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DISTRIBUTION OF IRON AND MAGNESIUM BETWEEN
COEXISTING GARNET AND CLINOPYROXENE IN
ROCKS OF VARYING METAMORPHIC GRADE

S. K. SAXENA, Tustitute of Mineralogy and Geology, U ppsala, Sweden.

ABSTRACT

The distribution of Fe and Mg between coexisting garnet (with little Mn) and clino-
pyroxene in rocks of glaucophane schist facies, granulite facies and eclogites is studied.
The average distribution coefficient (Fe-Mg) in each of the following cases—glaucophane
schist facies, granulite facies and in certain eclogites is distinctly different. This difference
could not be correlated with variation in the concentration of Ca in garnet and is probably
due to changing p and 7. The variation in the distribution coefficient in several eclogitic
rocks, however, is difficult to interpret at present.

INTRODUCTION

In many ferrous iron-magnesium silicates such as pyroxenes, there is
virtually complete substitution of Mg by Fet. As the two ions are
closely similar in their properties, they tend to form a nearly ideal
solution in some of the silicates. In garnets the nature of their solution
is influenced by the presence of Mn and Ca which also share the eight-
coordinated sites. A previous study (Saxena, 1968a¢) indicates that in
garnets (with little Mn) the role of Ca in high-grade metamorphic
rocks may be mainly one of dilution, i.e., Mg and Fe end members of
garnet form a nearly ideal solution and the variation in the concentra-
tion of Ca does not significantly affect their relationship. On theoretical
grounds (Saxena, 1968a), it is probable that in low-grade rocks the
binary solution is not ideal, but the deviations may not be large. If
both garnets (with little Mn) and the coexisting clinopyroxene are
nearly ideal binary solutions of Fe** and Mg, the distribution coefficient
for such pairs may be useful in recognizing the metamorphic grade of
the rocks in which they occur.

The coeflicient for the distribution of Mg and Fe is defined as

Cpx Gar
KCpx-G ar X Fe g XFe
D(Fe) = :
Cpx Gar
1-X Fe XFe

where Xy, is the mole fraction Fe/(Fe4+Mg) and Cpx and Gar stand
for clinopyroxene and garnet respectively. If Ca influences the ideal
solution (for example in high-grade rocks, Ca may replace little more of
Mg than Fe, see Saxena, 1968¢), Kp(r, might vary as a function of its
concentration in rocks of the same metamorphic grade. As rocks of a
single facies form within a p-7 field, constant Kp values cannot be
expected even if both the minerals are binary ideal. However Kp values
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for rocks of different metamorphic facies might form distinct groups
and the mean of Kp values for rocks of one facies might differ distinctly
from the mean of Kp values for rocks of another facies.

Analyses for coexisting pairs of garnet (with little Mn) and clino-
pyroxene are taken from the literature (Table 1). Rocks where a certain
estimate of p and 7 can be made are preferred. The data from rocks of
the glaucophane schist facies are limited to a single locality. The results
of this article, therefore, would require a further confirmation by more
data on coexisting garnet and clinopyroxene from elsewhere. Some
eclogitic rocks of uncertain origin are included for comparison.

RESULTS AND D1SCUSSIONS

Distribution of Fe and Mg. Figure 1 shows the distribution of Fe and
Mg between coexisting clinopyroxene and garnet. The advantage of
plotting X re/(1— X p.) instead of X, is that in such diagrams the sym-
metric curves for ideal solutions are represented by straight lines.
Scatter on such plots is easily noted and the equation to the best fit
straight line can be obtained statistically for rocks of one metamorphic
grade. The best fit lines follow the relations:
Cpx Gar

XFe 1— XFe Cpx—Gar . .
. = Kprre = 0.044 (glaucophane schist facies)

Cpx Gar

1 — Xp. Xre
Variation of Ko as a function of chemical composition. The garnets of
the granulite facies rocks used here contain little Mn but even small
variations in the concentration of Mn may cause a change in Kp(re
particularly if the concentration of Mg is small (Saxena, 1968b). This
is demonstrated in Figure 2. A large part of the scattering in these
distribution points, therefore, may be attributed to variation in the
concentration of Mn in garnets.

Garnets range in CaO weight percent from 6.4 to 13.6. The variations
in Kp(re within the granulite facies do not appear to be related to these
changes. In the samples of glaucophane schist facies, garnets range in
CaO weight percent from 9.5 to 13.7. Kp(r for the granulite facies is
distinctly different from Kp(re for the glaucophane schist facies. The
range of concentration of Ca in garnets in the two cases is similar and
cannot account for the change of Kp(re from one to the other. The
difference in p-T, on the other hand, is certainly large and the change
in Kp(re is more likely due to a change in the metamorphic grade.

0.138 (granulite facies)

Relative influence of p and T on Kp. For the exchange equilibrium

FCA12/38i04 + MgCaSlzoe — MgAlglssiO4 + FeCaSi-an



S. K. SAXENA

2020

*jusdiad ] Aq A1ea Aew A7 paz

snosuafowoyul 91e s)auTes ay) ‘11 pur ¢ sojdwes up *£yreusdouroyuy Io SUTUOZ JUBDIYIUSIS MOYS J0U Op S1ouIes 3} €] pue 0T ‘g ‘L sopdures 313qaeA UJ *JNO PI[NI 3 JouuLd L11GIS

~sod a1} ‘PAUOCTIUAT ST §IPULES PATIOZ 0] PIUBILIAL OU YENOYI[Y "SISATBUT [EDIWAYD JIM 3T} 10§ DI JINEISNI| WO BITP [BIWRYD T, "4z —SI9YI0 O [¥I03—ET 03 £ sojdureg

urwiIa) st Al
M S U N300 S201 A1 J0 JS0f [ put ¢ urepeoun

Q0001
QY 0F 32 (9061) | 260001
pAog puz stae(] Jo arewnsa ‘auaoiddours 104 | Da00e |

“1fEn] o} pus g secdues pue ¢
sasmu] Fupuesandal | pue g 4 sajdumg "(qRoe] ‘euseg)
SH300 Bragiu g ai1 Ul UOTTREI[[EISALD JO 1RqY § BB [N ST 10
anupaagip ¥ 30 AV 1AL, (906 ]) JALIN], PUR LA 10 sish]
A} U0 PMBWEE G B PUB D.008-000 "SR] MINURIT

"DuDOE-0ST PUB I¥GY (]-5 ARWSI
(egaT) dawng, pue agd ] ‘uassy ‘sare] 181Y0s suvdoonyyn

(£UT) B pue BIEp,O)
(£961) A pUT BIRHL()

(£961) AMI] PUB BIRH ()
{£961) KA pue RITH.O

{£001) K2y pus BIeH ()
1£961) A3 34 PUY IV ()
(gh61) AafIL], puE L3pox
(2961) A2[LL pue I2pox
(Z061) AI[[LL, puR L2p0OK
{Z961) A9qLL pue Japox
(Z961) SAliLL, puw BLRUL

(£961) AIRP Pur HEHQ

(7961) WeR¥meIgng

(payrr qodun) euaxeg

(€o61) v o uRudo])
(€0/1) H 1@ UBLIA[OY)
{59a1( [0 J2 UBEWRD]
(€961 0 2 umua[o])
(5961) 0 12 UTWA[0])
(e961) 70 o uvma[L)

aanpeiadway pue ansspld jo agwwnsy

IUATYIY

punpazsg | tv | owe 102" 090° ze
AnstoN “paoljeg 97 N 1y L0¢” L60° 1€
Pﬂ,.’.mn-_f_
‘udEpAOp WY LN 0F1’ 197" 670" o¢
Armioy
U EPAOTH Y 0L N 981" LST’ 180° 6T
AnmioN
‘UI[RpAO[YUITY 69 N 691" SHT” 750" 87
fusda N puofpe], £7 N 607" sTe” 880" 17
ngEQ | 21109 99%” 0vZ” 671" 9z
Aunutrany LSSIA, 160 TLe 750" sz
Aunuany 8t 6L0° S19° £50° ¥T
puBpOIy £R0SE 9p1° zeL” PLT £7
3 PUEROY 0608F 101" 669" 707" 44
(£OnT) [0 o UOXIN WY 1IN0y vy 08¢” Pee” oST" 1z
(¥0p1) "o g8 HOXIN EIAY oG il 097" 19" Si1° 0z
I ! B nog Ky ¥ee $9T° 770" 61
{£961) I 7 HOXIN WUy neg o | egT 981" 750" 81
(£9AT) "/ 9 UOXIN] EY [Inog ol 999" 801" $L0° 11
(Z€61) Ppns HIEPUOHPY Fl £T1” 776" £68° 91
(7861) uojBuippng HIRpuUIpY £1 £PL” 158" PTH St
66140 991" 08" L0%° ¥I
(qg9a1) Buaxeg A £61° 176" 199° £1
a0/¢ 61" 96L° £ee” 71
(q8961) BUINTS ] 861" 00L" 91¢" 11
(4g96 | ) wuaxng 9 91" 76" 8%9° or
(qRO61) MuANES ¢ 780" 98" 89¢" 6
(qggnl) euaxes T 081" 9zL" $ee” 8
(qgop]) Buaxes 1 007" £8¢" 61¢" L
R a): erd o 098" S1Z” 9
85-30H-T01 £€0° 798" £L1° <
f5-308-19 S70° 668" 987" ¥
65~ 00T 0t0° 8%8" £81° £
85-00M-001 670" 128" i z
8S-DOUE1T £50°0 $£8°0 112°0 1
3, G
fywo ‘0u oy ey My Ly
_ Ten—xd) 1Yy xdyy

HAVEL) DIHIIOMVIAJN INTLALAL(] L0 SAO0Y
NI LANEVE) NV ANIXOYAJONIT)) HDNILSIXHO)) HO4 SINAIOIIZTO]) NOILAETAISI(J ANV ((BW+24)/2q) SNOLIOVH ] ATOIN | TTAV],



COEXISTING GARNET AND CLINOPYROXENE 2021

20+ 13
Q
10
o -
15 16
o
/
e -
(O
e 3
nn“\\
~
) e
- a® o
L e
0 &l o
& ot =
[ o+ e
2 » p
5 >~ 15
o o
= o o /
= s o none
o o - W GlaucoPhe
L C:-\Q n P KD:o.OLLl wohist tacies)
- i o 1 r
oS N o i 3 7 e
+=, e
7 - 5 N
o _- I
; L %X w—
i o e x
17 —"
18 e
[ |
0 ] 2 o 40 5.0 60 70 80 a0 100 mo 120
Gur/_ Gar
Xfe /1~ XFe

F1e. 1. Distribution of iron between coexisting garnet and clinopyroxene in rocks of
varying metamorphic grade. Cross—glaucophane schist facies, open circles—granulite
facies, solid circles—eclogite facies (according to Davis and Boyd, 1966, the clinopyroxenes
in samples 17, 18 and 19 may have crystallized at 1300°C, 1000°C and 1000°C respectively
at 30 kbars). The straight lines for glaucophane schist facies and granulite facies are
X'=0.0094-0.044 ¥ and X=0.06140.138 ¥ respectively. The difference in the distribu-
tion coefficient Kp(w.) is mainly due to the variation in p and T.

AV is 3.12 cc (molar volumes from a 1962 report later published by Robie,
Beardsley and Bethke, 1967; FeCaSi,Og value from Kretz, 1963). Calcu-
lations by using the equation

<6ln Kp > AV
ap ~ RT

for 1000°C and Ap (5000—15) atmospheres show that Kp may change
by a factor of 0.85. Kn(re Is, therefore, not only a function of 7" alone
but also of p.

In Varberg rocks Saxena (19685) estimated on the basis of the com-
positions of coexisting garnet and plagioclase that rocks (9 and 10)
from one locality may differ from the rocks (7, 8 and 11) in another
locality in the p (probably tectonic) of formation by 4 kbars. The
scatter in these samples in Figure 1 may be due to the differences in p,
samples 9 and 10 representing higher p than samples 7, 8 and 11. How-
ever it is not possible to decide if these differences in the Kppy in
Varberg rocks are due to changes of pressure or changes in the con-
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F1c. 2. Scattering of distribution points of the granulite facies as related to the con-
centration of Mn (number of ion in the formula) in garnet. As the concentration of Mn
increases, Kp(r.) decreases. A varying concentration of Mn, therefore, affects the concen-
tration of Mg (which is small) more than the concentration of Fe in garnet. The partial
analysis of garnet in sample 12 does not contain Mn.

centration of Mn in garnet (Fig. 2). The latter varies with bulk chemical
composition but may also vary with changes of pressure.

Estimates of p and T by Essene, Fyfe and Turner (1965) for the
formation of Fransiscan glaucophane schist facies rocks (samples 1 to
6) are 5-10 kbar and 150-300°C. A reasonable estimate for granulite
facies rocks could be 600-800°C and 4-8 kbar. There could not be any
significant variation in p between Varberg rocks and rocks represented
by samples 1 to 6. The difference of T is considerable and the large
change in Kp(re from one metamorphic facies to the other should be
attributed to it.

Three samples of eclogites (17, 18 and 19) are included in Figure 1.
Estimates of the possible p and T of crystallization of pyroxene in these
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samples were made by Davis and Boyd (1966). These estimates suggest
that for 1000°C and 30 kbar (samples 18 and 19) Kp(re is 0.24 and for
1300°C and 30 kbar (sample 17) Kp(re is 0.66. With increase in tem-
perature Kp(r;y approaches unity. For the ion-exchange equilibrium
(Fe-Mg) between clinopyroxene and garnet, the effect of increasing
pressure is opposite to that of temperature. If samples 18 and 19 formed
at rather high pressure (compared to that of granulite facies) the com-
paratively small difference between Kp(r. for samples 18 and 19 (0.24)
and for sample 7 (0.20) can be explained.
Kowey in rocks of uncertain origin. Eclogitic rocks may form under a
variety of p-7 conditions. They usually contain clinopyroxene and
garnet. The distribution coefficient could be useful in indicating the
probable p-T of crystallization. It is not intended to investigate the
origin of different occurrences of eclogitic rocks and, therefore, only few
such samples are included in Table 1. The samples contain garnet with
less than one percent MnO and with CaO around five percent by weight.
These could be classified according to Kp(rey and the p-T may be in-
ferred from Figure 1 approximately: (1) samples 21 and 26 (Kprrey =0.38
to 0.46); (2) samples 27, 31 and 32 (Kp(re =0.21 to 0.25); (3) samples
20, 23, 28, 29 and 30 (Kp(rey=0.14 to 0.17); (4) samples 22, 24 and 25
(Kp(rey =0.08 to 0.10). Samples 17 and 20 both from Basutoland show
very different Kp(re and the suggested difference in p and T on this
basis is difficult to understand. Some other evidences are desirable to
interpret the variation of Kp(re in these rocks of uncertain origin.
Some of the rocks considered here were also discussed before (Saxena,
1968a, Table 8). It was suggested that in an isochemical rock series,
with increasing metamorphism Ca may be driven out of the garnet
structure and Mg incorporated. Therefore we may find an approximate
correlation between K%%’e‘fa' and Ca:Mg in the rocks of varying meta-
morphic grade. Note that changes of Ca:Mg in the bulk composition at
constant p and 7T do not affect Kp(we significantly particularly in high
grade metamorphic rocks.

SUMMARY

In certain rocks of glaucophane schist facies and granulite facies, the
distribution of Fe and Mg between coexisting garnet (with little Mn)
and clinopyroxene is consistent with an approximate binary ideal solu-
tion model of both the minerals. The average distribution coefficients
for the glaucophane schist facies and granulite facies are 0.044 and
0.138 respectively. Departure from the binary model in garnet is ex-
pected with variations of Ca and Mn. No significant effect of a variable
concentration of Ca in garnet on Kp(ry could be found in the present
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case. In the rocks of the granulite facies, however, even a small variation
in the concentration of Mn in garnets caused significant change in
Kp(re. The large variation in Kp(re for the rocks considered here may
be mainly due to a variation in the p and T of crystallization. The
chemical data on glaucophane schist facies from other areas are required
to confirm the above conclusion.
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