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Abstract-Near-liquidus phase relations in the magnesium-rich portion of the system 
Anorthite-Forsterite-Fayalite-Silica have been determined from synthesis experiments at 1 atm and 
2 kbar at oxygen fugacities near the iron-wilstite buffer. The major-element chemistries of KREEP 
basalts are similar to peritect~c liquids, L[ol, px, an], produced experimentally. 

The reaction L[ol, px, an] is well located at low pressures. It intersects- the· join 
Anorthite-Enstatite-Ferrosilite at Fe/(Fe +Mg)= 0.45 (atomic ratio), and is peritectic only for 
Fe/(Fe +Mg)~ 0.45. Although positions of the equilibria, L[an, ol] and L[ol, px], differ significantly at 
1 atm from their positions at 2 kbar, the position of the piercing point, L[ol, px, an], on the 
Anorthite-Enstatite-Ferrosilite join is not sensitive to pressure. The composition of liquids produced 
by partial melting of troctolites and pyroxenites in the lunar crustal environment will be affected by 
pressure, whereas liquids derived from gabbroic assemblages will not. 

INTRODUCTION 
THE PRESENCE OF MATERIALS having Fra Mauro, or KREEP, basaltic composi-
tion at all lunar landing sites implies that such compositions constit~te a significant 
fraction of lunar rocks. The close ,..correspondence of these natural lunar 
compositions to those of liquidus minima (Pt = 1 atm) in the system 
Anorthite(An)-Forsterite(Fo)-Fayalite(Fa)-Silica(Si) predicted on the basis of 
experiments with natural and synthetic lunar rock compositions has suggested 
models for their origin by partial melting of anorthite-olivine-pyroxene rocks at 
shallow depths (Walker et al., 1972, 1973; Prinz et al., 1973). It is essential that we 
understand equilibrium liquidus phase relations within this system in order to be 
able to evaluate these proposed models, and in order to comprehend the igneous 
processes which have formed the lunar crust. 

Portions of the synthetic Anorthite-Forsterite-Fayalite-Silica system have 
been investigated at 1. atm (Andersen, 1915; Bowen and Schairer, 1935; 
Roeder and Osborne, 1966) and at pressures greater than 5 kbar (Kushiro and 
Yoder, 1965; Boyd et al., 1964; Smith, 1971), but little is known of relationships 
under conditions typical of the lunar crust ( <5 kbar, highly reducing conditions). 
This paper is a preliminary report of an experimental study designed to evaluate 
equilibrium phase relations in relevant portions of the synthetic An-Fo-Fa-Si 
system under conditions similar to those of the shallow lunar interior (depths 
to 40 km). To this end, our attention has been focused upon near-liquidus 
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phase relations in magnesium-rich portions of the Jom Enstatite(En)-
Ferrosilite(Fs )-Anorthite(An), which plays an important role within the An-Fo-
Fa-Si system (Fig. la). Phase relations in iron-rich portions of the join, which are 
complicated by the presence of silica as a stable phase, are not applicable directly to 
major-lunar processes and have been neglected in this study. Experiments have 
been conducted at 1 atm and at 2 kbar under controlled redox conditions near those 
of the iron-wiistite buffer. 

EXPERIMENTAL METHODS 

Enstatite and ferrosilite end-member compositions were prepared from reagent grade silicic acid 
(dehydrat~d), ferrous oxalate, and MgO by repetitious grinding and melting at 1650°C. This procedure 
produced enstatite glass containing < 1 % f orsterite quench crystals and ferrosilite glass containing 
<3% fayalite quench crystals. The anorthite end-member, which was prepared as a gel by C. 
Donaldson, contained approximately 2 mole% albite component (Table 1). 

Compositions on the An-En-Fs join were prepared by mixing together appropriate amounts of 
each end-member, and then were ground to insure homogeneity and an average grain size of less than 
15 µ,. This technique produced mixtures whose compositions typically were within 1 mole% of nominal 
values (Table 1). , 

Table 1. Synthetic experimental starting materials. 

wt.% 1 2 3 4 5 

SiO2 60.3 45.2 42.04 47.4 48.5 
AbO3 37.03 19.1 19.6 
FeO[Fe2O3]8 0.0(2) 54.0 [0.06] 13.1 9.0 
MgO 39.9 0.1(5) 0.00 10.1 12.7 
CaO 20.56 10.2 10.7 
Na2O 0.25 

Total 100.2 99.4 99.99b 99.9 100.5 

Cations proportional to 24 oxygens 

Si 8.04 7.99 5.87 6.88 6.87 
Al 6.01 3.26 3.27 
Fe 0.00 7.98 O.ot 1.58 1.06 
Mg 7.92 0.04 0.00 2.18 2.67 
Ca 3.07 1.59 1.63 
Na 0.07 

aTotal Fe reported as FeO (microprobe analysis), except [ ] 
signify total Fe reported as Fe2O3 (XRF analysis). 

tvrotal includes K2O, 0.03 wt.%; S, 0.01 wt.%; TiO2, 
0.01 wt.%; P20s, 0.00 wt.%. Recalculated water-free. 
(1) Enstatite glass. Analyst: R.B.M. 
(2) Ferrosilite glass. Analyst: R.B.M. 
(3) Anorthite gel. Analyst: J. M. Rhodes. 
(4) An30En.oFs3o experimental run mixture. Analyst: R.B.M. 
(5) An30EnsoFSw experimertal run mixture. Analyst: R.B.M. 
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Experiments were performed at 1 atm in a vertical furnace with oxygen fugacity (j oJ regulated by 
CO-CO2 gas mixtures and monitored with a solid ceramic oxygen electrolyte cell (Williams, 1971). The 
oxygen sensor was calibrated by reversing the iron-wiistite reaction at 1100°C. Oxygen fugacity within 
the furnace was maintained constant near that of the iron-wiistite reaction during experiments. 
Temperatures were measured with a Pt/Ptl0Rh thermocouple mounted within the ceramic-clad 
oxygen sensor and calibrated against the melting point of gold, and are considered accurate within 5°C. 

Experimental charges, each consisting of approximately 50 mg of finely ground synthetic mixture, 
were pressed into pellets (6-mm diameter by 2 mm thick), attached to a Pt wire loop [details of the 
technique were described by Donaldson et al. (1975)], and suspended within the hot spot of the 
controlled-atmosphere furnace. This technique afforded maximum surface area exposure of charge to 
the f 0i-controlled atmosphere, but minimized interaction between charge and container. Runs were 
quenched by removing charges from the hot spot. 

High-pressure experiments were conducted in internally heated argon pressure vessels (Holloway, 
1971) supplied with high-pressure argon by an oil-driven hydraulic intensifier. Temperatures were 
monitored with Pt/Ptl 0Rh thermocouples having inner sheaths of In con el and outer sheaths of 
platinum, and calibrated against the melting point of gold. Maximum temperature attainable with this 
thermocouple sheath configuration is 1300°C. Reported temperatures are considered accurate within 
5°c. 

Cylindrical molybdenum sample holders (2.5 cm long by 0.4-cm i.d.) were_ loaded with approxi-
mately 70-mg aliquots of powdered sample, dried thoroughly, and sealed loosely with molybdenum 
plugs. Oxygen fugacities within charges were buffered near the iron-wiistite reaction by the 
molybdenum container wall (Biggar, 1970), as evidenced by the presence of MoO2 on capsule wal_ls 
following experiments in initially pristine molybdenum containers. Experiments were quenched by 
cutting power to internal furnaces, which resulted in temperature drops from run temperature to below 
500°C within 5 min. 

Experimental run products were analyzed with standard optical and X-ray diffraction techniques. 
Electron microprobe analyses were performed with an ARL-EMX-SM instrument. Typical analytical 
precisions observed, checked by repetitive analyses of secondary standards, were SiO2 (0.6% ), AbO3 
(2.1%), FeO (2.1%), MgO (0.8%), CaO (1.8%), and Na2O (1.2%) where numbers in parentheses are 
maximum percentages by which measured values differed from values accepted for a secondary 
pyroxene standard. 

Studies of equilibrium phase relations in silicate systems are complicated by the difficulty of 
distinguishing stable from metastable equilibria (Merrill and Wyllie, 1975). Nucleation problems may 
be encountered with glass-starting materials, whereas results obtained with entirely crystalline-starting 
assemblages may be biased by metastable persistence of phases. We attempted to circumvent these 
potential difficulties by employing highly reactive starting mixtures consisting of glass, anorthite gel, 
and a small number of olivine "seed" crystals. 

Our interpretations are based primarily upon results of "synthesis" experiments, in which the 
multicomponent starting assemblage was heated directly to run temperature, then held at that 
temperature for the duration of an experiment. Results of the "synthesis" experiments were 
consistently reproducible, in that identical quenched run products resulted from experiments which 
differed substantially in duration. This internal consistency indicates that charges were achieving 
equilibrium within the duration of the experiments, but does not establish that this equilibrium state 
was stable. Attempts to "reverse" field boundaries determined from such "synthesis" experiments by 
using a two-stage run procedure (i.e. first completely melting a charge by holding it at a temperature 
above its liquidus, then moving it to subliquidus conditions) were uniformly unsuccessful, producing 
either homogeneous glasses attributed to supercooling or glass plus irrelevant crystals [e.g. olivines 
nucleated only on or near the Pt loop in 1-atm experiments within the pyroxene field were attributed to 
local decrease of Fe/(Fe + Mg) due to loss of iron from the melt]. 

Chemical interactions between experimental charges and their containers become detrimental 
when they alter charge compositions so seriously as to affect results in an undesirable way (Merrill and 
Wyllie, 1973). Several investigators have reported severe contamination of experimental charges, 
especially natural or analog lunar materials rich in TiO2 or metallic Fe, by interaction with 
molybdenum containers. Walker et al. (1972) reported that as much as half of the initial total Fe 
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content of samples of 14310 (low-Ti, high-Al basalt) diffused into molybdenum capsule walls during 
experiments. They concluded that metallic iron initially present in their charges had alloyed with the 
molybdenum, and that at high pressures molybdenum had reduced Fe2

+ to Fe metal, and had alloyed 
with it in a manner analogous to reduction of iron by 'platinum. Lindsley et al. (1974) reported that 
significant amounts of molybdenum were found in synthetic charges after experiments employing 
molybdenum capsules in the TiOrrich ferropseudobrookite-karooite system. 

In preliminary experiments designed to evaluate this problem, we were unable to detect either iron 
loss or molybdenum gain in 2-kbar experiments of 5 hr or shorter duration (Table 2). Small amounts of 
iron were lost from charges in longer duration runs (e.g. 9.3 wt.% of initial iron was lost during a 70-hr 
two-stage experiment. Compare Table 2, columns 1, 3, and 4), but no dissolved molybdenum could be 
found with a solid-state (Si) detector. We concluded that results of the short-duration high-pressure 
experiments reported here have not been affected significantly by capsule-charge interaction. 

EXPERIMENTAL RESULTS 

Results of the near-liquidus experiments at 1 atm are listed in Table 3 and are 
shown in Fig. lb. Bulk compositions of the experimental charges are well 
represented in this pseudoternary section, but compositions of experimentally 
produced crystals and liquids rarely fell on this plane (Table 4). The "univariant" 
field boundaries shown in magnesian portions of the diagram are inter~ections of 
the An-En-Fs plane with "divariant" liquidus surfaces in the (pseudoquaternary) 
system An-Fo-Fa-Si, and represent bulk compositions ~ithin the An-En-Fs 

Table 2. Compositions of crystal-free. liquids 
produced in 2 kbar experiments with molyb-

denum capsules. Microprobe analyses. 

Wt.% 

SiO2 
AbO3 
FeOa 
MgO 
CaO 
Na2O 

Total 

lOOFe 
Fe+Mg 

1 

46.4 
18.7 
17.1 
7.3 

10.4 
0.0(0) 

99.9 

56.8 

2 

46.5 
18.2 
17.1 
7.7 
9.9 

99.4 

56.8 

'Iotal Fe reported as F eO. 

3 4 

47.0 47.3 
19.7 19.5 
15.5 15.6 
7.6 7.6 

10.6 10.6 
0.1 0.1 

100.5 100.7 

53.4 53.4 

(1) An30En30FS40 starting material [calculated 
from end-member compositions (Table 1)]. 
(2) Liquid quenched after 5 hr at 1250°C. 
(3) Liquid ( center of charge) quenched after 
5 hr at 1250°C plus 66 hr at 1050°C. Same charge 
as 4. 
(4) Liquid (edge of charge within 25 µ., of 
molybdenum) quenched after 5 hr at 1250°C 
plus 66 hr at 1050°C. Same charge as 3. 
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Table 3. Results of controlled-atmosphere (Pr = 10-3 kbar, /02 equi-
valent to Fe-FeO buffer) near-liquidus experiments on the synthetic 

join Anorthite-Enstatite-F errosilite. 

Phases observed 
among run products 

Composition Duration 
mole% T, °C hours GI Px Pl 01 

A1twEn.soFS10 1250 48 + + ? + 
A11wEnaoFs20 1225 24 + + + 
An30EnroFs10 1250 68 + + + 
An30En.soFS20 1250 22 + + + 

1225 23 + + ? + 
An30EnwFs30 1250 45 + 

1225 71 + + + + 
Ail30Eil30FS40 1220 17 + + 
An25EUJ.sFs30 1250 92 + 

1200 97 + ? + 
An25E14oFs3.s 1225 60 + 

1175 163 + + + tr 

An20En.soF S30 1245 52 + tr + 
1225 51 + + 

An20E1twF S40 1245 18 + 
1220 71 + + + 

"GI," glass quenched from liquid; "Px," clinopyroxene; "Pl," 
plagioclase; "01," olivine;"+," present;"-," absent;"?," possible; 
"tr," trace. 

plane which, on cooling from temperatures above the liquidus, initially precipitate 
two crystalline phases. Cotectic reactions are labeled with single arrows, and the 
peritectic reaction L[ol, px] with a double arrow. Piercing_ point B is the 
intersection of the An-En-Fs plane with the peritectic L[ol, an, px] at a tempera-
ture near 1200°C. Positions of the piercing point and of L[ol, an] agree very well 
with predictions based upon experiments with lunar whole-rock compositions 
(Walker et al., 1972, 1973). 

Roeder and Osborne (1966) explored liquidus phase relations in this system 
under less reducing experimental conditions (P0i held constant at 10-11 atm), and 
reported that the anorthite stability field extends closer to the enstatite-f errosilite 
join than is indicated by our results. We consider that a large portion of this 
discrepancy is attributable to differences in oxygen fugacity (about two log units 
at run temperatures) between the two sets of experiments, but that some of the 
discrepancy is due to sample containers. Roeder and Osborne employed platinum 
and palladium-silver alloy containers, to which their charges lost as much as 23% 
of initial iron contents. Although they attempted to adjust for these losses by 
redetermining bulk compositions after experiments, they could not evaluate the 
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Fig. 1. (a) Location of the join Anorthite(An)-Enstatite(En)-Ferrosilite(Fs) in the 
pseudoquatemary system Anorthite(An)-Forsterite(Fo )-Fayalite(Fa)-Silica(Si). (b) 
Equilibrium phase relations in the plane An-En-Fs at 1 atm. Oxygen fugacities near 
Fe/"FeO." Piercing point B is near 1200°C. Circles are compositions studied. Double 
arrows are peritectic relations; single arrows, cotectic. Boundary systems after Andersen 
(1915), Bowen and Schairer (1935), and Schairer (1942). (c) Same as Fig. lb, but at 2 kbar. 

Piercing point B is near 1200°C. 
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Table 4. Microprobe analyses of olivines and glasses among products of 1 atm experiments. 

T, °C 1250 1225 1245 1220 
Duration, hours 22 51 52 71 
Bulk composi-

tion, mole% An30EnsoFS20 An20EnsoFS30 An20EnsoF S30 An20EILioFS40 
Phase assemblage GI, 01, Pl GI, 01 GI, 01, Px (tr) GI, Px, 01 

Phase analyzed Olivine Glass Olivine Glass Olivine Glass Olivine Glass 

Wt.% 2 3 4 5 6 7 8 

SiO2 40.7 50.1 39.6 51.4 39.7 51.8 38.5 50.8 
AbO3 0.0(6) 19.6 0.0(5) 16.3 0.0(6) 16.0 0.0(4) 15.4 
FeOa 9.2 7.0 16.7 11.8 14.6 11.2 20.3 13.6 
MgO 49.5 12.4 43.4 10.7 45.2 11.9 41.0 10.3 
CaO 0.1(8) 10.7 0.2(2) 8.8 0.2(3) 8.7 0.2(3) 8.6 
Na2O n.d. n.d. 0.0(0) 0.4 0.0(0) 0.6 0.0(0) 0.6 

Total 99.6 99.8 100.0 99.4 99.8 100.2 100.0 99.3 

lO0Fe 9.4 24.0 17.8 38.2 15.3 43.4 21.7 42.6 Fe+Mg 

Cations proportional to 24 oxygens 

Si 5.9(8) 1.7(6) 6.0(1) 7.3(8) 5.9(8) 7.3(6) 5.9(4) 7.3(7) 
Al 0.0(1) 0.8(1) 0.0(1) 2.7(5) 0.0(1) 2.6(8) 0.0(1) 2.6(3) 
Fe 1.1(4) 0.2(0) 2.1(2) 1.4(1) 1.8(4) 1.3(3) 2.6(2) 1.6(5) 
Mg 10.8(5) 0.6(5) 9.8(1) 2.2(8) 10.1(4) 2.5(3) 9.4(4) 2.2(2) 
Ca 0.0(3) 0.4(0) 0.0(3) 1.3(5) 0.0(4) 1.3(3) 0.0(4) 1.3(3) 
Na 0.00 0.1(2) 0.00 0.1(6) 0.00 0.1(8) 

aTotal Fe reported as FeO. 
Abbreviations: "GI," glass quenched from liquid; "Pl," plagioclase; "01," olivine; "Px," pyroxene; 

"?," possible; "tr," trace; "n.d.," not determined. 

effects upon observed run products of the continuously varying iron contents 
which must have characterized charges during their experiments. 

Results of the 2-kbar near-liquidus experiments are ·listed in Table 5 and are 
shown in Fig. le. Compositions of experimentally produced crystals and liquids 
are listed in Table 6. 

Temperature ( --- 1200°C) and composition of piercing point B are little changed 
from their values at 1 atm (Fig. lb), although L[ol, an] is displaced toward 
anorthite and L[ol, px] toward enstatite. Although the position of piercing point B 
changes very little, temperatures and shapes of the surfaces of multiple phase 
saturation within the An-Fo-Fa-Si pseudoquaternary evolve significantly with 
modest changes in pressure. Increasing pressure causes the reaction L[ol, px] to 
shift toward enstatite, reflecting the change in melting behavior of enstatite from 
incongruent to congruent which occurs at pressures slightly greater than 3 kbar 
(Boyd et al., 1964). This effect implies that, alth<;mgh compositions of liquids 
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Table 5. Results of near-liquidus experiments at 2 kbar on the 
synthetic join Anorthite-Enstatite-F errosilite. 

Phases observed 
among run products 

Composition Duration 
mole% T, °C hours GI Px Pl 01 

A14oEl16Q 1300 + 
1275 1 + + 
1250 7 + tr + + 

A14oEnsoFS10 1300 1 + 
1275 1 + tr 
1250 7 + + 

AnwE1twFSw 1300 1 + + 
1275 1 + + 
1250 4 + + + 

AnwEn30FS30 1300 1 + ? + 
1275 1 + + + 
1250 4 + +. + 

An30El16QFs10 1275 1 + + 
1250 1 + + + 
1200 1 + + + + 

An30EnsoFS20 1250 5 + 
1225 1 + 
1210 2 + + 
1200 + + + 

An30EnwFs30 1225 1 + 
1210 2 + + 
1200 2 + tr + + 

An30En30FS40 1225 2 + 
1210 2 + + 
1200 2 + + + 

An30En20Fsso 1225 1 + 
1210 2 + + 
1200 1 + tr + 

An25EilsoFS2s 1200 2 + tr + 
1150 2 + + 

An25EJ4sFS30 1200 5 + 
1150 2 + tr + 

An25EnwFS3s 1200 5 + 
1150 2 + + 

An2sEn3sFS40 1200 5 + 
1150 2 + + 

An20En10FS10 1300 1 + tr + 
An20El16QFs20 1300 1 + + 

An20EnsoFS30 1275 2 + 
1250 1 + + 

An20EnwFs40 1250 1 + 
1200 2 + + + 

"GI," glass quenched from liquid; "Px," clinopyroxene; "Pl," 
plagioclase; "01," olivine;"+," present;"-," absent;"?," possible; 
''tr,'' trace. 
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Table 6. Microprobe analyses of phases among products of multistage experiments (Pr = 2 kbar) in 
molybdenum capsules. 

T, oca 1100 1100 1100 ll()()b 
Duration, hours 66 66 66 47 
Bulk composi-

tion, mole% An30EILioFS30 An30En5oF~o An30E11roFs10 An30E11roF S10 
Phase assemblage 01, GI 01, GI (Px, Git 01, GI 

Phase analyzed Olivine Glass Olivine Glass Clinopy- Glass Olivine Glass 
roxene 

Wt.% 1 2 3 4 5 6 7 8 

SiO2 39.4 47.8 39.9 48.6 50.5 48.8 41.4 50.0 
AbO3 0.1(0) 19.8 0.1(3) 21.8 13.3 22.6 0.0(0) 20.7 
FeOc 19.1 12.3 12.3 8.4 3.7 4.4 5.5 4.5 
MgO 42.4 9.6 47.0 10.0 31.1 10.8 52.9 14.4 
CaO 0.2(1) 10.8 0.1(8) 12.0 1.3 13.6 0.0(6) 11.4 
Na2O 0.0(0) 0.1 0.0(0) 0.1 0.0(0) 0.1(3) n.d. n.d. 

Total 101.2 100.4 99.5 100.9 99.9 100.3 99.8 101.0 

lOOFe 20.2 41.8 12.8 32.0 6.2 18.6 5.5 14.9 
Fe+Mg 

Si 5.9(7) 6.8(7) 5.9(6) 6.8(2) 6.9(1) 6.8(1) 5.9(7) 6.9(0) 
Al 0.0(2) 3.3(6) 0.0(2) 3.6(1) 2.1(5) 3.7(1) 0.0(0) 3.3(6) 
Fe 2.4(2) 1.4(8) 1.5(4) 0.9(9) 0.4(3) 0.5(2) 0.6(6) 0.5(2) 
Mg 9.5(8) 2.0(5) 10.4(6) 2.1(0) 6.3(4) 2.2(4) 11.3(9) 2.9(6) 
Ca 0.0(3) 1.6(6) 0.0(3) 1.8(1) 0.1(9) 2.0(3) 0.0(1) 1.6(9) 
Na 0.0(0) 0.0(3) 0.0(0) 0.0(3) 0.0(0) 0.0(4) 

aTemperature of final crystallization stage. Preliminary melt stage (1250°C) lasted 5 hr in all cases. 
blntermediate crystallization step: 1000°c for 16 hr. 
err otal Fe reported as F eO. 
dProbably metastable. 
Abbreviations as in Table 4. 

produced by shallow partial melting (controlled by the peritectic L[an, ol, px]) of 
anorthite-olivine-pyroxene (gabbroic) assemblages will be similar no matter what 
the depth, Mg/(Mg + Fe) ratios of liquids produced from predominantly troctoiitic 
L[an, ol] or pyroxenitic L[ol, px] assemblages will be influenced strongly by depth. 
Once any anorthite present initially has dissolved in the melt, liquid compositions 
will follow L[ol, px] as long as both mafic phases· remain present. Unfortunately, 
the high temperatures required to explore liquidus relations in more magnesium-
rich portions of the system are beyond present capabilities of our apparatus. 

MgO and FeO contents of olivines and coexisting liquids produced experimen-
tally are plotted in Fig. 2. These liquids are consistently slightly poorer in FeO and 
MgO than those of the peritectic, because they are those of the L[ol] equilibrium 
rather than L[ol, an, px]. The range of values reflects variation in bulk composi-
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(Andersen, 1915) 
Iii (Walker, et al , 1972) 

PIERCING POINT B • 
THIS STUDY 

• OLIVINES, I atm. 
o CO-EXISTING LIQUIDS, 

I atm. 
& OLIVINES , 2 kbar 
Ll. CO-EXISTING LIQUIDS, 

2 kbar 30-----.~---.--------~,---~,-----
....... ....... ....... 

....... 
....... • ....... 

0 20--
:. 

....... ....... 

' .............. --· 
....... -- -· -;I. 

..: 
3 10- ... 

Lr"'~ - =--:::.-::.-::.-::..-::.. - - - . 
6- - -- - - -- - ----• 

-------• o~--~:-o...i,., ..... -_-..... :i-----_-_-_..,_:---_-_.....,: ---•:--... 
0 10 20 30 40 50 

Wt.% Mg0 

Fig. 2. Analyses of olivines and glasses from experimental runs. The solid curve is the 
projection of compositions of liquids on the 1 atm peritectic, L[an, ol, px]. Compositions 
of Fra Mauro basalts plot near this peritectic curve. Dashed lines connect phases 

coexisting in experimental run products. 

tions. Distribution coefficients, . 

(X~1e0)(X~~) 
Kn = (X~'!o)(X~g0) 

where X is mole fraction, calculated for these two coexisting phases lie between 
0.~ t~~od~0j~5, slightly higher than the value (0.30) which Roeder and Emslie (1970) 
f ~~11~. to j~~aracterize equilibrium terrestrial basaltic melt plus olivine assemb-
lages, t hut At excellent agreement with the average Kn (0.33) which Longhi et al. 

. - . . -. . 
0975) report for olivines in low-Ti lunar basaltic melts . 
. ·:-. CaO and Ali03 contents of phases among quencheµ run products are shown in 

Fig. 3, in which the solid line represents the 1: 1 r~,io pf-__,CaO to Al203 typical of 
stoichiometric anorthite. Liquids produced experime~tf3l~y are compositionally 
very similar to Fra Mauro basalt glasses. The lqw-calcium, alumin~m-rich 
clinopyroxenes plotted (cf. Table 6, column 3) were grown metastably in a run 
(An30En60Fs10) well within the olivine stability field (cf. Table 6, column 5). It is 
noteworthy that similarly aluminous orthopyroxenes have been reported by 
Anastasiou and Seifert (1972) in the system CaO-MgO-AliOrSi02. Their impor-
tance lies in their potential for similar metastable growth in lunar melts which 
could modify anticipated liquidus lines of descent significantly. For example, the 
extraction of Ali03 by precipitation of calcium-poor aluminous pyroxene would 
increase CaO/Alz03 ratios, simultaneously depleting a melt of feldspar while 
enriching it in calcic pyroxene components. The fact that the phase being 
precipitated is metastable would not affect the end result, if the residual liquid 
were isolated from the cumulus crystals before stable equilibrium were achieved. 
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0 
C u 

• OLIVINE 
• CLINOPYROXENE , 2 kbar 
o GLASS,· l atm. 
c GLASS, 2 kbar 20-----------------

~10 
..: 

0--------....... lliiiiiiiiio•-..... ---~--~ 
0 10 20 30 

Fig. 3. Analyses of minerals and glasses from experimental runs. Typical Fra Mauro 
basalt glass compositions fall within the shaded region (after Reid et al., 1972). 

969 

Because neither composition nor temperature of piercing point B changes 
observably between 1 bar and 2 kbar, and assuming a regular solution model, we 
can compute the effect of pressure on silica activity in the liquid from the data 
presented by Carmichael et al. (1974; Table 3-3). These data indicate that for 
basaltic liquids at temperatures less than 3400°K, 

a (log asioJI < 0_ 
aP Xsi02,T 

Consequently, silica activity in the liquid at point B at 2 kbar is less than in the 
liquid at point B at 1 bar. 

DISCUSSION 

Within the system An-Fo-Fa-Si, the plane An-En-Fs exercises the same 
control of liquidus equilibria as the join En-Fs exercises in the system Fo-Fa-Si 
(Bowen and Schairer, 1935). That is, as can be seen in Fig. 4a, the piercing point B 
represents the highest Fe/(Fe + Mg) ratio attainable by quartz-normative liquids in 
this system, and is the point at which the reaction L[an, ol, px] within the system 
An-Fo-Fa-Si changes from a peritectic to a cotectic reaction. 

The position of L[ol, px, an] at 1 atm is known with some precision for that 
portion of the pseudoquaternary having Fe/(Fe +Mg)~ 0.55, and is shown in 
projection onto An-En-Fs in Fig. 4b and onto FeO-MgO in Fig. 2. Compositions 
of first liquids produceq by partial melting of anorthite-olivine-pyroxene assemb-
lages are constrained to this reaction curve. Liquids remain so constrained until 

· one of the crystalline phases dissolves completely. Anorthite-saturated liquids 
having Fe/(Fe + Mg) 0.45 (Fig. 2) are generated by the peritectic melting 
reaction, px ol + liquid (AB). Liquid compositions with Fe/(Fe +Mg)> 0.45 are 
controlled by the cotectic melting reaction, ol + px liquid. Liquids having 
Fe/(Fe +Mg)> 0·45 can be generated by cotectic melting of three-phase assemb-
lages having appropriate bulk compositions, but will approach point B as melting 
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A 

B 

R. B. MERRILL and R. J. WILLIAMS 
I 

Si 
I 

Si 

' 
60-------~--"---.l~----~60 

I \ 
Fo Fa 

An An 
I \ 

B 

En _____ ...._ __________________________ Fs 

Mole% 

Fig. 4. The reaction L[ol, px, an] at 1 atm in the pseudoquaternary An-Fo-Fa-Si. (a) 
Projected on Fo-Fa-Si at anorthite saturation and (b) projected from Si onto An-En-Fs. 
Point C (L[ol, px, si, an]) is poorly constrained. Cir~les represent analyses of Fra Mauro 

basalts (Reid et al., 1972). 

continues. If no crystalline phase is first consumed totally, cotectic liquids will 
reach point B where they will remain until one crystalline phase is dissolved 
completely, after which time their evolution will be controlled by one of the 
"divariant" doubly saturated surf aces. Thus at lunar depths shallower than 40-km 
(2 kbar), KREEP composition liquids produced by the L[an, ol, px] peritectic 
reaction must have Fe/(Fe +Mg)~ 0.45. This observation is consistent with 
reporte~ compositions of KREEP basalts (Reid et al., 1972). 
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