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ABSTRACT

The Fe-Mg fractionation between garnet and ortho- 

pyroxene has been investigated by reversed experiments using 

the homogeneous natural samples as starting materials in the 

range of 24-45 Kb and 1100o-1400°.

The experimental results yield
InK = 2828/T°K - 1.32 for Fe-Mg binary system

at 25 Kb

where K^ = (XFe/XMg)Gt/(XFe/XMg)?px The estimates of AH°

and AS° for the above reaction are -5044 ± 354 cal and -2.62

± 0.23 e.u., respectively. Combination of the available

data for the mixing properties of garnet and AV° for the Fe-

Mg exchange reaction with the above experimental data yields
the following, expression of InK as a function of tempera-u
ture, pressure and composition.

In KD - (2613+8.6P (Kb)+1510X^+1510X^)/T°K - 1.32

X



CHAPTER 1 

INTRODUCTION

The mineral pair garnet and orthopyroxene is one of
the most important assemblages which make up the lower crust

and upper mantle. It is found in various rock types such as

garnet-peridotite nodules in kimberlite and ultrabasic rocks,

charnockites and granulities, which together represent a wide

range of temperature, pressure and geological environments.

The garnet-orthopyroxene pair has been suggested as a good

geothermometer for the formation of the above rock types be-
2+cause the AH0 value of the Fe -Mg exchange equilibrium be

tween garnet and orthopyroxene is fairly large.
The determination of pressure and temperature re

gimes is very important to the understanding of the origin 

and evolution of both crust and mantle. Since Ramberg and 

Devore published their frontier paper which described the 

distribution of Fe and Mg between olivine and orthopyroxene 

in 1951, a great deal of interest and intensive research has 

been concentrated on the development of geothermobarometers 

as a means of interpreting pressures and temperatures of 

formation of various rocks. These geothermobarometers are 

mainly based on the exchange of cations between coexisting 

phases.

1



2
During the last two decades various kinds of geo

thermobarometers have been developed. Examples are Fe-Mg 

exchange between garnet and biotite (Ferry et al., 1978), 

olivine and orthopyroxene (Medaris, 1969), garnet-olivine 

(O'Neill and Wood, 1979) , garnet and clinopyroxene (Raheim 

and Green, 1974; Ganguly, 1979; Saxena, 1979; Ellis and Green 

1980) as geothermometers, and AlgO^ solubility in orthopyrox

ene as a geothermobarometer (Macgregor, 1974; Wood, 1975; 

Obata, 1976; Danckwerth, 1978; Lane and Ganguly, 1980).

However, there have been only a few investigations 

of the Gt-Opx geothermometer (e.g., Akella and Boyd, 1973; 

Henson, 1973; Dahl, 1980), and all have been done using syn

thetic glasses as starting materials and, therefore, it was 

not clear if equilibrium was attained in these studies.

Therefore, the main objective of this study was to 

obtain carefully reversed experimental data on the Fe-Mg dis

tribution in the simplest possible system, namely FeO-MgO-Alg 

O^-SiOg (FMAS), using natural samples as a starting material, 

and finally to derive a reliable geothermometer, using the 

available mixing property data (Ganguly and Saxena, 1984) , 

which can be applied widely to the natural systems.



CHAPTER 2

PREVIOUS WORK

Akella and Boyd (1973) determined the compositions 

of the coexisting orthopyroxene, clinopyroxene, and garnet 

that crystallized from glasses of bulk compositions of 

XMg=0.6 and 0.8 at 1100°C and 1410°C, and at 30, 40, and 45 

Kb. Hensen (1973) studied the partitioning of Mg and Fe be

tween garnet and pyroxenes using glasses made from natural 

starting materials. He determined KD (Fe-Mg) values for gar- 

net-clinopyroxene and orthopyroxene-clinopyroxene pairs and 

concluded that these results showed clearly the influence of 

temperature on Fe-Mg exchange equilibria between garnet- 

clinopyroxene and orthopyroxene-elinopyroxene. The effect of 

pressure on In K^ was not significant, and XCa of orthopyrox

ene was found to increase with temperature and decrease with 

pressure in the orthopyroxene-elinopyroxene pair Mori and 

Green (1978) determined the compositions of coexisting oli

vine, orthopyroxene, clinopyroxene, and garnet at 30-40 Kb 

and 950-1500°C using glasses made from natural mineral mix

tures and two synthetic ultramafic compositions, pyrolite- 

40% olivine and synthetic glass rich in pyroxene components. 

They determined In KD (Fe-Mg) as a function of temperature 

for garnet-clinopyroxene, orthOpyroxene-clinopyroxene, and

3



4
garnet-olivine pairs using their experimental results, and 

derived from these data In of garnet-orthopyroxene, oli- 

vine-clinopyroxene and olivine-orthopyroxene. This work was 

the first to present the distribution coefficients of these 

pairs and concluded that the best geothermometer is the 

garnet-clinopyroxene pair, but the others become less sensi

tive in the order of olivine-clinopyroxene, orthopyroxene- 

clinopyroxene, garnet-orthopyroxene, garnet-olivine, and 

olivine-orthopyroxene. They used only non-reversed experi

mental data and did not consider reliable mixing properties 

of these minerals in order to establish the effect of other 

components on these geothermometers.

Later Dahl (1980) derived an empirical expression of 

In KD (Fe-Mg) between garnet and orthopyroxene as a function 

of temperature (700-900°C) and composition on the basis of 

microprobe data for coexisting garnet and orthopyroxene of 

the mafic metamorphics from the Ruby Ranges in Montana, for 

which pressure and temperature conditions had already been 

measured by independent means.

It should be clear from the above overview of the pre 

vious work that equilibrium fractionation of Fe-Mg between 

garnet and orthopyroxene is yet to be established, although 

a fair amount/of work has been directed towards this problem. 

The danger of accepting data from synthesis experiments as 

equilibrium values, especially in systems involving garnet,



has been demonstrated in a number of previous studies (e. 

Lane and Ganguly, 1980; Perkins et al., 1981).



CHAPTER 3

THERMODYNAMIC BASIS

The Fe-Mg fractionation between garnet and ortho

pyroxene is governed by the following exchange reaction,

1/3 Mg3Al2Si3012 + F e S i O ^  1/3 Fe3Al2Si3012 + MgSi03 (1)

(Gt) (Opx) (Gt) (Opx)

for which, at equilibrium, the equilibrium constant K is 

given by

(aGt )1/3 (a0px )' Fe3Al2Si30i2' ' MgSi03;

( Gt x1/3 , Opx >
iaMg3Al2Si3012; iaFeSi03;

which, according to the ionic solution model (e.g„, Ganguly 

and Kennedy, 1974), reduces to

*XFe/XMg* ^Fe^Mg) (2 )

<XFe/XMg)0PX (Ype/YMg)0px

where XFe is the mole fraction of Fe in the divalent cation 

site and Y is the corresponding activity coefficient.

Orthopyroxene behaves ideally with respect to the 

mixing of Fe and Mg-end member components at temperatures 

above 8000C (Saxena and Ghose, 1971) . The Fe-Mg mixing pro

perty of garnet, however, is not well established. Pending

6



7
further work, we assume that the equilibrium (1) is charac
terized by ideal exchange in the binary Fe-Mg system. Con
sequently,

In K - In Kp (Fe-Mg system) (3)

From the reversed experimental data of Fe-Mg frac

tionation between garnet and orthopyroxene in the binary (Fe- 

Mg) system, In K can be expressed as a function of tempera

ture, at constant pressure, in the form

In K - In KD = | + B (4)

The form of this expression is suggested by the ther

modynamic expression of InK, viz.

In K (P ,T) -AH°(P,T) AS0(P,T)
RT R (5)

From this relation, we can see that — ^—  is the slope 

of the In KD vs. 1/T relation. If AH0 is small, then In 

is not sensitive to change of temperature, and, therefore, 

not suitable for us as a geothermometer.

To evaluate the potential of the garnet-orthopyroxene 

geothermometer, — (Gt-Opx) in (1) can be calculated by 

using the available end members' AH* data (see Tab. 1). This 

calculated value is about 3500. This approximated slope is 

higher than that (2109) of the garnet-biotite geothermometer 

(Ferry et al., 1978) and slightly lower than that (4100) of 

the garnet-clinopyroxene (Ganguly, 1979). Furthermore, the 

calculated slope at 45 kb from the data of Hensen (1973) 

is about 2450. The theoretical calculation and Hensen1s
0



8
experimental result strongly suggests the garnet-orthopyroxene 

pair should be a good geothermometer.

Finally to estimate the temperature of equilibration 

of natural assemblages which show various KD (Gt-Opx) values, 

we must consider the effects of Ca and Mn components in the 

minerals and pressure. First, to consider the pressure 

effect, let us adopt the relation of equilibrium constant,

K, and free energy, AG°, i.e.,

l n K < r | | l  (6)

Differentiated with respect to P,

(3 In.K. _ ^  (9AG« 
v 3P 1 RT ' 8P '

= ~ (AV°RT T
(7)

On integration, assuming AV° to be independent of P and T, 

we have

In K (P) = In K (P^) - (P-P^) (8)

where AV° is the volume change of the reaction (1) at 1 bar, 

2980K, This can be calculated from Table 1. Thus, from (4)

In K : A - (iVVR) (P-P^. + B (9)

where the constants A and B are obtained, according to (4), 

at Pressure P^,

Second, considering the effects of other components 

such as Ca and Mn, we can use the multicomponent simple
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mixture model of Ganguly and Kennedy (1974) for the quaternary 

garnet solid solution (Fe, Mg, Ca, Mn) ̂ A ^ S i ^ O ^ , and the 

data on mixing properties of garnet of Ganguly and Saxena 

(1984) , which give the interaction parameters between i and j 

components in the garnet (see Table 2). According to this 

model

RT In <YFe/YMg) WFcMg *XMg'XFe* + *WFeCa WMgCa* XCa +

/TT TT \ Gt Gt
(WFeMn WMgMn} XMn (10)

As stated earlier, Fe and Mg components of garnet and ortho

pyroxene are assumed to mix ideally, so and Wp^Mg be

come zero. Also, the effects of Ca and Mn in orthopyroxene 

can be considered negligible because generally these compo

nents are present in natural samples in small concentrations. 

Thus, Ky in reaction (1) becomes

(v h  )Gt RTln u Fe7 rMg;
(^Fe/^Mg)

Opx *WFeCa WMgCa^ XCa

+ <WFeMn-WMgMn)Gt XMn (11)

- In Ky • (12)From In K^ = In K 

so, by using (9) and (11), we can derive In K^ an expression 

of as a function of temperature, pressure and compositions, 

as follows

in Kd = A- (AVVR) (P-Pl) + AWca xca + tWMn + B (13)

If the values of A and B in equation (13) can be defined very 

precisely over a wide range of temperature and pressure in



10
the reversal experiments, then substituting these results in 

to equation (13) we can derive finally a complete garnet- 

orthopyroxehe geothermometer which can be applied directly 

to the natural systems for the interpretation of thermal 

history.



Table 1. Thermochemical data for garnet and orthopyroxene
AHf is from oxides at 1 atm*, 970K? molar volume (V°) is at 1 atm,298Ko

END MEMBER V°(Cm3/mole) AH£ (Kcal/mole) references .

Pyrope
(MgsA^SisO-j^)

113.27a -20.2lt0.38b a) Takahaski et al(1970)
b) Charlu et al(1975)

Almandine(Fe3Al2Si3012) • 115.45c -26.93+2.5^ c) Takahaski et -,31(1970)
d) Ganguly(1979)

Enstatite
(MgSi03) 31.31® -8.81^0.17f

e) Charlu et al(1975)
f) Danckwerth and Newton 

(197-8)

Fertosilite
(FeSi03) 32.999 -4 .05h g) Chatillon-Colinet et al (1982)

h) Calculated from A h £ and 
Cpdata of Helgesonil978)



Table 2. Mixing data of Garnet (Cal/mole of- cation)

AW.=W . - WP • Preferred valuesi Mgi J\ei Reference

A W Ca 3f000t500 (XCa<0.30) Ganguly & >Saxena (1984)

AwMn 3,000t500 (XMn <0.30)



EXPERIMENTAL STUDIES 

Method of Approach

The equilibrium of In (Fe-Mg) between garnet and 

orthopyroxene is approached from two directions as in clas

sical reversal experiments„ In the initial high In , mg- 

rich orthopyroxene (Opxl) reacts with Fe-rich garnet (Gt I). 

In the initial low In K^, Fe-rich orthopyroxenes (Opx II,

III) are mixed with Fe-rich garnet (Gt I, II, III, see compo

sitions in Table 3), The compositional variations of the 

run products towards equilibrium state can be detected by 

microprobe analyses and X-ray diffraction patterns. If both 

(High-ln and Low-ln K^) run products attain perfect equi

librium without any errors in the reversal experiments and 

analysis procedure, which is almost impossible in the real 

experimental results, the In KD values of both at a certain 

temperature and pressure become identical. Although it is 

not easy to obtain identical In values, the above reversal 

approach technique can constrain the equilibrated In val

ues within a narrow limit.

CHAPTER 4

13
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Experimental Methods

Apparatus and, Pressure Cells
These reversal experiments have been done in an end- 

piston-cylinder apparatus with 1/2" and 3/4" carbide core 

pressure vessel and carbide piston. We have used NaCl and 

CsCl as pressure media in the experiments. CsCl has lower 

thermal conductivity relative to NaCl and its melting point 

under the high temperature and pressure is high compared to 

other materials. The experiments using CsCl can save about 

30% of electrical power which is necessary to reach the re

quired temperature using NaCl because of CsCl1 s lower heat 
conductivity. Consequently, the CsCl pressure cell, which 

has been developed first in our laboratory, is the better 

choice, especially for very high temperatures and pressures.

Pressure cells are wrapped with 0.002" thick lead 

foil and the inside core of the pressure vessel is coated 

with hydrogen free molykote (MoSg) lubricant to reduce the 

friction under the high pressure and temperature. Samples 

without flux materials (Dry Run) and with fluxes (Flux Run) 

are packed into a graphite container. PbO and RbFg are used 

for this flux material. The one or two holes in a graphite 

container are used for both 1/2" and 3/4" pressure vessels. 

After 35-40 mg portions of the two starting mixtures are 

loaded separately into the holes of the graphite container, 

a thin (0.020") graphite lid is used to seal the upper open
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hole thoroughly. To minimize decalibration of the thermo

couple or "thermocouple poisoning" by reaction with the 

pressure medium at high temperature, a 0.020" Alundum 999 

disk is placed between the thermocouple edge and the graphite 

container and Alundum cement is added to the thermocouple 

junction.. Furthermore, to reduce the thermal gradient be

tween the thermocouple junction and graphite container, a 

thin Molybdenum (Mo) or Boron-Nitride (BN) ring is placed 

around the graphite container and thermocouple junction (see 

Figure 1).

Temperature and Pressure

Temperature
To measure the temperature during the run, the W3%Re- 

W25%Re thermocouple has been used. This thermocouple is 

known to show much less poisoning effect than any other com

monly used thermocouple. The emf of the thermocouple is con

trolled by a Research, Inc. Model 640 Process controller and 

is continuously monitored with a strip chart recorder and a 

digital volt-meter with a resolution of 0.01 mV. Very little 

is known about the effect of pressure on the emf of W-Re 

thermocouples, so no correction is made for pressure in 

these experimental results.

Changes in the thermocouple calibration during the 

run are due to two reasonable causes. One is the vertical 

displacement of hot spot position in the compressed pressure
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cell during high temperature and pressure runs. Another pos

sibility is poisoning (contamination) of the thermocouple 

junction within the cell, and consequent decalibration. The 

poisoning of the thermocouple can be detected by the observa

tion of monotonic change of power from an initially stabili

zed level . The above two possibilities may cause a tempera

ture uncertainty for each run. This uncertainty is estimated 

and listed in Table 4. In our experiments, the maximum un

certainty is ±15°C. If the power changes too much, imme

diately the run is quenched. Fortunately, our high pressure 

and temperature apparatus has a power controller which can 

be switched from emf control to power control to maintain a 

constant power during the run. Where there is a small devia

tion of power, the pre-poisoning level power can be maintain

ed by using this power controller, so saving the run.

For a given pressure cell, the relationship of the 
required power and temperature showed a linear variation 
which suggested that manual changing of power could be used 
to set the temperature. The power is displayed on a digital 
panel and a strip chart record. Generally, the power be
comes stabilized within a couple of hours of reaching the 
required temperature.

Pressure
After the pressure cell is taken to the desired 

nominal run pressure under room temperature, it is left 
over night for the relaxation of the cell. Usually the
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gauge pressure dropped about 2-3 Kb on the following day, 

but the pressure builds up again by the thermal expansion of 

the pressure cells and of the oil which drives the rams. 

Generally fluctuations of several hundred bars are common 

during a run. However, if the pressure increased too much 

(±2 Kb), it was adjusted manually. These fluctuations are 

the main source of uncertainties in the noininal run pressures 

as shown in Table 4.

In the piston-cylinder apparatus, the force applied 

to the piston divided by its cross section is referred to as 

the applied pressure. The pressure experienced by the sample 

differed from this applied pressure because of piston fric

tion, stress gradients within each element, large displace

ments between the outermost element of the cell and the bore 

of the pressure vessel, and differential loading (see Mirwald 

et al., 1975). To eliminate the above problems, Mirwald et al 

(1975) recommended salt pressure cells such as NaCl, CsCl, 

etc., because the friction correction for salt as a pressure 

medium is quite small over the range of 10-60 Kb if the run 

temperatures are within a few hundred degrees of the melting 

temperature of the salt. Generally during a long run (>24 

hours) friction approaches zero. No one has studied the 

friction of CsCl at high pressure and temperature, but our 

experimental results demonstrate that it is a good pressure 

medium. NaCl and CsCl have been used for this study and no 

friction correction is made for either pressure medium.
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Starting Materials

Only natural garnet with Xpe+ X ^ = 0 .97 and orthopyro

xene with Xpe+X^g 0.97 have been used as a starting mixture 

for the Fe-Mg fractionation between garnet and orthopyroxene 

(Table 3). These samples are separated from various rocks 

and hand-picked under the binocular microscope. Chemical 

analyses of these starting samples are listed in Table 3.

Each sample is analyzed by the electron-microprobe to check 

the homogeneity and chemical zoning in its compositions, es

pecially for iron and magnesium. Our starting samples do not 

show any systematic chemical zoning, and compositional varia

tion in a single grain is less than one or two weight percent 

of iron and magnesium.

In each run, 30-60 mg of a starting mixture was used 

for the 1/2" and 3/4" pressure vessels. This starting mix

ture consists of garnet (70-80%) and orthopyroxene (20-30% 

of total sample weight). In other words, the weight of gar

net is about two to three times that of orthopyroxene, so 

that garnet, in which the diffusion is very sluggish, has to 

make a relatively small adjustment of composition to approach 

equilibrium. This starting mixture is ground and mixed 

thoroughly under acetone in an agate mortar, and then ex

amined again by the X-ray diffraction. The ground sample 

mixture is put into the carbide die and compressed under 

suitable pressure to make a pellet sample which can be 

easily slipped into the graphite capsule.
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TahlA 1 .
Opxl

1: h pm 1 r n 1 An n
OpxII

IV.spa nr hrarrino- n a in n ± e s
OpxIII

FeO 9.32 46.76 34.88
Mgo 33.81 5.09 13.55
Si02 56.30 47.57 50.28
AI2O3 0.08 0 . 7 5 0.03
CaO 0 0 32 0.61 0.58
MnO 0.05 0.05 1.30
Cr2°3 - 0.01 —
Ti02 - 0.02 -
Na26 - 0.03 - .
NiO - n. o 5 _ 0.07 ‘ -
Total 9 9 : 9 4 ion.9n inn AR
Fe 0.5457 3.2602 2.3061
Mg 3.5298 0.6352 1.5972
Si 3.9422 3.9663 3.9759
A'l 0.0066 0.0740 0.0024
Ca 0.0237 0.0545 0.0492
Mn 0.0032 0.0036 0.0868
Cr - 0.0007 0.0008
Ti - 0.0009 0.0002
Na — * 0.0042 -
Ni 0.0028 - * -
Os 12 n.0044
Fe/Mg n.is/iA 5.1542 1.4427
Fe/Fe+Mo 0.13339 0.8375 0.5908
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Table 1. rhpmira1 Analyses of Start!na Samnles(continued)
Gtl Gtll ; Gtlll

FeO 35 o 37 22.74 25.63.
Mgo 5 o 34 13.01 13.68
Si02 COCOm 39.18 39.32
AI2O3 21,33 23.25 CO<3*CMOj

CaO 0.48 1.80 -
MnO 0.03 0.49 -
Cr2°3 - -
Ti02 0 . 0 2 - -
Na2b 0.05 0 . 0 2

NiO - „ •
Total 101.09 100.49' 101 11

Fe 2.3225 1.4242 1.6052
Mg 0.6247 1.4525 1.5277
Si 3.0217 2.9341 2.9454
A'l 1.9734 2.0517 1.9841
Ca 0.0402 0.1442 -
Mn 0.0018 0.0311 -
Cr - -
Ti 0 . 0 0 1 1 - -
Na 0.0071 0.0031 -
Ni - 0 . 0 0 0 1 -
0 : 12

Fe/Mg 3.717 0.980 i.nsn
Fe/Fe+Mg 0.788 0.495 0.512



Table 3--Continued

1) Opx.I s UCLA Mineral Museum, Telmark, Norway

2) OpxII: Ramberg and Devore (1951)

3) OpxIII; Burtler

4) Gtl: Schneider Co. (1982)

5) Gtlls Smithsonian Collection

6) Gtlll: Synthesized pyrope, Lane and Ganguly (1980)
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Flux Material

To catalyze the Fe-Mg fractionation between garnet 

and orthopyroxene in the graphite capsule, we used a mixture 

of PbO-Pt^ as flux material, Although there are no data on 

the melting behavior of this mixture at high pressure, the 

1 bar binary phase diagram (Sandonnini, 1914) shows its eu

tectic point to be about 490°C and its composition to be 0.46 

mole fraction of PbF2 and 0.54 mole fraction of PbO. PbO 

flux has been used successfully by Casparik and others (e.g. 

Casparik, 1983; Gasparik and Newton, 1982) in silicate sys

tems, but its temperature range of applicability is limited 

because of its relatively high melting point.

Using two different compositions of flux materials, 

namely 0.75 PbFg + 0,25 PbO and 0.55 PbFg + 0.45 PbO, we 

found both melted in the graphite capsule at the lowest pres

sure and temperature condition (25 Kb and 1100*0 of our ex

perimental range (25-45 Kb and 1100-1400°C). A sample mixed 

with 0.55 PbF2 + 0.45 PbO is crystallized better than one 

mixed with 0.75 PbF2 + 0.25 PbO. After both fluxes are 

melted, it is found to be converted to Pb because of the re

ducing condition within the graphite capsule.

The effect of flux is shown very clearly by com

paring the results of dry and flux run which were held 

simultaneously for 48 hours at 1200° and 30 Kb (GOP-9, see 

Figure 2). The run with flux reached the equilibrium In 

Kd value, while the dry run did not.
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Finally, when flux is used in a real experiment, it 

should be mixed thoroughly with the sample to increase the 

catalytic effected among the grains, and then sealed in with 

the graphite lid so as not to lose molten flux materials from 

the graphite capsule. During the experiments, we found fre

quently that melted flux would escape from the graphite cap

sule due mainly to a loose graphite lid, or to fractures in 

it under high pressure.

Experimental Procedure

For the reversal experiments, two kinds of starting 

mixture have been used; one has initial high In and the 

other initial low In in composition. For this purpose, 

we prepared (1) Fe-rich garnet (Gt I) and Mg-rich ortho- 

pyroxene (Opx I) and (2) high 6and medium Fe-rich garnet (Gt I 

II, III) and Fe-rich orthopyroxene (Opx II, III).

The above starting samples were mixed thoroughly in 

an agate mortar and loaded into the hole in a graphite cap

sule. For the flux runs, ah amount of flux equal to 5-10% 

of the total weight of the sample was added to the starting 

mixture. The two different starting mixtures were then run 

simultaneously or separately at the same pressure and tempera

ture conditions. The expected equilibrium In value would 

be located somewhere between both of initial In K^s.

Reversal experiments have been done at the follow

ing conditions: 1100°C and 25 Kb; 1200°C, 25 Kb and 30 Kb;

1300°C, . 30 Kb and 40 Kb; 1400°C, 40 Kb and 45 Kb. The 1100-°C
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(GOP 11), 1200°C (GOP 2, 9) and 1300°C (GOP 6) experiments 

are flux runs, whereas 1300°C at 40 Kb (GOP 12), 1400°C (GOP 

13, 14) reversal experiments are dry runs. These reversed 

experimental data are summarized in Table 4.

At 1200, 1300 and 1400°C, we have used different 

pressures for two starting mixtures because in the initial 

low In Kp mixture Fe-rich orthopyroxene (Opx II) broke down 

at the same pressure at which the initial high In KD mixture 

was successful. Therefore, a higher pressure has been used, 

for the stabilization of Fe-rich orthopyroxene.



Table 4 0 Run Data for Reversal Experiments

„ PRESSURE DURATION INITIAL
RUN NOo TC 3? (Kb) VESSEL RUN TYPE (Hrs) In RESULTS

1100+15 25±0,5 3/4" FLUX 61 HIGH

- Gre.in Size 
Gti ? 30-40̂ 1,1 
Opxl; 8-lO^m

^ Average In

LOW
r Gti t 3.0-50jun OpxII; 10-12/4m
^ In KD;0.740

1200+10 25.5±0.5 3/4" FLUX 55 HIGH
/ Gti,'30-80/011 
Opxx8-lC/nn

. ; ^In KD;0.640

1200+10 32.5+1.5 3/4"
FLUX

43 LOW
r GtI?30-6C/.m OpxII;10-2^om
^In Kd ;0.62

DRY
, Gti:20-5Ofm 
OpxII :5-l(̂ Wm

^In Kd ;0.52

K)



Table 4. Run Data for Reversal Experiments(continued)

RUN NO TC P (Kb) PRESSUREVESSEL RUN TYPE DURATION(Mrs) INITIAL
ln kd • RESULTS

GOP-6 1300+10 37.5+0.5 1/2" FLUX 24 HIGH
r GtI;20-50/im Opxl; 10-15/im
>In KD;0.570

GOP-12 1300±5 39.5+0.5 1/2" DRY 48 LOW
, Gtl; 30-50/<m OpxII;20-30/m
' In K ;0.550"

GOP-13 • 1400+5 45.5+0.5 1/2" DRY 24 HIGH
 ̂Gtl;40-70^m Opxl: 10r 30/tm ...
<ln K ?0..500
Gtll; 30-100><m OpxIII;20-40^m
In KD;0.450

GOP-14 1400+5 ■ 45.5+0.5 1/2" DRY 45 LOW GtIII;20-50wm 
OpxIII; 10-20/«m

kln KD?0.456

to
'O
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Electron-Microprobe Analyses

Garnet and orthopyroxene grains in the reversed ex

perimental run products were analyzed with a scanning elec

tron microprobe quantometer (S.E.M'.Q.) with a Tracor-Northern 

TN 1310 automatic system.

Sample Preparation

Samples are prepared by the following procedures for 

the microprobe analysis.

1. Attach scotch tape to a glass slide.

2. Put the sample on the scotch tape.

3. Put a drop of epoxy on the sample, also drop it 

along the inside wall of a brass tube, and then set the brass 

tube on the sample.

4. Leave it over night at room temperature to set.

5. Polish with 12-20ym polishing paper to expose 

the sample.

6. Polish with 9 and 6ym, and then polish with 3 

and lym diamond compounds.

7. Finally, polish with 1/4ym diamond compounds to 

remove all scratches.

8. Carbon-coating of samples is done in Varian VE-10 

Vacuum Evaporator. 150°A thickness of carbon-coating is re

commended for best results. To know this suitable thickness, 

generally the color tube have been used for the identifica

tion. If the rim of brass tube changes to a brown color, it 

can be assumed that the carbon coating is 150°A thick. If
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the color is purple, the thickness is about 200°A. For coat

ings >200°A thick, usually we get lower total wt% oxides (96- 

98 wt%), whereas in the case of a coating which is too thin, 

we get higher total wt% oxides (101-103 wt%). The thickness 

of carbon on standard samples for microprobe is 150°A, so 

the suitable carbon coating (-150°A) is very important to re

duce the analytical errors coming from the differences in the 

thickness of carbon coating between run products and standard 

samples.

Standards

During the analyses, the standards of the Lunar and 

Planetary Laboratory, University of Arizona, have been used:

1. Al, Ca: Anorthite (Standard Number 4)

2. Mg, Si: Diopside (Standard Number 5)

3. Fe: Fayalite (Standard Number 7)

4. Mv: Rhodonite (Standard Number 22)

5. Na: Albite (Standard Number 20)

6. Cr: Chromite (Standard Number 18)

7. Ti: Sphene (Standard Number 11) glasses.

Microprobe Technique

Four spectrometers are used to detect and analyze 

components, and their analyzing crystals and detecting com

ponents are as follows:

1. Spec-1: Lithium Fluoride (LIF): Mn, Ti

2. Spec-2: Rubidium Acid Phthalate (RAP): Mg, Al,

Na.
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3. Spec-3; Pentaerythritol (PET): Si, Ca

4. Spec-4: LIE: Fe, Cr, Ni

The accelerating potential and probe current in the 

Faraday cage are 15KV and 25 nA, respectively, and the angle 

of X-ray intensity with time and background is corrected 

automatically by computer program. Task II. Analytical data 

is reduced by Bence-Albee method (Bence and Albee, 1968) 

which can also account for the corrections among electron beam 

penetrating depths with atomic number, absorption and fluore

scence. Optimal background counting times are set at 12 

seconds for all of the analyzed elements. During the analy

sis, instrumental drift has to be corrected by re-calibrating 

after each three-hour interval.

Generally in the fine-grained sample case, it is 

very hard to distinguish the grain boundaries after carbon

coating, so an audible signal from the X-ray ratemeter (spec- 

2) is used to monitor aluminum as an aid to the identifica

tion of orthopyroxenes (low Al) and garnets (high Al) on 

the sample mounts.

Coexisting garnet and orthopyroxene grains were 

analyzed as spots as close as possible to their mutual 

boundaries without introducing edge effects.



CHAPTER 5

REVERSED EXPERIMENTAL RESULTS

Average and maximum grain size of the run products 

are shown in Table 4. Generally the grain size of orthopy

roxene is small, so this causes the major problem during 

microprobe analysis. Thus, always the minimum beam size (2- 

3ym) has been used for these fine grains.

Orthopyroxene (xFes 0.85, Opx II) has been found to 

be unstable in Fe-rich mixtures at 1200°C, 25 Kb and 1300°C, 

35 Kb.

All other run products have shown only garnet and 

orthopyroxene in the X-ray diffraction and microprobe analy

ses.

Results from Experimental Data 

The criteria for acceptance of a microprobe analysis 

are that (1) the total wt% oxides be between 99 and 101%,.

(2) (Fe+Mg+Ca+1/2A1) atomic ratios for orthopyroxene fall

within 2% of 1.00, and (3) (Fe+Mg+Ca+Mn)/ (Si) for garnet 

also falls within 2% of 1,00. In some cases, these ranges 

are slightly extended. All accepted microprobe analyses for 

the reversal experiments are listed in Table 5,

31
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Approach to Equilibrium In

The data of microprobe analyses of garnet and ortho

pyroxene, which satisfies the above, are plotted on vs

XpPx Rozeboom diagrams in Figures 2a-2b. The Fe contents of 

garnet and orthopyroxene extend to its equilibrium In from 

both initial high and low In of starting points at each 

run condition.

The XFe of garnet and orthopyroxene is the rim compo

sitions of the grains. Garnet grains show variation of XFe 

from core to rim, but orthopyroxene shows much less composi

tional heterogeneity compared to garnet. Also this chemical 

zoning depends on the run condition. For example, at high 

temperature the zoning becomes less than that of the low 

temperature run product.

These analytical data enable us to determine or con

strain the equilibrium In between garnet and orthopyroxene 

at' each run condition. For reversal-couple runs (1400°C, 

1300°C), showing little overlap of In KD values approached 

from two different sides, the equilibrium In can be de

termined unambiguously. However, the results of the 1100QC 

run showed some overlap of In K^s in the run products, which 

seems to be due to analytical error of relatively fine grain

ed (<8ym) samples. In this case, the equilibrium is 

assumed to be defined by the mean of values, lying within 

the range of overlap. This assumption is justified if the



Figure 2.

- Xp^x Rozebdom diagrams showing microprobe 

analyses of garnet and orthopyroxene. The solid curves in

dicate the equilibrium In value at each run condition. 

Upwards and downwards open triangles show X ^  of garnet and 

orthopyroxene that extend, respectively, from initial high 

In Kd (solid downward triangle) and low In (solid upward 

triangle). Solid line represents the development direction 

Each run condition is also shown in Table 4.

Fig. 2—a : 1100°C, 25 Kb

Fig. 2-b: 1200°C, 25, 30 Kb

Fig. 2-c: 13 00°C, 35, 40 Kb

Fig. 2-d: 1400°C, 45 Kb
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25 Kb
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analytical error introduces a random or gaussian distribu

tion of Kp values around the equilibrium composition within 

the range of 1 overlap 1„
The equilibrium compositions of garnet and ortho

pyroxene at each run condition are listed in Table 5. Al

though the analyses have total oxides between 99% and 101%, 

their atomic ratios such as (Fe+Mg+Ca'+Mn) /Si for garnet and 

(Fe+Mg+Ca+Mn+1/2A1)/ (Si+1/2A1) for orthopyroxene fall in the 

range of 0.96 and 1.04. However, only those analyses, which 

show these stoichiometric ratios from 0.98 to 1.02 are accep

ted as superior values, and are used in defining equilibrium 

Kp. The analytical errors come from the instrumental micro

probe error, interference from fine grain size and surface 

roughness of sample mounts. A certain element's radiation 

can be preferentially absorbed if the X-ray path length in a 

crystal is increased by surface scratches or pits and also 

this effect is also dependent on X-ray take-off angle and 

accelerating potential. Another error source is the method 

of data reduction. In Bence-Albee method, some errors have 

been found arid rectified now. Especially in the MgO-AlgO^- 

SiC>2 (MAS) system, Bence and Holzwarth (1977) worked to 

solve the problems of high total oxides and non-stoichio

metry, From the principles of data reduction method (see 

Bence & Albee, 1968), K ratio, a and g factors can affect the 

total oxides and stiochiometry. If a value is wrong, the con 

centration value becomes wrong and finally non-stiochiometry
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problems can be made. Also, the wrong K ratio value can make 

the same problem. However, in our microprobe data, these 

factors do not seem to make higher (>1.02) and lower (<0.98) 

atomic ratios. From the above review, it seems to be more 

acceptable that fine grain size and surface roughness cause 

the higher and lower atomic ratios.



CHAPTER 6

DEVELOPMENT OF GEOTHERMOMETER

Results of reversal experiments are presented in 

Tables 4 and 5, and in Figures 2 and 3-a. The polybaric 

values have been normalized to 25 Kb, according to Equation 

(8) and assuming AV° (P, T) ~AV° (1 bar, 298I3K) „ From these 

data, a linear variation of In K^ vs reciprocal temperature 

for P=25 Kb can be calculated by the least square method.

The derived In K^ as a function of 1/T for Fe-Mg bi

nary system is as follows;

In KD = 2828 ± 178/T - 1.32 ± 0.12 for 25 Kb (14)

Within the framework of assumption that InK ~ In K^, one can 

derive Ah ° (1, T) and As°(l, T) from the above relation as 

follows:

Ink (P, T) = InK (1 bar, T) + /^bar (-^p)Tdp (15) 

So that, according to (7)

InK (P, T) = InK (Ibar, T) 

Combining (16) with (5)

/P AVi 
1 - r£ dp (16)

InK (P,T)
AV°AH°(1 bar, T) As°(1 bar, T) ,P VT ,

RT R “ 1 RT ap

AH°(1 bar, T) + /PAV®dp AS°(1 bar, T) n .̂
RT 1 1 R y ’

37
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Assuming AV°(P) ~ AV° (1 bar, 298°K)

InK (P,T) AHq (1 bar,T) + AVQ (1 bar, .298°K)(P-1)
RT

AS0 (1, T) (18)
R

Comparing (18) with (14) it is obvious that AH0 and AS0 are 
not significantly affected by temperature change between 1100 
and 1400°C. Thus

AHq (1 bar, 1100-1400°C) = (-2828±178)R - AV°(P-1)

= -5044 ± 354 cal

AS0 (1 bar, 1100-1400*0 = (-1.318 ± 0.118) R

= -2.6 ± 0.23 e.u.
From the thermochemical data as summarized in Tables 1 and 

6 , we calculate the following values of AH* (1 bar) and AS°

(1 bar) at 1.250*C, which is the median experimental tempera

ture :

AH* (1 bar, 1250*C) = -4080 cal 

As* (1 bar, 1250°C) = -1.93 e.u.

From the above results, the values of As* from experimental 

estimates and theoretical calculation are close, while AH* 

values show the difference of about 1000 cal. The InK vs 

1/T relation at 25 Kb calculated from the thermochemical data, 

taking into account the relationships between Ah  ̂ As * and 

A-Cp, * is compared with the experimental In K^ values at 2 5 

Kb in Figure 3-b.

*AH°(T)=AH*(T-)+/^ Acp dt, As*(T)=As*(T )+/^ ACpdlnT



Fluxed-Run

Dry-Run

1300

6.0 6.5 7.0
l04/T(eK)

Fig.*. 3-a. In KD vs. 1/T for Fe-Mg fractionation between garnet and orthopyroxene at 25 Kb.
Upward and downward triangles indicate the direction of change of lnK'D 
from initial high and low InK^ compositions respectively.



107 T°K
Fig. 3-b, Comparison of the experimentally derived In Kp with thermochemically calculated In K for 

the Fe-Mg exchange equilibrium between garnet and orthopyroxene:
In K calculated from AHf (1,298), ASf (1,298) and Cp data of Saxena(1982) .
In K"calculated from A (1,970) and A S ^ (1,970) listed in table 1 and 7, and Cp data of Saxena(1982).
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According to the comparison of In KD (result of our 

experiments) with InK (thermochemical calculation) for 25 Kb 

in Figure 3-b, they are close below 1100°C, but become far

ther apart above 1200*0. Also, the two curves for InK based 

on the different thermochemical data (Saxena, 1982 or others 

listed in Tables 1 and 6) show very different values above 

1200 °C.
In previous synthesis experiments, Hensen (1973) 

showed In K^ values such as 0.678 ~ 0.83 (1110°C, 22.5 ~

40.5 Kb) and 0.428 ~ 0.35 (1410*0, 27 ~ 40.5 Kb). Akella and 

Boyd (1973) represented 0-.665~0.759 (1100°C, 30~45 Kb). Our

experimental data such as 0.74 (1100*0, 25 Kb) and 0.37 (1400* 

C, 45 Kb) are close to the previous experimental results with 

correction for the pressure effect.

Comparing with the above thermochemical calculations 

and previous experimental work, the discrepancy between our 

experimental data and thermochemical calculations above 1200°
0 'may be due to either or both of imprecise thermochemical 

data and nonideal mixing of Fe-Mg between garnet and orthopy

roxene .

Considering nonideal mixing in the multi-component 

system (FeO-MgO-CaO-MnO) and pressure effect. Equation (14) 

can be reformulated using the data of mixing properties of 

garnet and AV* (1 atm. 298K) which are represented in Tables

1 and 2. Substituting AV* and mixing properties into Equa

tion (13), finally we can get a complete equation for a.
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practical geothermometer. This geothermometer, which holds 

for at least the temperature range 1100-1400°C, is as fol

lows :

2613 + 8 „ 6P (Kb) + ISIOX^ + ISIOX^
In Kn = — ------------- — ----— — ---— ----—  - 1.32 (19)

U T°K

2613 + 8.6P (Kb) + 1510x5?- +' .1510X^5'
or T°K — —— — ----■------- ---  -    ....— ^  (20)

lnKD + 1,32

It is very difficult to put an error bracket on this 

geothermometer, but from the comparative study, as discussed 

in the next section, it is believed to be precise to within 

+ 30°c in the range 1100-1400°c.



CHAPTER 7

APPLICATION TO THE NATURAL SYSTEMS

To test the accuracy of our garnet-orthopyroxene geo- 

thermometer, we compare the estimated temperatures using 

Equation (20) with those derived by other methods for garnet- 

orthopyroxene bearing assemblages from Ruby ranges, Montana 

(Dahl, 1980) and garnet-lherzolite nodules from Lesotho,

South Africa (Lane and Ganguly, 1980) . The above comparisons 

are plotted in Figure 4„ At the high temperature (>1000°C) 

of garnet-lherzolite in Lesotho, South Africa, our model 

works very well compared to the Lesotho geotherm of Lane and 

Ganguly (1980).

However, at the lower temperature of the Ruby ranges, 

our model presents higher temperatures (by about 75°C on 

average) compared to the 1 consensus temperature1 estimate of 

this area (Dahl, 1980). Thus, it appears that the garnet- 

orthopyroxene geothermometer, as formulated by Equation (20), 

yields reliable temperature estimates about 1000°C, but 

probably somewhat overestimates the temperature at lower 

temperatures. The latter problem could lie with the extra

polation of our experimental data to lower temperature. (The 

investigation of Fe-Mg exchange at lower temperatures will 

constitute part of the doctoral research of the writer.)

43



C xdQ —
) 30J-

44

Comparis ion  of Temp.

1 4 0 0

12 Samples

ideal a g re e m e n t

DO 1 0 0 0  1 2 0 0
T°C(other e s t i m a t e s )

1 4 0 0

Figure 4. Comparision of the temperature of

the Ruby range and Lesotho samples calculated

from the garnet-orthopyroxene geothermeter with

other estimates for the same samples.
□  : Lane and Ganguly(1980)
O  : Dahl(1979).
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DEPTH, Km

O this work

14oo

13oo L & G Geotherm  

for Lesotho

12oo

C & R Shield Geotherm
lo o o

Figure 5. Lesotho mantle geotherm estimated from this 
model. Pressure is based on the raw content of
orthopyroxene(Lane and Ganguly,1980). Open circles 
represent garnet-Iherzolite nodules in Kimberlite pipes. 
Shield geotherm is a conduction model derived by Clark
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In Figure 5 are plotted our data for the Cretaceous 

Lesotho geotherm. The pressures for these data are based on 

the AlgOg content of orthopyroxene. Earlier, Boyd (1973) 

and Ganguly (1980) had shown that the mantle nodule geotherm 

diverged from the shield geotherm of Clark and Ringwood 

(1964) with increasing pressure and temperature, although 

Boyd's and Ganguly's geotherms differ from each other. Our 

data for the Lesotho are also divergent from Clark and 

Ringwood's shield geotherm and very similar to the geotherm 

model of Lane and Ganguly (1980, Alumina in opx).

Recently Ganguly et al. (1984) investigated the Pro

terozoic Wajrakarur geotherm in southern India, which had 

been in contact with south Africa before a dispersal of the 

Gondwana Land. This was based on our experimental data and 

the study of slumina solubility in orthopyroxene of Lane and 

Ganguly (1980). The calculated geotherm of Wajrkarur is 

very similar to Lesotho geotherm which was derived by the 

same methods. This similarity implies that the thermal con

ditions in the mantle beneath continental shields were steady 

state through at least the last 1 b.y.
From the application to the natural rocks, it is ob

vious that our model can contribute positively to the precise 

estimation of temperature for the mantle nodules and other 

ultrabasic rocks formed above 1000°C. However, the applica

bility to the granulites formed below 1000°C is uncertain 

at this stage.



SUMMARY

From this study, the main conclusions are as follows;

1. Experimental results for the reaction (1) under 

25-45 Kb and 1100-1400e'C provide

In Kd = (2828 ± 178) / TaK - (1.32 ± 0.12) for 25 Kb 

and Fe-Mg binary system,

2. From the above linear equation, the estimates of 

AH0 and AS0 for this reaction are

AH4 = -5044 ± 354 cal
AS0 = -2.62 ± 0.23 e.u.
3. Introducing the effects of Ca and Mn and of pres

sure, the above expression of InK^ can be transformed into a 

practical geothermometer, applicable to natural rocks, as 

follows:

T°K = (2613 + 8.6P (Kb) + 1510X^ + 1510X^) / (In K^ + 1.32) .

4. From the results of applications to the natural 

systems, our model can read reliable temperatures above 

1000°C. But below 1000°C, its reliability is uncertain.
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Table 5. Microprobe Analyses for Run Products

node, 25Kb 
f e o p - m

Opxl
1 2 3

Gtl1 2 3

FeO 23.26 23.42 23.96 25.37 25.88 26.20
Mgo 21.88 21.88 21.19 10.98 11.81 10.92
sio2 51.65 51.94 51.01 • 39.08 39.45 38.96
a12°3 2.04 1.55 2.05 22.10 22.03 22.54
CaO 0.20 0.15 0.20 0.72 0.62 0.60
MnO 0.15 0.12 0.15 0.42 0.33 0.38
Cr2°3 - - - - - 0.01
Ti02 - 0.01 0.03 - 0.02 -
Na2° 0.05 0.05 0.04 0.03 0.03 0.02
NiO • 0.05 0.06 n. n6 0.05

Total 99:30 99.17 98.70 ' 9 8.76 1 OO 1 6 99 5 9

Fe 1.4641 1.4760 1.5243 1.6318 1.6424 1.6747
Mg 2.4551 2.4594 2.4032 1.2587 1.3363 1.2450
Si 3.8878 3.9151 3.8803 3.0058 2.9944 2.9789
XI 0.1812 0.1374 0.1839 2.0034 1.9708 2.0304
Ca 0.0165 0.0122 0.0160 0.0593 0.0500 0.0487
Mn 0.0098 0.0077 0.0096 0.0274 0.0209 0.0244
Cr - - - 0.0002 0.0002 0.0005
Ti - 0.0004 0.0016 - 0.0013 0.0006
Na . 0.0076 0.0068 0.0065 0.0039 0.0037 -
Ni 0.0030 0.0037 0*. 0037 0.0033 - 0.0012
0: 12
Fe/Mg 0.5964 0.60015 0.63425 1.7964 1 . 9 9907 1.74506__
Fe/Fe+Mq 0.3736 0.37506 0.38810 . 0.5645 0.55138 0.57357
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Table 5. Microprobe Analyses for Run Products(Continued).

11.0 OC, 2 5Kb (GOP-11) OpxII
i ' -i ' Gtl

______1______  ____
FeO 37.77 37.78 36.90 34.33 35.77 34.53
Mgo 11.53 11.13 ' 11.31 5.11 4.94 5.03
Si02 47.77 48.48 47.44 37.28 . 38.24 37.37
M.2°3 1.44 1.19 1.92 20.76 . 21.44 20.84
CaO 0.20 0.20 0.31 0.64 0.63 0.57
MnO 0.05 0.06 0.08 0.08 0.17 0.06
Cr203 0.02 - 0.01 0.01 0.03
Ti°2 - - - - - -
Na20 0.04 0.03 0.09 0.08 0.03 0.06
NiO • ", 0.02 0.03 0.09 0,03
Total 98.81 98.89 98.10 ‘ 98.39 i m  7d Q R 4 8 -
Fe 2.5751 2.5692 2.5271 2.3.196 2.3533 2.3301
Mg 1.4020 . 1.3489 1.3812 0.6161 0.5792 0.6054
Si 3.8951 3.9426 3.8849 3.0124 3.0083 3.0159
Al o.1380 0.1140 0.1854 1.9770 1.9878 1.9819
Ca 0.0173 0.0172 0.0273 0.0554 0.0534 0.0492
Mn 0.0032 0.0042 0.0055 0.0058 0.0110 0.0038 .
Cr 0.0010 - .0.0005 ’ 0.0007 0.0017 -
Ti - — • 0.0Q02 - - -
Na 0.0066 0.0048 0.0149 0.0118 0.0039 0.0094
Ni - 0.0015 0.0019 0.0055 0.0017
0: 12
Fe/Mg 1 33 57 1,90 1-7 1;02900 3.7650 4.0630 3.84851
Fe/Fe+Mg 0.6475 0.65 57 0.64660 0 7001 .. 0 P076 -0.-79 37
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Table 5. Microprobe Analyses for Run P r o d u cts(Continued).

12ode,25Kb rnnp-?̂ 1 Opxl? R i Gtl0 - - 3
FeO 25.29 24.66 24.62 28.24 27.46 26.61
Mgo 18.53 M O O OA 20.11 10.26 10.95 11.27
Si02 49.48 51.00 50.17 39.51 39.47 39.66
ai2o3 5.36 2.83 4.57 22.18 22.47 22.40
CaO 0.33 0,25 0.28 0.54 0.51 0.56
MnO 0.12 0.07 0.12 0.30 0.22 0.31
Cr2°3 - 0.02 0.01 0,01 - -
Ti02 0.04 - - - 0.04
Na20 0.06 - - 0.05 - -
NiO • _

Total QQ . QR. RR qq.RR ' i m  i n i m  n R 100 i 86 -
Fe 1.6084 1.5671 1.5498 1.7930 1.7364 1.6802
Mg 2.1005 2.2734 2.2575 1.1613 1.2344 1.2690
Si 3.7630 3.8764 3.7766 3.0000 2.9849 2.9950
Al 0.4804 0.2532 • 0.4050 1.9849 2.0022 1.9937
Ca 0.0271 0.0201 0.0227 0.0443 0.0414 0.0451
Mn 0.0077 0.0046 0.0076 0.0190 0.0137 0,0198 '
Cr 0.0012 • 0.0005 0.0007 - -
Ti 0.0025 - - 0.0002 0.0024
Na 0.0086 - 0.0073 - -
Ni '

' >
Os 12
Fe/Mg 0,7657 0.6093 0.6066 1:54RQ6 1 An^7 1 3^40 3
Fe/Fe+Mg 0.4336 0,4080 0.4071 0.6069 0.6946 0.5697
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Table 5. Microprobe. Analyses for Run Products(Continued).
Flux Run 
l200°C,30KbYnnp-QY -V ■ OpxII7 ? T Gtl9 3
FeO 42.03 41,68 41.81 3 7 . 8 8 37.07 36.37
Mgb 8 0 25 8.36 8.4 3 4 . 0 1 4.06 4.07
Si02 4 7 , 3 4 4 7 . 7 4 47.40 37.61 37.33 37.55
AI2O3 1.21 1.46 1.50 20.32 20.84 21.81
Cad 0.21 0.19 0.23 0.51 0.45 0.65
MnO 0.08 ' 0.03 0.09 0.08 0.05 -
Cr2°3 - 0.08 0.03 0.04 0.07
Ti02 0.01 0.0 3 0.01 - '
Na20 0.06 0.05 0.08 • - 0.01 0.05
NiO • _ 0.0? _ n m
Total 9 9 . 2 0 99.5 3 99.60 100.45. QQ PP 1 nn -A
Fe 2.9155 2.8709 2.8831 2.5432 2 . 4 9 3 7 2.4173
Mg 1.0205 1.0268 1.0357 0.4801 0.4865y 0.4825
Si 3.9278 3.9326 3.9084 3.0196 3.0032 2.9847
A'l . 0.1185 0.1416 0.1462 1.9229 1.9757 2.0431
Ca 0.01.83 0.0163 0.0201 0.0441 0.0389 0.0522
Mn 0.0055 0.0019 0.0062 0.0051 0.0035 - .
Cr - - 0.0052 0.0020 0.0028 0.0043
Ti 0.0007 0,0019 0.0002 0.0004 ■ -
Na 0.0100 0.0086 0.0132 > 0.0021 0.0084
Hi
0: 12

— 0.0017 * - - 0.0009 -

Fe/Mq 2.85695 2.79596 3.7:837 5.29526 5 1 0 5 7 1 5 nna q

Fe/Fe+Mq 0.74072 0.73656 0.7357 0.84115 0.83675 0.8336
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Table 5. Microprobe Analyses for Run Products(Continued).
Dry Run 
1200C,30Kb' OpxII Gtlfnnp-q) 1 2 1 7 3
FeO 43.27 42.82 42.89 36.34 36.50 37.47
Mgo 7.14 6 . 8 8 7.24 3.81 3.63 3.60
Si02 47.45 47.12 47.63 37.69 37.76 37.10
AI2O3 1.52 2.07 1.17 21.78 • 21.85 22.04
CaO 0.38 0.48 0.43 0.98 1 . 0 0 0.71
MnO 0.04 0.06 0.06 0.08 0.09 0.06
Cr2°3 0.04 0.04 - 0 . 0 2 0 . 0 2

Ti02 — 0 . 0 1 0.03 0.04 -
Na2° 0.06 0 . 1 0 - 0 . 0 1 - 0.06
NiO • 0.03 0.07 n. 03 n n i — 0̂ -04—
Total 99.89 99.62 99.51’. __ 100.7/1 inn on
Fe 2.9954 2.9692 2.9761, 2.4.125 2.4205 2.4940
Mg 0.8816 0.8510 0.8958 0.4511 0.4288 0.4270
Si 3.9279 3.9073 3.9532 2.9925 2.9950 2.9531
A*1 0.1478 0 . 2 0 1 8 0.1139 2.0383 2.0424 2.0675
Ca 0.0336 0.0429 0.0384 0.0832 0.0847 0.0605
Mn 0.0029 0.0042 0.0042 0.0057 0.0060 0.0038
Cr 0.0026 0.0026 ' - 0 . 0 0 1 0 - 0 . 0 0 1 0

Ti - 0.0004 0.0016 — ' 0 . 0 0 2 0 -
Na 0.0090 0.0160 - 0 . 0 0 2 1 - 0.0097
Ni . - 0 . 0 0 2 0 .0.0043 0.0019 0.0019 0.0004
0 : 12

Fe/Mg 3.39752 3.48908 3.32206 S.34703 - 5.84 0 40
Fe/FetMg 0.77259 0.77723 0.76862 0.84244 0.84948 0.85380



Table 5. Microprobe analyses for Run Products(Continued).

130(fc, 35Kb fCDP-fil 1 Opxl2 3 _ _ 1 Gtl7
FeO 21.14 20.40 20.32 22.04 22.86 22.44
Mgo 24 o 48 23.82 22.87 14.60 14.24 15.32
Si02 52.82 52.41 50.33 40.41 40.21 40.55
ju263 1,89 3 o 14 4.67 23.26 23.28 22.36
CaO 0.17 0.24 0.29 0.68 0.62 0.61
MnO 0.15 0.15 0.12 0.30 0.28 0.29
Cr2°3 0.01 0.03 - 0.05 - 0.04
Ti°2 0.01 - 0.01 - 0.02 0.01
Na20 0.09 0.09 0.14 0.05 0.01 0.02
HiO • 0.06 _ --0,0.1—
Total 100.82 100.27 08.7 5’ im.io 101,42----l-Q-T-rW
Fe 1.2962 1.2523 1.2699 1.3551 1.4165 1.3790
Mg 2.6769 2.6072 2.5480 1.5998 1.5735 1.6793
Si 3.8734 3.8479 3.7611 2.9710 2.9786 2.9805
A'l 0.1635 0.2713. 0.4117 2.0152 2.0418 1.9370
Ca 0.0133 0.0188 0,0233 0.0537 0.0492 0.0479
Mn 0.0093 0.0090 0.0073 0.0186 0.0175 0.0182
Cr 0.0007 0.0019 0.0002 0.0029 - 0.0024
Ti 0.0006 - 0.0004 - 0.0011 0.0004
Na 0.0126 0.0131 0.0200 0.0065 0.0015 0.0032
Mi 0.0032 - - - 0.0025
0: 12
Fe/Mq 0.48422 0 . <1803 2 0.40837 n 0470R n nnno-7 .— O-̂p-S-I-14
Fe/Fe+Mg 0.32524 0.32447 0.33261 0.45859 0.47375 0.45089
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Table 5. Microprobe Analyses for Run Products(Continued).
130 Ot, 40 Kb OpxII Gtl(GOP-12) i 2 1 i •5 ___3_
FeO 39.79 40.13 39.55 35.04 35.96 35.57
Mgo 8.59 9.34 9.29 4.57 4.69 4.88
Si02 46.68 47.00 47.65 36.83 36.93 37.88
AI2O3 3.29 1.42 1.79 21.15 21.37 21.25
CaO 0.32 0.28 0.28 0.82 0.78 0.69
MnO 0.05 0.06 0.09 0.06 0.14 0.05
Cr2°3 - 0 . 0 1 0.05 0.05 - -
Ti° 2 0 . 0 2 - - 0 . 0 1 - -
Na20 0 . 1 0 0 . 1 1 0.08 0.04 0 . 0 2 0 . 0 1

NiO • 0 . 0 1 _ on? n m
Total QR.R4 OR. 36 9R.7R" 98.58 qq pn — 100.52
Fe 2.7394 2.7869 2.7203 2.3719 2.4108 2.3709
Mg 1.0541 1.1566 1.1386 0.5515 0.5604 0.5775
Si 3.8427 3.9041 3.9194 2.9816 2.9603 3.0045
A*1 0.3195 0.1391 0.1734 2.0183 2.0195 1.9862
Ca 0.0285 0.0246 0.0249 0.0713 0.0672 0.0583
Mn 0.0032 0.0042 0.0062 0.0042 0.0092 . 0.0031
Cr - 0.0005 . 0.0031 0.0031 - -
Ti 0.0009 - - • 0.0007 - 0 . 0 0 0 2

Ma 0.0156 0.0183 0.0123 0.0059 0.0035 0 . 0 0 2 1

Ni - 0.0005 - 0 . 0 0 1 0 0.0004 -
0 : 12

Fe/Mg 2.59884 2.40961 2.3392 A . 30044 a mil?
Fe/Fe+Mg 0.72213 0.70671 0.7049 0.81133 0.81136 O'. 8041
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Table 5, Microprobe Analyses for Run Products(Continued).
l4Q0C,45Kb Opxl Gtl
(GOP-13)

1 9 3 1 o
FeO 25.36 25.47 25.72 25.38 25.22 25.33
Mgo 19.23 19.16 19.24 11.49 11.76 11.12
Si02 51.48 50.89 51.29 40.28 39.88 39.27
m 203 2.50 2.39 2.31 y 22.31 21.96 22.02
CaO 0.28 0.28 0.26 0.97 0.93 1.00
MnO 0.27 0.25 0.29 0.45 0.47 0.44
Cr2°3 0.05 - 0.03 0.03 - . 0.06
Ti02 0.02 0,01 0.02 0.02 - -
Na2 0 0.02 0.03 0.02 - - -
SJiO • n m _ n in n 0 9
Total QQ . 9^ QR.4A QQ 9 P inn qq 104^22-- . 99-v..2 4..-
Fe 1.6114 1.6338 1.6384 1.5932 1.5959 1.6217
Mg 2.1781 2.1916 2.1842 1.2857 1.3261 1.2694
Si 3.9118 3.9039 3.9070 3.0236 3.0177 3.0063
.XI 0.2235 0.2163 . 0.2073 1.9738 1.9581 1.9369
Ca 0.0225 0.0231 0.0211 0.0780 0.0750 0.0818
Mn 0.0176 0.0159 0.0189 0.0286 0.0301 0.0285
Cr 0.0032 - • 0.0015 0.0017 - 0.0035
Ti 0.0013 0.0004 0.0009 0.0013 - -

Ha 0.0024 0.0041 0.0029 - - -
Hi 0.0021 - 0..0064 0.0009 - -

0: 12
Fe/Mg n _ 7 ? 9 R 1 n . 7 4 5 5 9 o . 7 r n i o . T 9 9 Q 1 9 1u 20 345— _2,.? 7-S3
Fe/Fe+Mg 0.42522 0.42710 0.42860 0.55339 0.54616 0.56092
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Table 5. Microprobe Analyses for Run Products(Continued)
1400°C, 45Kb (GOP-14) - 2.

OPxIII
2 1 1

Gtlll
2

FeO 28.12 27.78 28.18 30.00 29.96
Mgo 9 0 84 9.49 . 9.34 16.42 16.19
Si02 38.44 39.24 39.36 50.62 51.06
M 2O3 - 21.75 21.58 21.14 2.22 2.14
CaO 0.61 0.70 0.35 0.21 0.24
MnO 0.68 0.97 1.05 0.53 0.48
Cr2°3 0.04 - 0.01 0.02
TiD2 - 0.02 - 0.02 0.02
Na2 0 0.02 0.06 0.03 0.03 0.04
NiO • 0.04 - 0.01 n .07
Total_____ 99.55____ 99.84 99.48 100.1 1 inn. 15
Fe 1.8224 1.7905 1.8256 1,9356 1.9292
Mg 1.1368 1.0904 1.0787 1.8885 1.8582
Si 2.9789 3.0251 3.0492 3.9055 3,9314 '
XI 1.9866 • 1.9605 1.9301 0.2020 0.1945
Ca 0.0507 0.0580 0.0288 0.0173 0.0196
Mn 0.0444 0.0632 0.0687 0.0346 0.0314
Cr 0.0022 - 0.0007 - 0.0012
Ti - 0.0011 - . 0.0013 0.0009
Ma 0.0032 0.0083 . 0.0045 0.0050 0.0058
Hi 0.0025 - " a . 00 0 9 ' 0.0042 - .
O; 12
Fe/Mg 1.6.030 1.64204 1.0740? 1.07877
Fe/Fe+Ma 0.61582 0.62150 0.62859 0 . - 061^ 0 q O Q ̂ 7

__3

30.13
15.97
50.64
2.15
0.25
0.51

0.01

Q Q £ 7
1.9532
1.8454
3.9256
0.1962
0.0209
0.0335

0.0004
0.0002

1.05837

0.51417



57

Table 5. Microprobe Analyses , for Run Products(Continued).’ 1400‘C, (GOP-45Kb14) ' .
1 • OpxIII2 3 1 Gtll

0 3

FeO 27.95 27.75 28.09 26.90 26.56 26.90
Mgo 16.40 16. 88 16.81 9.58 9.88 9.79
Si02 50 0 78 52.26 .. ’ 50.92 39.29 39.18 39.52
AI2O3 2.84 2.11 2.23 22.01 22.07 22.17
CaO 0.63 0.58 ' 0.59 1.64 1.61 1.48
MnO 0.81 0.91 0.87 0.96 1.08 1.05
Cr2°3 0.02 0 . 0 1 - 0.02 0.02 0.07
Ti0 2 0.01 - 0.01 - - -

- - 0.05 - - 0.04
NiO. • 0 . 0 2 - 0.14 0.01 ' 0.10 0.01
Total 99.47 100.51 99.70 100.40 100.49 101.01
Fe 1.7998 1.7620 1.8085 1.7211 1.6967 1.7093
Mg 1.8830 1.9111 1.9290 1.0922 1.1251 ^ 1.1092
Si 3.9101 ' 3.9683 3.9204 • 3.0060 2.9938 3.0030
KL 0.2581 0.1887 0.2019 1.9841 1.9875 1.9854
Ca 0.0523 0.0473 0.0489 0.1342 0.1316 0.1206
Mn 0.0527 0.0583 0.0567 0.0619 0.0695 0.0673
Cr 0.0010 0-0007 - 0.0010 0.0010 0.0040
Ti 0.0006 - o;ooo4 - - _
Na - - 0.0069 - - 0.0052
Ni 0.0014 0•0084 0.0006 0.0063 0.0005
Os 12
Fe/Mg 0.95582. 0.92200 n . 9T7S9 l - R.7 R 8 * l c noni L-54100
Fe/Fe+Mq 0.48870 0.47971 0.48387 0.61177

-L v U w U
0.60127 0.60645
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Table 60‘Entropy(ASf) of formation from oxides at 1 atm, 970K
and Heat capacity(Cp) data for garnet and orthopyroxene.

(C = a+bT-c/T2)P

END MEMBER AS^(e.u) a
CP coefficients (cal/mole)

bxlO3 cxlO
REFERENCES

Pyrope
(Mg 2AI2S i g0ĵ 2)

2.673a 106.40 12.06 29.07a' a)
a*

Charlu(1975)
)-Saxena (1982)

4
Almandine 
(FegA^SigOj^ )

-20.28& 107.10
97.55

22.23
33.70

a110.62
(T>848K)18.74
(T<848K)

b) Ganguly(1979)

Enstatite(MgSi03) - 0.13° 27.72 3.48 9.80a’ '
c) calculated from 

ASf0 and Cp data 
of Helgeson (1978)

Ferrosilite
(FeSi03) - 3.52° 31.70 0 11.58a' -

in
00
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