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Liquidus Phase Relations on the Join Diopside-Forsterite-Anorthite 
From 1 arm to 20 kbar. Their Bearing on the Generation 
and Crystallization of Basaltic Magma* 
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and D.W. Dycus****** 

Department of Geosciences, University of Texas at Dallas, P.O. Box 688, Richardson, Texas 75080, USA 

Abstract. In the system CaO-MgO-A1203-SiO2, the 
tetrahedron CaMgSi iO6(di) -Mg2SiO4(fo)-SiOg-  
CaA12SiO6(CaTs) forms a simplified basalt tetrahe- 
dron, and within this tetrahedron, the plane di-fo- 
CaAlzSi2Os(an) separates simplified tholeiitic f rom 
alkalic basalts. Liquidus phase relations on this join 
have been studied at 1 atm and at 7, 10, 15, and 
20 kbar. The temperature maximum on the 1 atm iso- 
baric quaternary univariant line along which forster- 
ite, diopside, anorthite, and liquid are in equilibrium 
lies to the SiO2-rich side of the join di-fo-an. The 
isobaric quaternary invariant point at which forster- 
ite, diopside, anorthite, spinel, and liquid are in equili- 
brium passes, with increasing pressure, f rom the sili- 
ca-poor to the silica-rich side of  the join di-fo-an, which 
causes the piercing points on this join to change f rom 
forsterite + diopside + anorthite +l iquid and forster- 
i t e+sp ine l+ano r th i t e+ l iqu id  below 5 kbar  to for- 
sterite + diopside + spinel + liquid and diopside 
+ s p i n e l + a n o r t h i t e + l i q u i d  above 5 kbar. As pres- 
sure increases, the forsterite and anorthite fields con- 
tract and the diopside and corundum fields expand. 
The anorthite pr imary phase field disappears entirely 
f rom the join di-fo-an between 15 and 20 kbar. Below 
about  4 kbar, the join di-fo-an represents, in simplified 
form, a thermal divide between alkalic and tholeiitic 
basalts. F rom about  4 to at least 12 kbar, alkalic 
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basalts can produce tholeiitic basalts by fractional 
crystallization, and at pressures above about  12 kbar, 
it is possible for alkalic basalt to be produced from 
oceanite by crystallization of both olivine and ortho- 
pyroxene. I f  alkalic basalts are pr imary melts from 
a lherzolite mantle, they must be produced at high 
pressures, probably greater than about  12 kbar. 

Introduction 

About  85% of the chemical constituents of basalt 
and about 90% of the chemical constituents of the 
upper mantle are contained in the system CaO-MgO- 
A1203-SIO2 ; and with the exception of nepheline, rep- 
resentatives of all the major anhydrous minerals 
found in basalts and in the upper mantle are present 
(forsterite, enstatite, diopside, anorthite, spinel, py- 
rope, grossular, melilite). Because this system contains 
only 4 components,  it is possible to represent geomet- 
rically the compositional relations among the various 
crystalline and liquid phases. Because of these fea- 
tures, the system CaO-MgO-A1203-SiO2 is an excel- 
lent model system for studying basalt crystallization 
trends and the generation of basalts f rom the mantle. 

Yoder and Tilley (1962) presented a classification 
for basalts based on the normative tetrahedron 
quartz-olivine-diopside-nepheline, and within this tet- 
rahedron, the plane olivine-diopside-plagioclase has 
been considered to be a low-pressure thermal divide 
between tholeiitic and alkalic basalts (Yoder and 
Tilley, 1962; O 'Hara ,  1965, 1968). The existence of 
this thermal divide in nature is based on data from 
several simplified systems, one of the most important  
of which is di-fo-an (Fig. 1). In the system CaO-MgO- 
A1203-SIO2, this join lies within the simplified basalt 
tetrahedron SiO2-fo-di-CaTs. Osborn and Tait (1952) 
studied liquidus phase relations on the join di-fo-an 
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Fig. 1. The tetrahedron CaO-MgO-AlzO3-SiO2 with the simplified 
basalt tetrahedronfo-di-CaTs-SiO2. The plane studied here is shad- 
ed and the plane of aluminous pyroxene compositions is dashed. 
fo=forsterite (Mg2SiO,), di=diopside (CaMgSi206) , an=anor- 
thite (CaAlzSi2Os), en = enstatite (MgSiO3), wo =wollastonite (Ca- 
SiO3), CaTs=Ca Tschermak's molgcule (CaAlzSiO6) , sp=spinel 
(MgA1204) 
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Fig. 2. Liquidus phase relations in the join CaMgSizO6-MgzSiO4- 
CaAI2Si20 s at 1 atm, redrawn after Osborn and Tait (1952), HytS- 
nen and Schairer (1961), Kushiro and Schairer (1963), and Kushiro 
(1972a). Heavy lines are boundary lines and light lines are ]iquidus 
isotherms with temperatures in ~ 

at 1 arm,  a n d  in this  pape r ,  a smal l  r e f i n e m e n t  o f  

the i r  s tudy  is p r e s e n t e d  t o g e t h e r  wi th  l iqu idus  phase  

r e l a t ions  at  7, 10, 15 a n d  20 kba r .  T h e  resul ts  s h o w  

the  effect  o f  p ressu re  on  this  s impl i f i ed  t h e r m a l  d iv ide  

and ,  by e x t r a p o l a t i o n ,  on  c rys t a l l i z a t i on  t r ends  in ba-  

sal t ic  m a g m a s .  

Experimental Method 

Many of the starting mixtures are the same as those used in the 
original study at 1 atm by Osborn and Tait (1952), and were gener- 
ously made available by Osborn. A few of the mixtures were 
prepared in our laboratory using starting materials described by 
Presnall et al. (1972). For the new compositions, ten grams of 
each oxide mixture were fired in a platinum crucible for 4 h at 
about 1650 ~ C and quenched to a glass. The crushed glass powders 
served as starting materials for the equilibrium experiments. 

Runs were carried out in a solid media piston-cylinder appa- 
ratus similar to that described by Boyd and England (1960), with 
a pressure-cell arrangement identical to that described by Presnall 
et al. (1973). To insure that charges were free of water, all parts 
of the pressure cell except the talc sleeve were dried for one hour 
at 1050 ~ C and then stored in a desiccator prior to an experiment. 
The platinum capsules were loaded, dried with the other pressure- 
cell parts, and then closed. All experiments were of the decompres- 
sion or "piston-out" type and were carried out by initially over- 
pressurizing the sample by about 4 kbar, raising the temperature 
to the desired value, and then bleeding to the required pressure. 
No pressure correction was applied. Based on comparisons with 
gas-apparatus measurements, it is believed that this procedure 
closely approximates the actual pressure on the sample, at least 
for the high temperature conditions reported here (Presnall, 1976, 
p. 585). Except as indicated in the tables, Pt/Ptl0Rh thermocouples 

were used and no pressure correction was applied to the thermocou- 
pie readings. All temperatures including those of previous workers 
have been corrected to conform to the International Practical Tem- 
perature Scale of 1968 (Anonymous, 1969). Phases were identified 
by microscopic examination of polished thin sections of the 
quenched charges, and compositions of phases were determined 
with an ARL-EMX-SM electron microprobe. Correction of the 
raw electron microprobe data for absorption, fluorescence, and 
atomic number effects was accomplished using the EMPADR VII 
computer program of Rucklidge and Gasparrini (1969). Electron 
microprobe standards were a diopside glass, one enstatite glass 
containing 10 wt% AlzO3, and another containing 20 wt% A1203, 
all obtained from F.R. Boyd. 

Phase Relations at One Atm 

F i g u r e  2 shows  the j o i n  C a M g S i 2 0 6 - M g 2 S i O , - C a A 1 2 -  

Si2Os a t  1 a t m  as d e t e r m i n e d  by O s b o r n  and  Ta i t  
(1952), w i th  s l ight  rev i s ions  by H y t 6 n e n  and  Scha i r e r  

(1961), K u s h i r o  a n d  Scha i r e r  (1963),  a n d  K u s h i r o  

(1972a) .  T h e  a d j u s t m e n t s  to  the  phase  b o u n d a r i e s  

a n d  l i qu idus  i s o t h e r m s  o f  O s b o r n  a n d  Ta i t  a re  m i n o r  

a n d  do  n o t  c h a n g e  the  pos i t i ons  o f  the  two  t e rna ry  

p ie rc ing  p o i n t s  l o c a t e d  by them.  
In  F i g u r e  3, the  q u a t e r n a r y  u n i v a r i a n t  l ine  a l o n g  

w h i c h  l iqu id  is in e q u i l i b r i u m  wi th  fors te r i t e ,  a n o r -  

thi te ,  a n d  d iops ide  (l ine a - p )  passes  t h r o u g h  the  
p l ane  di-fo-an at  the  p ie rc ing  p o i n t  a. I f  fors te r i te ,  

d iops ide ,  and  a n o r t h i t e  s h o w e d  n o  sol id  so lu t ion ,  a 
t e m p e r a t u r e  m a x i m u m  on  this  l ine w o u l d  lie exac t ly  

in the  p l a n e  di-fo-an, a n d  the  phase  r e l a t ions  (exc lud-  
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Fig. 3. Liquidus phase relations in the tetrahedron CaMgSi206- A1 
MgzSiO4-CaAlzSi208-SiO 2 at 1 atm. Compiled from Bowen A1 
(1914), Andersen (1915), Osborn and Tait  (1952), Hyt6nen and Mg 
Schairer (1960, i961), Kushiro and Schairer (1963), Kushiro Ca 
(1972a), Yang.(1973), and Presnall et al. (in press). Light lines are 
liquidus boundary lines on the faces of  the tetrahedron, and 
heavy lines (dashed where,inferred) are quaternary liquidus u n i -  
variant lines. Arrows indicate directions of  decreasing temperature. 
The back face, CaMgSi206-CaA12Si2Os-SiO2, a l though determined 
by Clark, Schairer, and de Neufville (1962) is omitted for clarity 

Table 1. Runs  at one atmosphere,  all on the composit ion 46% 
CaMgSi206, 7% Mg2SiO4, 47% CaA12Si2Oa (wt%) 

Run  Temp. Time Phases Present S 
No. (~ (h) 

56 1276 26 gl+an 
55 1272 15 gl+an +fo +di 
57 1266 24 gl+an+fo+di 
58 1263 48 gl+an+fo+di 

an = anorthite, fo = forsterite, di = diopside, gl= glass 

Table 2. Microprobe analyses of  glasses at one atmosphere (wt%) 

Run  N o ?  55 57 
Spots Analyzed 3 9 

SiO 2 48.51 • 0.04 b 46.80 +- 0.43 b 
A120 3 15.87 _+ 0.20 15.46 _+ 0.22 
MgO 13.34_+ 0.12 12.92 + 0.08 
CaO 22.40_+0.19 23.17+_0.58 
Total 100.12 98.35 

fo 6.I2 4.22 
di 52.72 57.59 
an 43.25 42.89 
SiO2 c - 2.09 - 4.70 

a Run  numbers  are keyed to Table 1 
b Standard deviation 
~ ( - )  means  deficiency 

Table 3. Microprobe analyses of diopsides (wt%). 

Run  N o ?  55 98 5 
Pressure 1 a tm 10 kbar 

54.79 _+ 0.04 b 50.07 • 0.18 b 
2.97 + 0.04 10.57 + 0.26 

19.43_+0.15 17.39_+0.06 
24.16 + 0.02 22.56 -+ 0.23 

101.35 100.59 

5.57 9.29 
85.84 64.29 

8.00 28.68 
+0.58 - 2 . 2 5  

No. of  Atoms for 6 Oxygens 

1.938 2 000 1779  2.000 
0.062 J ' 0.221 l 
0.062 ] 0.221 ] 
1.024 / 2.002 0.857? 1.999 
0.916 0.921 ) 

" Run  numbers  are keyed to Tables 1 and 5 
b Max imum deviation (2 crystals) 
~ ( + )  means  excess, ( - )  means  deficiency 

ing the spinel field) would be ternary. However, be- 
cause the compositions of diopside and forsterite lie 
off the join, the temperature maximum on the liquidus 
univariant line also lies off the join. Hyt6nen and 
Schairer (1961) and Chinner and Schairer (1962) 
placed the maximum to the silica-rich side of the 
plane di-fo-an but O'Hara and Schairer (1963) placed 
it to the silica-poor side. 

In order to resolve this discrepancy, we have 
performed some additional experiments on the com- 
position 46% CaMgSi206, 7% Mg2SiO4, 47% CaA12- 
Si208 (Table 1). Because this mixture lies exactly 
on a line between the anorthite corner and point a, 
crystallization of anorthite drives the liquid path 
straight to point a where diopside and forsterite both 
appear simultaneously. At this point, the liquid path 
still lies on the join di-fo-an, and if further cooling 
causes complete crystallization of the mixture, the 
temperature maximum on the quaternary univariant 
line must lie exactly on the join di-fo-an. As shown 
in Table 1, however, liquid persists below the temper- 
ature of point a down to at least 1263 ~ C, indicating 
that crystallization of diopside, forsterite, and anor- 
thite drives the liquid path off the join. Our tempera- 
ture for point a (1274 ~ C) agrees within experimental 
uncertainty with that of Osborn and Tait (1272 ~ C). 
We have analyzed the composition of the glass at 
1272 ~ C and 1266 ~ C, and as shown in Table 2, both 
compositions lie to the silica-poor side of the join 
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Fig. 4a-d. Liquidus phase relations on the join CaMgSi206-Mg2SiO4-CaAl2Si20 8 at 7, 10, 15, and 20 kbar (wt%). Filled circles are 
compositions studied. Heavy lines (dashed where equilibrium not demonstrated) are liquidus boundary lines and light lines (dashed 
where inferred or equilibrium not demonstrated) are liquidus isotherms. Temperatures are in ~ 

di-fo-an, with the SiO2 deficiency increasing as tem- 
perature falls. This confirms that the temperature 
maximum lies on the silica-rich side, in agreement 
with the conclusion of  Hyt6nen and Schairer (1961) 
and Chinner and Schairer (1962). We have also ana- 
lyzed the diopside composition in run 55 at 1272~ 
(Table 3) and found that it lies very close to and 
slightly to the silica-rich side of the join di-fo-an. The 
forsterite in run 55 contains a small amount  of CaO 
(0.77 wt%) and lies on the SiO2-poor side of the join 
di-fo-an. Crystallization of forsterite thus tends to 
counteract the effect of crystallization of diopside, 
but as shown by the glass analyses in Table 2, the 

net effect is to drive the liquid toward the SiO2-poor 
side of the join di-fo-an. 

Phase Relations at High Pressures 

Liquidus surfaces for the join CaMgSigO6-Mg2SiO4- 
CaAlzSizO8 at 7, 10, 15, and 20 kbar are shown in 
Figure 4a-d,  and data used in constructing these dia- 
grams are listed in Tables 4, 5, 6, and 7. Melting tem- 
peratures for MgzSiO4 at the various pressures are 
taken from Davis and England (1964), and those for 
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Table 4. Runs  at 7 kbar 

Run  Composi t ion (wt%) Temp. 
No. (~ 

CaMgSi206 MgzSiO4 CaAl2Si208 

Time 
(h) 

Phases Present" 

72-1 0 5 95 1520 4 gl 
104-13 I492 6 gl+an 

71-7 0 I4 86 1468 4 gl 
72-3 1443 4 gt+sp+an 

60-4 0 20 80 1531 3 gl 
59 4 1515 3 gl+sp 

45-8 0 40 60 1572 2 gl 
42 3 I554 2 gl+sp 

52-6 0 46 54 1572 2 gl 
47-11 1546 2 gl+sp 

98-4 0 55 45 1614 4 gl 
96-4 1588 4 gl+fo+q(fo) 

97-1 0 60 40 1614 4 gl+q(fo) 
96-1 1598 4 gl + fo + q(fo) 

127-1 20 0 80 1480 6 gl 
129-2 1460 6 gl+ an 

77-2 20 10 70 1365 6 gl 
89-1 1339 4 gl+an 

59 7 20 20 60 1443 3 gl 
58-6 1417 3 gl+sp 

71-1 30 10 60 1365 4 gl 
72-11 1339 4 gl+an+di+sp 

109-21 30 12 58 1375 5 gl 
108-7 1350 4 gl+sp 

97-7 30 20 50 1396 4 gl 
96-5 t 370 4 gl+fo 
92-14 1344 4 gl§ 
94 3 1324 4 gl+fo+di 
96-8 1324 4 gl +fo + di + sp 

110-5 34 I 1 55 1340 4 gl 
110-2 1335 4 gl+an+di 

57-7 40 0 60 1443 4 gl 
72-5 1417 4 gl+an 

98-8 40 10 50 1365 4 gl 
97-5 1339 4 gl+di 

97-4 50 10 40 1365 4 gl 
98-6 1339 4 gl+di 

78-5 60 0 40 1391 6 gl 
58-2 1365 2 gl+di 

124-1 60 20 20 1480 b 6 gl 
I24-4 1455 b 5 gl+fo +qQb) 

53-8 70 10 20 1453 2 gl 
51 11 1427 2 gl+di+q(di) 

98-3 80 20 0 1546 4 gl 
97 6 1520 4 gl+Jo+q(fo) 

Abbreviations as in Table 1 except sp=spine i ,  q = q u e n c h  crystals with types of quench crystals in parentheses 
b W3Re/W25Re thermocouple 
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Table 6. Runs at 15 kbar 

Run Composition (wt%) Temp. 
No. (~ 

CaMgSi2Oo Mg2SiO4 CaA12Si208 

Time 
(h) 

Phases Present a 

101-3 0 5 95 1660 4 gl 
104-8 1634 4 gl+cor 

10 t-2 0 14 86 I546 4 g] 
i00-1 1520 4 gl+cor+sp 

102-8 0 20 80 1598 4 gl 
99 5 1572 4 gl+sp 

99-6 0 40 60 1650 4 gl 
104-4 1624 4 gl + sp + q (di) 

104-9 0 46 54 1650 4 gl 
99-10 1624 4 gl+sp+q(di) 

108-8 0 55 45 1623 4 gl 
109-20 1600 4 gl + fo + q (fo) 

100-6 0 60 40 1676 4 gl 
106-8 1650 4 gl+Jb+q(fo) 

I04-7 10 10 80 1520 4 gl 
104-3 1494 4 gl+sp 

104-10 10 I0 70 1572 4 gl 
103-2 1546 4 gl+sp 

113-23 20 0 80 1490 6 gl 
113-25 1465 6 gl+an 

104-5 20 10 70 1468 4 gl 
101-5 1443 4 gl+sp 

103-1 20 20 60 1494 4 gl 
102-4 1468 4 gl+sp 

110-10 25 10 65 1450 4 gl 
109-11 1425 4 gl+sp+di+q(di) 

109-7 26 27 47 1450 4 gl 
110-11 1435 4 gl+Jb +di+sp+q(&) 

111-15 30 0 70 1455 6 gl 
I 11-7 1430 6 gl+an 

106-6 30 12 58 1464 4 gl 
i05-8 1441 4 gl+di+sp+q(di) 

113-12 30 20 50 1430 6 gl 
113-10 1405 6 gl+di+sp+q(di) 

105-4 35 30 35 1549 4 gl 
105-9 1523 4 gl + fo + q (fo) 
109-22 I460 4 gl+fo+q(fo) 
106-4 1440 4 gl+fo+di+sp+q(/b) 

1 I3-22 40 0 60 1415 6 gl 
103-4 1391 4 gl+di+an 

99-9 40 20 40 1468 4 gl 
85-4 i443 4 gl+di+sp 

100-9 40 30 30 1598 4 gl 
102-3 1572 4 gl+fo+q(fo) 
85-8 1494 4 gl+fo+q(fo) 

131-1 50 10 40 1480 4 gl 
I13-11 1455 6 gl+di+q(di) 
113-14 1430 6 gl+di+q(di) 

1 I3-6 50 20 30 1495 6 gl 
113-8 1470 6 gl + di + fo + q(di) 
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Table 6 (continued) 
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Run Composition (wt%) 
No. 

CaMgSizO6 Mg2SiO 4 CaA12Si208 

Temp. Time Phases Present 
(~ (h) 

100-4 50 30 
103-7 

101-1 60 0 
100-7 

99-1 60 20 
85-2 

99-2 70 20 
79-4 

101-9 70 30 
104-1 

111-12 80 10 
111-14 

85-3 80 20 
85-7 

20 1598 4 gl 
1572 4 gl+fo+q(fo) 

4O 1443 4 gl 
1417 4 gl+di 

20 1520 4 gl 
1494 4 gl+fo+di+q(di) 

10 1572 4 gl 
1546 5 gl+fo + di 

0 1650 4 gl+q(fo) 
1650 4 gl+jo+q(fo) 

10 1550 4 gl 
1525 4 gl+di+q(di) 

0 1598 4 gl+q(di) 
1572 4 gl § + q (di, fo) 

Abbreviations as in Table 5 

CaMgSi206 are taken from Boyd and England (1963). 
The diopside melting temperatures are essentially 
identical to those of  Williams and Kennedy (1969) 
when the latter are uncorrected for the pressure effect 
on the thermocouple. 

Liquidus temperatures for CaAlzSi208 were esti- 
mated from Figure 1 b of Lindsley (1968) after raising 
the liquidus curve about 50 ~ C at 1 atm and 30 ~ C 
at 20 kbar  to correct a drafting error and make it 
consistent with his Figure 2 (Lindsley, personal com- 
munication). When this correction is made, the singu- 
lar point at which anorthite begins to melt incon- 
gruently to corundum+l iqu id  appears to occur at 
approximately 6 kbar. Hariya and Kennedy (1968) 
placed the singular point at 9 kbar, but they show 
a point in their Figure 3 at 7.3 kbar, 1570 ~ C, in which 
corundum +liquid formed from anorthite. Some con- 
fusion exists, however, because this run is not indi- 
cated in their Table 3 as having formed corundum. 
The singular point is tentatively assumed to lie at 
about 6 kbar  because this position fits better with 
data on the join di-fo-an reported here, but it should 
be noted that equilibrium has not been achieved in the 
corundum field even for runs lasting up to 50 h, as 
discussed below in the section on reversal experiments. 

Three other relevant high pressure studies are 
those of Kushiro (1969a) and Kushiro and Yoder 
(1966, 1974). Kushiro (1969a) studied the join CaMg- 
Si206-MgzSiO4 at 20 kbar  and placed the liquidus 
boundary between the diopside and forsterite primary 
phase fields at 23% MgzSiO4, 77% CaMgSi206, and 
1635~ Our boundary at 20 kbar  (Fig. 4d) is placed 

at the same temperature but is moved slightly toward 
CaMgSi206 to 21% Mg2SiO 4 to make it more com- 
patible with our data. The new location is still within 
the uncertainty of Kushiro 's  data. 

Kushiro and Yoder (1966) studied the composi- 
tion CaMg2A12Si3012 (1:1 mole ratio of anorthite 
and forsterite) and found spinel on the liquidus over 
the entire pressure range from 1 a tm to 30 kbar. We 
have not studied this composition, but their liquidus 
data are in agreement with Figure 4a-d.  

The liquidus surface of the join MgSiO3-CaSiO3- 
A1203 (see Fig. 1) was studied by Kushiro and Yoder 
(1974) at 20 kbar. This plane intersects the plane 
studied'here along the line CaMgSi206-CaMg2A12- 
Si3012. In Figure 4d, a line (not shown) from Ca 
Mg2A12Si3012 (66.4% CaA12Si2Os, 33.6% Mg2SiO4) 
to CaMgSi206 would show the boundary between the 
spinel and diopside fields at 26% CaMgSi206, 
whereas in Figure 38 of Kushiro and Yoder (1974) 
this boundary is shown at about  16% CaMgSi206. 
This difference cannot be reconciled as experimental 
error but could possibly be explained as a difference 
in interpretation of the run products. For runs in 
the primary phase field of spinel, the equilibrium 
spinel crystals frequently form nucleation sites for 
diopside quench crystals that completely surround 
each spinel crystal (Table 7). Kushiro and Yoder may 
have extended the diopside field because they did 
not see the spinel and interpreted the diopside as 
equilibrium crystals. 

The join di-fo-an is not ternary at any pressure, 
and to understand the phase relations completely it 
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Table 7 (continued) 

D.C. Presnall et al. : Liquidus Phase Relations on the Join Diopside-Forsterite-Anorthite 

Run  Composit ion (wt%) Temp. Time Phases Present 
No. (~ (h) 

CaMgSi206 Mg2SiO4 CaA12SizOa 

108-3 50 20 30 1570 4 gl 
91-5 1546 4 gl+di+q(di) 

91-6 50 30 20 1624 4 gl 
91-2 1598 4 gl + fo + q 0%) 

91-9 60 0 40 1494 4 gl 
93-11 1468 4 gl+di+q(di) 

95-14 60 10 30 1546 4 gl+ q (di) 
107-2 1520 4 gl+di+q(di) 

95-2 60 20 20 1572 4 gl 
93-2 1546 4 gl+fo+di+q(di) 

108-4 60 30 10 1645 4 gl 
91-7 1624 4 gl + fo + q (fo) 

107-1 70 20 10 1598 4 gl+q(di) 
95-9 1572 4 gl + di + fo + q(di) 

93- 8 70 30 0 1676 4 gl + q(fo) 
87-5 1650 4 gI+fo+q(Jb) 

95-7 80 10 10 1598 4 gl 
108-2 1570 4 gl+di 

91-10 80 20 0 1624 4 gl+ q (di) 
93-5 1598 4 gl+fo + di 

a Abbreviations as in Table 5 
b W3Re/W25Re thermocouple 
~ The first number  indicates hours  held at 1600~ C and the second number  indicates hours  held at the temperature indicated for 
the run 

CaMgS~20~ 

/i 

/ Y h2/ \ 
i " \  7,,'~ \ 
/ ~ ,">L~---&' ,' Ld ~ 

,>~,-- ~  ;v  

,, ,,. .~+. 
, ,  )7 �9 \ : , , %  

CaA/2SI20a weight oercent Mg2Si04 

Fig. 5. Composite diagram showing changes in 
liquidus boundary !in,es with pressure 
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Table 8. Composit ions of piercing points at various pressures 
(wt%) 

P 
(kbar) CaMgSi206 Mg;SiO~ CaAlzSi20 s 

fo+di+sp+liq 
7 30.7 a 15.3 54.0 

10 30.0 18.0 52.0 
15 27.8 22.3 49.9 
20 25.7 26.4 47.9 

di+sp+an+liq 
7 31.0 12.0 57.0 

10 30.6 10.0 59.4 
15 27.4 6.2 66.4 

These values only describe the positions of the points on Fig- 
ure 4a-d.  The number  of  digits is not  related to uncertainties 
in the positions of the points 

is necessary to use the tetrahedron CaO-MgO-AlzO3- 
S i O  2. However, some of the important  changes with 
pressure can be seen in Figures 4 and 5. As pressure 
increases, the forsterite and anorthite fields contract, 
and the diopside and corundum fields expand. When 
the spinel field is in contact with the forsterite and 
anorthite fields, it expands as pressure increases, but 
when it is in contact with the diopside and corundum 
fields, it contracts with increasing pressure. Between 
15 and 20 kbar, the anorthite primary phase field 
disappears entirely from this join. 

At some pressure between 1 a tm and 7 kbar  (prob- 
ably about  5 kbar), the quaternary isobaric invariant 
point involving the phases forsterite, diopside, anor- 
thite, spinel, and liquid lies exactly on the join di-fo- 
an. As pressure increases, it moves f rom the silica- 
poor to the silica-rich side of  this join, which causes 
the piercing points to change from fors te r i te+anor-  
thite + diopside + liquid and forsterite + spinel + anor- 
thite +l iquid at 1 atm (Fig. 2) to forsterite + diopside- 
+ spinel + liquid and spinel + diopside + anorthite + li- 
quid at 7 kbar  (Fig. 4a). The positions of these latter 
two piercing points at 7 kbar  and above are listed 
in Table 8. 

Reversal Experiments 

In order to prove that all the runs reported here 
were held long enough to reach equilibrium, it would 
be necessary to carry out a pair of reversal experi- 
ments for each liquidus bracket. This would have 
been an enormous task, so we have adopted the 
slightly less rigorous approach of reversing a few 
selected liquidus brackets. Other factors being equal, 
different crystalline phases tend to dissolve and crys- 
tallize at rates characteristic of the particular crystal- 

line phase. Thus, reversal of a liquidus temperature 
in each of the primary phase fields was attempted. 
A reversal was accomplished by first bracketing the 
liquidus temperature with runs of, for example, 2 h. 
A second set of two runs was then made in which 
the sample was held in one case for 2 h above and 
in the other case for 2 h below the liquidus. Without 
taking the sample out of the apparatus, the tempera- 
ture of each run was then changed to the other side 
of the liquidus and held for an additional 2 h. This 
technique constitutes a reversal that is independent 
of both the nature of the starting material and any 
changes that may occur while bringing the sample 
up to temperature and pressure. As shown in Table 9, 
successful reversals were achieved for the spinel, anor- 
thite, diopside, and forsterite pr imary phase fields. 
Based on these results, all compositions in the primary 
phase fields of spinel and diopside were held for at 
least 2 h, and all compositions in the primary phase 
fields of  anorthite and forsterite were held for at least 
4 h. These are minimum times for attainment of equi- 
librium. Shorter runs frequently gave erroneous results. 

Reversals were not done at 15 and 20 kbar. It 
has been assumed that run times established at low 
pressures, where viscosities of  liquids are higher (Ku- 
shiro et al., 1976) and liquidus temperatures are 
lower, would be adequate also at higher pressures. 
Comparison of Tables 4, 5, 6, and 7 shows that 
quench crystals are more common at higher pressures, 
and confirms the assumption of more rapid reaction 
rates under these conditions. 

The corundum liquidus presented severe prob- 
lems and it was found impossible to obtain consistent 
results even with runs lasting up to 50 h. At 20 kbar, 
it was found that the compositions l 5% CaMgSi206, 
85% CaA12Si20 8 and 20% CaMgSiO6, 80% CaA12- 
S i 2 0  8 would melt completely in two hours at 
1600 ~ C. Reversals in the down-temperature direction 
were then at tempted by holding these mixtures for 
2 to 3 h at 1600 ~ C and then at various lower tempera- 
tures for 46 to 50 h (see Table 7). Corundum was 
produced but the liquidus temperatures for the two 
mixtures were not internally consistent. It  was decided 
not to pursue the corundum field with longer runs 
because of the prolonged effort that would be re- 
quired and the minimum relevance of the corundum 
field to problems of basalt genesis. In Tables 5, 6, 
and 7, shorter runs showing corundum are listed and 
the corundum fields in Figures 4 a - d  are based in an 
approximate way on these runs. However, because 
equilibrium may not have been attained, the liquidus 
isotherms and limiting boundary lines for the corun- 
dum field have been dashed. It was not possible to 
construct the diagrams so that they were consistent 
with all the corundum-bearing runs but the results 
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Table 9. Reversal experiments 

D.C. Presnall et al. : Liquidus Phase Relations on the Join Diopside-Forsterite-Anorthite 

Run  Composit ion (wt%) 
No. 

CaMgSi206 MgzSiO4 CaA12Si208 

Initial Conditions Final Conditions 

T P Time T P Time 
(~ (kbar) (h) (~ (kbar) (h) Phases 

Present a 

45-1 0 40 60 
46-1 0 40 60 

59-1 20 0 80 
71-8 20 0 80 

52-1 60 0 40 
52-2 60 0 40 

92-4 0 20 80 
92-5 0 20 80 

1546 7 2 1572 7 2 gl 
1572 7 2 1520 7 2 gl+sp 

1484 10 3 1531 10 3 gl 
1531 10 3 1484 10 4 gl+an 

1401 10 2 1443 10 2 gl 
1443 10 2 1401 10 2 gl+di 

1494 10 4 1520 10 4 gl+q(fo) 
1520 10 4 1494 10 4 gl+fo+q(fo) 

Abbreviations as in Table 4 

are reported in case they may be of some value in 
future studies. 

Minimum Pressure Required for the Formation 
of Primary Alkalic 1 Basalt Magma 

After olivine, the most commonly occurring mineral 
in many suites of mantle nodules is orthopyroxene, 
and orthopyroxene is generally considered to be an 
important constituent of the mantle source material 
from which basaltic magmas are derived (for example, 
see Green and Ringwood, 1967; O'Hara, 1968; Yo- 
der, 1976). If alkalic basalt is a primary magma type, 
as argued by Green and Ringwood (1967), Kushiro 
(1968), and Yoder (1976), and if it is the result of 
a small amount of partial fusion (Green and Ring- 
wood, 1967; Gast, 1968), then alkalic basalt must 
be in equilibrium with orthopyroxene at its source 
region. 

As mentioned above and as shown from numerous 
other studies (Boyd et al., 1964; Green and Ringwood, 
1967; Kushiro, 1968; Chen and Presnall, 1975), the 
olivine primary phase field becomes smaller as pres- 
sure increases and the boundary between the olivine 
and enstatite fields moves toward the alkalic basalt 
volume. If alkalic basalts are to be generated as pri- 
mary melts, the enstatite field must eventually pen- 
etrate the alkalic basalt volume, which means, for 

1 In the discussions that follow, the term alkalie basalt will refer 
to composit ions that contain normative olivine and hypersthene 
(/b and en in the simplified tetrahedron). Al though NazO and 
KzO are absent from the simplified system, composit ions within 
the tetrahedron di-fo-an-CaTs will nevertheless be referred to as 
alkalic in the sense that they lie on the silica-poor side of the 
"critical plane of silica undersa tura t ion"  of Yoder and Tilley 
(1962) 

simplified basalts in the system CaO-MgO-A1203- 
SiO2, it must penetrate the plane di-fo-an. It can be 
seen in Figure 4 that no enstatite field exists, and 
if the enstatite field penetrates this plane, it must 
do so at some pressure greater than 20 kbar. 

We now inquire to what extent other components 
would modify this minimum pressure estimate of 
20 kbar for the generation of primary alkalic basalt 
magma. Kushiro (1972b) found in the system Na20- 
CaO-MgO-A1203-SiO2 that liquids in equilibrium 
with olivine, enstatite, diopside, and spinel (spinel 
lherzolite assemblage) are olivine normative at 
10 kbar and nepheline normative at 20 kbar, a result 
similar to his earlier findings for the system Mg2SiO 4- 
SiOz-NaA1SiO 4 (Kushiro, 1968). Melting experiments 
on natural lherzolites (Mysen and Kushiro, 1977) in- 
dicate that at 20 kbar, a small amount  of fusion (1.77% 
for the lherzolite 1611) produces nepheline normative 
liquids and a large amount (15.7% for the lherzolite 
1611), produces hypersthene normative liquids. Other 
data (Kushiro, 1972b, 1973a and b) are compatible 
with this same interpretation at both 15 and 20 kbar, 
although in these other studies the amount of fusion 
was not carefully determined. Green and Ringwood 
(1967, Fig. 6) have reported that orthopyroxene crys- 
tallizes from an alkali olivine basalt at 13.5 kbar but 
not at 9 kbar. The data of Green and Ringwood 
(1967) are controversial (Mysen and Boettcher, 1975, 
pp. 577-578 ; Yoder, 1976, p. 148), but if their results 
are taken at face value and combined with the other 
data on fusion of lherzolites, the minimum pressure 
for the penetration of the enstatite field into the alka- 
lic basalt volume, and thus for the generation of alka- 
lic basalts as primary melts, would be 10 to 13.5 kbar. 
In subsequent discussions, the mid-point of this range, 
12 kbar, will be taken as the approximate minimum 
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pressure, but it is evident from the above discussion 
that this estimate may be subject to revision. 

Thus, the addition of other components causes 
the enstatite field to shift toward more alkalic compo- 
sitions and reduces the pressure at which alkalic ba- 
salts can be generated as primary magmas. O'Hara 
(1965, 1968) hypothesized that the enstatite field pen- 
etrates the alkalic basalt volume at a pressure of 8 
to 10 kbar, but in view of the above discussion, his 
estimate appears to be slightly low. The minimum 
pressure estimate of 12 kbar would be raised by the 
presence of H20  and lowered by the presence of CO2 
(Kushiro, 1972c; Eggler, 1973, 1974; Mysen and 
Boettcher, 1975). 

The Join CaMgSi206-Mg2SiO4-CaAI2Si208 
as a Thermal Divide at One Atm 

Because the compositions of diopside, spinel, and for- 
sterite all lie off the join di-fo-an, liquid crystallization 
paths for starting compositions close to this plane 
are complex, and the plane can be thought of only 
in an approximate sense as a simplified low-pressure 
thermal divide between tholeiitic and alkalic basalts. 
In order to define the exact shape of the thermal 
divide, it would be necessary to have detailed data 
on the compositions of the crystalline phases in equili- 
brium with various liquids in the vicinity of the plane 
di-fo-an. Such data are not available, but some general 
statements can nevertheless be made. 

In Figure 2, the spinel field defines a window 
through which liquid paths originating on the alkalic 
side of the join di-fo-an can fractionate to the tholeiitic 
side by crystallization of spinel either alone or to- 
gether with forsterite or anorthite. A different relation- 
ship exists when spinel is in equilibrium with both 
forsterite and anorthite. In Figure 3, a temperature 
maximum is shown on the line b - c ,  and comparison 
with the location of spinel in Figure 1 shows that 
a reaction relation exists along this line in which spinel 
dissolves while anorthite and forsterite crystallize. 
During equilibrium crystallization, tholeiitic liquids 
could move a short distance along this line toward 
the plane di-fo-an, but no liquid path originating from 
a tholeiitic starting composition could cross this plane 
along line b - c  and move to alkalic compositions. 
This is because the tetrahedral volume defined by 
the apices fo, an, sp, and a liquid on the extension 
of b - c  to the SiO2-poor side of di-fo-an would not 
contain tholeiitic bulk compositions. During frac- 
tional crystallization of a liquid on the reaction line 
b-c ,  the liquid path would not move along b - c  
at all but would move out onto the anorthite-forsterite 
boundary surface (a-b-c-d-p) toward higher SiOa con- 
tents. 

If it is assumed that anorthite and forsterite show 
no solid solution (forsterite actually contains a small 
amount  of CaO), compositions outside the spinel field 
but within the triangular region MgeSiO4-CaAl2Si2- 
Os-b (Fig. 2) would initially crystallize either forsterite 
or anorthite. The liquid paths would then move to the 
boundary of the spinel field where crystallization of 
either forsterite+spinel or anorthi te+spinel  would 
drive the liquid paths into the tholeiite volume 
(Fig. 3). Similar crystallization behavior would be 
shown by a limited range of adjacent compositions 
within the alkalic basalt volume (Fig. 1). 

In an approximate way, that portion of Figure 2 
exclusive of the triangular region Mg2SiO4-CaAl2- 
SizOs-b can be thought of as a system with a simple 
ternary eutectic and therefore a thermal divide. How- 
ever, because the forsterite contains a small amount 
of CaO, its composition lies slightly to the SiO2-poor 
side of the plane di-fo-an and fractional crystallization 
of compositions in the primary phase field of forster- 
ire in Figure 2 would produce liquid paths deviating 
slightly from the plane di-fo-an toward the SiO2-rich 
side. Conversely, it can be seen in Table 3 that the 
diopside composition at point a (Figs. 2 and 3) lies 
to the SiO2-rich side of the plane di-fo-an and frac- 
tional crystallization of at least some of the composi- 
tions in the diopside field of Figure 2 would drive 
liquid paths to the SiO2-poor side. When anorthite, 
forsterite, and diopside all crystallize together, the 
thermal divide is located within the tholeiitic basalt 
volume at the temperature maximum on the line a - p  
(Fig. 3). 

Thus, part of the join di-fo-an corresponds approx- 
imately to a thermal divide between alkalic and tho- 
leiitic basalts, and part is a window through which 
alkalic compositions can fractionate to tholeiitic com- 
positions by crystallization of spinel. The thermal di- 
vide portion is a complex curved surface that lies 
mainly within the tholeiitic basalt volume but partly 
(because forsterite shows solid solution toward mon- 
ticellite) within the alkalic basalt volume. 

Disappearance of the Thermal Divide 
at High Pressures 

Yoder and Tilley (1962) pointed out that the thermal 
divide between tholeiitic and alkalic basalt at 1 atm 
is broken at high pressures (greater than 20 kbar) 
because of the appearance of garnet and jadeitic py- 
roxene. O'Hara (1965, 1968) hypothesized later that 
the thermal divide disappears at about 8 kbar, a pres- 
sure well below the appearance of garnet at liquidus 
temperatures. For  the join di-fo-an, it is now possible 
to discuss in detail the changing phase relationships 
that cause the disappearance of the thermal divide. 



216 D.C. Presnall et at. : Liquidus Phase Relations on the Join Diopside-Forsterite-Anorthite 

The position of the temperature maximum on line 
a - p  (Fig. 3) is strongly dependent on the diopside 
composition, and as the diopside becomes increas- 
ingly aluminous and SiO2-poor at higher pressures 
(Table 3), the position of the temperature maximum 
(and the complex curved surface defining the thermal 
divide) moves from the SiO2-rich to the SiO2-poor 
side of the plane di-fo-an. Also, as pressure rises, 
the isobaric quarternary invariant point involving for- 
sterite, diopside, anorthite, spinel, and liquid passes 
from the SiO2-poor to the SiO2-rich side of the join 
di-fo-an. This causes points a and b (Figs. 2 and 3) 
to approach each other, meet at about 5 kbar as the 
isobaric invariant point passes across the join, and 
then separate at higher pressures as two new piercing 
points (Figs. 4a-d and 5). At some pressure less than 
5 kbar, the temperature maximum meets the invariant 
point and thereby disappears, taking with it the ther- 
mal divide. The pressure at which the temperature 
maximum disappears has not been determined but 
is probably in the vicinity of 3 kbar. Thus, in a narrow 
pressure range from about 3 to 5 kbar, the univariant 
line along which forsterite, diopside, and anorthite 
crystallize penetrates the join di-fo-an, with tempera- 
ture decreasing continuously from the SiOz-poor to 
the SiOz-rich side of this join, and crystallization of 
these three phases from a simplified alkalic basalt 
would yield simplified tholeiitic residual liquids. 

At pressures from about 5 kbar up to at least 
20 kbar, the isobaric quaternary univariant line along 
which forsterite, diopside, spinel, and liquid are in 
equilibrium forms a piercing point as it passes 
through the plane di-fo-an (Fig.4a-d). Temperatures 
along this line decrease from the alkalic to the tholei- 
itic side. At 10kbar, the composition of the diopside 
at the piercing point has been determined (Table 3) 
and from this information it is apparent that a reac- 
tion relation exists in which olivine dissolves as spinel 
and aluminous diopside crystallize. Because of lack 
of data on the diopside composition at other pres- 
sures, it is not possible to determine the pressure 
range over which the reaction relation persists; but 
regardless of this uncertainty, fractional crystalliza- 
tion of alkalic liquids on the univariant line forsterite- 
+ diopside + spinel +liquid will produce tholeiitic re- 
sidual liquids by crystallization of either diopside and 
spinel at pressures where the reaction relation exists 
or forsterite, diopside, and spinel at pressures where 
it may not exist. 

Another isobaric univariant line penetrates the 
join di-fo-an from about 5 to 18 kbar, and produces 
the piercing point at which diopside, spinel, anorthite, 
and liquid are in equilibrium (Fig. 4a-c). Again, tem- 
perature decreases along this line toward the tholeiitic 
side of the join di-fo-an. Data are insufficient to deter- 

mine if a reaction relation exists for this line, but 
it is probable that none exists at lower pressures near 
5 kbar. At higher pressures (Fig. 4c), the piercing 
point moves toward the di-an side of the diagram, 
which probably results in a reaction relation in which 
aluminous diopside and anorthite crystallize as spinel 
dissolves. Fractional crystallization of simplified alka- 
lic basalts by crystallization of either aluminous diop- 
side, anorthite, and spinel at lower pressures or alumi- 
nous diopside and anorthite at higher pressures would 
again produce tholeiitic residual liquids. 

Thus, for simplified basalt compositions, the join 
di-fo-an corresponds approximately to a thermal di- 
vide between alkalic and tholeiitic compositions up 
to about 3 kbar as long as spinel does not crystallize, 
but at all higher pressures up to at least 20 kbar, 
fractional crystallization can produce tholeiitic from 
alkalic liquids. Some data are available on the effect 
of Na20 on this thermal divide. Kushiro (1968), in 
his study of the system Mg2SiO4-SiO2-NaA1SiOr at 
high pressures, showed that the thermal divide between 
Mg2SiO4 and NaA1Si308 does not exist at 10 kbar, 
and it appears from interpolation of his data that 
the divide breaks at about 5kbar. The work of 
Kushiro is in agreement with the earlier study of 
Yoder (1964) at 9kbar only if it is assumed that 
Yoder's phase diagram showing what he believed to 
be metastable phase relations (see his Fig. 25) actually 
shows stable phase relations. Thus, there is some 
uncertainty in the phase diagram for Mg2SiO4- 
NaA1Si30 8 at high pressures, but if Kushiro's data 
are accepted, it appears that the pressure at which 
the divide is broken is raised only slightly, perhaps 
to 4kbar, by the presence of Na20. The effect of 
iron is not known precisely but is probably small 
(Kushiro, 1975). Thus, the available data indicate 
that for complex rock compositions, the thermal divide 
between tholeiitic and alkalic basalt is a feature that 
is important only for fractional crystallization taking 
place near the earth's surface. 

Fractional Crystallization of Basaltic Magma 
at Low and Intermediate Pressures 

It was noted above that for complex natural composi- 
tions, the orthopyroxene primary phase field pen- 
etrates the alkalic basalt volume at approximately 
12 kbar. Thus, the mechanisms discussed above for 
producing tholeiitic from alkalic basalt would apply 
only from about 4 to 12 kbar, and the consequences 
of fractional crystallization of a natural alkalic basalt 
at pressures above 12 kbar are not clarified by the 
data presented here. 

The possibility of deriving tholeiitic from alkalic 
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basalt at 4 12 kbar is directly opposite to the fractio- 
nation trend implied by the hypothetical phase dia- 
gram of O'Hara (1965, Fig. 10; 1968) at 8-10 kbar. 
His diagram shows orthopyroxene, clinopyroxene, 
and plagioclase crystallizing to drive liquid paths from 
the tholeiitic to the alkalic volume. In the system 
CaO-MgO-A1203-SiO2, a univariant line exists at 
these pressures along which enstatite, diopside, and 
anorthite are in equilibrium (Presnall, et al., in press), 
but the fractionation trend along this line is toward 
silica rather than away from silica as hypothesized 
by O'Hara.  

The fractionation trend at 9 kbar calculated by 
Green and Ringwood (1967, Table 15 and Figs. 8 and 
9) for their alkali olivine basalt moves away from 
the tholeiite field, a trend that might seem to be in 
conflict with the phase relationships presented here. 
However, their calculation assumed the crystallization 
of olivine and clinopyroxene at a temperature only 
about  50 ~ C below the liquidus. Near the solidus tem- 
perature for this same basalt, they observed olivine, 
clinopyroxene, spinel, and plagioclase coexisting with 
liquid (see their Table 6, run 788). This assemblage 
is closely analogous to the assemblages at the two 
high-pressure piercing points on the join di-fo-an, one 
being forsterite + diopside + spinel +liquid (Fig. 4 a -  
d), and the other being diopside + spinel + anorthite- 
+liquid (Fig. 4a-c). Because comparisons between 
their results and the system CaO-MgO-A1203-SiO2 
are not exact, it is not certain that the liquid path 
in the complex composition would move from an 
alkalic to a tholeiitic composition, but this trend is 
likely to be produced by the crystallization of olivine, 
diopside, plagioclase, and spinel if the diopside is 
aluminous, as would be the case at 9 kbar, and if 
the alkalic parent liquid is already near the olivine- 
plagioclase-diopside plane. Thus, their calculation of 
a fractionation trend away from the tholeiite field 
at high temperatures is not in conflict with the possi- 
bility of a fractionation trend back toward a tholeiitic 
composition at lower temperatures involving different 
crystallizing phases. 

Common phenocrysts in alkalic lavas are olivine, 
augite, and plagioclase, with magnetite sometimes be- 
ing present (Macdonald and Powers, 1946). Thus, 
there is a close correspondence between the phase 
relations reported here, the near-solidus experiment 
of Green and Ringwood (1967), and phenocryst 
phases observed in natural alkalic rocks. Further- 
more, in Hawaii, the sequence alkalic basalt-hawaiite- 
mugearite-trachyte ranges from nepheline-normative 
through hyperstene-normative to quartz-normative 
compositions (Macdonald and Katsura, 1964). Based 
on the data reported here, the nepheline to hyper- 
sthene normative portion of  this trend could be 

produced in the approximate pressure range of 4 to 
12 kbar as the alkalic basalt magmas move upward 
to the surface, the remainder of the fractionation se- 
quence possibly being produced at shallow depths 
directly beneath the volcano. Macdonald and Powers 
(1946) reported that olivine, augite, and plagioclase 
phenocrysts from alkalic lavas at Haleakala volcano, 
Hawaii are frequently partially resorbed, which is 
consistent with a moderate pressure origin for the 
initial stages of the alkalic differentiation sequence. 

However, it is not intended to imply that all alkalic 
basalt magmas must fractionate on their way to the 
surface. As pointed out by Yoder (1976, pp. 147-148), 
many alkalic basalts are apparently erupted very ra- 
pidly from great depths because of the abundance 
of mantle nodules in these lavas. Kushiro et al. (1976) 
have calculated from viscosity data that a basalt 
bringing a peridotite nodule to the surface would have 
to rise from a depth of 50 km in less than 60 h. For 
these basalts, only very limited fractional crystalliza- 
tion would be possible during ascent to the surface. 

In many areas, notably Hawaii, alkalic basalts 
follow production of the main tholeiitic shield, and 
this has commonly been taken as evidence that a 
fractionation trend from alkalic to tholeiitic basalt 
does not occur. However, there are a few localities 
where a differentiation trend from alkalic to tholeiitic 
basalt may have occurred. On Mull, tholeiitic basalts 
follow the eruption of alkalic basalts, although the 
large time interval between these flows may obviate 
a co-magmatic relationship (Carmichael et al., 1974, 
p. 460). In Skye, tholeiitic basalt has been reported 
to be sandwiched between alkalic flows (Thompson 
et al., 1972), but it is not clear that the entire sequence 
was produced from the same vent. Another possible 
example of a fractionation trend from alkalic to tho- 
leiitic basalt has been reported in the Canary Islands 
(Ibarrola, 1969). 

At higher pressures from 13.5 to 18 kbar, Green 
and Ringwood (1967) and Green (1969) have 
suggested that alkalic basalt could be derived from 
olivine-rich tholeiite by crystallization of aluminous 
enstatite. Derivation of alkalic from tholeiitic basalt 
by separation of orthopyroxene was suggested for 
Hawaiian lavas by Powers (1935, p. 67), Macdonald 
(1949, p. 1583) and Tilley (1950, p. 45), but this idea 
was later abandoned by Powers (1955, pp. 85, 95) 
(see also discussions by Yoder, 1964; Tilley and Yo- 
der, 1964). O'Hara (1968, pp. 93-94) and Kushiro 
(1969b) have pointed out that the expansion of the 
olivine primary phase field as pressure drops causes 
extreme difficulties for an orthopyroxene fractionation 
scheme. If a basaltic magma is in equilibrium with 
olivine at its source region, the composition of the 
magma will lie within the olivine primary phase field 
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Table 10. Summary of possible crystal fractionation trends 

Approximate Fractionation Trend 
Pressure (kbar) 

0 4  Thermal divide between tholeiitic and 
alkalic basalt except when the crystallizing 
phases include spinel, in which case alkalic 
basalt fractionates to tholeiite 

Alkalic basalt fractionates to olivine 
tholeiite 

Oceanite fractionates to alkalic basalt by 
crystallization of olivine and orthopyroxene. 
Derivative magmas produced by fractionation 
of alkalic basalt not determined 

4-12 

>12 

at all lower pressures as the magma moves upward 
to the surface. Thus, if fractional crystallization oc- 
curs, the magma cannot avoid crystallizing olivine. 
Because the enstatite primary phase field penetrates 
the alkalic basalt volume at these pressures, it is possi- 
ble to produce alkalic basalt from tholeiite rich in 
normative olivine (oceanite), but the fractionation 
process would involve the crystallization of olivine 
as well as enstatite. 

Engel et al. (1965) suggested that alkalic basalts 
are differentiated from tholeiitic basalts primarily by 
fractional crystallization, but arguments based on 
field studies, phase equilibrium relationships, and trace 
element data are all in agreement that low-pressure 
fractional crystallization does not produce this trend 
(Powers, 1955; Kuno, 1957; Yoder and Tilley, 1962; 
O'Hara,  1965, 1968; Green and Ringwood, 1967; 
Gast, 1968). The present data simply add greater 
weight to the argument that low-pressure fractional 
crystallization from tholeiitic to alkalic basalt is not 
possible. If such a fractionation trend occurs, it ap- 
pears that it must take place at a pressure greater 
than about 12 kbar, and the tholeiitic parent must 
be rich in normative olivine and poor in normative 
plagioclase (oceanite), a composition very different 
from the mid-ocean ridge tholeiites rich in normative 
plagioclase assumed by Engel et al. (1965) to be par- 
ental. 

Table 10 summarizes the fractionation trends for 
natural basalts at various pressures. This table does 
not indicate fractionation trends that necessarily oc- 
cur, but rather trends that are possible given sufficient 
residence time of basaltic liquids at the appropriate 
pressures. 

Effects of H20 and CO2 

Very little mention has been made of the effect of 
volatiles on the liquidus phase relations at high pres- 

sures. The most important volatile constituents in re- 
gions of magma generation are generally considered 
to be CO2 and H20.  Dramatic shifts in phase boun- 
daries occur for systems studied at high pressures 
under water-saturated conditions (Kushiro, 1969a, 
1972c), but at a pressure of 20 kbar, for example, 
water saturation would require silicate melts to con- 
tain roughly 15 wt% water (Kushiro, 1972c). Such 
a large amount is geologically unrealistic. Hart  and 
Nalwalk (1970) found H 2 0  + in fresh tholeiites from 
the ocean floor to be less than about 0.3 wt%. Moore 
(1970) found H 2 0  § values less than about 0.4 wt% 
for mid-ocean ridge tholeiites and also maximum 
values of about 1.0 and 0.6 wt% for fresh underwater 
eruptions of alkalic basalt and Hawaiian tholeiite, 
respectively (see also Killingley and Muenow, 1975). 
If these percentages are representative of the amount 
of water in basaltic magmas at depth, the effect of 
water on at least the early and middle stages of frac- 
tional crystallization is not important (Bowen, 1928, 
pp. 299-302). 

Also, during a fusion process, if the content of 
water is about 1 wt% or less at the time of separation 
of the magma from its source region, the composition 
of this magma will be very close to that obtained 
from an anhydrous source. For example, in the system 
MgzSiO4-CaMgSi206-SiO2-H20 at 20kbar  (Ku- 
shiro, 1969a), a simplified anhydrous primary basalt 
liquid in equilibrium with a mantle source consisting 
of forsterite, diopside, and enstatite would have the 
composition 55.4% Si02 ,  15.6% CaO, 29.0% MgO 
by weight. An analogous liquid containing 1% H20  
and in equilibrium with the same three crystalline 
phases would have almost the same composition at 
55 .7% SiO2, 15 .5% C a O ,  28.8% MgO, reduced to 
anhydrous proportions. This calculation assumes the 
approximations that the water saturated melt at this 
pressure contains 15 wt% water (Kushiro, 1972c) and 
the isobaric quaternary univariant line along which 
hydrous liquids are in equilibrium with forsterite, 
diopside, and enstatite is straight. A similar calcula- 
tion for a liquid containing 1 wt% CO2 would also 
produce only a very small change in the composition 
of the liquid, but in this case the SiO2 content would 
be slightly lower than in the anhydrous melt (Eggler, 
1974). Thus, for concentrations that appear to be 
reasonable for most geological situations, the effects 
of H20  and CO2, in addition to being very small, 
tend to cancel each other. 

Of course, if the concentrations of volatiles at 
depth are much greater than those determined in ba- 
salts at the earth's surface, the above conclusions 
would not hold. In fact, the data of Delaney et al. 
(1977), Delaney et al. (in press), and Muenow et al. 
(submitted for publication) suggest that the H 2 0  con- 
tent at depth is much smaller. They determined the 



D.C. Presnall et al. : Liquidus Phase Rdat ions  on the Join Diopside-Forsterite-Anorthite 219 

volatile content of glass-vapor inclusions in olivine 
and plagioclase phenocrysts from mid-ocean ridge 
and Hawaiian tholeiites, and found that in all cases 
the H20  content was less than 0.004 wt%. Concentra- 
tions of CO2 in the inclusions were slightly larger 
than in the glass surrounding the phenocrysts but 
were still quite small (0.2-0.4 wt%). These authors 
suggested that the concentrations of CO2 and H 2 0  
in these inclusions are a more accurate measure of 
conditions at depth than concentrations in the matrix 
glasses surrounding the phenocrysts. If this suggestion 
is correct, CO2 and H20  have virtually no influence 
on the compositions of tholeiitic basalts in the ocean 
basins. Inclusions in phenocrysts from basalts erupted 
in back-arc basins contain water (Muenow et al., 
1977), but absolute amounts of volatiles have not 
yet been reported. Data on alkalic basalts are also 
not yet available. However, even if subsequent anal- 
yses show volatile concentrations in these other ba- 
salts to be greater than those in tholeiites from ocean 
basins, the effects of these volatiles could still be 
neglected if their concentrations do not exceed about 
one percent. 
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