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ABSTRACT

The equilibrium grossular + clinochlore = 3 diopside +
2 spinel + 4 H,0 was investigated using cold seal pressure
vessels from 500°C to 700°C at 0.5 kilobar to 4.0 kilobars.
All phases used in the experiments were synthesized from
oxides. Good brackets with stable assemblages diopside +
spinel or grossular + clinochlore were made at conditions
far from the equilibrium. Assemblages diopside + clinochlore
were found at conditions close to the equilibrium over the
entire pressure range. Analysis of internal consistency by
linear programming indicates that the experimental results
from this study are fully consistent with the UBCDATABASE
and Helgeson's database and the experiments, with
UBCDATABASE may safely be used as an indication of the
metamorphic conditions of metarodingites. Run product
diopside, the only possible solid solution phase in this
study was extensively examined. X-ray refinement
demonstrates that the cell parameters of the diopside are
well within the range for bure diopside and Ca-Tschermak
pyroxene. Scanning electron microscope and electron
microprobe analyses showed that these diopsides contain
aluminum interpreted as substitution of both Ca-Tschermak
and Mg-Tschermak pyroxene. This interpretation satisfies the
mass-balance requirements of these assemblages. Theoretical
thefmodynamic prediction of the equilibrium allowing for
solid solutions in pyroxene indicates that diopside should

be the main component, which is consistent with the
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experiments in that the equilibrium curve according to the
experimental brackets did not show measurable displacement
caused.by the low diopside activity. Thermodynamic
calculation using diopside activity calculated from
microprobe analysis data shows a significant shift in the
equilibrium curve. Comparison of experimental results with
natural minerals results in contradiction. Natural diopsides
(clinopyroxene) found in similar assemblages at similar
conditions contain much less aluminum. Undetected metastable
zonation of aluminum or even aluminum-rich inclusions are

probably the main causes for this.
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I. INTRODUCTION

Rodingites are metasomatic rocks consisting mainly of
diopside, chlorite and hydrogrossular which occur in mafic
bodies adjacent to and within ultramafic rocks undergoing
serpentinization. Metamorphism of rodingites may result in
mineral parageneses that can be used in conjunction with
diagnostic assemblages in the adjacent metaperidotite to
place limits on temperatures and pressures of metamorphism.,

The term "rodingite" was first introduced to describe
altered gabbros in the Dun Mountain serpentinites of New
Zealand (Bell, Clark and Marshall, 1911). Since then,
rodingites have been found and reported in almost every
major alpine ultramafic complex over the world (Benson,
1813-1918; Turner, 1930; Wells, Hotz and Carter, 1949;
Miles, 1950; Carter and Wells, 1953; Suzuki, 1953; Bloxam,
1954; Jaffe, 1955; Bilgrami and Howie, 1960; Chesterman,
1960; Schlocker, 1960; Coleman, 1961-1967: Seki and
RKuriyagawa, 1962; Muller, 1963; Dal Piaz, 1967, 1969;
Vuagnat, 1967).

The significance of rodingites to metamorphic
petrologists is twofold (Rice, 1983). First of all, the
formation of rodingite is related exclusively to
low-temperature serpentinization, so the presence of
rodingite in some medium- and high-grade ultramafic rocks
indicates that the terrane was formerly under a condition
appropriate for serpentinization. Secondly, changes in

mineral assemblages that take place in the rodingite during



later progressive metamorphism may be used in conjunction
with those affecting the surrounding ultramafic rocks to
delineate isograds and place limits on intensive variables
such as temperature, pressure and fluid composition during
the metamorphism.

Thermodynamic calculations of equilibria among minerals
commonly found in metarodingites have been reported by Rice

(1983). In that paper, the stable oo, topologies
2

Pu,0
relating minerals were first established according to
observed natural parageneses. Available thermodynamic data
were then used to calculate the inferred metarodingite
equilibria in terms of temperature, pressure and composition
of a CO,-H,0 fluid phase. The resulting petrogenetic model
was 1in agreement with observed natural assemblages in both
low- and high-pressure terranes and indicated that certain
rodingite parageneses can be used to place limits on
temperatures and pressures of metamorphism.

This study is the first report on experimental work
related directly to metarodingites. Phases considered in
this study are grossular, clinochlore, diopside, spinel and

water (H,0). The system which describe these phases is

Ca0-Mg0-Al1,0;-Si0,-H,0. One important equilibrium:
Grossular + Clinochlore = 3 Diopside + 2 Spinel + 4 H,O0

was studied and experimental reversals were obtained. It was

found that many runs under conditions near the equilibrium
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ended with diopside + clinochlore instead of either diopside
+ spinel or grossular + clinochlore. The cause is attributed
to solid solution in diopside toward the Ca-Tschermak and
Mg-Tschermak components. The diopside from each run was
examined by optical microscope, x-ray diffraction, scanning
electron microscope and electron microprobe. The diopsides
were found to be very aluminum-rich, which is not common in
the diopside from rodingite assemblages. Ca-Tschermak and
Mg-Tschermak substitution in diopside are shown by
thermodynamic calculation to displace the equilibrium
studied from the expected position for pure end-member

phases.



II. EXPERIMENTAL METHOD

A. PROCEDURES

All experiments were carried out using standard cold
seal pressure vessels of either Stellite K-25 or Rene 41
alloys. Furnaces used were placed either horizontally (for
0.5 to 2.0 kilobar runs) or vertically (for 4.0 kilobar
runs). The results from both types of furnaces were in good
agreement.

Temperature was measured by sheathed chromel-alumel
thermocouples mounted in an external well designed to hold
the thermocouple tip close to the sample. Calibrations of
the thermocouple were made between 400°C and 800°C at one
atmosphere for each furnace with a specific bomb and
thermocouple. It was found that the temperature gradients
were less than #1°C over the two to three centimeter length
of the sample capsule. During runs, temperatures were
controlled by fully proportional controllers which usually
control the temperature of bomb with variations less than
+1°C. Temperature measurements were made daily using a
temperature compensated digital thermometer with a
resolution of 1°C. As a check, a potentiometer with an
estimated resolution of 0.1°C was occassionally used to
measure temperature precisely. An automatic data recording
system using an IBM-XT computer and DAS A to D interface was
used to measure temperature automatically once every half

hour for the duration of the run. No systematic temperature



difference was noticed between measurements taken with
digital thermometer, L&N potentiometer, or computer.
Temperatures given in the table of experimental results are
the averages of the daily measurements. The total cumulative
errors including calibration and measurement and variation
are estimated to be less than *5°C.

Either methane (for runs at less than 2.0 kilobars) or
distilled water (for runs with 4.0 kilobars) was used as
pressure media. Pressure measurements were made daily with
either an Ashcroft Maxisafe gauge with a resolution of 15
bars or a Heise Bourdon tube gauge with a resolution of 5
bars. If the pressure dropped more than 3%, the experiment
was repeated. The pressures listed in the experimental
. result table are the averages of daily measurements and the
total errors of pressure were estimated to be less than *20
bars.

Most of runs were investigated with two adjacent
capsules of starting mixtures having different proportions
of low- and high-temperature assemblages. The exceptions are
the runs having conditions quite far from equilibrium for
which only one capsule of starting material was used. The
two commonly used mixtures were 20wt% low-temperature
assemblage plus 80wt% high-temperature assemblage, and the
other 80wt% low-temperature assemblage plus 20wt$%
high-temperature assemblage. For each capsule, approximately
20 milligrams of starting mixture were sealed with excess

distilled water (30wt%) and then weighed. The seal was



checked by placing the sealed capsule in an oven at
temperature of 100°C for 30 to 40 minutes and reweighing.
Loss of weight indicated failure of the seal and a new
capsule was prepared. The furnace was preheated to the
desired temperature before the pressure vessel was inserted.
After insertion the temperature was stablized within about
30 to 60 minutes., After the required duration, the pressure
vessel was removed, placed in a steel cooling jacket and
quenched by blowing compressed air around the vessel.
Usually, the temperature dropped to less than 100°C within 5
minutes. After the residual pressure was released, the
capsule was removed, weighed, punctured and reweighed to
make sure there was no loss of any material during the run.
After the charge was dried in the oven at 100°C for 30
minutes, the capsule was opened for examination. Run charges
were examined under the optical microscope and with x-ray
diffraction. Then they were examined under scanning electron
microscope and microprobe if neccessary. Because most of the
runs showed incomplete reaction, an x-ray diffraction
intensity technique was used to obtain height ratios of
certain peaks of different phases to determine the extent
and direction of reaction. This was done as follows: for
each of two starting mixtures, six x-ray diffraction
patterns were made using different slides with different
amount of materials to obtain the average values of the peak
ratios based on the known composition (80wt% low-temperature

assemblage plus 20wt% high-temperature assemblage or 20wt%



low-temperature assemblage plus 80wt% high-temperature
assemblage, Fig 1). The same method was applied to each run
charge with incomplete reaction to find the peak ratios. The
ratios from starting material and from run product were
compared to determine the extent and direction of reaction.
Only the runs with large ratio changes (greater than 30%)

were considered to have reacted.

B. STARTING MATERIALS

All phases considered in this study were synthesized
from oxide mixtures. A Lindberg furnace was used for the
preparation of the oxides.

Periclase (MgQO) was prepared by baking MgO (Fisher
Certified Reagent Lot#741694) for 24 hours at 800°C and 1
hour at 1000°C.

Cristobalite (SiO,) was made from Si0O,.nH,0 by baking
at 1300°C for 24 hours. For better crystallization the SiO,
was baked for another 24 hours at 1200°C.

¥-Al,0, was prepared from aluminum chloride
(A1Cl,.6H,0) (Fisher Certified Reagent Lot#429332) by
heating- it in a fume hood using a gas burner for 1 hour
until frothing stops. The Al,0; was then baked at 650°C for
96 hours.

Lime (Ca0Q) was made from calcium carbonate (CaCO;) by
baking at 500°C for 24 hours, followed by at 800°C for 12

hours.
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1 Calibration of ratios of peak heights from starting
material XRR (80wt% grossular + clinochlore, 20wt%
diopside + spinel) to XRE (80wt% diopside + spinel,
20wt% grossular + clinochlore). Vertical bars show the
standard deviation of mean from 6 measured peak ratios.



Each prepared oxide was ground, under alcohol, in an
agate mortar by hand for several hours to make sure that the
grain size was less than 1 micron. The oxide was then dried

in a furnace and stored in dessicator for further use.

C. SYNTHESIS

Phase syntheses were conducted using either a Lindberg
furnace at one atomsphere or in pressure vessels.

Each oxide was carefully weighed according to the
desired weight proportion for each mineral (see Table I). To
reduce weighing errors, 5 grams of mixture for each mineral
was mixed. The mixture was ground by hand under alcohol for
at least 2 hours. To ensure homogeneity the mixture was
periodically dried and collected into the bottom of the
mortar. After drying in an oven at 100°C for about 30

minutes, the oxide mixtures were stored in a dessicator.

t. SPINEL

Spinel was synthesized by two methods. One atomsphere
synthesis was made in a platinum capsule and directly put in
a Lindberg furnace. For this synthesis two cycles of heating
and grinding were used in order to obtain a high percentage
of yield (Engi, 1983). For the first cycle, the mixture was
heated at 1000°C for 1 hour and then it was taken out from
furnace and ground for 1 hour by hand under alcohol in an

agate mortar. For the second cycle the mixture was heated to
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Table I

Oxide weight percentage of the mineral involved

Mineral Formula ; MgO Ca0 Al,0, Si0,
Gros caaAlzsi3012 0.00 37.35 22.64 40.02
Diop CaMgSi,Og 18.61 25.90 0.00 55.49
Clin MgsAl1,S1;0,,(0H), 41.66 0.00 21.08 37.26
Spin MgAl,0, 28.33 0.00 71.67 0.00

1200°C for 24 hours. The hydrothermal synthesis was made
using a gold capsule sealed with about 150 milligrams of the
mixture plus approximately 20-30wt% distilled water. The
synthesis conditions of 795°C and 1.0 kilobar were
maintained for 12 days. Different conditions of syntheses
were used because of considerations of order-disorder
phenomena in spinels., It has been found that magnesium and
aluminum cation distribution in the tetrahedral and
octahedral sites of the spinel structure may be sensitive
both to temperature of formation and to cooling rate (Barth
and Posnjak, 1932; O'Neill and Navrotsky,1984) There are
techniques using powder diffraction available to measure the
degree of order-disorder in spinel (Furuhashi, et al. 1973).
These techniques measure the difference between the
theoretical and observed intensities of different peaks. The
theoretical intensities are calculated based on the
scattering factors of/the elements involved. Because
magnesium and aluminum have similar scattering factors the
calculated intensities are not very sensitive to ordering in
the structure (Lindsley, 1976). Therefore these techniques

are not suitable for measuring order-disorder in the Mg-aAl
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spinel of this study. But one wouid expect samples guenched
from high temperatures to be disordered rather than ordered.
Both syntheses were successful and their products were
examined under optical microscope, x-ray diffraction and
scanning electron microscope. It was found that spinels by
both methods were identical with respect to optics, x-ray
powder diffraction, and scanning electron microscopy. The
synthetic spinel typically crystallized as euhedral crystals
with (1 1 1) and (1 1 0) faces(plates 1,2). The grain size
ranged from 2 microns to more than 10 microns. The crystals
are optically isotropic, with no sign of inhomogeneity. No

other phase was detected in either of the synthesis charges.

2. DIOPSIDE

Diopside was synthesized at 795°C and 1 kilobar for 15
days. Attempts to synthesize diopside at one atmosphere
failed because of the slow crystallization rate. The
synthesis product was examined under the optical microscope,
x-ray diffraction and scanning electron microscope and no
impurity was found. The synthetic diopside was subhedral to
euhedral, with a grain size of 2 x 5 microns (plate 3). Cell
parameter refinement was carried out using four x-ray
diffraction scans (two with increasing 20 and two with
decreasing 20). Silicon metal was used as an internal
standard (a=5.4305 A). CuKa radiation and a scanning rate
1/4 degree 20 per minute was used. Eleven diffraction lines

were selected. The mean of the peak positions were obtained
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Table II

D-spacings and refined cell parameters for synthetic
diopsides, CaMgSi,O

Synthetic' Synthetic? standard?
h k1 d(calc) d(obs) I1(/100) d(obs) d
0 21 3.344 3.344 15 3.346 3.350
220 3.234 3.232 30 3.232 3.230
2 2-1 2.991 2.990 100 2.990 2.991
310 2.952 2.949 32 2.950 2,952
3 1-1 2.894 2.892 37 2.893 2.893
1 3-1 2.565 2.564 25 2.565 2.566
311 2.302 2.303 20 2,300 2.304
330 2.156 2.156 12 2.155 2.157
3 3-1 2.133 2.134 20 2.131 2.134
4 2-1 2.108 2.109 12  ==-—-- 2.109
0 4 1 2.041 -==—- - 2.040 2.043
1 3-2 1.968 1.970 10 ----- 1.970
150 @ - —--=- -- 1.754 1.755
5 3-1 === —-——-- - 1.624 1.625
a(a) 9.755(4) ' 9.748 9.761
b(a) 8.928(6) 8.924 8.926
c(a) 5.247(7) 5.251 5.258
B 105°52" 105°47" 105 °47°
V(A3) 439,51(45) 439.5 440.80

! Synthetic diopside from this study.

2 gsynthetic diopside from Nolan and Edgar (1963).

3 standard diopside from Mineral Powder diffraction File,
Data Book by JCPDS.

and the cell parameters were calculated using the program of
Evans, et al (1963). The results are shown in Table II. Also
shown in this table are cell refinement results of synthetic
diopside from Nolan and Edgar (1963) and diopside standard
from Mineral Powder Diffraction File, Data Book by JCPDS,
card #11-654 (1980). Table III shows some diopside cell
refinement parameters by various authors. Our cell
refinement data are in very good agreement with others. The

X.R.D., pattern of synthetic diopside is comparable with the
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pattern of JCPDS diopside standard (Fig 2 and Fig 3).

3. CLINOCHLORE

Clinochlore was synthesized from the oxide mixture plus
approximately 30wt% distilled water at 680°C and 4.0
kilobars for 21 days. Synthetic clinochlore was fine grained
and the size ranged from 1 micron to 4 microns. Under
optical microscope and scanning electron microscope, well
formed platy crystals were observed (plate 4). Trace spinel
was found with the optical microscope using index oil but
this impurity was not detected by x-ray diffraction. The
amount of spinel was estimated to be much less than 1%
judging from the comparative charts for visual estimation of
volume percentage(Terry and Chilingar, 1955). The change in
clinochlore composition caused by the extraneous spinel, is
probably not significant (see also McPhail, 1985). The
results of cell parameter refinement are listed in Table 1IV.
Also provided are cell refinement results of synthetic
clinochlore by Chernosky (1974). Both results are in very

good agreement.

4. GROSSULAR

Grossular was synthesized under two different
conditions: at 745°C and 1 kilobar for 17 days, and at 680°C
at 4.0 kilobars for 21 days. Examination under the
microscope showed that both synthesis products had

additional phase impurities (anisotropic crystal) estimated
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Table i

Cell parameters of synthetic and natural diopsides

Samples

Synthetic
" Synthetic
Synthetic
Synthetic
Synthetic
Natural

Natural

Run Diop
Syn. CaTs

Reference

Rutstein, et al.(1969)

Present study

Clark, et al.(1962)
Sakata, (1957)

Nolan and Edgar,(1963)
Viswanathan, (1966)
Clark et al.(1969)
This study

Okamura et al.(1974)

a (a) b (a)
9.752(2) 8.926(2)
9.754(4) 8.927(5)
9.745(1) 8.925(1)
9,743 8.923
9,748 8.924
9.754(14) 8.916(8)
9.746(4) 8.899(5)
9.725(4) 8.891(5)
9.609 8.652

c (A)

5.246(2)
5.246(7)
5.248(1)
5.251
5.251
5.24(9)
5.251(6)
5.260(5)
5.274

B

105°50°
105°52°
105°52°
105°56°
105°47°
105°49”°
105°39°
105°55°
106°3°

v (A?)

439.68(15)

439.51(45)

439.5

438.6
437.13(31)
421,35

91
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D_

spacings and refined cell parameters for synthetic
n y

clinochlore, Mg:A1,51;0,,(0OH); and chlorite
M9m75A1z55i301o?0H§e

Clin' Clin?
h k1 d(calc) d(obs) I(/100) d(obs)
0 01 14.299  -——--—- - 14.132
0 02 7.149  -=——- -- 7.135
00 3 4,766 4.771 xx4 4.757
0 20 4,609 -—-——- - ===
110 4,581 4.587 40 4,588
-1 1 1 4,505 —=-——- - 4,493
0 2 1 4.387 = —-=-=- -- 4,373
1-11 === =—=—- - 4,242
0 2 2 3.874  -==-- -- 3.883
11 2 3.682  —-=--—- - 3.674
0 0 4 3.575 3.5717 XX 3.572
0 05 2.860 2.860 60 2.864
11 4 2.682 —-==-- - 2.691
2 0-1 2.655 2.653 12 2.656
2 0-2 2.582 2.581 45 2.584
2 01 2.541 2.540 100 2.540
-2 0 3 2.440 2.440 75 2.441
006 2.383 2.383 36 2.385
2 0-4 2.261 2.261 28 2.260
1 3 4 2.071 2.071 11 ===
007 2.043 2.042 18 2.041
20 4 2.008 2.009 58 2.008
2 0-6 1.889 1.889 20 1.889
205 1.830 1.830 20 1.831
0 0 8 1.787  ——=-- -—-  m=---
20-7 ----- === - 1.724
2 06 1.669 1.670 11 1.671
2 0-8 1.573 1.573 32 1.573
060 1.536 1.536 53 1.539
0 6 2 1.502 1.502 15 1.502
0 6 3 1.462 1.463 18 1.463
11 9 1.454 -=-=-- -- 1.455
0 010 1.430 1.430 10  -==---
333 1.411 === -- 1.412
208 1.402 1.402 24 1.402
a(a) 5.320(1) 5.324(1)
b(a) 9.218(1) 9.224(3)
c(a) 14.409(2) 14,420(5)
B 97°5'(1"') 97°6'(1")
V(a3) 701.26(16) 702.69

Synthetic clinochlore from this study.
Synthetic clinochlore from Chernosky, (1974).
Synthetic chlorite from McPhail, (1985).

Peak intensity more than 100 renormalized.

chl?

d(obs)
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to be less than 5% by volume. This may have been the result
of too low a pressure used for syntheses. Attempts to
identify these impurities by x-ray diffraction and scanning
electron microscope showed it to be wollastonite. The fate
of the released aluminum is unknown as no aluminum rich
impurity was found. Such a small proportion of impurity
should not have much effect on the composition of the
synthetic grossular. Synthetic grossular was subhedral to
euhedral and ranged in size from 2 microns to 10 microns
(plate 5,6). Under the light microscope it appeared
isotropic and homogeneous.

In natural rodingites, hydrogrossular is the most
common mineral present and is often the most abundant
mineral within volcanic rocks altered to rodingites
(Coleman, 1966). Hydrogrossular with formula CaaAlz(SiOq)3_x
(H,0,), was found to be the result of a continuous solid
solution between Ca;Al,Si;0,, and Ca;Al,(H,0,); at low
temperature (Flint, et al., 1941). Silica-free Ca;Al,(H,;0,);
decomposes above approximately 250°C. Yoder (1950) studied
the stable fields for grossular and hydrogrossular and
reported that hydrogrossular is stable at temperatures only
below about 600°C. Shoji (1974) found that the hydrogen
content in the grossular-hydrogrossular series decreases
with increasing temperature and the d-spacing of the (4 2 0)
plane can be used to determine the H,0 content in
hydrogrossular. The d-spacing value of the (4 2 0) plane

varies from about 2.650 (A) for grossular to 2.680 (A) for
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hydrogrossular. Careful determination of the d-spacing of
the (4 2 0) plane for the grossular synthesized in this
study shows that the value (2.6498 (A)) is in very good
agreement with the value reported by Shoji (1974). It is
believed therefore that synthetic grossular from this study
i1s on composition and no hydrogrossular component is

involved.

D. EXPERIMENTAL RESULTS

Experimental reversals of the equilibrium;
Grossular + Clinochlore = 3 Diopside + 2 Spinel + 4 H,0

were made at pressures of 0.5, 1.0, 2.0 and 4.0 kilobars.
The experimental conditions and results are listed in Table
V and illustrated in Fig 4. A few runs at conditions far
from equilibrium achieved complete.reaction (100% grossular
+ clinochlore or 100% diopside + spinel). For most of the
runs, the peak height ratios from x-ray diffraction were
used to indicate the reaction direction and to estimate
extent of reaction. For high temperature runs, the common
assemblages were diopside + spinel + minor clinochlore, i.e.
grossular seems to disappear easily. For low temperature
runs, grossular + clinochlore + minor diopside was the
common phase assemblage, i.e. spinel disappeared easily.
When runs were put at conditions assumed to be close to the

equilibrium, the final assemblage was clinochlore + diopside
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Precalculated curve of the equilibrium grossular

clinochlore = 3 diopside + 2 spinel + 4 H,0 by
PTSYSTEM using phase properties from UBCDATABASE
and the experimental brackets of this study.

A -- assemblage grossular + clinochlore stable.
QO -- assemblage diopside + spinel stable.

O --abnormal assemblage diopside + clinochlore.
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Table V

Experimental results for the equilibrium
Grossular + Clinochlore = 3 Diopside + 2 Spinel + 4 H,0

Run # P(bar) T(°C) Duration Results

XRR-1 2000 678 384 (hrs) 100% Di + Sp

XRE-1 2000 525 336 80% Gr + Clino

XRR-2 2000 627 360 mainly Di + Sp,
minor Clino

XRE-2 2000 566 504 no reaction

XRR-3 2000 601 552 Di + Clino

XRE-3 2000 601 552 Di + Sp stable

XRR-4 2000 580 588 mainly Di + Clino,
minor Gr

XRE-4 2000 580 588 Di + Sp stable

XRR-5 2000 561 552 Gr + Clino stable

XRE-5 2000 561 552 Gr + Clino grow 40%

XRR-7 2000 570 576 Gr + Clino stable

XRE-7 2000 570 576 mainly Di + Clino,
minor Gr

XRR-6 1000 560 600 no obvious reaction

XRE-6 1000 560 600 Gr + Clino grow

XRR-9 1000 520 384 80% Gr + Clino

XRE-9 1000 520 384 60% Gr + Clino

XRR-10 1000 581 720 Di + Sp grow

XRE-10 1000 581 720 Di + Clino

XRR-8 500 502 840 100% Gr + Clino

XRE-8 500 502 840 95% Gr + Clino,
minor Di

XRR-11 500 540 672 Di + Sp grow

XRE-11 500 540 672 Mainly Gr + Clino
??7?

XRR-17 500 560 648 Mainly Di + Clino

XRE-17 500 560 648 Mainly Di + Sp

XRR-18 4000 600 600 Mainly Gr + Clino

XRE-18 4000 600 600 Mainly Gr + Clino

XRR-19 4000 640 672 Mainly Di + Clino

XRE-19 4000 640 672 Mainly Di + Clino

XR-13% 2000 600 672 Mainly Di + Clino

XR-14%* 1000 570 672 Mainly Di + Clino

XR-20 2000 600 552 Mainly Di + Clino

XRBulk-1 1000 590 1152 Mainly Di + Clino

XRBulk-3 1000 590 1152 Mainly Di + Clino

* Runs with starting material of 50wt% reactant and 50wt%
product.
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Table V (continued)

Experimental results for the equilibrium
Grossular + Clinochlore = 3 Diopside + 2 Spinel + 4 H,O0

Run # P(bar) T(°C) Duration Results

XRBulk-5 1000 590 1152 Mainly Di + Clino

XRBulk-7 1000 590 1152 Mainly Di + Minor
Clino

XRBulk-9 1000- 590 1152 Mainly Di + Minor
Clino

XRBulk-2 1000 530 1152 Mainly Gr + Clino +
Minor Di

XRBulk-4 1000 530 1152 Mainly Di + Clino +
Di + (unknown)

XRBulk-6 1000 530 1152 Mainly Gr + Clino +
Minor Di

XRBulk-8 1000 530 1152 Mainly Gr + Di +
Minor Clino

XRBulk=-10 1000 530 1152 Mainly Gr + Di +
Minor Clino + Minor
Sp

instead of clinochlore + grossular or diopside + spinel.
This was first found in experiments at 2.0 kilobars and the
repeated experiments at 2.0 kilobars showed the same
results. Similar results were obtained from 0.5, 1.0 and 4.0
kilobar runs. Therefore only wide reversal brackets were
obtained for each pressure condition.

Some special experiments were conducted after the
assemblage diopside + clinochlore was found. One
experimental product (XRR-3) containing only diopside +
clinochlore was used as new starting material. It is assumed
that the phases diopside and clinochlore from this run are
the stable phases at this temperature and pressure
conditions. Relative proportions of diopside and clinochlore

were estimated according to peak intensities of the X.R.D.
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pattern. Appropriate amounts of spinel and grossular were
then added to the diopside and clinochlore mixture for 1:1
ratio of product and reactant (50% reactants and 50%
products in weight) of the reaction grossular + clinochlore
= 3 diopside + 2 spinel + 4 H,0. After grinding under
alcohol for 2 hours, the sample was loaded under the same
conditions as that of the run from which produced diopside +
clinochlore.

After 552 hours duration, the run (XR-20) products were
examined and found to be 100% reacted to diopside +
clinochlore (see table V).

For the experimental runs, the calculated wt% of each
phase was mixed into the starting material. It is possible
thus to obtain starting assemblage such as grossular +
clinochlore + minor diopside, and diopside + spinel + minor
clinochlore (Fig 5a, 5b).

Ten synthesis runs were made to test this possibility.
Oxides were used as starting materials for the synthetic
runs. The compositions of the mixtures were designed to be
off the bulk composition of the reaction for stoichiometric
phases. The original bulk composition was prepared to
balance the reaction between the stoichiometric phases. Four
new mixes were prepared so as to guarantee that their
compositions would lie in the four sectors defined by the
crossing stoichiometric tie-lines (see Fig 6).

Two run conditions were used for the special synthesis

runs (see Table V). Long durations of the runs were
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al1,0,
Spin
Gros ss
.............. IR ww— )
a Clin
Ca0 MgO
Diop
(a)
Fig & Illustrations of phase relations in the reaction

grossular + clinochlore = 3 diopside + 2 spinel + 4 H,0
at (a) high temperature and (b) low temperature.
Diopside is an Al-bearing solid solution. Dotted lines

"are the tie lines for the reaction without considering

solid solution in diopside. The intersection point of
these tie lines represents the reaction bulk
composition and the starting materials used for the
experiments., Point ss in (a) represents the mean
composition of run diopsides from microprobe analyses.






26

Al,0,

XRBulk-1
XRBulk-2

Gros

XRBulk-7
XRBulk-8 ,

XRBulk-5§
. ZXRBulk-6

Clin

XRBulk-9 °
XRBulk-10

* XRBulk-3
XRBulk-4

Ca0 MgO

Diop

Fig e Illustration of the starting material compositions for
experiments XRBulk-1 to XRBulk-10. The solid lines
within the triangle are the tie line for the
stoichiometric reaction and their intersection _
represents the bulk composition for that reaction. The
starting material compositions for other experiments
are shown as XRBulk-3 to XRBulk-10.
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maintained to ensure a complete reaction. The results of
these synthesis runs show that their run products are no
different from those of the equilibrium runs made earlier.
The experiments all concluded with either diopside +
clinochlore or the low temperature assemblage grossular +
clinochlore. Only one run (XRBulk-4) showed three
unidentified peaks in the X.R.D. patterns which could be an
indication of unknown phases.

The above results suggest that non-stoichiometric
behaviour may occur in one or more of the phases involved.
Spinel is the only phase that may not exhibit so0lid solution
in the chemical system studied.

Grossular (Ca;Al,Si;0,,) was treated as a
stoichiometric phase although pyrope-grossular can be a
complete solid solution at very high temperature and high
pressure. The mixing properties of grossular-pyrope solid
solution have been discussed by various authors e.g. Chinner
et al. (1960); Saxena (1968); Boyd (1970); Wilken (1977);
Ganguly and Kennedy (1974); Hensen et al. (1975). Synthesis
studies of garnet along this join were made by Yoder and
Chinner (1960). The stabilities of garnet with this
composition are strongly dependent on the pressure of
formation. At 29 kilobars and 1250°C, a complete range of
sdlid solution can be crystallized. But at 10 kilobar water
pressure and 950°C, only garnets within the narrow range
Gr,00-Gro,Py¢ are stable. This solid solution was also

. studied theoretically and experimentally by Ganguly and
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Kennedy (1974); Hensen, Schmid and Wood (1975). it was
demonstrated that pyrope-grossular solid solution exhibited
a significant positive deviation from ideality. The
deviation increases with decreasing temperature. The
temperature of critical mixing marks the top of the
pyrope-grossular solvus. The values of 694+50°C (Ganguly and
Kennedy, 1974) and 629+90°C (Hensen et al, 1975) are both
higher than the temperature used in this study. Also it was
demonstrated earlier that the synthetic grossular is in
composition as shown by checking the d-spacing value of (4 2
0) plane with X.R.D. Therefore it seems reasonable to treat
grossular as a stoichiometric phase at the temperature and
pressure conditions used for this study.

Changes in chlorite composition with increasing
pressure were reported by Fawcett and Yoder (1966). It was
concluded that the composition of chlorite coexisting with
other phases varies with pressure, becoming more aluminous
at higher pressure. Careful studies of this shift in
chlorite composition were made by McPhail (1985) by
measuring (004) and higher order basal peaks of chlorite
against forsterite and spinel peaks before and after the
experiments. No shifts in the peak position for chlorite
were noticed. Similar work was done by Chernosky (1974) with
clinochlore using the same methods in which he showed that
clinochlore from different temperatures and pressures showed
no non-stoichiometric phenomena. In this study, the same

attention was paid and no peak shift was detected for
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clinochlore. Clinochlore in this study therefore was
considered to have the same composition (MgzAl,Si;0,0,(OH)g)
throughout the course of the experiments.

A variety of technigques were used to study the
variation in composition of diopside. It was found that the
diopside has a high aluminum content which may be described
by substitution of Ca-Tschermak or/and Mg-Tschermak

molecule.



IT1. CLINOPYROXENE COMPOSITION

The experimental results of the previous-chapter
suggest that the clinopyroxene may not be stoichiometric
end-member diopside because many runs concluded with
'diopside' + clinochlore instead of either diopside + spinel
or grossular + clinochlore. Grossular, spinel, and
clinochlore have been concluded to be stoichiometric,
leaving only errors in bulk composition of the run or
variation in clinopyroxene composition as the source of the
problem. Ten test experiments (XRBulk-1 to XRBulk-10 see
Table V), with different bulk compositions, have eliminated
the possibility of first of these problems, leading to the
conclusion that the clinopyroxene contains aluminum.

Research on aluminum in clinopyroxene has been
extensive, indicating mostly that high Al-content is the
result of high pressure, Al-rich bulk compositions, or both.
The solid solutions between CaMgSi,O¢, CaAl,SiO¢, MgAl,SiOq
and Mg,Si,0 have been studied very extensively (Clark, et
al., 1962; Neufville and Schairer, 1962; Kushiro and Yoder,
1965; 1966; MacGregor, 1965; O'Hara et al., 1971; Herzberg,
1972, 1976a, 1976b; Gupta et al., 1973; Yang, 1973; Okamura
et al., 1974; Presnall, 1976:; Yoshikawa, 1977; Onuma and
Kimura, 1978; Holland, 1979; Jenkins and Newton, 19789;
Akasaka and Onuma, 1980; Gasparik, 1980a, 1980b, 1984). The
system diopside, Ca-Tschermak, Mg-Tschermak and enstatite is
complex, forming binary and ternary solid solution systems.

Diopside and Ca-Tschermak pyroxene form a continuous solid

30
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solution at high pressure and temperature (Clark et al.,
1962). Limited solid solution also occurs between diopside
and Mg-Tschermak pyroxene (deNeufville and Schairer, 1962).
In this study, diopsides from the starting materials
and from each run were examined under the light microscope,
x-ray diffraction, scanning electron microscope and electron

microprobe to determine if they were Al-bearing.

A. OPTICAL MICROSCOPE

Each experimental product was examined with the optical
microscope under immersion oils. In some case, the sample
was dispersed with an ultrasonic equipment before
examination. The crystals from both synthesis and
equilibrium experiments were commonly too small to measure
many optical parameters, being anisotropic, prismatic grains
less than 5 microns long. Attempts to determine diopside
compositions from refractive index failed because of the

insensitivity of refractive index to composition.

B. X-RAY DIFFRACTION (X.R.D.)

Experimental products were examined by powder X-ray
diffraction using copper radiation on a Philips XRD unit.
Routine identification of mineral phases was done with
diffractometer settings of 2 degree 20 per minute and chart
speed of 2 centimeters per minute.

Samples were prepared by dispersing the charge using

either ultrasonic separation in alcohol or grinding under
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alcohol in an agate motar. The sample was mounted on a
qguartz slide, allowed to dry, and X-rayed.

The synthetic stoichiometric end-member diopside was
very well crystallized, with peak positions and intensities
comparable with standard diopside (see Fig 2 and Fig 3).
Cell parameter refinements were made using eleven peaks in
the program of Evans, et al (1963) (see Table II).

Each experimental run producing diopside was also
examined by powder diffraction. Cell parameter refinements
were carried out to trace the variation of diopside
composition. The run products usually contained four phases
(due to incomplete reaction) resulting in many peak
overlaps. Consequently only seven peaks could be measured
precisely for cell refinement. The results of this cell
parameter refinement are listed in Table VI,

The results of cell parameter refinement show that the
cell parameters of run product diopside are well within the
cell parameter range between the join diopside and

Ca-Tschermak pyroxene as reported by Clark (1962).

C. SCANNING ELECTRON MICROSCOPE (S.E.M.)

All examinations were carried out using a SEMCO
Nanolab-7 scanning electron microscope. Samples were mounted
on graphite stubs and coated with carbon or gold depending

on whether composition or morphology was being studied.
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Table VI

D-spacings and refined cell parameters for diopside
(clinopyroxene) from run product

Run product Synthetic
diopside diopside
h k1 d(calc) d(obs) I1(/100) d(obs)
0 21 3.338 3.340 22 3.344
220 3.222 3.222 65 3.234
2 2-1 2.985 2.984 100 2.991
310 2.942 2.943 45 2.952
3 1-=1 2.889 2.889 52 2.894
1 3-1 2.558 2.558 70 2.565
311 2.297 2.297 25 2.302
a(a) 9.725(3) 9.755
b(a) 8.891(5) 8.928
c(a) 5.257(5) 5.247
g 105°58" 105°52"
v(a3) 437.13(30) 439.51

1. SAMPLE PREPARATION

Graphite discs were polished using polishing papers and
glass and then attached to the metal stub with double sided
tape. The experimental products were put into individual
glass vials with alcohol and ultrasonically dispersed. Good
dispersion was neccessary for chemical analysis to avoid
signals from neighbouring grains. To achieve this
separation, a small glass micropipette was used to transfer
the suspension of grains in alcohol to the graphite stubs.
The loaded stubs were checked with the binocular microscope
to ensure the correct dispersion before coating.

A Denton Vacuum DV-515 coater was used for carbon
coating to a thickness of about 25 nm. Carbon coated samples
were used for qualitative chemical analyses and gold coated

samples were used for photography.
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2. OBSERVATION

A SEMCO Nanolab-7 scanning electron microscope with a
Kevex E.D.S. attachment was operated at 15 KV accelerating
potential at a usual working distance of 15-18 mm.
| Synthetic end-member diopside was examined for
morphology and chemistry as reference material for the
equiiibrium experimental products. Photos were taken and
qualitative chemical analyses were made using EDS (Fig 7)

Synthetic diopsides are euhedral to subhedral prismatic
crystals. Although the EDS could not give quantitative
analysis, the following features may be noted. The chemical
spectra show that the diopside is very uniform in
composition with all grains having very similar spectra. The
peak ratios of Mg/Si and Ca/Si are very similar from one
grain to another.

Diopside from equilibration experiments was easily
identified by crystal shape, morphology and chemical
analysis on the basis of results on end-member synthetic
diopside. Grains of diopside at least 4 microns apart from
other grains of any phase were chosen for chemical analysis.
It was—-found that if any other phase lay within 4 microns of
the diopside, its chemical spectrum would show the effects
of the neighbour.

Assemblages commonly found in the run products were
diopside + spinel, Clinochlore + grossular, diopside +
spinel + minor clinochlore, clinochlore + grossular + minor

diopside and diopside (clinopyroxene) + clinochlore (plates
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Fig 7 The Scanning Electron Microscope E.D.S. chemical
- spectrum of synthetic diopside (105 Sec., 8764 Int.,
Vertical scale(full) 1024, 15 KV accelerating voltage)
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Fig 8 The Scanning Electron Microscope E.D.S. chemical
spectrum of diopside from run XRE-10(70 Sec., 13093

Int., Vertical scale(full) 1024, 15 KV accelerating
voltage)
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Fig 9 The Scanning Electron Microscope E.D.S. chemical
spectrum of diopside from run XRR-3(78 Sec., 10112

Int., Vertical scale(full) 1024, 15 KV accelerating
voltage)
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Fig 10 The Scanning Electron Microscope E.D.S. chemical

spectrum of diopside from run XRE-10(73 Sec., 9346

Int., Vertical scale(full) 1024, 15 KV accelerating
voltage) : -
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Fig11t The Scanning Electron Microscope E.D.S. chemical
spectrum of diopside from run XRR-4(62 Sec., 13527
Int., Vertical scale(full) 1024, 15 KV accelerating
voltage)
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Fig12 The Scanning Electron Microscope E.D.S. chemical

spectrum of diopside from run XRE-10(80 Sec., 22193

Int., Vertical scale(full) 2048, 15 KV accelerating
voltage)
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7-12). No differences of morphology were found between these
diopside crystals and the synthetic end-member diopsides.
The chemical spectra show clearly that some diopsides
contain aluminum. A reproducible aluminum peak was obtained
from most of these diopsides(Fig 8 to Fig 12).

The qualitative scanning electron microscope E.D.S.
data show that the diopsides in equilibrium with clinochlore
contain aluminum, in agreement with deductions from
chemography. The electron microprobe was used to obtain more

guantitative analyses of diopside.

D. ELECTRON MICROPROBE

1. SAMPLE PREPARATION

Samples were prepared for microprobe analysis in the
same way as for the S.E.M. examination, using graphite stubs
of 0.25 inch diameter. Using the same technique as for the
SEM sample preparation, the charge was loaded onto the

graphite stubs and carbon coated to a thickness of 25 nm,

2. ANALYSIS PROCEDURE

An A.R.L. SEMQ microprobe was used for all the
analyses. Specimen current was set at 40 nA on aluminum at
an accelerating potential of 15 KV with a 300 um aperture.
Counting time for both background and peak was 10 seconds.
Analyses using the minimum size beam were unsatisfactory

because of Na loss in standardization on jadeite and beam
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instability on the small grains available. A small raster
about 2 microns was succesfully used.

Oxides determined in the analyses were-AlZO3, Si0,, CaO
and MgO. Standardization was made on synthetic diopside of
similar size and shape to the unknown. Synthetic end-member
jadeite provided by H.J. Greenwood and synthetic end-member
diopside from this study were used as standards (see Table
VII). Because the grains of synthetic standard minerals and
run products were all very small (less than the x-ray
excitation volume), the shape and the size of the grains
selected were very important factors in achieving good
analyses. It was easily shown that differences in size and
orientation between standard and unknown minerals can
significantly affect the analyses. To reduce this effect,
grains of similar shape, orientation and size were chosen.
Both standard and unknown mineral grains had to be well
separated from other grains.

Great care was needed to acquire good analyses. Aside
from the above precautions it was found that the beam would
shift slowly off the center of the grain as the
spectrometers moved. This caused loss of counts and low
totals. Runs with less than B80% or more than 120% total
weight percentage were not used even for calculating element
ratios. To check the repeatability and reliability, many
analyses were made on the same grain., No differences were
noticed from data obtained on different days. Table VIII

shows the duplicate analyses of standard diopside. Appendix



Table VII

Standards used for microprobe analyses

Oxides Composition Sources

MgO CaMgSi,Oq Synthetic endmember diopside
from this study

CaO CaMgSi,O¢ Synthetic endmember diopside
from this study

Si0, CaMgSi,Oq Synthetic endmember diopside
from this study

Al,0, NaAlSi,O4 Synthetic endmember jadeite
from H.J. Greenwood

1 shows the analysis results in formula total and weight

total. Analyses on diopsides from different run products did

not show any obviously regular variation of the aluminum

content. Al,0; in clinopyroxene varies from 0.3 to 0.7 per

formula unit. MgO and CaO are both less than 1.0 per formula

unit, which is the value in diopside.

3. INTERPRETATION OF DATA

The presence of aluminum and the deficiencies of

magnesium and calcium in clinopyroxene indicate that the

solution can be described by substitution of Tschermak

"molecules". If only Ca-Tschermak substituted for diopside

according to the AlAl--MgSi substitution, then calcium

should not change in value and would remain around 1.0.

Magnesium and silicon contents would decrease while aluminum

increased. The deficiencies in both magnesium and calcium

suggest that substitutions by both Ca-Tschermak and

Mg-Tschermak occured.
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Table VIII

Duplicate of the microprobe analyses of standard diopside

Time MgO Al,0, Sio, Ca0 Total wt%total
Grain

A

#1 .9957 .0037 1.9773 1.0453 4.0211 97.96

$2 .9933 .0034 1.9891 1.0231 4,00093 104.36
Grain

B

#1 .9965 .0057 1.9944 1.0063 4.0029 112,49
$2 1.0514 .0051 1.9828 .9753 4,0146 115.36
$#3 1.0207 .0041 1.9975 .9782 4.0005 110.94

In an attempt to see more clearly the relations between
element oxides, various plots were made using different
oxide values in the formula. For example, Al,0; versus SiO,,
Al,0, versus Ca0O, Al,0; versus MgO and MgO versus CaO were
plotted (see Fig 13 to Fig 19). The plots show that the data
points are relatively scattered. Theoretically if a run
reached equilibrium and the analytical errors could be
eliminated, then all the points should plot at one poinﬁ.
The differences in composition seen in this study are
certainly beyond analytic error.

Although the data for aluminum and silicon vary from
one analysis to another, the plot of Al,0; versus SiO, (Fig
16) shows that the data can be very well fitted in a linear
equation. Linear regression shows that the relation between
Al,0; and Si0O, can be expressed as SiO,(formula) = -0.5298 *
Al,0;(formula) + 1.9914. If only Tschermak molecule
substitutions were involved, then theoretically the
constants in this equation should be 0.5 and 2.0

respectively. The closeness of the values indicates that
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Fig13

The relation between Al,0, and Ca0O (mol) in.run
product diopside from microprobe analyses
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Fig 14 The relation between Al,0, and MgO (mol) in run
product diopside from microprobe analyses
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Fig 16 The relation between Al,0; and SiO, (mol) in run
product diopside from microprobe analyses. The
straight line is the relation between Al,0; and
Si0, for Tschermak's substitution.
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Fig1? The relation between Ca0 and $i0,; (mol) in run
product diopside from microprobe analyses
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Fig18 The relation between MgO and Si0O, (mol) in run
product diopside from microprobe analyses
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Fig19 The relation between CaO and MgO (mol) in run
product diopside from microprobe analyses
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this is probably the case.

The question arises as to the relative proportion of
Ca-Tschermak and Mg-Tschermak molecule substitution. All the
oxides have been partitioned and balanced between the
solution phases of Ca-Tschermak, Mg-Tschermak and diopside.
The analytical data show that the average calcium deficiency
is greater than that of magnesium. This could be caused by
more Mg-Tschermak than Ca-Tschermak molecules substituting
for diopside molecules, but this seems unlikely to be the
case.

Ohashi et al. (1975) and Ohashi and Finger (1976)
report that there is a magnesium and calcium cation
distribution problem between M1 site and M2 site in the
diopside structure. For our analytical results, it may be
reasonable to assume that some magnesium substituted for
calcium in the M2 site, ie. assume ca™t+ Mg++(M2) =1.0. Then
half of the aluminum could be treated as substituting for
magnesium in M1 site while the other half substituted for
silicon in the tetrahedral site. According to this partition
model, mass—-balance calculations were made and the results
are listed in Table IX. The results are consistent ie. the
atom totals in M1 are very close to 1.0 formula unit and the
atom totals in the tetrahedral space are very close to 2.0
formula units. This may be the evidence for having achieved
an appropriate model for the substitution.

It has been reported (Gasparik et al., 1980a) that

aluminous pyroxenes are very difficult to equilibrate and
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Table IX

The results of mass balance calculation according to the microprobe analyses

Analysis data by microprobe Data distributed among the different sites
Ca0 MgO Al,0, Si0, M2 M1 T Activity
0.9514 0.9328 0.4783 1.6992 1.0000 1.1233 1.9383 0.5755
1.0062 0.8111 0.5818 1.6552 1.0000 1.1082 1.9461 0.5368
0.9016 0.9350 0.5240 1.6887 1.0000 1.0986 1.9507 0.5145
1.0104 0.8391 0.4986 1.7013 1.0000 1.0988 1.9506 0.5942
1.0152 0.9009 0.4281 1.7209 1.0000 1.1301 1.9349 0.6509
0.9579 0.9174 0.3046 1.8339 1.0000 1.0276 1.9862 0.6956
0.8641 0.9629 0.3823 1.7998 1.0000 1.0181 1.9909 0.5736
1.0025 0.8503 0.4082 1.7674 1.0000 1.0569 1.9715 0.6501
0.9875 0.8266 0.4969 1.7193 1.0000 1.0625 1.9677 0.577¢
0.8345 0.9338 0.4865 1.7510 1.0000 1.0115 1.9943 0.4886
0.7601 0.8557 0.7630 1.6199 1.0000 0.9973 2.0014 0.3075
0.7781 0.8482 0.7521 1.6227 1.0000 1.0023 1.9987 0.3204
0.7094 0.8512 0.7103 1.6870 1.0000 0.9157 2.0421 0.2964
0.9796 0.8809 0.4053 1.7658 1.0000 1.0631 1.9684 0.6380
0.9396 0.8872 0.5309 1.6885 1.0000 1.0922 1.9539 0.5311
0.8555 0.9625 0.3776 1.8078 1.0000 1.0068 1.9966 0.5698
0.8970 0.9697 0.3357 1,8147 1.0000 1.0345 1.9825 0.6296
0.8474 0.9118 0.5394 1.7159 1.0000 1.0289 1.9856 0.4670
0.8962 0.9246 0.3819 1.8032 1.0000 1.0117 1.9941 0.5945
0.8707 0.9787 0.3275 1.8297 1.0000 1.0131 1.9935 0.6150
0.8845 0.9605 0.3210 1.8366 1.0000 1.0055 1.9971 0.6286
0.9288 0.9157 0.5816 1.6416 1.0000 1.1353 1,9324 0.4986
0.8435 0.8705 0.4877 1.7772 1.0000 0.9579 2.0210 0.4862
0.8929 0.9893 0.5576 1.6452 1.0000 1.1610 1.9240 0.4961
0.9438 0.8375 0.5224 1.7176 1,0000 1.0425 1.9788 0.5329
0.9437 0.8648 0.5097 1.7135 1.0000 1.0633 1.9683 0.5438
0.9960 0.7772 0.5583 1.6946 1.0000 1.0523 1.9738 0.5394
0.7962 0.8928 0.6965 1.6381 1.0000 1.0372 1,9863 0.3597
0.9145 0.8855 0.5323 1.7008 1.0000 1.0661 1.9669 0.5131
0.9573 0.8259 0.5524 1.6941 1.0000 1.0594 1.9703 0.5232
0.7466 0.9776 0.6280 1.6669 1.0000 1.0382 1.9809 0.3688
0.9093 0.9986 0.2138 1.8856 1.0000 1.0148 1.9925% 0.7286
0.8990 0.969S 0.1947 1.9195 1.0000 0.9663 2.0168 0.7323
0.8229 0.9669 0.3507 1.8421 1.0000 0.9651 2.0174 0.5614
0.8730 0.9588 0.3196 1.8444 1.0000 0.9916 2.0042 0.6202
0.9532 0.9146 ©0.3578 1.7978 1.0000 1.0467 1.9767 0.6537
0.8976 0.9720 0.4223 1.7485 1.0000 1.0807 1.9596 0.5750
0.8603 0.9896 0.3614 1.8040 1.0000 1.0306 1.9847 0.5862
0.9029 0.9901 0.3281 1.8074 1.0000 1,0570 1.9714 0.6411
0.5586 0.8840 0.5035 1.7011 1,0000 1,0943 1.9528 0.5600
0.9074 0.9119 0.3869 1.8002 1.0000 1.0127 1.9937 0.5985
0.9696 0.7589 0.5156 1.7490 1.0000 0.9863 2.0068 0.5440
0.8533 0.9359 0.4857 1.7341 1.0000 1.0320 1.9769 0.5020
0.8906 0.9621 0.5251 1.6798 1.0000 1.1152 1.9423 0.5083
0.9500 0.7691 0.4950 1.7692 1.0000 0.9666 2.0167 0.543%
0.9603 0.9805 0.2939 1.8091 1.0000 1.0877 1.9560 0.7105
0.9743 0.9339 0.3603 1.7757 1.0000 1.0883 1.9558 0.6702
0.8812 0.9558 0.4118 1.7726 1.0000 1.0429 1.98785 0.5677
0.7504 1.0388 0.4161 1,7933 1.0000 0.9973 2.0013 0.4768
0.8990 0.9574 0.3919 1.7783 1.0000 1.0523 1.9742 0.5936
0.8650 0.8866 0.4782 1.7656 1.0000 0.9907 2.0047 0.5090
0.8454 0.9988 0.5963 1.6307 1.0000 1.1423 1.9288 0.4465
0.8045 1.0151 0.5526 1.6757 1.0000 1.0959 1.9520 0.4434
1.0587 0.9070 0.3218 1.7758 1.0000 1.1266 1.9367 0.7630
0.8900 0.9926 0.2612 1,8628 1.,0000 1.0132 1.9934 0.6770
0.9343 0.9891 0.4389 1.,7092 1.0000 - 1.1428 1.9286 0.5929
0.8287 0.9741 - 0.4241 1.7805 1.0000 1.0148 1.9925 0.5234
1.0349 0.9568 0.2868 1.7891 1.0000 1.1351 1.9325 0.7750
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may form inhomogeneous crystals because of the slow
diffusion of aluminum. It would not be surprising according
to Gasparik's results to find an aluminum-free center of
diopside seed crystals with an aluminum-rich clinopyroxene
overgrowth. Fujii (1977) has also experimentally determined
the compositions of orthopyroxene and clinopyroxene
coexisting with forsterite and spinel at 16 kbar and 1100 to
1375°C, using both glass and crystalline mixture of
synthetic clinoenstatite, diopside and spinel as the
starting material. Run time ranged from six hours at 1375°C
to four days at 1100°C. The run products were analyzed under
electron microprobe. It was found that in the run products
of homogenization experiments, the pyroxene grains were not
completely equilibrated, as the composition of the cores of
large grains were close to the composition of the starting
material. However, the analyses of small grains were similar
to those of the rims of the large grains. Although an
examination of such zoned grains was impossible in this
study because of the small grain size, this could be the
main reason for the variation of aluminum content. Although
the analysis beam was always put as near the center of the
grain as possible, the shifting beam makes it probable that
different zones were analysed in different grains, in

different proportions.
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E. COMPOSITION OF CLINOPYROXENES FROM RODINGITES

Clinopyroxenes from rodingite have been analysed by
many petrologists (Bell, Clarke and Marshall, 1911; Challis,
1965; Frost, 1975; Evans, Trommsdorff and Richter, 1979;
Rawson, 1984; Rice, personal communication). Rawson (1984),
studing the rodingites from the north-central Klamath
Mountains, California (pressure condition 5 to 7 kbars),
found that clinopyroxene in rodingites is a complex solid
solution of Mg, Mn, Fe and Al in diopside. Ca contents range
from 0.931 to 0.993 cations per formula unit. X Mg for
pyroxene is between 0.94 and 0.81. Tschermak's substitution
of aluminum, ferric iron and titanium appears to increase
with metamorphic grade. Aluminum is the only cation
substituting in the tetrahedral site in these pyroxenes. The
mineral assemblages and electron microprobe analyses of the
clinopyroxenes from these assemblages are shown in Appendix
2. Also presented are the clinopyroxene compositions from
the Paddy-Go-Easy Pass, Washington rodingites (P=3kbars?) by
Rice (personal communication).

Compositions of clinopyroxene from rodingites show that
aluminum contents are usually low, although some of the
samples contain as high as 11.48 wt% of Al1,0; (0.48 cation
per formula unit) (528A1-MB). The average value of Al,0; is
about 2 to 3 wt%. It seems clear that diopsides from natural
rodingites metamorphosed under conditions similar to those
in the experiments reported here contain much less aluminum

than the experimentally produced diopsides.



IV. THERMODYNAMIC ANALYSIS

A. PRECALCULATION

Thermodynamic calculations of reactions among phases
found in metarodingite were made in detail by Rice (1983).
The thermodynamic properties used in that calculation were
mainly from Helgeson et al.(1978). The calculated phase
relations are shown in Fig 20. The following expression was
used by Rice (1983) for equilibria involving CO, and H,O:

RT(VC in £ = RT 1ln K

0, co, T Ym0 " f,0)

T
- - o _ - o _
AHD - AV, (p-1) + T ASD f ¢ ACp,_ 4T

T
+ T, § g ACp, dlnT

where Ygas is the stoichiometric coefficient of the volatile
species in the reaction. T, is the thermodynamic reference
temperature (298.15°K), and T, is the equilibrium

temperature. AHg, AS°

by AVS , and ACp refer to the standard

reaction enthalpy, third-law entropy, solid-phase volume
change, and heat capacity at the reference temperature and 1
bar pressure.

Program P-T System by Perkins, Brown and Berman (1986)
was used for this study to calculate the phase equilibrium.
Thermodynamic properties (heat capacities, enthalpies,

entropies and volumes) for the phases involved were adopted
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Fig 20 Calculated Py,o-T diagram for dehydration equilibria among
phases found in metarodingites. Taken from Rice (1983).
An=anorthite, Cte=chlorite, Di=diopside, Gr=grossular,
Pr=prehnite, Qtz=quartz, Sp=spinel, Tr=trmolite, Zo=zoisite.
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from UBCDATABASE, described by Berman, Brown, and Greenwood
(1986).
The heat capacity function and the coefficients used in

this study are from Berman and Brown (1985):

Cp = KO + K1/T0.5 + Kz/Tz + K3/T3

Table X lists all the thermodynamic properties and heat
capacity function coefficients for the phases considered
here. The equilibrium curves calculated as described above
are shown in Fig 22, where it will be seen that they are
close to the curves calculated by Rice (1983) using Helgeson

and others' (1978) data.

B. EXPERIMENTAL CONSTRAINTS ON THERMODYNAMIC PROPERTIES

Critically-limiting experimental results were selected
for the constraint of sets of Asg (298, 1 bar) and AH? (298,
1 bar). These data were analyzed by linear programming
(Berman, Engi; Greenwood, and Brown, 1986). Fig 21 shows the
range- of thermodynamic properties, derived from experimental
results without any constrains of thermodynamic properties
from UBCDATABASE, that are internally consistent for the
reaction. Also shown in this figure are the values of Asg
(298, 1 bar) and AHg (298, 1 bar) calculated from
UBCDATABASE and Helgeson's database. Linear programming

solutions to problems of this kind can also result from
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Thermodynamic properties for phases considered in this study
(all from UBCDATABASE)

Phase

Clinochlore

M95A1251 3010(OH) 8

Diopside

CaMgSi 206

Grossular

C83A13Si3o1 2

Spinel

MgAl 20,;

Water
H,0

AHE (J)

-8921085
Ko
1214.28

AHE (J)

—-3201898
Ko
305.41

AHE (J)

-6632395
Ko
573.43

AHE (J)

-2302436
Ko
235.90

AHE (J)
-241816

S°(J/K)

429.77
Ky

-11217.13

§°(J/K)

142.50
K,y
-1604.93

S°(J/K)

255.00
K,
-2039.41

S°(J/K)
83.67

K,
-1766.58

$°(J/K)
188.72

vV (cm?)

209.82
K2
0.0

V (cm?)

66.18
K
-7165973

V (cm?)

125.30
K

v (cm?)

39.74
K
-1710415

vV (cm?)
24450,30

2
-18887168

K3
-1256253184

K
921837568

K
2319311872

K3
40616928

optimizing some objective function, which may be any linear

combination of the thermodynamic properties of the phases.

For example, one may find the maximum or minimum of the §°

and AH% of any phase, or the Asg and AHS of the reaction.

The limits on Asg and AH°r for the reaction that are

consistent with the experiments are listed in Table XI.
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Table XI

Range of thermodynamic properties that are consistent with
experimental results

Clinochlore Reaction

maximum S 627.77(J/K) minimum AS 466.99(J/K)
minimum S 65.42(J/K) maximum AS 1029.34(J3/K)
maximum H ~-8755376.(J) minimum AH 209941.(J)
minimum H AH 688548.(J)

-9233983.(J) maximum

~t

The réaction curves were calculated and plotted (Fig
22) using these two sets of As? (298, 1 bar) and AHg (298, 1
bar) values. Also shown are the equilibrium calculated with
coefficients from UBCDATABASE and the curve calculated by
Rice (1983) using the Helgeson's database (1978). Fig 21 and
Fig 22 both indicate that the experimental results from this
study are fully consistent with UBCDATABASE and Helgeson's

database.

C. CLINOPYROXENE SOLID SOLUTION

The previous calculations were made on the assumption
that all phases present are pure endmembers. The possible
solid solutions were ignored.

In previous chapters, it was demonstrated ﬁhat
diopsides from some run products contain aluminum and could
be described by substitution of the Ca-Tschermak and
Mg-Tschermak "molecules".

Wood and Holloway (1984) have discussed the solid
solution of pyroxenes and their mixing properties. In the

four-component system Ca0O-MgO-Al,0,-Si10,, orthopyroxene
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Fig 21 The range of thermodynamic properties, derived

from experimental results with linear programming,
that are internally consistent.
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database.
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Fig 22 The upper (curve #1) and lower (curve #2) limits
of equilibrium from consistent analysis of
experimental results taken without reference to
other constraining data. The heavy solid curve is
the precalculated equilibrium using UBCDATABASE
and the heavy dashed curve is calculated from
Helgeson's database by Rice (1983).
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compositions can be represented in the ternary CaMgSi,Oq,
Mg,Si,0¢ and MgAl,SiOgs. Clinopyroxene compositions may
readily be represented by the compositions CaMgSi,Oq,
Mg,Si,0s and CaAl,SiOg.

Holland et al. (1979, 1980) have derived mixing
properties of CaMgSi,0,-Mg,Si,0¢ clinopyroxene and
orthopyroxene solid solutions. These mixing properties are
consistent with experimental determinations of the
two-pyroxene miscibility gap and with enthalpy of solution

data. For the reaction:

Mg,Si,0¢(orthopyroxene) = Mg,5i,0¢(Clinopyroxene)

they derived standard state (pure phase at P and T)
temperature-independent enthalpy and entropy changes of 1625
cal and 0.66 Cal/K (6799.00 Joules and 2.76 J/K)
respectively.

The free energy of solution in the binary system,

Mg,Si,0,-CaMgSi,0¢ can be represented as

G . = RT (X . * 1nX + X

mix Mgzslzos Mgzsizos CaMgSizos

* 1nX ) + W

. * X . * X .
CaMgS1,04 G CaMgS1i,0, Mg,S1,06

where the first two terms on the right hand side are ideal
entropy contributions and the last term is the excess free

energy due to Mg-Ca mixing on the larger cation position M,.
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The interaction parameter, W defined in terms of excess

G ’
enthalpy Wy + entropy Wg and Wy o 1s as follows:

= - % *
WG WH T WS + P WV
Holland et al. (1979) have adopted a
temperature-independent WG value of 8126 Cal/Mol (34000
Joules/Mol) for the orthopyroxene solid solution although
this value was poorly constrained by the data. For the

clinopyroxene binary, a W, value of 5913 Cal/Mol (24739.99

H

J/Mol), W. of 0.0 and W, of 0.025 Cal/Mol (0.10 J/Mol) were

S
derived.
Mixing properties of the CaMgSi,0-Mg,Si,0
orthopyroxene and clinopyroxene binaries and of the
Mg,S1,0¢-MgAl,Si0O¢ orthopyroxene join have also been derived
by combining mixing parameters for each of the individual
sites (Saxena and Ghose, 1971) with "cross-site" or
reciprocal terms as described by Wood and Nicholls (1978).
The orthopyroxene and clinopyroxene solid solution may be
considered as containing three binary solution sites,
My (Al-Mg); M,(Ca-Mg), and T(Al-Si). The solution of
MgAl,Si0¢ component in orthopyroxene was treated following
Wood and Banno (1973). In this treatment, Al-Si mixing on
tetrahedral sites does not contribute to the free energy of
solution independently, because of coupled substitutions in

M; and M,. Neglecting tetrahedral sites for both pyroxenes

we can express entropy of mixing as follows:
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Smix = R cam, 7% cam, T ¥ g, 1PX mgm, !

- R¥*(X 1n + X *1nX )

alM, M2 a1, MgM, MgM,

This expression assumes random mixing and neglects the

possibility of short range order.

Excess free energy contributions consist of terms for
each of the sites discussed above and a reciprocal term AGi
for the internal equilibrium:

MgAal,S5i0¢ + CaMgSi,O0¢ = CaAl,SiOg + Mg,Si,0O¢.

This yields for the free energy of mixing

G . =-T*s . + X *X *W

mix mix CaM, MgM. Gm,
Y X oM, YE mgM, Yoem, T ¥ mgm, ¥ aim, *461°
for clinopyroxene and
G hmix = TT*S pix * X CaM, *X MgM, W Gm,
* X oaim, CE mgM, Yoom, T ¥ cam, ¥ aim, *461°

for orthopyroxene. AGi° refers to the standard free energy

change of the internal equilibrium.
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The WG‘s for M, sites are simply those given by Holland
et al. (1979, 1980) for diopside-enstatite solid solutions.
The excess free energy due to Mg-Al interactions on the
orthopyroxene M, site must, to be consistent with the MAS
system, be set to zero. (Wood and Holloway, 1984).

Substantial positive excess enthalpies of mixing in
synthetic CaMgSi,0¢-CaAl,Si0O¢ clinopyroxenes from heat of
solution measurement were found by Newton et al.(1977). Wood
(1979) indicated that the excess enthalpies of solution
would be consistent with phase equilibrium measurements on
pyroxene coexisting with anorthite and quartz provided Al
and Si were completely disordered. Phase equilibrium data
reported by Gasparik and Lindsley (1980b) tend to suggest,
however, that these pyroxenes exhibit large negative
deviations from ideality which can not readily be made
consistent with Newton et al's enthalpy measurement.

Wood and Holloway (1984) have opted to use the simple
model outlined above with an empirical Al-Mg interaction
parameter in their paper. Reversals of clinopyroxene
composition in the CMAS system suggested that a
temperature-independent Mg-Al interaction parameter of 1800
Cal/Gram atom (7531.20 Joules/Gram atom) is an appropriate
fit parameter.

Using the Margules parameters from the preceding
discussion, thermodynamic calculation was made considering
solid solution between joins orthopyroxene CaMgSi,0g and

Mg,Si,0¢, clinopyroxene CaMgSi,O4, Mg,Si,0¢ and CaAl,SiOg¢.
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The program THERIAK by C. Decapitani (personal
communication) was used for thé calculation. This program is
a free energy minimization algorithm that accepts
UBCDATABASE thermodynamic parameters, including Margules
parameters for solid solutions, and computes the proportions
-and compositions of all coexisting phases for a given bulk
composition at any chosen pressure and temperature.

The reaction:
Grossular + Clinochlore = 3 Diopside + 2 spinel + 4 H,0,

was examined, allowing for solid solution in pyroxene as
outlined above. This resulted in determining the equilibrium
temperatures to be 583°C and 558°C at 2000 bars and 1000
bars respectively. These temperatures are almost identical
to those found from the calculation without considering
solid solution in pyroxenes. This can be explained by
examining the composition of the equilibrium phases. At the
low temperature side, the assemblage grossular + clinochlore
is stable and no solid solution was allowed for in this
study. The compositions obtained are the ideal formulae with
Ca,;Al1,Si,0,, for grossular and Mg;Al,Si;0,,(OH), for
clinochlore. The mineral assemblage for the high temperature
side consists of clinopyroxene and spinel. Composition of
clinopyroxene is temperature and pressure dependent, but on
the whole, diopside is the main component of the pyroxene,

comprising more than 98mol% of pyroxene. This is almost pure
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diopside and its activity in pyroxene is more than 0.96. The
remaining 2mol% are components of clinoenstatite and
Ca-Tschermak. The computed equilibrium composition for
clinopyroxene along the equilibrium curve is low in aluminum

with a value of about 0.3mol%.

D. DIOPSIDE ACTIVITIES AND DISPLACED EQUILIBRIUM

In the reaction:

Grossular + Clinochlore = 3 Diopside + 2 Spinel + 4 H,O0

the equilibrium will be displaced from the pure end-member
reaction if any phase is not a pure end-member. The
experimental evidence is that all phases are of end-member
composition except diopside which appears to contain
aluminum. This substitution of Al reduces the free energy of

diopside by an amount A“Di , where

Cpx
- * * -
A“Di R*T lnaDl

-inwwhich~abgpx is the activity of diopside in clinopyroxene,
which is evaluated below. This reduction in free energy of
diopside component stabilizes the high-temperature
assemblage, displacing the equilibrium curve to lower
temperature,

The experimental results indicate that diopsides from

the run products are aluminum-bearing. We must therefore



66

consider the activity of diopside in the diopsidic
clinopyroxene. Assuming other phases in this reaction are
pure and setting their activities to 1.0, we will have

a

AG = Zu.

= o * . a
i Zul + R*T Zlna1

I}
w
(=)

o] o _ 0
Hai® 2 “sp+ 4 Hg,0 “gr

Using the above equation we can calculate the position
of the equilibrium curve with different diopside activities
as shown in Fig. 23. The displacement of equilibrium curves
with different diopside activity values is significant.
Equilibrium temperature decreases as the diopside activity
values decrease. This leads to having a larger stable field
of the high temperature assemblage diopside + spinel + H,O.

The equilibrium curve with diopside activity value of
0.96 which is from the calculation using program THERIAK is
also plotted in Fig 23. Diopside activity in clinopyroxene
from experiments can also be calculated from the microprobe
analyses of diopside. As discussed in Chapter 3, the M,
sites in the diopside structure were occupied mainly by Mg++

3+ . M, sites were occupied mainly by ca’’ and

4+

and some Al

some Mg++ . The tetrahedral sites were filled with Si and



67

8000
7000 —
6000 —
S000 —
4000-—

3000 —

Pressure (bars)

2000 —

1000 —

400

Fig 23

| | | N
 §
II
sf 7/ 8/9/1/" L
sf 4 3 / ’
2 /
/)
]/ |
/
/
/ .
/
/
/) =
/
/)
/ =
/
{/,
//,
/ b
/i
7/
Y
4 |
4
] ] I | 1
450 500 550 600 650 700

~ Temperature (C)

The displaced curves of equilibrium grossular +
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calculated with the THERIAK program.
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+
some Al3

We may calculate the diopside activity using
simple site model by multiplying the values of Mg++ in M,
sites, the ca’’ in M, sites and the square of Si4+ from the
tetrahedral sites.

Based on this model, the diopside activities were
calculated using the analysis data of microprobe (see Table
IX). Because the aluminum values vary rather widely, the
diopside activities also vary. The average value, however,
is close to 0.5. Comparing Fig 23 for the equilibrium curve
with 0.5 diopside activity, the equilibrium temperatures are
541.81°C and 520.92°C at 2000 bars and 1000 bars
respectively, corresponding to a temperature decrease of
44°C at 2000 bars and 39°C at 1000 bars, from the curve
calculated from pure diopside.

These calculations focus on an unsolved problem
uncovered with the experiments. The equilibrium curve
observed experimentally is close to the calculated curve
using the equilibrium composition computed with THERIAK,
using existing data on clinopyroxene solid solutions. This
would be considered excellent agreement, except for the
evidence that the experimental clinopyroxene is aluminous to
a degree that should displace the equilibrium about 40°C to
a lower temperature. The observed equilibrium curve has not,
however, been displaced, leading to a conclusion that the
experimental clinopyroxenes must contain undetected Al-rich

inclusions or metastable Al-rich zones.



V. CONCLUSION

Experimental determination of the equilibrium grossular
+ clinochlore = 3 diopside + 2 spinel + 4 H,0O, an important
reaction in the metamorphism of rodingite, indicates that
this equilibrium deviates only slightly from what was
theoretically predicted from thermodynamic data from
UBCDATABASE. Experimental results show that the low
temperature assemblage grossular + clinochlore is stable
below temperature 502°C at 500 bars, 520°C at 1000 bafs,
561°C at 2000 bars and 600°C at 4000 bars. The high
temperature assemblage diopside + spinel is stable at
temperatures higher than 560°C at 500 bars, 581°C at 1000
bars and 627°C at 2000 bars. Between these brackets there is
a pressure-temperature region in which the assemblage
diopside + clinochlore seems always to be found. Analysis
for internal consistency by linear programming indicates
that the new values of entropy and enthalpy constrained by
the experiments are fully consistent with UBCDATABASE and
Helgeson's database. Thus the experimental results from this
study sﬁpport the UBCDATABASE and the experiments, with
UBCDATABASE may safely be used as an indication of the
metamorphic conditions of metarodingites.

Diopside from the experimental assemblage diopside +
clinochlore was proven by microprobe analyses to contain
aluminum and is interpreted to be consistent with Tschermak
substitution. Aluminum content varies greatly from one

analysis to another. Some diopside grains contain a
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significant amount of aluminum. Zonation of aluminum in
diopside is probably the main cause for this although no
zonation could been seen with SEM, microprobe, or optical
microscope. The probable zonation of Al-bearing diopside may
illustrate the fact that pyroxenes with aluminum are very
difficult to equilibrate. It is easy to obtain imhomogeneous
Al-bearing pyroxene crystals because of the slow diffusion
of aluminum in pyroxene (Fujii, 1977; Gasparik, et al.,
1980)

Theoretical thermodynamic prediction of the equilibrium
allowing for solid solution in pyroxene indicates that
diopside should be the dominant component, as high as
98mol%. Ca-Tschermak molecule and clinoenstatite (Mg,Si,Og)
make up the remaining 2mol%. Activity of diopside in the
pyroxene thus should be very close to 1.0, which is
consistent with the experiments in that the equilibrium
curve according to the experimental brackets did not show
measurable displacement caused by the low diopside activity.
The average of diopside activities calculated from
microprobe analysis data, however, is as low as 0.5, and
this-should lower the egquilibrium temperature 44°C at 2000
bars and 39°C at 1000 bars respectively from the
precalculated equilibrium. Because this activity is the
average value and some of diopsides seem to contain a higher
amount of aluminum, I believe that there are some undetected
metastable aluminum-rich zones or even aluminum-rich

inclusions in the diopside crystals.
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The equilibrium studied presents itself as being an
interesting area for further studies. In particular the
composition of clinopyroxene from this reaction begs further
research to clarify the nature of aluminum distribution in
this pyroxene. This information, though it would not be
significant for immediate geologic application, may
contribute directly to a better understanding of crystal
chemistry, thermodynamic modelling of pyroxene, and study of
the equilibrium itself for research on metarodingites.
Further study might be made by synthesizing a series of
clinopyroxenes between the join Diopside - Ca-Tschermak
pyroxene as starting materials to determine the stable
composition of clinopyroxene coexisting with other phases
from this equilibrium., It might be possible to trace the
composition variation of the clinopyroxenes from runs at
different conditions in this equilibrium. Futher experiments
should use as high a pressure and temperature as possible to
increase the aluminum diffusion rate in pyroxene and the

reaction rate of experimental runs.
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APPENDIX 1

Microprobe analytic results of synthetic and equilibrium
diopside

SAMPLE MgO Al,O, Sio, Ca0 Total wt%Total
STD 1.0038 .0071 2.0017 0.9821 3.9947 91.10
1.0033 .0074 2.0032 0.9995 4.0134 103.30
1.0318 .0132 1.9595 1.0093 4.0338 83.30
1.0517 .0106 1.9755 0.9858 4.0213 93.92
0.9799 .0088 - 1.9731 1.0607 4.0223 92.95
1.0696 .0196 1.9587 0.9841 4.0317 104.30
XRR-3 0.9338 .4863 1.7510 0.8345 4.0058 84.11
0.8557 .7630 1.6199 0.7601 3.99887 93.07
0.8482 .7521 1.6227 0.7781 4.0011 81.08
0.8512 .7103 1.6870 0.7094 3.9579 104.25
0.8809 .4053 1.7658 0.9796 4.0316 82.65
0.8872 .5309 1.6885 0.9396 4.0462 85.65
0.9625 .3776 1.8078 0.8555 4.0034 88.88
0.9697 .3357 1.8147 0.8970 4.0173 90.52
0.9118 .5394 1.7159 0.8474 4.0145 93.49
STD 0.9816 .0165 2.0031 0.9814 3.9886 80.77
0.9804 .0063 1.9969 1.0164 4.0000 111.29
0.9916 .0186 1.9640 1.0530 4.0269 102.67
XRR-3  0.9246 .3819 1.8032 0.8962 4.0059 89.84
0.9787 .3275 1.8297 0.8707 4.0066 88.20
0.9605 .3210 1.8366 0.8848 4.0029 82.08
0.9157 .5816 1.6416 0.9288 4.0677 90.57
0.8705 .4877 1.7772 0.8435 3.9789 109.62
0.9893 .5576 1.6452 0.8929 4.0790 91.63
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Microprobe results of synthetic and equilibrium diopside

SAMPLE  MgO Al,0, Sio, Ca0 Total Wt3Total
STD 0.9967 .0052 2.0063 0.9830 3.9912 98.27
1.0488 .0017 1.9688 1.0111  4.0304 120.00
0.9933 .0034 1.9891 1.0235 4.0093 104.36
1.0214 .0061 2.0035 0.9626 3.9926 95.68
0.9897 .0061  1.9894 1.0223  4,0075 118.48
0.9676 .0069 1.9792 1.0623 4.0173 96.81
0.9791 .0043 1.9862 1.0420 4.0118 113.61
0.9596 .0039 2.0064 1.0217 3.9916 111,11
1.0096 .0073 1.9709 1.0376 4.0254 84.87
0.9746 .0049 1.9968 1.0245 4.0008 106.71
XRR-3 0.7589 .5156 1.7490 0.9696  3.9931 103.21
0.9359 .4951  1,7341 0.8533 4.0184 86.14
0.9621 .5251 1.6798 0.8906 4.0575 82.26
0.7691 .4950 1.7692 0.9500 3.9833 92.49
0.9805 .2939 - 1.8091 0.9603 4.0438 118.23
STD 1.0267 .0032 1.9541 1.0603  4.0443 83.03
0.9992 .0081t 1.9933  1.0021 4.0027 84.80
1.0073 .0081 2.0028 0.9751  3.9932 83.24
1.0014 .0040 1.9825 1.0276 4.0155 117.34
XRR-3 0.9339 .3603 1.7757 0.9743  4.0442 80.55
0.9558 .4118 1.7726 0.8812 4.0214 94,42
1.0388 .4161 1.7933 0.7504  3.9986 97.05
0.9574 .3914 1.7783  0.8990 4.0260 82.60
0.8866 .4782 1.7656 0.8650 3.9954 82.00
0.9988 .5963 1.6307 0.8454 4.0712 99.06
1.0151 .5526 1.6757 0.8045 4.0479 89.57
STD 1.0278 .0037 1.9822 1.0023 4.0160 90.55
1.0182 .0021 1.9814 1.0158 4.0175 90.18
0.9802 .0047 1.9669 1.0789  4.0307 116.49
1.0670 .0038 1.9635 1.0004 4.0347 81.53
0.9965 .0057 1.9944 1.0063 4.0029 112.49
XRR-3 0.9926 .2612 1.8628 0.8900 4.0066 106.50
0.9891 .4389 1.7092 0.9343 4.0715 83.95
0.9741 .4241 1.7805 0.8287 4.0075 96.53
0.9568 .2868 1.7891  1.0349 4.0676 115.88
STD 1.0844 .0052 1.9325 1.0427 4.0648 105.83
0.9523 .0213 2.0470 0.9218 3.9424 103.87
1.0277 .0065 2.0101 0.9432 3.9866 84.93
1.0610 .0040 1.9906 0.9518 4.0074 92.08
1.0551 .0039 1.9826 0.9719 4.0145 102.84
1.0188 .0050 1.9943 0.9849 4.0031 85.20
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Microprobe analytic results of synthetic and equilibrium
diopside '

SAMPLE MgO Al,0, Sio, Ca0 Total Wt%Total

STD 1.0218 .,0055 1.9798 1.0103 4.0174 89.98
0.9527 .0073 2.0455 0.9453 3.9508 111,38
0.9349 .0262 2.0403 0.9453 3.9466 82.09
XRR-4 0.9328 .4783 1.6992 0.9514 4.,0617 103.49
0.8111 .5818 1.6552 1.0062 4.0520 119.92
0.9350 .5240 1.6887 0.9016 4.0493 110.79
STD 0.9986 .0115 1.9455 1.0933 4.0489 85.81
XRR-4 0.8391 .4986 1.7013 1.0104 4.0494 90.38
0.9009 .4281 1.7209 1.0152 4.0651 84.46
STD 0.9980 .0073 2.0005 0.9901 3.9959 102.30
0.9557 .0199 2.,0103 0.9937 3.9796 82.44
1.0234 .0050 1.9757 1.0177 4.0218 §9.68
XRE-10 0.9174 .3046 1.8339 0.9579 4.0138 107.41
0.9629 .3823 1.7998 0.8641 4,0091 87.37
0.8503 .4082 1.7674 1.0025 4.0284 116.60
0.8266 .4969 1.7193 0.9875 4,0323 106.66
STD 1.0108 .0078 1.9413 1.0950 4.0549 83.22
1.0319 .0064 2.0210 0.9163 3.9756 82.83
0.9381 .0206 2.0095 1.0119 3.9801 96.67
0.9747 .0038 2.0170 0.9856 3.9811 114.87




83

Microprobe analytic results of synthetic and equilibrium
diopside

SAMPLE  MgO Al,0, SiO, Ca0 Total Wt3Total
STD 1.0669 .0060 1.9568 1.0106  4.0403 85.45
0.9644 .0050 1.9786 1.0709 4.0189 102.36
1.0128 .0064 1.9840 1.0095 4.0127 95.16
0.9998 .0063 1.9935 1.0037 4.0033 98.98
XRR-4 0.8371 .5224 1.7176 0.9438 4.0213 104.63
0.8648 .5097 1.7135 0.9437 4.0317 101.18
0.7772 .5583  1.6946 0.9960 4.0261 90.89
0.8928 .6965 1.6381 0.7962 4.0186 107.13
0.8855 .5323 1.7008 0.9145 4.0331 95.31
0.8259 .5524 1.6941 0.9573  4.0297 90.91
0.9776 .6280 1.6669 0.7466 4.0191 98.19
STD 0.9655 .0050 2.0128 1.0013  3.9846 107.01
0.9835 .0064 1.9906 1.0257 4.0062 80.07
XRR-3 0.9986 .2138 1.8856 0.9093 4.0073 87.91
0.9699 .1947 1.9195 0.8990 3.9831 93.41
0.9669 .3507 1.8421 0.8229 3.9826 89.26
0.9588 .3196 1.8444 0.8730 3.9958 88.55
0.9146 .3578 1.7978 0.9532 4.0234 96.87
0.9720 .4223 1.7485 0.8976 4.0404 96.03
0.9896 .3614 1.8040 0.8603 4.0153 93.84
0.9901 .3281 1.8074 0.9029 4.0285 84.16
STD 1.0057 .0090 1.9975 0.9858  3.9980 81.71
1.0053 .0121 1.9804 1.0156 4.0134 89.75
0.9926 .0127  1.9491 1.0902 4.0446 91.25
XRE-10 0.8840 .5035 1.7011 0.9586 4.0472 86.12
0.9119 .3869 1.8002 0.9074 4.0064 95.02
0.8609 .4655 1.7687 0.9034  3.9985 91.34
STD 0.9737 .0062 1.9900 1.0354 4.0410 89.14
1.0052 .0051 2.0105 0.9661  3.9869 84.35




APPENDIX 2

Mineral assemblages of rodingites and diopside compositions
analyzed by Rawson (1984)

*
TABLE Assemblages in Rodingites

Sample Cec Cte M Di Gr Sp Tr Zo Sph  Opa

Huckleberry Mountain

34

36

38

39

43A
43B

43C
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TABLE
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Continued
Sample Cc Cte Mi Di Gr Sp Zo Sph Opa
Tyler Meadow
513B2-1T X X X X X
513B2-1B X X X X
513C X X X X
499A A NA A X+ A
499B X X X X X
Rattlesnake Ridge
500B1-16 X X X X X
500B1-1 X X X X X
K-2-B A A A A
500E A X A A X%
S00F A A A A A
500H X X X X X
501C X X X X
502-1-2 X X X
528A1-MB A A A A A A
528A1-MT A X% A A
27-4-El A A A A A
27-4-E2 A ? A A A
27-4-C A A A A A
RB104C-T A A A A A
RB104C-B A A A A A
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TABLE Continued

Sample Ce Cte Mi D1 Gr Sp Tr Zo Sph  Opa

Scott Bar Mountains

494A1-1G A A A A X+
494A1-1N A A A X#
494A1-2 A A A A
494C A A A A
494D A A A A A
507B1-1 X X X X X
507B1-2 X X X X
507E1-2 X X X X X
508A1-1 X X X X X
50841-2 X X X X X
508Al-4 X X X X X
508A1-3 X X X X X

5104 X X X X
510B1-1 X X X X

S13A X X X X
S11A-B X X X X
S11A-T X X X X

*Anorthite absent from all samples.

X = present in assemblage.

A = analyzed. :

NA = present in probe section / not analyzed.

% = present in assemblage / absent from probe section.



Sio,
TiO,
Al,0,
MnO
Mg0O
Cal
Na,0
K50
FeO
Fe,0,
Total

Cations
(si)
(Ti)
(Al)
(Mn)
(Mg)
(ca)
(Na)
(KR)
(F,)
(Fj)
Sum

Sio,
TiO,
MnoO
MgO
Ca0
Nazo
K,0
FeO
Fe,0,
Total

Cations

(si)
(Ti)
(Al)
(Mn)
(Mg) -
(ca)
(Na)
(K)
(Fy)
(F,y)
Sum

497A-2

n =2
50.81(0.56)
0.05(0.01)
0.75(0.00)
0.23(0.04)

7.58(0.20)"

23.64(0.02)
'0.09(0.00)
0.03(0.00)
16.27(0.34)
0.45(0.24)
99.89(0.00)

1.973(0.007)
0.001(0.000)
0.034(0.000)
0.007(0.001)
0.439(0.008)
0.983(0.007)
0.007(0.000)
0.001(0.000)
0.528(0.007)
0.026(0.014)
4.000(0.000)

477A-3C

n =4
.14(0.32)
.04(0.00)
.52(0.17)
.36(0,13)
.70(0.61)
.14(0.42)
.14(0.03)
.03(0.00)
L13(1.44)
.00(0.00)
.20(0.,00)

[6)]

- N
WOOHhNOOWJOOO —

0

.999(0.006)
.001(0.000)
.024(0.008)
.012(0.004)
.448(0.033)
.969(0.014)
.011(0.002)
.001(0.000)
.528(0.050)
.000(0.000)
.9%94(0.000)

WOOOODOOCDCOOO —~

497A1
n=.12
51.54(0.60)
0.08(0.06)
1.07(0.42)
0.17(0.04)
10.24(0.40)
23.71(0.32)
0.11(0.,08)
0.03(0.00)
12.19(0.68)
0.38(0.43)
99,.,51(0.00)

1.969(0.020)
0.002(0.002)
0.048(0.019)
0.005(0.001)
0.583(0.020)
0.970(0.009)
0.008(0.006)
0.001(0,000)
0.390(0.024)
0.022(0.025)
3.999(0.000)

481C1-1R
n=>5
.94(0.36)
.04(0.00)
.47(0.19)
.08(0.04)
.97(0.73)
.40(0.23)
.13(0.06)
.03(0.00)
.34(1,09)
.00(0.00)
.41(0.00)

n

O N —
WONOOWOOOW

.007(0.008)
.001(0.000)
.021(0.008)
.003(0.001)

.973(0.010)
.010(0.004)
.001(0.000)
.197(0.035)
.000(0.000)
.987(0.000)

WOOOOOOOCOON

.774(0.037)

481D

n =12
54.31(0.37)
0.04(0.01)
0.48(0.04)
0.18(0.04)
15.84(0.57)
24.99(0.35)
0.08(0.04)
0.03(0.00)
3.57(0.85)
0.02(0.06)
99.54(0.00)

1.997(0.006)
0.001(0.000)
0.021(0.002)
0.006(0.001)
0.868(0.027)
0.984(0.009)
0.006(0,003)
0.001(0.000)
0.110(0.027)
0.001(0.003)
3.995(0.000)

481C1-1C

n =25
53.56(0.61)
0.04(0.00)
0.52(0.04)
0.15(0.09)
14,20(1.51)
24.65(0.30)
0.12(0.06)
0.03(0.00)
6.14(2.11)
0.00(0.00)
9.41(0.00)

.995(0.002)
.001(0,000)
.023(0.002)
.005(0.003)
.788(0.076)
.984(0.012)
.009(0.005)
.001(0.000)
.192(0.067)
.000(0.000)
.997(0.000)

WOOODOODOOOO —
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477A-3R

n =4
51.92(0.49)
0.04(0.00)
0.64(0.06)
0.25(0.12)
7.63(0.55)

23.13(0.27)

0.14(0.01)
0.03(0.00)
15.99(0.79)
0.00(0.00)
99.76(0.00)

2.011(0.011)
0.001(0.000)
0.029(0.003)
0.008(0.004)
0.441(0.031)
0.960(0.013)
0.011(0.001)
0.001(0,000)
0.518(0.026)
0.000(0.000)
3.979(0.000)



Si0,
TioO,
Al 203
MnO
MgO
Ca0
Nazo
K,0
FeO
Fe,0,
Total

Cations
(si)
(Ti)
(Al)
(Mn)
(Mg)
(Ca)
(Na)
(K)
(F;)
(F3y)
Sum

Si0,
TiO,
MnO
MgO
CaO
Na,O
K,0
FeO
FeZOJ
Total

Cations
(si)
(Ti)
(Al)
(Mn)
(Mg)
(ca)
(Na)
(F,y)
(F,y)
Sum

494A1-1

n =13
52.18(0.53)
0.21(0.04)
2.88(0.54)
0.13(0.03)
15.32(0.35)
24.43(0.36)
0.03(0.01)
0.03(0.00)
3.37(0.62)
~0.71(0.66)
99,28(0.00)

1.917(0.022)
0.006(0.001)
0.125(0.024)
0.004(0.001)
0.839(0.017)
0.961(0.012)
0.002(0.000)
0.001(0.000)
0.104(0.019)
0.039(0.036)
3.997(0.000)

46A-EXI1C
n=2=5
.28(0.63)
.13(0.05)
.91(0.29)
.17(0.01)
.63(0,28)
.15(0.50)
.19(0.06)
.03(0,00)
L77(1.12)
.89(0.80)
.16(0,00)

N - (83}
OCOWOO™UITO—-0OW

o

1.940(0.022)
0.004(0.001)
0.082(0.013)
0.005(0.000)
0.848(0.009)
0.942(0.014)
0.014(0.005)
0.115(0.034)
0.048(0.044)
3.999(0.000)

WOOOOODOOO0O —~

o

WOOOOOODODOO —

- 494D

n =28
50.72(0.79)
0.10(0.03)
5.38(0.74)
0.10(0.02)
14.66(0.28)
25.04(0.28)
0.04(0.02)
0.03(0.00)
2.10(0.80)
1.30(1.,01)
99.47(0.00)

.849(0,039)
.003(0.,001)
.231{(0.031)
.003(0.001)
.797(0.019)
.978(0.007)
.003(0.001)

.001(0.000)"

.064(0.025)
.071(0.055)
.999(0.000)

46A-EX1R
n=>5
.76(0.91)
.11(0.04)
.23(1.,02)
.22(0.07)
.79(0.44)
.29(1.12)
.14(0.08)
.03(0.00)
.21(1.32)
.56(1.25)
.34(0.00)

[8)]

N —
OO OO WUHNNONOW

.952(0.046)
.003(0.001)
.095(0.043)
.007(0.002)
.855(0.018)
.906(0.047)

.010(0.005)
.128(0.041)

.030(0.068)
.988(0.000)

494A1-2-R

n =25
50.85(0.32)
0.10(0.04)
3.94(0.58)
0.16(0.02)
13.90(0.44)
24.56(0.20)
0.03(0.00)
0.03(0.00)
4.25(0.75)
1.65(0.54)
99.48(0.00)

1.868(0.015)
0.003(0.001)
0.170(0.,025)
0.005(0.001)
0.761(0.022)
0.966(0.003)
0.002(0.000)
0.001(0.000)
0.131(0.024)
0.091(0.030)
4,000(0.000)

27-4-E1

n =7
.69(0.95)
.28(0.12)
.10(1,.22)
.16{(0.02)
.15(0.62)
.70(0.26)
.02(0.00)
.03(0.00)
.93(0.49)
.83(0.68)
.89(0.,00)

N - (8}
WONOO» NO O —

0

.884(0.040)
.008(0.003)
.176(0.052)
.005(0.001)
.824(0.037)
.365(0.007)
.002(0.000)
.089(0.015)
.045(0,037)
.999(0.000)

W OOOODOoOCOoOOO —

WOOOOOOOOO

88

494A1-2-C
n=2>5
51.52(1,03)
0.10(0.03)
3.88(0.63)
0.16(0.02)

- 14.01(0.45)

24.48(0.27)
0.03(0.01)
0.03(0.00)
4.85(0.56)
0.85(0.92)
89.91(0.00)

1.893(0.041)
.003(0.001)
.168(0.027)
.005(0.001)
.767(0.025)
.964(0.009)
.002(0.001)
.001(0.000)
.149(0.018)
.047(0.051)
.999(0.000)

27-4-E2

n =4
.50(0.51)
.18(0.02)
.80(1.42)
.20(0.07)
,43(0.45)
.41(0.09)
.02(0.00)
.03(0.00)
.74(0.88)
.53(0.38)
.84(0.00)

>

N —
W= WOOkkWoOoOUOoWw

[Ve)

.828(0.035)
.005(0.000)
.252(0.059)
.006(0.002)
.740(0.028)
.966(0.009)
.002(0.000)
.115(0.027)
.085(0.021)
.000(0.000)

[ HeleloeNeNoRe NN o R0



Sio,
TiO,
Al,0,
MnO
MgO
Cao
Na,O
K,0
FeO
Fe203
Total

Cations
(si)
(Ti)
(Al)
(Mn)
(Mg)
(ca)
(Na)
(K)
(F;)
(F,)
Sum

Si0,
TiO,
MnO
MgO
Cao
Nazo
K,0
FeO
F6203
Total

Cations
(si)
(Ti)
(A1)
(Mn)
(Mg)
(ca)
(Na)
(K)
(F,)
(F,y)
Sum

5

1
2

WOOOOOOOOO —

N — (9]

W= WOOrNNO—-0Ww
e e o e o o e o o s o

w

WOOOOOOOOO —~

43B-R1
n=25
3.68(0.96)
0.09(0.03)
1.14(0.22)
0.21(0.04)
5.01(0.90)
3.99(0.84)
0.21(0.06)
0.01(0.01)
5.14(1.23)
0.81(0.47)
0.28(0.00)

.963(0.027)
.002(0.001)
.049(0.009)
.007(0.001)
.818(0.047)
.940(0.032)
.015(0.004)
.000(0.000)
.157(0.038)
.045(0.026)
.996(0.000)

81BC
= 6
.02)
.06)
.92)
.05)
.57)
.85)
.12)
.02)
.08)
.01)
.00)

OVO-NO—-NO —
VWO =i~ — OWmN
PN S P P P P — p— o~
O—-—-0O0OO0OOOCO -3

.948(0.044)
.002(0.002)
.053(0.040)
.006(0.001)
.847(0.033)
.950(0.035)
.010(0,008)
.001(0.001)
.121(0.033)
.060(0.055)
.999(0.000)

43B-C

n=125
53.70(0.83)
0.12(0.03)
1.60(0.35)
0.20(0.03)
14.81(1.04)
23.73(0.61)
0.23(0.06)
0.02(0.02)
5.97(1.09)
0.39(0.59)
100.76(0.00)

.962(0.018)
.003(0.001)
.069(0,015)
.006(0.001)
.807(0.055)
.929(0.026)
.016(0.004)
.001(0.001)
.182(0.033)
.022(0.033)
.998(0.000)

WOOOOOOOQOO ~—

81BR

n =6
53.34(0.35)
0.10(0.06)
1.03(0.71)
0.16(0.03)
5.69(0,58)
4.13(0.,72)
0.13(0,11)
0.00(0.01)
4.09(1.,17)
0.92(0.91)
9.59(0.00)

.956(0.024)
.003(0.002)
.044(0.030)
.005(0.001)
.858(0.032)
.948(0.027)
.008(0.008)

.126(0.037)
.050(0.049)
.999(0.000)

WOOOODODOOOO —

.000(0.001)

46A-I-R

n =4
52.79(0.92)
0.08(0.03)
2.36(1.26)
0.16(0.07)
15.26(1.07)
24,30(1.04)
0.12(0.07)
0.01(0.02)
4.08(0.99)
0.71(1.24)
99.87(0.00)

1.933(0.038)
0.002(0.001)
0.102(0.055)
0.005(0.002)
0.832(0.044)
0.953(0.056)
0.008(0.005)
0.001(0.001)
0.125(0.031)
0.038(0.067)
4,.000(0.000)

355B-2R

n =717
.77(0.64)
.04(0.00)
L17(0.11)
.15(0.04)
.03(0.96)
.23(0.16)
.04(0.05)
0.00)
1.38)
2
0

w

N —
—OUNOOUNUNOOO W

.06)

04(
12(
.85¢(
45(0.00)

o

.984(0.058)
.001(0.000)
.007(0.005)
.005(0.001)
.811(0.038)
.979(0.024)
.003(0.004)
.002(0.000)
.156(0.044)
.044(0.107)
.992(0.000)

WOOOOOODOOO —
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46A-1-C
n=2=5
52.11(0.74)
0.07(0.04)
2.44(1.31)
0.15(0.08)
15.96(0.48)
24.61(1.04)
0.11(0.09)
0.02(0.02)
1.68(1.24)
2.13(1.08)
99.27(0.00)

1.893(0.054)
0.002(0.001)
0.104(0.055)
0.005(0.003)
0.864(0.030)
0.957(0.032)
0.008(0.007)
0.001(0.001)
0.052(0.039)
0.116(0.057)
4.000(0.000)

355B-2-C
n=>=5
.69(0.55)
.04(0.01)
.13(0.08)
.17(0.05)
14.58(0.95)
25.14(0.27)
.02(0.00)
.04(0.00)
.31(0.48)
.34(0.77)
.47(0,00)

OCOQOUNOOUMELOOOR

10

.004(0.032)
.001(0.000)
.006(0.003)
.005(0.002)
.796(0.039)
.987(0.023)
.001(0.000)
.002(0.000)
.163(0.017)
.018(0.041)
.984(0.000)

WOOOOOOOoOOON



Sio,
TiO,
Al,0,
MnoO
MgO
Cao
Nazo
K,0
FeO
Fe,0,
Total

Cations
(si)
(Ti)
(al)
(Mn)
(Mqg)
(ca)
(Na)
(K)
(F,)
(F,)
Sum

SiQ,
TiO,
MnO
Mgo
Ca0O
Na,O
K,0
FeO
Fe,0;4
Total

Cations
(si)
(Ti)
(A1)
(Mn)
(Mg)
(ca)
(Na)
(K)
(Fjy)
(F,;)
Sum

355B-1
n=7
52.62(0.51)
0.07(0.07)
0.41(0.22)
0.19(0.03)
15.02(0.46)
24.44(0,58)
0.02(0.00)
0.03(0.00)
4,.51(1.20)
2.36(1.26)
99.66(0.00)

1.926(0.033)
0.002(0.002)
.018(0.009)
.006(0.001)
.819(0.018)
.958(0.016)
.002(0.000)
.001(0.000)
.139(0.039)
.129(0.067)
.000(0.000)

P OOOO0OOOOO

402B-1-R

n =17
1.00(1.27)
0.80(0.33)
4.31(1.06)
0.27(0.03)
4,73(0.76)
4.01(0.57)
0.02(0.01)
0.03(0.00)
3.68(0.85)
0.86(0,.88)
9.71(0.,00)

.868(0.048)
.022(0.009)
.186(0.046)
.008(0.001)
.804(0.038)
.942(0.016)
.002(0.000)
.001(0.000)
.119(0.027)
.047(0.048)
.995(0.000)

WooOOOOoOO0O0OO

. '
WOOOOOOOOO —

46B-2

n

=5

47.69(0.93)

1
2

1
0
0
0
0
0.
0
0
0
0
4

|
WOWOOPOWOO

N —

Vo]

0.67(0
6.40(1

0.05(0.
4.13(0.
4,.88(0.
0.03(0.

0.03(0

0.46(0.
5.19(0.

9.50(0

707(0.

.018(0.
.270(0.
.001 (0.
.754(0.

954(0.

.002(0.
.001(0,
.014(0.
.279(0.
.000¢(0.

402B
n
.99(2
.95(1

.03(0
.03(0
.82(1
.92(1

.876(0.
.020(0.
L171(0.
.008(0.
.801(0.
.947(0.
.002(0.
.001(0.
.118(0.
.051(0,
.995(0.

.71(0.
.26(0.

.61(0.
.03(0.

.35(0.

.21)
.42)
01)
56)
16)
01)
.00)
60)
42)
.00)

040)
006)
059)
000)
034)
010)
000)
000)
018)
022)
000)

-1-C
= 5
.07)
36)
.54)
06)
88)
69)
.02)
.00)
.24)
.46)
00)

071)
010)
066)
002)
046)
034)
001)
000)
039)
080)
000)

‘
WOOODOOOOO

36

n==6
53.13(0.79)
0.11(0.04)
1.11(0.33)
0.24(0.03)
14.60(0.87)
24.20(0.35)
0.16(0.13)
0.03(0.00)
5.18(1.00)
0.93(1.05)
99.69(0.00)

1.957(0.028)
0.003(0.001)
.049(0.015)
.008(0.001)
.801(0.031)
.955(0.023)

.001(0.000)
.160(0.031)
.051(0.056)
.996(0.000)

42A-1PC

n =4
.37(0.62)
.13(0.03)
.80(0.25)
.20(0.02)
.34(0.65)
.49(0.62)
.26(0.24)
.03(0.00)
.27(0.69)
.05(0.10)
.94(0.00)

8 — w
COUNOOWkO—-0OW

O

.981(0.011)
.004(0.001)
.079(0.012)
.006(0.001)
.793(0.029)
.934(0,020)
.019(0,017)
.001(0.000)
.164(0.022)
.003(0.006)
.984(0.000)

WOOOODODODODODO —

.011(0.010)

BPOOOOO0OOCOO0OO —

WOOOOODOOOO —~
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43CPORPH

n = 4
52.34(0.14)
0.10(0.02)
1.43(0.09)
0.21(0.04)
14.95(0.16)
23.29(0.61)
0.23(0.07)
0.04(0.01)
4.82(0.45)
0.79(0.67)
98.19(0,00)

.953(0.018)
.003(0.000)
.063(0.003)
.007(0.001)
.831(0.005)
.931(0.025)
.016(0.005)
.002(0.000)
.150(0.015)
.044(0.037)
.000(0.000):

43A-1PR

n = 4
53.81(0.16)
0.20(0.,11)
1.87(0.19)
0.33(0.
14.03(0.
23.69(1,
0.18(0.
0.03(0,
5.47(0.
0.00(0.
9.60(0.

.986(0.012)
.006(0.003)
.081(0.,008)
.010(0,008)
.772(0.040)
.937(0.045)
.013(0.008)
.001(0.000)
.169(0.015)
.000(0.000)
.975(0.000)
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Mineral assemblages of rodingites and diopside compositions
analyzed by Jack (personal communication)

Mineral assemblages of rodingites from Paddy-Go-Easy Pass,
Washington. (all mineral assemblages have calcite,
+clintonite, and twollastonite. :

Di* Tr Gr

N
(o]

0
=

Ch Sp

IR1.2
IR2.1
IR2.2
IR3.1
IR3.1R
IR15.1
IR15.2
IR18.1
IR20
IR25.2
IR27.2
IR29.3
IR30.1
IR36
IR36.2
IR36.3
IR51.2A
IR51.2B
IR51.4B
IR54.4
IR57.2

jolioRiolioRiol o BN o)

joRioRioRioRioRioRoRoBEoRioRoRoRioRoRoRo
0 'O
T oo

jolioRoRoRioRoRoRoRoRoRoRoRhoRohoRoh e BENeRolhe]
'O
oo o o BN o

* Di=diopside, Tr=trmolite, Gr=grossular, Zo=zoisite,
Pl=plagioclase, Ch=chlorite, Sp=spinel. »




Si0,
TiO,
FeO*
Cao
MnO
MgO
Nazo
K,0
Total

Cations
(si)
(Ti)
(al)
(Fe)
(ca)
(Mn)
(Mg)
(Na)
(K)

Sum

Sio,
TiO,
FeQ*
Cao
MnO
MgOo
Nazo
K,0
Total

Cations

(si)
(Ti)
(A1)
(Fe)
(Ca)
(Mn)
(Mg)
(Na)
(K)

Sum

IR1.2

n =2
52.89(0.65)
0.10(0.07)
2.78(0.70)
3.26(0.11)
0.13(0,01)
16.70(0.81)
24.49(1.43)
0.13(0.14)
0.03(0.01)
100.50(0.00)

1.929(0.007)

0.003(0.002)
0.119(0.029)
0.099(0,003)
0.005(0.001)
0.516(0.021)
1.332(0.089)
0.009(0.010)
0.001(0.001)
4.014(0.000)

IR15.1

n =25
52.56(1.29)
0.12(0.05)
2.15(1.03)
.73(1.10)
.12(0.02)
.87(0.63)
.27(0.17)
.14(0.13)
.03(0.01)
99.99(0.00)

N —
cCoUe Ow

1.927(0.032)
0.003(0.001)
0.093(0.045)
0.145(0.035)
0.005(0.001)
0.462(0.016)
1.382(0.006)
0.010(0.009)
0.002(0.001)
4.029(0.000)

IR2.1
n =10
53.59(0.20)
0.08(0.02)
1.47(0.22)
3.83(0.16)
0.19(0.03)
16.66(0.11)
23.27(0.40)
0.28(0.03)
0.03(0.02)
99.38(0.00)

1.980(0.005)
0.002(0.001)
0.064(0.010)
0.118(0.005)
0.007(0.001)
0.521(0.003)
1.282(0.028)
0.020(0.002)
0.002(0.001)
3.996(0.000)

IR15.2
n =29
.52(0.83)
.18(0.09)
.68(0.78)
.46(0.44)
.11(0.03)
.59(0.55)
.25(0.37)
.09(0.04)
.00(0.00)
.87(0.00)

N — (8}

VooUUuowNno N

Yo

.922(0.023)
.005(0.002)
.116(0.034)
.106(0.014)
.004(0.001)
.483(0.017)
.377(0.017)
.006(0.003)
.000(0.000)
.019(0.000)

OO -~ 00000 —

OO - 00000 —

IR2.2

n =2
53.75(0.57)
0.08(0.01)
0.78(0.18)
3.09(0.00)
16.55(0.08)
24.29(0.33)
0.18(0.03)
0.03(0.01)
0.00(0.00)
98.75(0.00)

2.147(0.008)
0.002(0.000)
0.037(0.008)
0.103(0.001)
.708(0.009)
.822(0.017)
.011(0.002)
.002(0.001)
.000(0.000)
.833(0.000)

WOOOOO

(8]

N —
WOOoOUIhON—-OW
W
N
o
(o)}

(o)}
g

(Ve

.943(0.038)
.001(0.001)
.076(0.052)
.0390(0.019)
.003(0.001)
.506(0.020)
.396(0.017)
.003(0.003)
.000(0.001)
.019(0.000)

93

IR3.1R
n=2>5
52.36(0.81)
0.07(0.07)
0.89(0.31)
8.80(1.07)
0.32(0.13)
11.98(0.29)
25.06(0.32)
0.13(0.04)
0.00(0.00)
99.61(0.,00)

1.942(0.024)
0.002(0.002)
0.039(0.014)
0.273(0.034)
0.013(0.005)
0.377(0.009)
1.386(0.015)
0.009(0.003)
0.000(0.000)
4.041(0.000)

IR20

’ n =3
53.03(1.41)
0.35(0.10)
3.04(2.39)
.48(0.96)
.07(0.03)
.67(1.27)
.94(0.05)
.02(0.02)
.02(0.01)
100.60(0.00)

[
OO NOW

1.924(0.064)
0.009(0.003)
0.129(0.101)
0.105(0.028)
0.003(0.001)
0.482(0.,042)
1.349(0.012)
0.001(0.001)
0.001(0.000)
4.003(0,000)



Si0, -
TiO,
Al,Q,
FeO*
Ca0
MnO
MgO
Na,O
K,0
Total

Cations
(si)
(Ti)
(Al)
(Fe)
(ca)
(Mn)
(Mg)
(Na)
(R)

Sum

Si0,
TiO,
FeO*
Cao
MnO
Mgo
Na,0
K,O
Total

Cations
(si)
(Ti)
(A1)
(Fe)
(ca)
(Mn)
(Mg)
(Na)
(K)

Sum

o

IR25.2

n =12
52.79(1.00)
0.23(0.30)
1.10(1.32)
8.81(1.13)
0.29(0.08)
12.70(0.62)
24.21(0.51)
0.08(0.04)
0.01(0.02)
100.24(0.00)

1.949(0.041)
0.007(0.008)
0.048(0.057)

0.272(0.036)

0.011(0.003)
0.397(0.020)
1.333(0.024)
0.006(0.003)
0.001(0.001)
4.024(0.000)

IR36

n =10
.30(0.64)
.04(0.03)
.57(0.46)
.15(0.80)
.25(0.06)
.03(0.61)
.30(0.52)
.07(0.04)
.00(0.01)
.70(0.00)

ot

N - .
OCOOPWODO O

.986(0.012)
0.001(0.001)
0.024(0.020)
0.249(0.024)
0.010(0.002)
0.404(0.019)
1.325(0.029)
0.005(0.003)
0.000(0.000)
4.004(0.000)

IR27.2
n=29
53.38(0.62)
0.14(0.42)
1.17(0.35)
6.07(1.66)
0.34(0.05)
14,20(0.87)
24.76(0.38)
0.10(0.04)
0.03(0.03)
100.20(0.00)

1.958(0.017)
0.004(0.001)
0.051(0.015)
0.186(0.052)
0.014(0.002)
.441(0.026)
.354(0.016)
.007(0.003)
.001(0.001)
.017(0.000)

oo -0

IR36.2
n=29
53.36(0.25)
0.06(0.04)
0.27(0.23)
7.45(1.34)
0.45(0.10)
13.24(0.89)
24.64(0.30)
0.02(0.01)
0.00(0.00)
99.,49(0.00)

.977(0.012)
.002(0.001)
.012(0.010)
.231(0.041)
.018(0.004)
.415(0.027)
.361(0.017)
.001(0.001)
.000(0.000)
.016(0.000)

OO~ 0O00000—~

IR29.3

n =28
54.39(0.70)
0.04(0.03)
0.20(0.09)
5.58(1.64)
0.29(0.03)
14.94(1.01)
24.49(0.46)
0.04(0.05)
0.00(0.00)
99,97(0.00)

1.997(0.016)
0.001(0.001)
0.009(0.004)
0.172(0.051)
0.011(0.001)
0.465(0.028)
1.341(0.019)
0.003(0,004)
0.000(0.000)
3.999(0.000)

IR36.3

n =7
.31(0.17)
.09(0.04)
.64(0.50)
.16(1,00)
.21(0.02)
.39(0.41)
.52(0.27)
.06(0.02)
.00(0.00)
.37(0.00)

(8}

N —
WOOWwOJOOW

O

.974(0.012)
.002(0.001)
.028(0.022)
.222(0.030)
.008(0.001)
.420(0.014)
.354(0.018)
.004(0.001)
.000(G.000)

OO 00000~

.012(0.000)

94

IR30.1
. n=4
52.67(0.14)
0.12(0.13)
0.74(0.29)
10.40(0.56)
0.20(0.05)
12.29(0.49)
24.12(0.27)
0.12(0.07)
0.00(0.00)
100.66(0.00)

1.948(0.013)
0.003(0.004)
0.032(0.013)
0.322(0.018)
0.008(0.002)
0.385(0.013)
1.330(0.018)
0.009(0.005)
0.000(0.000)
4.037(0.000)

IR51.2A

n ==6
54.52(0.40)
0.00(0.01)
0.10(0.05)
4.47(0 20)
0.18(0.06)
15.40(0.53)
25.38(0.19)
0.04(0.01)
0.01(0.01)
100.10(0.00)

1.994(0.007)
0.000(0.000)
0.004(0.002)
0.137(0.006)
0.007(0.002)
0.477(0.015)
1.383(0.014)
0.003(0.001)
0.000(0.000)
4.005(0.000)



Sio,
TiO,
Al,0;
FeO*
Cao
MnO
MgO
zmno
K,O
Total

Cations
(si)
(Ti)
(Al)
(Fe)
(ca)
(Mn)
(Mg)
(Na)
(K)
Sum

IR51.2B
n==6
52.90(0.71)
0.03(0.02)
0.93(1.02)
7.02(1.98)
0.47(0.05)
13.37(1.14)
24.84(0.75)
0.04(0.04)
0.00(0.00)
99.58(0.00)

1.957(0.034)
0.001(0.001)
0.040(0.044)
0.217(0.061)
0.018(0.002)
0.419(0.036)
1.369(0.037)
0.003(0.003)
0.000(0.000)
4.024(0.000)

IR51.4B

n = 8
51.01(0.29)
0.03(0.01)
0.36(0.25)
14.53(0.71)
0.40(0.03)
9.23(0.80)
23.81(0.27)
0.08(0.04)
0.02(0.02)
199.48(0.00)

1.929(0.004)
0.001(0.000)
0.016(0.011)
0.459(0.023)
0.016(0.001)
0.296(0.025)
1.342(0.017)
0.006(0.003)
0.001(0.001)
4,066(0,000)

IR54.4

n =10
52.92(0.38)
0.41(0.11)
3.15(0.58)
4.05(0.28)
0.14(0.02)
15.55(0.35)
22.47(0.45)
0.54(0.04)
0.03(0.02)
99,25(0.00)

1.951(0.014)
0.011(0.003)
0.137(0.025)
0.125(0.009)
0.005(0.001)
0.486(0.011)
1.235(0.024)
0.039(0.003)
0.001(0.001)
3.989(0.000)
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IR57.2

n =717
54.59(1.03)
0.10(0.05)
1.45(0.52)
2.97(0.31)
0.17(0.02)
16.52(0.35)
24.80(0.44)
0.08(0.13)
0.00(0.00)
100.68(0.00)

1.978(0.023)
0.003(0.001)
0.062(0.022)
0.090(0.009)
0.007(0.001)

-0.507(0.014)

1.340(0.031)
0.005(0.009)
0.000(0.000)
3.991(0.000)



1 General view of synthetic spinel. The fine powder
is also spinel according to E.D.S. analysis.

Plate 2 Euhedral crystals of synthetic spinel with
surfaces of (1 1 1) and (1 1 0).



Plate 3 Subhedral to euhedral crystals of synthetic
diopside.

Plate 4 Synthetic clinochlore with subhedral crystals.
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Plate 5 Synthetic grossular with euhedral to subhedral
crystals and some fine short prismatic
wollastonite as impurities.

Plate 6 Close'view of synthetic grossular crystals with
some inclusions of oxides(?)



Plate 7 Low temperature stable assemblage of clinochlore +
grossular. Notice the euhedral grossular crystals
with surfaces of (1 1 1) and (1 1 0).

Plate 8 Grossular crystal growing near spingl crystals
that were dissolved during equilibrium run.
(Gr = grossular, Sp = spinel)
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Plate S Grossular crystal and residual spinel crystals
with many small holes.(Gr = grossular, Sp= spinel)

Plate 10 The aggregate of fine spinels from high
temperature stable assemblage diopside + spinel.
Plates of residual clinochlore are visible.



Plate

Plate
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10/

The abnormal assemblage of diopside + clinochlore
from starting material 80wt% diopside + spinel
with 20wt$% grossular + clinochlore. Notice the
euhedral crystals of both minerals.

12

The abnormal assemblage diopside + clinochlore
from starting material B80wt% grossular +
clinochlore with 20wt% diopside + spinel. Notice
that most crystals are subhedral.



