
Phase Equilibria of Common Rocks in the Crust and Mantle 

Claude Herzberg 

1. INTRODUCTION 

Phase diagrams have played a fundamental role in 
understanding the origins of the common rocks that make 
up the Earth, and much of this progress has been made 
since the previous handbook was published in 1966 [12]. 
The purpose of this chapter is to acquaint the reader with 
some of the phase equilibria that have been published over 
the last 20 to 30 years, and some of the more important 
geological conclusions that have been drawn. 

The large number of phase diagrams that have been 
published during this time interval arise from the chemical 
complexity of the Earth. But a complete description of this 
massive data base is beyond the scope of this chapter, and 
readers interested in a comprehensive bibliography are 
referred to the many excellent summaries in text and 
reference books [e.g., 7, 611. As a means of condensing 
this information, preferential consideration is given to those 
phase equilibria that bear most directly on origin of 
common rocks in the crust and mantle. Readers interested 
in the melting and solid solution properties of individual 
crystalline phases that make up rocks are referred to 
Presnall (this volume). 

Peridotite is an important component of the mantle, but a 
phase equilibrium control to its geochemistry remains 
controversial. Tholeiitic basalt is the major rock type that 
makes up the oceanic crust, and its origin by the partial 
melting of mantle peridotite is now well established. Basalt 
is also abundant at convergent lithospheric plate boundaries, 
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and occurs together with other rocks of the talc-alkaline 
suite, typically high alumina basalt, andesite, and dacite; a 
role for H,O is therefore indicated, and its effect on the 
phase relations is summarized. Another important volatile 
species in the Earth is CO,, and its contribution to the 
generation of silica-deticient igneous rocks is also briefly 
reviewed. Granites are a major constituent of the 
continental crust, and a partial melting origin of preexisting 
crustal rocks is now generally accepted. 

2. PERIDOTITE 

Olivine, orthopyroxene, and clinopyroxene usually make 
up 94 to 99 % of the mineralogy of a peridotite, but they 
exhibit a chemical variability that ranges from samples that 
are fertile to samples that are depleted in basaltic 
components (Figure 1). The remaining 1 to 6 % of an 
anhydrous mineralogy consists of plagioclase, spinel, or 
garnet, depending on the temperature and pressure of 
equilibration. The boundaries amongst the plagioclase-, 
spinel-, and garnet-peridotite stability fields are given in 
Figure 2 for the analogue system CaO-MgO-Al,O,-SiO, 
[23, 34,931. The considerable amount of Al,O, that can be 
dissolved into orthopyroxene (Figure 2) and clinopyroxene 
at high temperatures can give rise to spinel-free and gamet- 
free peridotite assemblages [ie., 01 + Opx + Cpx; Figure 
3; Table 1; 271. The effects of Na-,O and CrZO, are to 
expand to higher pressures the stability fields of plagioclase 
peridotite and spine1 peridotite, respectively. 

A great deal of experimental work has been done on a 
naturally-occurring peridotite sample KLB-1 [35, 84, 981, 
and the results are shown in Figure 3. It contains about 39 
% MgO, 3 % CaO, and 3.5 % Al,O,, a composition 
intermediate between fertile and average mantle peridotite 
(Figure 1). 
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Fig. 1. Classification of ultramafic rocks [39] and 
compositions of various mantle peridotites. Data sources: 
fertile mantle peridotite Ib8 [82; similar to pyrolite]; KLBl 
[84]; AV = average mantle peridotite [33; 668 samples]; 
Abyssal peridotite [ 15; 273 samples]. 
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Fig. 3. Phase diagram for anhydrous mantle peridotite 
similar in composition to KLB 1; compilation is from many 
sources [4, 24, 27, 35, 40, 41, 46, 84, 981. Stability fields 
of phases in parentheses (CaPv) and (Ilmenite) are poorly 
known. Shaded regions contain coexisting (01 + R) and (h 
+ r) estimated by Katsura and Ito [46], but are too wide at 
the solidus (981. 
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Fig. 2. Stability fields of plagioclase-, spinel-, and garnet- 
peridotite analogues in the system CaO-MgO-Al,O,-SiO,. 
Numbered lines are alumina content of orthopyroxene 
[lOOAl/ oxygens; 341. Solidus to 2 GPa is from Presnall 
et al. [73]. 

At pressures where olivine and garnet are stable, the 
solidus for mantle peridotite can be described by the 
equation [35]: 

T (“C) = (1263 + 123.7P - 5.36p2 + 0.069P3) - 100 (1) 

where P is in GPa. 
High pressure liquidus phases for both mantle peridotite 

and chondritic compositions are major&e garnet, 
magnesiowtistite, and perovskite [l, 34, 35, 40, 68, 981. 
They are important because fractionation of one or more of 
these phases from chondrite in a magma ocean is a possible 
way of forming mantle peridotite. But this phase 
equilibrium control on the formation of mantle peridotite 
remains conjectural [75], and is likely to be the subject of 
lively debate over the decades to come. 
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TABLE 1. Symbols for Phases in Figures and Text 

Symbol Phase 

Fo Forsterite 
01 Olivine 
An Anorthite 
Pl Plagioclase 
Ak Alkali Feldspar 
Qz Quartz 
St Stishovite 
SP Spine1 (MgAl,O,) 
Gt Garnet 
OPX Orthopyroxene 
En Enstatite 
OEn Orthoenstatite 
PEn Protoenstatite 
Pig Pigeonite 
CPX Clinopyroxene 
Di Diopside 
~YB Anhydrous B (Mg,Fe),&O, 
I3 Modified Spine1 (Mg,Fe),SiO, 

Lw 
Spine1 (Mg,Fe),SiO, 
Magnesiowiistite 

MgPv Magnesium Perovskite 
CaPv Calcium Perovskite 
Srp Serpentine 
Chl Chlorite 
Tr Tremolite 
Phl Phlogopite 
Br Brucite 
Sa Sapphirine 
Amp Amphibole 
Carb Carbonate 
Phase A &$%WOW6 
Superphase B Mg,o%0,4(W4 

Addition of H,O to peridotite stabilizes hydrous 
magnesium-rich silicates, and can give rise to a wide range 
of new mineral assemblages. Water is injected into the 
mantle by the recycling of sediment, altered basalt, and 
peridotite in subducted oceanic lithosphere [86]. It can be 
stored in serpentine, talc, chlorite, tremolite, and phlogopite 
at relatively low mantle pressures (Figure 4), but brucite 
has been observed in the 15 to 22 GPa range [26, 43, 451. 
Water can also be stored in alphabet phases such as Phase 
A, Phase B, and Phase C at very high pressures [3, 25, 

861, and it has been suggested that a substantial fraction of 
the total water content of the Earth may be stored in them 
PI. However, they are unstable at relatively low 
temperatures [25, 861, and the water in them can be 
liberated by dehydration or by melting. Of the alphabet 
phases that have been synthesized, water will be subducted 
mostly in Phase A and Superphase B [25], and then only in 
very cold subduction zones (Figure 4). Free water can be 
liberated in hot subducted slabs by dehydration (Figure 4), 
and returned to the lithosphere where it may participate in 
arc volcanism [86]. At temperatures above the wet solidus, 
water is mostly stored in magmas. Hydrous phases can 
also stabilize stishovite (SiOJ in peridotite compositions at 
transition zone pressures [24, 251. 

3. BASALTIC ROCKS 

The most common basalts on Earth are tholeiites [97], and 
the most simple way of understanding their phase relations 
is shown in Figure 5 as the subsystem An-Fo-Di-Siq of the 
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Fig. 4. Stability fields of hydrous magnesium silicates 
compared to the convective gwtherm below oceanic ridges 
[58; left pointing arrow] and the gwtherms in hot and cold 
subducted lithosphere [70; right pointing arrows]. Data 
sources: Phase A and Superphase B which is stable at P > 
15 GPa [25, 961; Brucite [26]; Phlogopite [83 as cited by 
851; Serpentine and Tremolite [ 141. Hydrous phases are 
stable on the low T side sides of the boundaries, and 
dehydration/melting products are not shown. For brucite 
dT/dP > 0 to 22 GPa [26], and the curve shown has been 
interpreted as both melting [26] and dehydration [43]. Wet 
solidus is for peridotite with excess H,O [86]. 
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Fig. 5. Liquidus crystallization fields in the basalt portion 
of the system CaO-MgO-Al,O,-SiOz at 1 atmosphere from 
Presnall et al. [72] as modified by Longhi [54]. Arrows on 
cotectics point in the direction of falling temperature, but 
for preserving clarity, no distinction is made between odd 
and even crystallization reactions. X represents the 
composition of a liquid formed by melting a peridotite 
analogue L + 01 + An + En + Di. 

CaMgSi,O, 

system CaO-MgO-Al,O,-SiO, (CMAS). The tetrahedron 
was constructed from melting experiments done on 
compositions within it, and from compositions contained in 
the four bounding ternary planes: Fo-Di-SiCJ An-Fo-SiO,, 
An-Di-SiO,, An-Fo-Di. The original experimental data 
base is too exhaustive to cite here, but many excellent 
reviews exist [38, 54, 61, 721. 

The three dimensional character of Figure 5 can be 
simplified by projecting the phase relations of interest on a 
plane. Since plagioclase and augite are the most common 
minerals in basalts, the liquidus phase relations involving 
anorthite and diopside are chosen, and these are shown in 
Figure 6. Although these phase equilibria have many 
applications to basalt genesis, the following are generally 
accepted as the most important. 

1. Equilibrium melting of a mantle peridotite analogue in 
CMAS at 1 atmosphere (L + Fo + OEn + Di + An) will 
yield a tholeiitic liquid (ie., X in Figure 6) that plots to the 
silica-rich side of the tholeiite plane An-Di-En. Although 
not shown, melting is peritectic and is described by L + Fo 
= An + Di + OEn. 

2. Olivine basalts, contained to the Fo-rich side of the 
plane An-Di-En, can fractionate to form hypersthene basalts 
and quartz tholeiites, but the reverse cannot occur. 

3. A thermal maximum involving L + Fo + An + Di is 
slightly more silica-rich than the plane Fo-An-Di [54], and 
prohibits the derivation of silica-poor alkali basalts from the 

CaAl,Si,O, 
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Fig. 6a. A projection from Anorthite of anorthite-saturated 
compositions in Fig. 5 onto the join Fo-Di-Qz, adapted 
from Longhi [54; oxygen units; CaO-MgO-Al,O,-SiOJ. 

Fig. 6b. A projection from Diopside of diopside-saturated 
compositions in Fig. 5 onto the join Fo-Di-Qz, adapted 
from Longhi [54; oxygen units; CaO-MgO-A&O,-SiOJ. 
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more silica-rich tholeiites by fractional crystallization or by 
partial melting at 1 atmosphere. 

These conclusions do not change when other components 
are added to the system CMAS to make naturally-occurring 
basalts. Of the wide range of basaltic rocks on Earth, the 
mid-ocean ridge basalts (ie., MORB) are the most 
abundant. A total of 962 basalt glass analyses from the 
Atlantic, Pacific, and Indian ridges [59] are projected in 
Figure 7. It can be seen that they are similar in 
composition to experimentally-produced liquids that are 
multiply saturated in olivine + diopside + plagioclase at 1 
atmosphere pressure 166, 891. This important observation 
demonstrates that the major element geochemistry of 
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Fig. 7a. A projection from Plagioclase of plagioclase- 
saturated liquidus crystallization fields for naturally- 
occurring basaltic and andesitic compositions modified 
slightly from Grove and Baker [31; oxygen units]. One 
atmosphere boundaries are from data listed in Walker et al. 
[89], Grove and Baker [31], and Sack et al., [76]. Solid 
circles are compositions of liquids formed by 10 % 
equilibrium melting of mantle peridotite on the solidus at 
0.5 to 2.0 GPa 147,481 and 2.5 to 10 GPa [33; CaO-MgO- 
FeO-Al,O,-SiOJ. Solidus assemblage is L + 01 + Opx + 
Cpx + Al-rich phase (plagioclase, spinel, or garnet). 
Arrows projecting away and to silica show the effect of 
adding and subtracting N%O [47,48], respectively; CO, will 
have a similar effect [17]. Advanced melting above the 
solidus (ie., L + 01 + Opx) will increase SiO, [21,63]. 
Dots are 962 mid-ocean ridge basalt (MORB) glass analyses 
from Melson et al. [59], and average mantle peridotite is 
from Herzberg [33]. 
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Fig. 7b. A projection from Diopside of diopside-saturated 
liquidus crystallization fields for naturally-occurring basaltic 
and andesitic compositions modified slightly from Grove 
and Baker [3 1; oxygen units]. 

MORB is phase equilibrium-controlled at shallow depths 
[66, 891, possibly reflecting crystallization within magma 
chambers that solidify to gabbros in the oceanic crust. 

The pseudoinvariant point L + 01 = Pl + Pig + Aug 
[3 1 J occurs at point X in Figure 7, and it is special because 
it identifies the composition of a basaltic liquid formed by 
the initial melting of mantle peridotite at 1 atmosphere. It 
is similar to X in the system CMAS in that it plots to the 
silica-rich side of the plane Plag-Di-Opx, and is tholeiitic. 
The effects of N+O, K,O, TiO,, and Fe0 in MORB-like 
basalts can be readily seen by comparing Figure 6 with 
Figure 7. The plane 01-Plag-Di remains a thermal divide, 
although addition of these extra components offers 
opportunities for crossing it [67]. 

The 1 atmosphere phase relations demonstrate that it is 
possible for the MORB basalt glass population to loose its 
identity by fractionating down temperature along the 
co&tic until pigeonite begins to crystallize. Any further 
crystallization will yield silica-rich ferrobasalts along the 
cotectic defined by L + Pl + Aug + Pig. Although 
glasses having these characteristics can be seen in Figure 7, 
they are comparatively rare. Of the spectrum of 
compositional possibilities, ranging from parental liquids 
that are enriched in an olivine component to high silica 
ferrobasalts, the compositions shown in Figure 7 are the 
most eruptable because they have the lowest densities [79, 
811. The more MgO- and FeO-rich types are denser and 
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may have been filtered out, and are likely to be more 
important in the gabbroic layer of the oceanic crust. 

Of major interest is the composition of the primary 
magma from which ocean floor basalts were formed. A 
primary magma forms when the liquid in a partially melted 
parcel of mantle collects into pools, and retains the 
geochemical memory of the mineralogy, temperature, 
pressure, and volatile fugacity of the source region. It is 
now generally recognized that the composition of the 
primary magma is not the same as the average of the basalt 
glasses shown in Figure 7, but estimates have varied 
widely. Some workers believe that the rare glass 
compositions that project to the olivine-rich side of the 
MORB population may be primary magmas generated at 
0.7 to 1.0 GPa [22, 28, 73 and references cited therein]. 
It has also been suggested that none of the glass 
compositions seen in Figure 7 are primary, that the primary 
magmas had considerably more olivine dissolved in them, 
and that they were formed at pressures in the 1.5 to 3.0 
GPa range [ 19,21, 66,67, 80 and references cited therein]. 
It is now becoming apparent that primary magmas are 
generated at all levels of the melt column [49, 581, 
extending from near the surface to pressures where garnet 
is stable [77], in excess of 2.5 GPa. The compositions of 
erupted basalts are therefore likely to be an average of 
primary magmas formed over a range of pressures [49,58], 
modified by variable amounts of olivine fractionation. 

Basaltic magmas which crystallize at depth can develop 
mineral assemblages that differ from basalts and gabbros 
near the Earth’s surface. In particular, olivine and 
plagioclase are restricted to relatively low pressures (Figure 
2), and garnet becomes stable at high pressures [23, 29, 42, 
52, 92, 93, 97; Figure 81. Gabbros transform to garnet 
granulites, and the pressure at which this occurs is 
somewhat elevated for more silica-rich compositions (Figure 
9). Plagioclase transforms to pyroxene and quartz over a 
broad range of pressures, and its eventual disappearance 
gives rise to eclogite. Garnet granulite and eclogite are 
confined to the lower reaches of normal or thicken 
continental crust, and to high pressures characteristic of 
subduction zones and the mantle (Figure 8). The 
introduction of H,O can give rise to a plethora of chlorite- 
and amphibole-bearing phase assemblages for wet olivine- 
and quartz-normative basaltic compositions; these can be 
retrieved from Figure 9 [65]. 

4. PICRITES AND KOMATIITES 

Pressure increases the melting temperatures of most 
crystalline phases, but dT/dP is greater for some minerals 
than for others [Presnall, this volume]. This will strongly 
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Fig. 8. The gabbro to eclogite transformation for a quartz 
tholeiite composition [92]. 

influence the compositions of liquids where the 
crystallization fields meet, which are surfaces, lines, and 
points of multiple phase saturation. Pressure, therefore, 
causes liquidus crystallization fields to expand or contract 
(Figure 10). O’Hara [67] demonstrated that the liquidus 
crystallization field of olivine contracts with increasing 
pressure, and initial liquids formed on the solidus become 
enriched in an olivine component (Figure 10). Liquids 
generated at 2.5 to 10 GPa are picritic to komatiitic in 
composition [33], high in MgO (Figure 7). Partial melting 
at these high pressures is likely to be characteristic of 
volcanism in plumes rather than ridges [33]. Komatiites 
and picrites may occur together with basalt in vast eruptions 
of magma which can form gigantic oceanic plateaus [33]. 

5. ANDESITES AND RELATED ARC ROCKS 

Although liquids formed by the melting of mantle 
peridotite at 1 .O + /- 0.1 GPa are similar in composition to 
many primitive MORB glasses (Figure 7), they are also 
similar to some high alumina basalts from arc environments 
[6]. This indicates that some high alumina basalts (17 - 18 
% A&O,) may be parental to many basaltic andesites and 
andesites [6, 10, 32, 441. 

Mid-ocean ridge basalts are largely devoid of H,O, but 
can contain 0.2 % CO, [13]. Important amounts of water 
can be dissolved in subduction-related magmas [60], and the 
ability of silicate liquids to dissolve H,O causes pronounced 














