiometry, homo-
geneity and to determine the relative proportions of
Fe2* and Mg between the coexisting phases. Analyses
were obtained using an ARL-EMX electron micro-
probe analyzer with wavelength dispersive ADP,
LiF, and TAP crystal spectrometers. Synthetic oli-
vines (Fa.oFo* and Fa,-) and natural orthopyroxene
(Fs,oEnruRhrWo,) were used as standards. Spectrom-
eter data were reduced using the correction proce-

dures of Bence and Albee (1968). In general the
phases were homogeneous, although an occasional,

Table 5. Electron microprobe analyses of experimental products for FerrosiliteesEnstatites bulk composition

Run / l  189  Opx 190 Opx 190 o l l v  255 Opx 255 Ol iv  272 Opx 164 Opx 179 Opx 179 Ol lv

Experimental results and discussion

Experimental  results for FsrrEnr,  FsroEn,o,

FsrrEn,r, and FsroEnro bulk compositions are listed in

Tables 2,3, arid 4 and shown graphically in Figures

1,2, allrd 3. The boundaries ofthe orthopyroxene +

olivine + quartz field were reversed by reacting

equimolar mixtures of orthopyroxene and olivine +

quartz completely to orthopyroxene or olivine *

qoutt" and by reacting orthopyroxene or reacting oli-

vine + qvartzto the three-phase assemblage. In a few

instances, the boundary was inferred when 1007o re-

action was not achieved' In such cases the micro-
probe analyses of run products (Tables 5 and 6) dem-

onstrate that the overwhetningly abundant Mg-Fe
phase was identical to the lulk composition within

analytical uncertainty (runs 164 and 254, for ex-

ample), and therefore, they properly constrain the
phase boundary. The results indicate that each mole

7o MgSiO3 in FeSiO, extends the stability of pyrox-

ene by approximately 0.34 kbar in comparison with

the stability of ferrosilite as determined by Bohlen et

a/. (1980a). The upper-pressure limit of olivine *

quartz in the absence of orthopyroxene is greatly re-

duced. Each mole 7o MgrSiOo in FerSiOo reduces the

stability field of otvine + quartz by an average of 0.8

kbar up to 5 mole 7o, and 0.6 kbar up to l0 mole Vo

4 6 . 3 ( . 8 )
s 2 . 2 ( . 9 )

L . 6  ( . 2 )
100 .  I

2 . O L
1  . 8 9
0 .  r 0

7

( . 4 )
( .  s )
( . 2 )

3 0 . 6 ( . 4 )
6 7 . 6 ( 1 . 1 )

1 . 3 ( . 0 )
9 9 . 5

L . 0 2
l .  9 1
0 .  0 6

6

4 6 . 4
5 1  . 0

1 . 8
9 9 . 2
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Table 4. Experimental results for Ferrosilites5Enstatiters and somewhat inhgrngggagous phase was encountered

Ferrosilites6Enstatite26 bulk compositions (analysis 180 opx, for example).

Run / l  T( 'c) P(Kbar) Durat lon Reactanls Products
( h r s )

955

9 . 0
9 . 4
8 , 0
1 . 7

R u n  / /  T ( ' c )  P ( K b a r )

A = Fees9hrslFaesFors+qertz;  C = FsesEnt s

gIItuliv+q t z
oox

G+(ol iv+qtz)
gIIhI iv+qtz

A 9-PI
C glltuliv+qtz
A 9E+(ol lv+qtz)
C gjltuliv+qtz

297 1000
298 1000
299 900
300 900

30r
302
303
304

4 2
4 5 .  5
4 8
6 3 . 5

c

c

9 9 0  1 . 5
9 9 0  1 . 2
9 0 0  6 . 2
9 0 0  5 . 9

Dura t ion  Reactan ts  Produc ts

( h r s )

6(.
4 2 . 5
4 2 . 5
4 6

A = Fasobnzo+FaeoFo2o+qattz;  C - Fsso4n2o' lJnderl in ing indicates

dofritunt phase(6). P@entheses i'ndi@te t"ace @ffite'

s i 0 z  4 6 . 1 ( . 3 )
F e O  5 2 . 6 ( . 5 )
M g O  1 . 6  ( . 1 )
To ta l  100 ,3

s i  2 . 0 0
F e  1 . 9 0
M g  0 . I 0
/ l  Po ln ts  14

5 l U 2
Fe0
MoO

r o  f , a l

s I  I  . 9 9
F e  I . 7 9
M g  0 . 2 2
/ i  Points 8

4 6 . 0 ( . 4 )  2 9 . 8 ( . 3 )
5 r . 9 ( . s )  6 8 . 8 ( . 4 )

2 . 0 ( . 2 )  1 . 4 ( . 1 )
9 9 . 9  1 0 0 . 0

4 6 . 1  ( . 3 )  3 0 . 3 ( . 5 )
4 9  . 2 ( . 4 )  5 e  .  5  (  . 3  )

4 . 4 ( . 3 )  0 . 8 ( . 1 )
1 0 0 . 3  1 0 0 , 6

4 5 . 4 ( . s )
5 2 . 0  (  .  6 )
L . 7  (  . 2 )

99 .L

Run /l 262 Qox ?62 Oltv 263 Opx 263 Ol iv

4 6 . 8 ( .  s )  2 e . 8 ( . 2 )
5 0 . r ( . 5 )  7 0 . 1 ( . 7 )
3 . s ( . 2 )  0 . 8 ( . 1 )

1 0 0 . 4  1 0 0 . 7

4 6 . 5 ( . 4 )  3 0 . 4 ( . 8 )
s 0 . o ( . 6 )  7 0 . 1 ( . 7 )
3 . 4 ( . 2 )  1 . 0 ( . 2 )

9 9 . 9  1 0 1 . 5

t . 9 9
1 . 8 8
0  . 1 3

9

1  . 0 0
1 . 9 3
0 . 0 7

t 2

1 .  9 8
1 , 8 0
o . 2 2

11

1 .  9 8

0 .  2 8
7

I  . 0 0
r . 9 6
0 . 0 4

4

1 . 0 1
1 . 9 5
0 . 0 4

1 3

1 . 9 8
1 . 9 1
0 . 1 1

4

27)- aILv

2 9 . 7  ( , 3 )
6 8  . 2 ( . 6 )

z . z  ( . 2 )
100 .  1

0 .  9 9
1 .  9 0
0 .  l 1

5

254 Opx

4 6 . 9 ( L . 2 )
5 2 . L ( . 7  )
1 . 9 ( . 1 )

1 0 0 . 0

2 . 0 L
1 . 8 8
0 . 1 3

o

2 . 0 2
1  . 8 6
0 , L 2

8

258 Ol lv

3 0 . 0 ( . 6 )
6 9 , 3 ( . 7 )
1 . 4 ( . 0 )

100 .  7

26I Opx

4 5 . 8  (  .  6 )
5 r . 8 ( . 5 )

2  . 2 ( . r )
9 9 .  8

1 .  9 8
1 . 8 7
0 ,  1 4

9

254 01tv

3 0 . 2 ( . 4 )
6 8 . 3 ( 1 . 2 )
r . 0 ( . 0 )

9 9  . 5

L , O 2
1 . 9 3
0 .  0 5

1 . 0 1
L , 9 4
0 . 0 5

l 4

1  . 00
1 .  9 3
0 . 0 7
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Table 5. (continucd)

Run /l 199 Opx 199 011v 143 Ol lv 155 Opx 155 Ol lv 160 Opx 150 Ol lv 228 Opx

s 1 0 z  4 6 , 7  ( . 6 )
F e O  4 9  , 3 ( , 7 )
M s O  2 . 1 ( . 1 )
To ta l  98 .  f

s i  2 . 0 2
F e  1 . 8 3
Mg  0 .14
/l Polnts 5

3 0 . 3  (  . 5 )
5 8 . 3 ( . 4 )

1 . 4 ( . 1 )
100 .  0

3 r . 5  ( . 7 )  4 6 . 7  ( . 5 )
6 7 . 4 < . 9 )  5 L . 2 ( . 9 )

1 . 3 ( . 1 )  2 . 0 ( . 1 )
1 0 0 . 3  9 9 . 9

3 r . 2 ( . 5 )
6 7  . 4  (  . 6 )
r . 4  (  . 0 )

r00 .0

4 s . 6 ( L . 2 )  3 1 . 0 ( . 7 )  4 6 . 2 ( . 4 '
s 2 . 1 ( 1 . r )  6 7 . 0 ( . 7 '  5 2 . 6 ( . 9 )
2 . 2 ( . 2 )  r . 5 ( . r )  1 . 5 ( . 1 )

9 9 , 9  9 9 . 5  1 0 0 . 4

r  . 0 l
1  0 ,

0 .  7 0
8

I  . 0 5
r . 8 8
0  . 0 6

5

1 i ,

I  . 8 5
0 . 1 3

6

t  . 04
1 .  8 9
0 . 0 7

5

1 .  9 8
r . 8 8
0 .  1 4

8

l .  04
1 . 8 8
0 .  08

7

z . o o
I  . 9 0
0 . 1 0

5

Run /l 251 Ollv 143 Opx 237 Opx

s 1 0 z  3 0 . 2 ( . 5 )  4 5 . 1 ( 1 . 1 )  4 5 . 9 ( . 5 )
F e O  7 0 . 6  ( . 5 )  s 2 . 0 ( 1 . 0 )  s l . 0 ( . 4 )
M e O  1 . 4 ( . 0 )  1 . 8 ( . 1 )  2 . 3 ( . 2 )
To ta l  102 .2  99 .9  100 .2

237 O Lv 229 OILv

3 0 . s ( . 4 )  3 1 . 0 ( . 7 )
6 8 . 5 ( . s )  6 7 . 5 ( . 7 )
1 . 3 ( . 0 )  1 . 6 ( . r )

1 0 0 . 3  1 0 0 . 1

s i  0 . 9 9
Fe  L .94
Mg  0 .07
/l Polnts 8

2 . O O
1 . 8 8
o . r 2

8

2 , 0 2
1 . 8 4
0 .  1 5

6

I  . 0 2
L . 9 2
0 . 0 6

7

1  , 03
1 . 8 8
0 . 0 8

MgrSiOo. The transition from a. to p quartz requires
an increase in the dP/af of the olivine-quartz-or-
thopyroxene reactions, but the amount of increase is
not constrained by the data.

The results of our study agree quite well with the
900"C data of Smith (1971) if a small (- 7Vo) nega-

tive pressure correction is applied to his data. Our
data require a wider three-phase, orthopyroxene-oli-
vine-quartz, field than is inferred by Smith. How-
ever, our data are consistent with Smith's experi-
ments. Smith (1971) reports data obtained p5ing an
internally heated, gas apparatus where FaroForo *

Table 6' Electron microprobe analyses of expcrimental products for Ferrosiiitee'Enstatitero bulk composition

Run i l  197 opx I98 opx 198 Ollv 215 opx 215 Oliv 2g4 Opx 154 Opx 156 opx 156 011v

s i 0 2  4 6 . 2 ( . s )
F e O  5 0 . 7 ( . 9 )
M g O  3 . 0 ( . 2 )
To ta l  99 ,9

s l  L . 9 9
F e  1 . 8 f
Mg  O .2O
/l Polnts 7

4 6 . 2 (  . 7  )
s 0 . 8  (  .  9 )
3 . 2 ( . r )

100 .  2

1 . 9 8
1 . 8 2
0 . 2 r

L 2

l .  9 8
1 . 8 3
0 .  1 9

8

3 0 . 1 ( . 5 )
6 7  .  L (  . 6 )
3 . 0 ( . 2 )

100 .  2

r  . 0 0
1 . 8 5
0 . 1 5

4

1 . 9 8
1 .  8 0
o . 2 2

4

4 6 . 3  (  . 8 )
s 0 . s ( . s )
3 . 3  ( . 1 )

100 .  I

1 . 9 8
1 .  8 1
0 . 2 1

6

1 . 0 1
r ,  8 6
o . L 2

8

3 0  , 4  (  . 2 )
6 7 . 1 ( . 6 )
3 . 0 ( . 1 )

100 .  5

1 .  0 0
r . 8 5
0 .  1 5

7

181 Opx

4 6 , 2 ( . 6 )
5 0 . 0 ( . 8 )

3 . 6 ( . 1 )
9 9  . 8

I  . 98
L . 7 9
o . 2 3

8

1 . 0 0
1 . 8 7
0 .  1 3

5

257 OILv

3 0 . 2 ( . 6 )
5 6 . 7  ( 1 . 3 )
3 . 3 ( . r )

100 .2

1 . 0 0
r  . 84
0 .  1 6

J

4 7 . L ( . 4 )  4 6 . 6 ( . 8 )  4 6 . 3 ( . 9 )  3 0 . s ( . 3 )
4 8 . 1 ( . 5 )  4 8 . 5 ( . 8 )  4 8 . 9 ( 1 . 3 )  5 8 . 0 ( 1 . 1 )

4 . 6 ( . r )  3 . 2 ( . r )  3 . 3 ( . 1 )  2 . 7 ( . r )
9 9 . 8  9 8 . 3  9 8 . 4  1 0 1 . 2

Run /l 294 QLiv 165 Opx

s i 0 2  3 0 . 8 ( . 8 )  4 6 . 5 ( . 6 )
F e O  6 7 . 0 ( . 8 )  s l . 4 ( . 8 )
M e O  2 . s ( . 3 )  3 . 0 ( . r )
To ta l  f 00 .3  100 .9

180 Opx 180 OI iv

4 5 . 9 ( 7 . 4 )  3 0 . 9 ( . 5 )
s 0 . 0  ( r .  s )  6 7 . 8  ( . 9 )
3 . 3 ( . 3 )  2 . s ( . 1 )

9 9 . 2  1 0 1 . 2

l 8 l  0 I tv 239 OI lv

3 0 . 3 ( . 5 )  3 0 . 2 ( . 7 )
5 7 . 3 ( . 8 )  6 7 . 2 ( . s )

2 . 6 ( . 1 )  3 . 4 ( . 1 )
1 0 0 . 2  1 0 1 . 0

2 .  00
1 .  7 1
0 . 2 9

8

2 . 0 2
t . 7 7
o . 2 L

7

2 . O L
1 . 7 8
0 . 2 r

7

2 .  0 0

0 , 2 9
9

257 Qax

4 7  . 6
4 8  . 5

4 . 6
100 .  8

s i  r . 0 2
F e  1 . 8 6
M C  0 . 1 2
/ I  Polnts 5

r .  0 0
L . 8 7
0 .  1 3

7

0 .  9 9
1 .  84
0 .  1 7
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Table 6. (continued)

957

Run #

Si0z
Fe0
Mgo
Total

16l Opx

4 6 . 6 ( 1 . 1 )
4 8  . 7  ( r . 2 )
4 . 0 ( . 1 )

9 9 . 3

200 Opx

4 6 . 0 ( . 6 )
4 9  . 8 ( . 7 )
3 . 3 ( . 2 )

9 9 . 1

I  . 9 9
1 . 8 0
0 . 2 2

8

200 01lv

3 0 . 6 ( . 6 )
6 s . 8 ( . 9 )
2 . e ( . r )

99 .3

4 6  . 9  (  . 5 )
4 7 . 4 ( . 8 )

4 . 8 ( . 3 )
9 9 . 1

2 .  0 0
r . 6 9
0 .  3 l

7

161 O1 lv 239 Opx

3 0 . 2 ( . 4 )  4 8 .  s  (  . 4  )
6 7 . 0 ( 1 . 1 )  4 8 . 9 ( . 6 )

2 . 7  ( . o )  4 . 7  ( . r )
9 9  . 9  1 0 2 .  1

( . 6 )
( .  e )
( . 1 )

4 7 . 1 ( . s )  3 0 . 8 ( . 9 )
4 8 , 4 ( . 7 )  6 6 . 7  ( 1 . 1 )
3 . 6 ( . 1 )  3 . 0 ( . 1 )

9 9 . r  1 0 0 . 5

s l  2 . 0 0
r e  L . t )

Mc 0 .25
# Points 6

s i  r . 9 7
F e  1 . 7 9
I ' lC  O,24
/l Po lnts 5

Run /l 283 Opx 283 Ollv 289 Opx

s i o 2  4 5 . 3 ( . 9 )  3 r . o ( . 7 )  4 6 . 2 ( . 6 )
F e O  4 9 . 2 ( . 9 )  6 6 . 4 ( . 6 )  5 0 . 8 ( . 8 )
M e o  3 . 7 ( . r )  3 . 2 ( . 0 )  3 . 0 ( . 3 )
To ta l  98 .2  100 .6  100 .0

I  . 00
1 . 8 6
0 . 1 3

4

1 .  0 2
1  . 8 3
0 . 1 5

6

2 . O L
L . t o
0 . 2 9

9

1 . 9 8
r . 8 2
0 .  1 9

6

1 . 9 8
1 . 8 4
0 .  1 9

6

r . 0 2
1 .  8 4
0 .  1 4

9

1 .  0 0
r . 8 2
0 . 1 8

4

1 . 9 8
1 . 7 1
0 .  3 1

4

0 .  9 8
1 . 8 6
0 .  1 6

6

1 . 0 0
r .  8 6
0 .  1 4

5

2 . O 2
L . 7  4
0 .  2 3

6

r  o o

I . 1 6
0 . 2 5

6

r  . 0 1
1 . 8 4
0 .  1 5

6

1 . 0 1
1 . 8 4
0 . 1 5

6

290 Opx 291 Ol tv

4 6 . 2 ( . 7 )  3 0 . 2 ( . 6 )
s l . 5 ( . 9 )  6 6 . r ( . 7 )

3 . 0 ( . 1 )  3 . 8 ( . r )
1 0 0 . 7  1 0 0 . 1

293 Opx 293 Ol iv  148 OPx 148 Ol lv

4 6 . 6 ( . 8 )  3 0 . 1 ( . 6 )  4 6 . 3 ( - 9 )  3 0 . 8 ( . 3 )
4 8 . 5 ( 1 . 1 )  6 6 . 7 ( r . s )  4 9 . 1 ( . 9 )  6 6 . 8 ( r . 0 )

4 . 8 ( . 3 )  2 . 9 ( . r \  3 . 9 ( . r )  1 . 0 ( . 1 )
9 9 . 9  9 9 . 7  9 9 . 3  1 0 0 . 6

qtaftz reacted almost completely to FsroEnro at 7 do not tightly constrain K'. It is clear from natural

kbar and 900'C in 6 hours, requiring that the lower opx-olivine pairs (Ramberg and DeVore' l95l; Boh-
pressure limit of FsroEnro stability lie below seven len et al.,l980a) and experimental data that Kr' is de-
kilobars. Our experimental runs locate the equilib- pendent on composition and temperature. Sack

rium between 5.9 and 6.2 kbar at 900'C.
The distribution coefficient 1fD3 was reversed by

starting with low-K" reactants (Fs*En' * FoqFo' *
quartz; FsroEn,o * Fa'oFo,o + quartz) and high-K"
reactants (FsroEnro * 3 Fa,- + quartz; FsroEnro *
Fa,* * quartz). Microprobe analyses of coexisting
olivine and orthopyroxene (Tables 5 and 6) permit-
ted us to determine the partitioning of Fe and Mg.
Because Mg-Fe exchange and changes in modal ra-
tios of olivine and orthopyroxene occur during the
experiments, the final compositions of the phases ap-
pear to overlap in Figures 4a and 4b. Nevertheless
the data constrain K'. Limiting Ko values are 2.0-
2.8,2.0-2.4,2.04.8 for FsnrEn, bulk composition and
1.9-2.3, 1.7-2.6, 1.5-3.0 for FsroEn,o bulk composi-
tion at 1000o, 900", and 800oC, respectively. Despite
several experimental studies on the partitioning of Fe
and Mg between olivine and orthopyroxene (Lari-
mer, 1968; Matsui and Nishizawa, 1974; Medaris,
1969; Nafziger and Muan, 1967; Williams, l97l)
there are few data on Fe-rich compositions, and they

3 The distribution coefficient Ko is the ratio of cations in co-
existing minerals. Koff"ln"Jt' is calculated (Mgonx/Fson*)

1Fe"rto7Mg"ri";.

TEMPERATURE t

Fig. l. Pressure-temperature projection showing the effect of 5

mole 9o MgSiO3 on the stability of ferrosilite. V indicates
orthopyroxenc + olivine + quartz r€acted completely to opx
(Fse5EN5). A indicates that orthopyroxene (Fse5En5) broke down
to opx + oliv * qtz. Q indicates that reactants of opx + oliv + qtz

showed little change in their relative proportions. A indicstes that
opx * oliv + qtz reacted completely to oliv (Fae5Foi) + qtz' V

indicates that oliv (Fae5Fo, + qtz) reacted to opx + oliv + qtz.

Boundary for ferrosilite s fayalite + quartz from Bohlen et aL
(1980a); a-B qtartz transition from Cohcn and Klement (1967).

264 OI iv  280 Opx 280 01 iv

29 .7
6 7  . 0

3 . 2
9 9 . 9

A

o
o
o
v

opx+o l i v+q t z
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For example, one can calculate a ratio of activity co-
efficients for fayalite in olivine (y?'llr,".) and ferrosilite
in orthopyroxene (fl!,o,), assuming that the K" l#?j.
is known, using the following relation:

Ap _ 
-Rf 

El.84) 6 / 
y"f,.ho, Xlt!,o, l,av,., "'lm$;;-l

where AP is the pressure shift of the reaction bound-
ary resulting from non-endmember compositions of
constituent phases as compared to the boundary for
endmembers, AV".ris the volume change of the reac-
tion at P and T and X?tt,o, and $,jsio. are the mole
fractions of FeSiO, and FerSiOo in the ortho-
pyroxene and olivine, respectively. Knowing the ac-
tivity ratio will allow inference of Mg-Fe mixing pa-
rameters for one phase if they are known for the
other. Because of the uncertainties, we hesitate to
propose a mixing model and prefer to summarize the
constraints placed on any mixing model by our data.
Table 7 shows the calculated activity coefficient ratio
for an assumed K"i!l;T'constrained by our experi-
ments (including uncertainties in phase compositions
as determined by microprobe). If activity coefficients
are between I and l.0l as deduced from the data of
Saxena and Ghose (1971) for Fe-rich orthopyroxene
compositions between 800" and l000oC, then it can
be seen from Table 7 that the data require olivine so-
lutions to be nearly ideal, in accord with the results
of Engi (1980). However, if orthopyroxene solutions
are nearly ideal (for these temperatures and composi-
tions), as suggested provisionally by Sack (1980),
then our data require that olivine solutions show
slight negative deviations from ideality. In either
case, the activity coeffi.cient ratio is very sensitive to
the assumed Ko.

Free energy and heat of formation (from the ele-
ments) have been calculated for ferrosilite from the
experinents of Bohlen et al. (1980a), see Table 8.
These data were calculated using AGi and .Si for
fayalite and quartz from Robie et al. (1978), but us-
ing Sr-'r, : 152.13 J/mol K for fayalite as detennined
by Essene et aI. (1980), and assumingthat AW,j..,"^:
AV| + AlFr"" - Alfrr. Thermal expansion and com-
pressibility are from published values.a Entropy of
ferrosilite was estimated assuming Si = Si*rr",o , + l/

a Volume data and thermal expansion data for fayalite and fcr-
rosilite are from Smyth (1975) and Sueno er af. (19?6), respec-
tively; quartz from Robie et al. (1967) and Skinncr (1966). Com-
pressibility data for fayalite and quartz are from yagi et al. (1975\
and Birch (1966), respectively. Ferrosilite is assumed to be slightly
less compressible than enstatite; enstatite compressibility is from
Olinger (1977).

TEMPERATURE OC

Fig. 2. Pressure-temperature projection showing the effect of
l0 molc 7o MgSiO3 on the stability of ferrosilite. Symbols thc same
as in Figure L Fs16e, Bohlen er af. (1980a), FserEn5 from Figure I,
a-p quartz, Cohen and Klement (1967).

(1980) has reviewed the existing data and proposed
a provisional calibration of the temperature-com-
position dependence of Kr. Our data indicate that
K"ffJ;j" is significantly larger at 1000" and 900"C
and may not be as sensitive to temperature (at con-
stant bulk composition) as proposed by Sack. Still,
our partitioning data do not unambiguously fix
K"f,l;S:'" and tighter reversals are necessary.

Accurate deternrination of K"ili?j" is necessary
when fonnulating mixing models for these phasej.

lemperature oC

Fig. 3. Pressure-temperature projection showing relative
effects of 5, 10, 15, and 20 mole % MgSiO3 on the stability of
ferrosilite. See previous figurcs for symbols.

(!
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Y
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0
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opx+o l iv+qtz
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" l8l-L

b{-L

H{

1,1.6

l to
r0.2

10.4

B Mg /(Fe2++ Mg)

nificantly. Additionally, the barometer is temper-
ature dependent, but an uncertainty of 50o yields a
pressure uncertainty of only 0.7 kbar. With these
problems la mind, we have applied this geobarome-
ter to terranes throughout the world for which data
on Fe-rich orthopyroxenes are available (Table 9).
We have estimated the effects of small amounts of
uncalibrated components using an ideal ionic model
(see Bohlen et al., 1980a). For several localities,
equilibration temperatures wer€ estimated from min-
eral assemblages coexisting with the orthopyroxene
and on general petrologic descriptions. For pyroxene
compositions outside of the limits of experimehtal in-
vestigation, pressure estimates are based on linear ex-
trapolations of the experimental data. However, ex-
trapolations are generally less than a few mole % and
are probably not signifiesltly in error. Many of the
pyroxenes do not coexist with olivine and quartz,
consequently only minimum pressure can be in-
ferred. Nevertheless, note that pressure data can be
inferred from assemblages spanning a broad range of
composition and temperature. We have omitted lo-
calities where maximum pressures are constrained by
olivine + quartz. Fayalite granites are common, but
in most cases the olivine is nearly pure FerSiOo; the
pressure limits are not very restrictive. A few local-
ities contain numefous Fe-rich orthopyroxene and/

0.025 0.05 0.075 010
r [r/g / (Fe2++ Mg)

Fig. 4. (a) Compositions of coexisting olivine and orthopyroxene determined by electron microprobe analyses of run products. e
indicate compositon of coexisitng phases whosc reactants were Fg5En, + Fae5Fo5 * qtz. +e indicate mmpositions of cocxisting phases
whose reactants were Fs6qEn2o + 3Fa,so + Stz. (b) Coexisting phases for FsesEnl6 bulk composition. Symbols are the same as in 4a,
rcactants were Fse6Ent6 * Fae6Fot6 + qtz and Fss6En2q + Faleq + qtz. Pressure indicated above arrows are in kbar.

2 Sioo.,o. - l/2 S?w,sioo (Sf,rgsio, from Krupka et al.,
1979; Sflr,",q. from Robie et al., 1978). The estimated
entropy agrees with those calculated from the dP/dT
of the experimentally detennined reaction. Data be-
low 1000 K were calculated by extrapolating the ex-
perimental results to lower temperatures. An error of
up to + 6 kbar in the extrapolated location of the re-
action produces less than +2 kJ in the calculated free
energy data because the AZ*.*"" is extremely small.
The total estimated unoertainty in AG; for ferrosilite
is *7 kJlmol. Errors in AI4 are difficult to evaluate
as they depend on the estimated ,Si. The estirnated
entropy might be accurate to within 3-57o resulting
in errors of +lLl5 kJlmol in AIli.

Geobarometry

Experimental results from this and previous stud-
ies provide a precise calibration of the efects of Mg
and Mn on the stability of Fe-rich orthopyroxenes,
which, in turn, yields a widely applicable geobarome-
ter. The geobarometer is imprecise to the extent that
the effect of ninor proportions of other components,
notably Ca" Fet*, and Al, must be estimated, but
these elements typically comprise less than five mole
% of most Fe-rich orthopyroxenes, hence, any errorc
in the estimated effects of uncalibrated additional
components will not affect the inferred pressures sig-
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Table 7. Experimentally constrained activities for orthopyroxene
and olivinc

T("c)  AP(Kbar)  a 
Mg-Fe YoPx /Yol iv' )  
opx -o l i v  FeS i0 : /  Fe2S i04

BOHLEN AND BOETTCHEK ORTHOPYROXENE GEOBAROMETRY

1 0 0 0  I . 9 ! 0 . 2

9 0 0  t . 7 ! 0 . 2

8 0 0  t . 7 ! 0 . 2

1 0 0 0  3 . 2 ! O . 2

9 0 0  3 . 2 ! 0 . 2

8 0 0  3 . 3 1 0 . 2

r . 9
2 . 4
2 . 8

I , 9
2 . 2
2 . 4

2 . 2
3 . 0
4 . 0

L . t

r . 9
2 . 3
1 . 8
, 1

' A

2 . r
z . o
3 . 0

110 .005
1 . 0 0 6
1 . 0 1

1 1 0 . 0 0 5
r . 004
1 .007

110 .  005
1 . 0 0 6
1 . 0 0 9

110 .  005
1 . 0 0 7
1 . 0 0 7

110 .  005
1 .  007
1 . 0 1 6

t t 0 .  005
1 . 0 0 5
1 . 0 1 1

700'C. Sillimanite in this area reduces the uncer-
tainty to 7.8 > P > 7.0 at 700oC (Richardson er a/.,
1968). Finally, in the south-central Adirondacks near
Blue Mountain Lake, Bohlen et aI. (l98oa) report
FsroEnrRhrWo, which requires P > 7.5 kbar for
740"C. This minimum pressure is in agreement with
nearby occurrenoes of sillimanite and a single occur-
rence ofkyanite (Boone, 1978) for which a pressure
of 8 kbar is inferred. Pressures inferred from these
Fe-silicate bearing assemblages are also in good
agreement with other barometers (Bohlen et al.,
1980a; Valley and Essene, 1980).

Lofo t en - V e s t er dl en, N o rw ay

The Lofoten-Vesterilen province is a granulite-
garnet granulite facies terrane along the northern
coast of Norway (Griffin and Heier, 1969, 1973; Grif-
fin et al., 1974; Krogh, 1977; Ormaasen, 1977). Table
9 lists a few of the Fe-rich orthopyroxenes reported
from the area. In the northeastern part of the terrane
in the Raftsund mangerite, Gri.ffin and Heier (1973)
and Grifrn et al. (1974) report Fs'En,rRhrWo, and
FsrrEn,oRhrWor, respectively, both of which require
minimum pressures of -6.7 kbar for their estimated
temperature of 900oC. The latter occurs with olivine
but quartz is only present in trace amounts. If the oli-
vine-quartz-orthopyroxene were in equilibrium dur-
irg metamorphism, then the inferred minimum pres-
sure might be close to the peak metamorphic
pressure. Near the western margin of the Raftsund
mangerite Krogh (1977) reports FsrrEnrRhrrWoo that
coexists with a manganoan pyroxferroite and in-
dicates a pressure of >8 kbar at 800oC. Fifty kilome-
ters to the southwest in the Hopen massif, Ormaasen
reports FsrrEnrRhrWo, that occurs as coronas

Table 8 Entropy, heat of formation, and free energy data for
FeSi03

"t "r ^ui
(J/rnol K) (J/no1 K) (kJ/nol)  (kJ/rcl)

Fomatlon f ion the elenenEs

or (olivine + quartz)-bearing assemblages that con-
strain metamorphic pressures. These are discussed
below.

Adirondack Mountains, New York

Numerous assemblages containing orthop)noxenes
with Fe'z*/(Fe'*+Mg) > 0.25 have been reported
from the Adirondacks of upper New york State (see
footnote to Table 9). Of these several place important
barometric constraints on metamorphic conditions:
Fs'En,RhrWo, reported by Jaffe et al. (1978) and.
Fs"oEnoRhrWo, reported by Bohlen et al. (l98;0a) rc-
quire P > 7.8 kbar for temperatures of 75C-770"C
(Bohlen et al.,1980c) in the Mount Marcy area (cen-
tral Adirondack Highlands). Occunences of coexist-
ing akermanite * monticellite + wollastonite in the
same area requires P > 7 *. I kbar at 250.C (Valley
and Essene, 1980), suggesting that the minimum
pressures required by ferrosilite-rich orthopyroxenes
are very close to the peak metamorphic pressures.
Approximately 25 km NNE of the Mount Marcy
area near Au Sable Forks, Bohlen and Essene (1979)
report olivine (FarrForTer) + quartz. This assem-
blage restricts pressures to < 7.5 kbar at Z00oC (Boh-
len et al., 1980c). In the central Adirondacks near
Benson Mines, Jaffe et al. (1978) report olivine
(Fa*Fo,Ter) + quartz which restricts p < 9.0 kbar
for 690'C. A few kilometers away FsrrEn"Rh,Wo,
(Bohlen, unpublished data) requires p > 7.0 kbar at

298
uncer talnty

400
500
500
700
800
900

1000
1100
1200
1300
1400

{ ss ,a14

(r23.7)
( r 47  . 5 )
( r 58 .3 )
(186.  6 )
(203.2)
274.2
z 5 r . )
2 4 3 . 9

265.8

-1194 .9

-r194.4
- r 1  9 3  . 4
-1) .92 .2
- 1 1 9 1 , 0
- 1 1 8 9 . 8
- 1 1 8 8 . 7
-1188 .9
- 1 1 8 9 . 5
-1189 .  r
- r 1 8 7 . 8
- 1 1 8 5 .  5

- 1 1 1 7 . 3
1 6 . 0

-1090.8
-1065.  0
- 1 0 3 9 . 5
-1014.  1

- 9 3 9 . 0

- 9 3 8 . 8
- 9 1 3 . 8
- 8 8 8 . 8
- 8 5 3 .  9
-839.2

9 4 . 5

L 2 2 . 5
I45 .9
1 6 6 . 1
1 8 3 . 9

274 .5
2 2 7 . 1
240.0
250.9
2 6 2 . 3

1 Eetinqted: si r.s+or= si ugsto, + +si r.rsiou 
- tsi ugrsi.ou

2 Calculated fron dP/dI of erpetimental detemi,rction of tle
redetion Fe2Si0\ + Si02 = 2P.5i6.

3 Calalated ueing atrcoies infenred fnon erperLrental data
4 Values in parentheeia qpe eatinqted asswing dP/dT = tqb/"C
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Table 9. Pressures inferred from orthopyroxene * olivine + quartz barometry
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R e f e r e n c e Loca I  1  ty Conpos i t lon T ( " C )  P r e s s u r e  ( K b a r ) l

J a f f e  e t  a 1 .  ( 1 9 7 8 )
B o h l e n  e E  a l .  ( 1 9 8 0 )
H o w i e  ( D e e r  e t  a l . ,  1 9 6 3 )
B o n n i c h s e n  ( 1 9 6 9 )
t towle  (1963,  1n  Hov le  &  Sn l th ,  1966)
Fr lsch  and Br idgwacer  (1976)

Ramberg  and DeVore  (195I )
zhang g t  g ! .  (pers .  com.)
K l e l n  ( 1 9 7 8 )

B o w n  ( 1 9 6 5 )  ( B o w e n ,  1 9 3 5 )
O r m a a s e n  ( 1 9 7 7 )

Gr l f fen  and He ier  (1969)
G r l f f e n  e t  a l .  ( 1 9 7 4 )

K r o g h  ( 1 9 7 7 )

Tsuru  and Henry  (1937)
Kuno (1954)
H e n r y  ( 1 9 3 5 )
S n i t h  ( 1 9 7 4 )
B e r g  ( 1 9 7 7 )
H o w i e  ( 1 9 5 8 ,  1 n  H o w l e  &  S n i t h ,  1 9 6 6 )
L a r s e n  a n d  D r a i s l n  ( 1 9 5 0 )
S u n d i u s  ( 1 9 3 2 )
S c h r e y e r  e t  a 1 ,  ( 1 9 7 8 )

A d l r o n d a c k s ,  N . Y . 2
A d i r o n d a c k s ,  N , Y . z
B a f f i n  I s .  / ,
Du lu th  Gabbro ,  Mlnn . -
Gabon
Green land,  southern
Green land
Hob ie  Prov lnce ,  Ch lna

, 5L a D r a o o r  r r o u g n "
Lake Na lvasha,  Kenya
L U r u L c , , r  N U r w d )

LofoEen-VesEer31en,  Norway
Lofo ten-Vester3 len ,  Noruay
Lofo ten-Vester31en,  Norway
Manchur ia  (Yu hs i  kou)
l, lanchuria (Je-ho-shen)
Mans j i j  Mtn .  Sweden
Naln ,  Labrador
Na ln ,  Labrador
N a t a 1 ,  R e p .  o f  S o u t h  A f r i c a
Rlvers ide ,  CA
Tunaberg ,  Sweden
V r e d e f o r t ,  R e p .  o f  S o u t h  A f l r c a

Fse 1  En5Rh2Wo2
FsgoEneRhz lJoa
F s 7 5 E n 2 1 R h 1 W o 2
F s z r E n z g R h o W o :
F s 7 7 E n 2 6 R h 1 t l o 2
F s z r E n r  s R h o W o z
FserEnrqRhr l ' , ioz
Fs8 6Enr  zRhoWoz
F s g q E n s R h r W o r
Fs g  sEnoRh sWo o
Fse 2En2Rhs l . lo  r
F s s o E n a R h o W o z
FszgEnr  rRhst r ' Ioz
Fsz sEngRhz al'troo
F s z z E n r l R h g W o 3
F s 6 5 E n 1 2 R h s W o 2
Fs z  g  Enr  5Rh2t lo  3
F s e  o E n r  o R h r W o :
F s 7 s E n 1 6 R h 2 W o 2
F s a o E n r 5 R h 2 t l o 2
F s r : E n z z R h a W o z
F s z  s E n r  e R h z W o z
F s z  s E n r  g R h q W o 2

750
760

( 7 5 0 )  3

7 2 5
(700 )
800

( 7 5 0 )
750
700

1

800
(800)
900
800

( 7 0 0 )
(700 )
(700 )
9oo? 9

750
(750 )
(850 )
( 7 5 0 )
7 00?9

> 7 . 8
: 7  . 8
2 3 . 0
tu2 .0
> 3 . 0
\lr. 5
: 5 , 0
tu6.  0
> 8  . 8

2

w . 5 9
> 7  . 8 '
^ 6 . 7  ̂
>8  . 0u
> 4 .  )
> 6 . 0

2 4 . 0
^ , 6 . 0
tu3 .8
> 4 . 6
> 2 . O

> 3 . 5
> 3 . 0

1

2

3
4

5

LYessure estimates are based on the pA?orene cornpositions L1:6ted in this table uith aAjustments for miw
(<5 nole %) addLtional camponents intoluing Fe"+, AL, Ti, Na, etc.
These amlgses ?epreaent Lhe most ixon-rich orthopArcrenes found to dnte in the Adirondncks and are of the
greatest significZnce for baronetry. Nuneraus aia"Lyses af arthDpAroxenes uith Fe2+/(Fe2++Mg)>0.75 lwue
been reported by Buddington and Leonard (1962), del,/aard (19?0), Dauis (1971), Jaffe et aL. (1978), and
Bohlen et  aL.  (1980),  Orthopyrotenes ur th Fe2+/(Fe2++Mg)=0,?5-0.90 are qui te comnon in charmocki tes and
quartz ;-anfiyites Ln the Adirbnd.ack Highlands.
?enperatures in parentheses a?e estinated.
A someuhat Less iron-rtch pljy'orene (FstfinzeRhtWoc) has been ?eported by Simons et a.L. (1974) in simtlar rocks
fron the contact auyeole of the Duluth Gabbro.
fn the sane a"ea, KJ:anck (Lg6L) reports an orthopyrorene of corrposition FsttEnrz4hl3Voa. This pyrorene is of
Lessen signifi.cance for barometry than that. reported by KLeLn.

The pressure giuen is probablA a minimn pressu?e. Euen though the ortltopgt'orene coeeists uith oliuine and
quartz, tertu"es indicate that op.t is groaing at the expense of oli,ine+quartz. If the ortLnpA"orene gra)
as the terrane cooled isobaricallg, the inferced pressu.ye maA be nea" or slightlA aboue peak netano"phic
presswe.
Ihe orthopyroxene coerists uith olLui.ne but prinarg quartz is present onLA in trace amounts. No dnta for
manganese uere included in the analptsi,s.
The orthopyrorene coerLsts uith a iangarcan-pyrorferoite.
The equilibrim teftperature is uncez'tain since the pyrorene cornpoeition giuen is the host composition of a
pATorene eontaini,ng augite ersolut'Lan Lamellae. The temperatures a"e probably Loaer tLnn those giuen re-
quiring a reduction in the infened pz'essute.

I
I

around olivine, indicating that orthopyroxene is
growing at the expense of olivine + quartz and sug-
gesting a minimum pressure of 9.5 kbar at 800"C.
However, if the orthopyroxene grew as the terrane
cooled nearly isobarically, as Ormaasen proposes, the
inferred pressure might be near or slightly above the
peak metamorphic pressure. In the southwestern por-
tion of the terrane, approximately 60 km southwest
of the Hopen massif, Griffin and Heier (1969) report
FsnoEnrRhoWo, for which a minimum pressure of 8
kbar at 800'C is required. These Fe-rich ortho-
pyroxenes in the Lofoten-Vesterelen terrane indicate
high metamorphic pressures of 7-10 kbar over a

broad area. A case might be made for higher pressure
rocks toward the center and somewhat lower pres-
sure rocks toward the margins of the exposed terrane.
However, metamorphic temperatures are not
unambiguously defined because of the intrusion of
igneous bodies into the metamorphic terrane and
constraints on maximum pressures are lacking in
some areas.

Nain Complex, Labrador

Bery Q977) reports five orthopyroxene * olivine +
quartz assemblages in the contact aureoles of the
Nain anorthosite complex which define pressures in
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the terrane. The compositions of the pyroxenes lie
outside the investigated range, but only a short ex-
trapolation of the experimental data is required to in-
fer pressures. These data indicate that metamorphic
pressures were quite similar (3.2+0.2 kbar) in three
widely separate localities suggesting that the regional
pressure gradient proposed by Berg (19'77) may not
exist. [f one assumes that the assemblages are iso-
baric, the data require the substantial diferences in
equilibration temperatures, inferred by Berg using
various thermometers. This demonstrates that co-
existing orthopyroxene * olivine + quartz in some
cases might be used for thermometry.

Conclusion

Experimental data on the effect of Mn and Mg on
the stability of orthopyroxene can be used to infer
metamorphic pressures in numerous terranes, assum-
ing metamorphic temperatures are reasonably well
known. Occurrences of ferrosilite described by
Bowen (1935) and Bown (1965) are not explained by
the data. Based on the experimental data, we con-
clude, as Smith (1971) did, that these occurrences re-
sult from metastable crystallization. Pressures in-
ferred from near end-member ferrosilites found in
the Adirondacks, Labrador Trough, and Lofoten-
Vesterllen indicate that the terranes were buried in
excess of 25 km. These terranes are presently under-
lain by crustal thickness of 2540 km, which suggests
that thick (50-75 km) continental crust was not un-
common by mid+o-late Proterozoic. Alternatively,
the observed crustal thickness might have resulted
from tectonic underplating (O'Hara, 1977) after
equilibration of Fe-rich-orthopyroxene assemblages
at the base of the Proterozoic crust. Convincing argu-
ments for such a model have yet to be presented.
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