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Abstract .  The system KA1SiO 4 -  M g 2 S i O  4 - -  S i O  2 - H 2 O  in- 
cludes model representatives of (1) hydrous siliceous 
magma from subducted oceanic crust the eutectic liquid 
i n  KA1Si3Os-S iOz-H20,  and (2) the overlying mantle 
peridotite - the assemblage forsterite + enstatite (Fo + En). 
In a series of partly schematic isobaric isothermal sections, 
the products of hybridization between the model materials 
at pressures between 20 and 30 kbar have been determined. 
The liquid dissolves peridotite components with little 
change in composition. Hybridization is not a simple mix- 
ing process, because of the incongruent melting of perido- 
titic assemblages with phlogopite (Ph). Hybridization 
causes solidification of the liquid, with products a sequence 
of three mineral assemblages: Ph, Ph+quar tz  (Qz), and 
Ph + En. The products represent an absolute geochemical 
separation and local concentration of all potassium from 
the liquid. Hybridization is accompanied by H20-satura- 
tion of melts, and evolution of aqueous fluid. Although 
there are significant differences between the melt composi- 
tion and that of the magma rising from subducted oceanic 
slab, and between Fo + En and the mantle rock, extrapola- 
tion of the results suggests that the conclusions can probab- 
ly be extended to mantle conditions with sodium in the 
melt, and jadeitic clinopyroxene included in the hybrid 
products. 

Introduct ion 

Nicholls and Ringwood (1973; reviewed by Ringwood 
1975) developed a hypothesis in which hydrous siliceous 
melts (resembling rhyodacites), generated in the subducted 
oceanic crust, rose and reacted with the overlying peridotite. 
They proposed that the magmas would react to produce 
hybrid zones of olivine pyroxenite immediately above the 
oceanic slab, at depths of 10~150 kin. Diapirs of olivine 
pyroxenite would rise episodically from this zone, and sub- 
sequent partial melting of these wet, hybrid rocks would 
produce a wide range of magmas, which may differentiate 
before eruption, with the most common composition being 
that of andesite. This is an attractive and versatile hypothe- 
sis, consistent with recent geochemical evidence in broad 
outline, but there are no experimental data supporting it in 
detail. What actually happens when hydrous siliceous melt 
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from subducted oceanic crust reacts with mantle peridotite 
represents an enormous gap in our knowledge, filled at 
present by the simple assertion that olivine pyroxenite 
would be produced. 

One way to investigate the products of hybridization 
is to model the phase relationships in synthetic silicate sys- 
tems. Simple systems may illustrate the detailed mecha- 
nisms involved in natural hybridization processes in a way 
that is impossible in multi-component rock-mixing studies 
(which we also have under way). The system M g O -  S iOz-  
H20 is the simplest containing compositions representing 
peridotite (forsterite + enstatite) and hydrous siliceous liq- 
uid (eutectic between enstatite and quartz). Hybridization 
in this system between low-temperature siliceous liquid and 
the peridotite assemblage would certainly be dominated by 
the precipitation of enstatite, representing a pyroxenite. In 
this contribution, we explore the effect of one additional 
component, KA1SiO4, and discover that the incongruent 
melting reactions involving phlogopite produce a series of 
hybridization products including phlogopite, and ph logo-  
pite_+ enstatite_+ quartz. The early hybridization process in- 
volves the extraction of all potassium from the liquid, with 
the precipitation of phlogopite. 

Th e  S y s t e m  KA 1S iO 4 - M g z S i O  4 - S i O  2 - H z O  

The H20-saturated liquidus surface for the system 
Mg2SiO4-KA1SiO 4 -  SiO2 at 20 kb is illustrated in Fig. 1. 
Liquidus fields for forsterite (Fo), enstatite (En) and quartz 
(Qz) extend from the side Mg2SiO4-SiO2 until they meet 
liqnidus fields for phlogopite (Ph) and sanidine (Or). The 
field boundary between sanidine and quartz extending from 
the low-temperature eutectic on the side KA1SiOr 
terminates a very short distance into the system at the qua- 
ternary eutectic reaction: 

phlogopite + sanidine + quartz + vapor (V) 
= liquid (L) (R1) 

at 680 ~ C. The low-temperature liquids occupy a limited 
area close to the side KA1SiO 4 -  SiO 2. The liquidus surface 
for phlogopite rises steeply from the eutectic and the bound- 
aries limiting the fields for sanidine and quartz. 

The other two isobaric invariant liquid points are peri- 
tectics, representing incongruent melting reactions : 

phlogopite + quartz + vapor 
= enstatite + liquid (R2) 

at 750 ~ C, and: 
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Fig. 1A, B. HzO-saturated liquidus for part of the 
system KA1SiO 4 -  Mg2SiO 4 -  SiO 2 - H20 at 20 kbar, 
based on available experimental data. 
A Projection onto the system KA1SiO4-Mg2SiO~- 
SiO 4 -  SiO 2 from UzO apex, following Yoder (1976, 
p. 39), using experimental data from the systems 
Mg2SiO 4 -  S iO2-H20 (Kushiro 1969), MgSiO 3 - 
H20 (Kushiro et al. 1968; Eggler 1973), 
KMg3A1Si3011 - -  H 2 0  (Yoder and Kushiro 1969 ; 
Wendlandt and Eggler 1980), 
KMg3A1Si3Olo(OH)2-MgSiO3-HzO (Modreski 
and Boettcher 1972). KA1SisOs-SiO2-HzO 
(Huang and Wyllie 1975) and from extrapolation of 
the low-pressure data in the system KA1SiO 4 -  
Mg2SiO4-SiO a - H 2 0  by Luth (1967), given in 
Fig. 2. For graphical convenience, the liquidus 
surface is extended to SiO 2, despite the fact that 
S iO2-H20 is above its second critical end-point at 
20 kbar (Kennedy et al. 1962; Nakamura and 
Kushiro 1974). 
B T - X  prism illustrating the shape of the liquidus 
surface. The path L 1 - L 1. o - L 11 - L 12 is described 
later in the text. Abbreviations: Ks, kalsilite; Fo, 
forsterite; Qz, qnartz; En, enstatite; Or, sanidine; 
Ph, phlogopite 
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Fig. 2. Three univariant melting reactions in the system KAISiO4 - 
Mg2SiO4-SiO2-  H20. Invariant points I x and 12 are located near 
0.5 kbar and 825~ where Ph, Qz, En, Or, and L coexist with 
aqueous vapor, and near 0.7 kbar and 930 ~ C where Ph, En, Fo, 
Or, and L coexist with aqueous vapor (Luth 1967). The curve 
for the melting of Ph + En+V is from Modreski and Boettcher 
(1972). The other two estimated curves for the melting of Ph 4-Qz + 
Or+ V and Ph + Qz+ v are extrapolated to high pressures from 
the low pressure results of Luth (1967), using temperature values 
from Fig. 1 as controls. Univariant curves of Huang and Wyllie 
(1975) for Qz=Ct,  O r + V = O r H ,  O r + V = L ,  and O r H + V = L  are 
also shown. Tie-figures for the univariant reactions Rx, R2, and 
R 3 with vapor omitted are depicted as projections from H20. Ab- 
breviations: see Fig. t ;  Ct, coesite; OrH, sanidine hydrate; L, liq- 
uid; V, vapor 

phlogopi te  4- enstatite + vapor  
= forsterite + liquid (R3) 

at  1,130 ~ C. 
The tie-figures for reactions R1, Rz, and R3, projected 

from H 2 0  with the vapor  omitted,  are i l lustrated in Fig. 2, 
which also shows the univar iant  curves for these reactions, 
est imated through a range of  pressures from sources cited 
in the legend. There is little var ia t ion in the temperatures  
of  these three reactions through the pressure interval 
2 ~ 3 0  kb. 

The three reactions are represented by three subsolidus 
compat ibi l i ty  triangles, P h -  O r -  Qz, E n -  P h -  Qz, and 
F o - E n - P h  (see Figs. 1 B and 3F).  Melting of  each of  
these three mineral  assemblages in the presence of  H 2 0  
at 20 kb produces liquid with composi t ions shown in Fig. 2 
for reactions R 1, R2, and R3, respectively. Similarly, with 
crystall ization of  HzO-sa tura ted  liquids with initial compo-  
sitions in each of  the three triangles, the liquids follow paths  
terminat ing at the corresponding isobaric invariant  l iquid 
point.  

The phase volumes occurring beneath the liquidus sur- 
face are conveniently i l lustrated in two kinds of  diagrams. 
Figure 3 shows a series of  isobaric isothermal sections 
through the T - X  prism of  Figure 2B. The sections show 
phase fields, phase composit ions,  and the movement  of  
three-phase triangles (four-phase figures if  vapor  were in- 
cluded) as temperature  varies. Figure 4 shows three T - X  
sections, with the vertical edge T - F o  of  the T - X  prism 
(Fig. 1 B) common to all of  them. $1, $2, and S 3 are three 
mixtures of  Or and Qz representing siliceous melts. The 
composi t ion lines passing through $1, $2, and S 3 are drawn 
in Fig. 3 F. 

The isobaric isothermal  sections in Fig. 3 illustrate the 
very restricted range of  liquid composi t ions  at  low tempera-  
tures. Only at  temperatures  higher than that  of  R 3 does 
the liquid field expand significantly towards  Mg2SiO 4. Fig- 
ure 3 also illustrates the successive loss of  stable subsolidus 
joins with increasing temperature;  P h - Q z  at R 2 between 
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Fig. 3. Isobaric isothermal sections in the system 
KA1SiO4-MgzSiO4- SiO 2-H20 a t  20 kbar 
constructed from Fig. 1 A. Note that the tie- 
figures for R~, Rz, and R 3 of Fig. 2 fit between 
these diagrams at 680 ~ C, 750 ~ C, and 1,130 ~ C, 
respectively. Points $1, Sz, and $3 along the join 
Or-Qz correspond to 60Qz40Ks (by weight), 
70Qz30Ks, and 80Qz20Ks. They represent 
compositions of siliceous melts. Abbreviations: 
see Fig. 1 
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Fig. 4. Isobaric T - X  sections for mixtures 
of Fo with S~, S z and S 3 (Fig. 3F) in the 
system KA1SiO4-MgzSiO4-SiO2-H20 at 
20 kbar, based on Figs. 1 and 3. 
Abbreviations: see Fig. 1 

Fig. 3 D and C, and P h - E n  at R 3 between Fig. 3 C and 
B. Note that compositions in the triangle F o - E n - P h  re- 
main crystalline through a wide range of temperatures, with 
the simultaneous existence of siliceous liquids occupying 
a restricted range of compositions close to the side Ks - Qz. 

The isobaric T - X  sections in Fig. 4 illustrate the equi- 
librium phase fields intersected by mixtures of Fo with the 
silicic compositions $1, $2, and $3. Particularly noteworthy 
are the limited composition range of liquids through a wide 
temperature interval above the solidus near K s - Q z ,  the 
wide extent of the fields for Ph + L and Ph + Qz + L, the 
increase in the size of the field for En+  L with increasing 
Qz/Or, and the persistence of the assemblage Fo + En + Ph 
to higher temperatures than the other two subsolidus as- 
semblages, En + Ph + Qz, and Ph + Or + Qz. The existence 
of crystalline Fo 4-En + Ph at the same temperatures as sili- 
ceous liquids is well displayed. 

The lines F o - $ 1 ,  F o - $ 2 ,  and F o - $ 3  in Fig. 3 may 

be considered as mixing lines. The equilibrium phase assem- 
blages produced by mixing and reacting Fo with the compo- 
sitions $1, $2, and S 3 at any particular temperature can 
be read directly from the appropriate isothermal line in 
Fig. 4. Figure 3 is required to determine the compositions 
of the phases: the mineral compositions are defined, but 
the liquid compositions given by the corners of three-phase 
triangles or the ends of two-phase tie-lines vary considera- 
bly in directions transverse to the mixing lines, as shown 
by the liquidus field boundaries in Fig. 1. 

Consider first the subsolidus mixing reactions (Fig. 3 F). 
The mixing lines connecting assemblages of Or + Qz with 
Fo traverse three compatibility triangles and the two lines 
between them. As the bulk composition of any assemblage 
of Or + Qz is changed along any of these mixing lines, reac- 
tion with forsterite produces first phlogopite, until all of 
the sanidine is gone, then enstatite, until all of the quartz 
is gone, and the forsterite can then persist as a stable miner- 
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al. These reactions produce the sequence of phase assem- 
blages: P h + O r + Q z ,  P h+ Qz ,  E n + P h + Q z ,  En+ Ph ,  and 
Fo + En +Ph.  These phase fields are depicted in all three 
T - X  sections below 680 ~ C in Fig. 4. 

The melting reaction (R0  at 680 ~ C terminates the sub- 
solidus assemblage P h + O r + Q z .  Similarly, as shown in 
Fig. 4, the incongruent melting reactions R 2 and R 3 at 
750 ~ C and 1,130 ~ C terminate the subsolidus assemblages 
En + Ph + Qz and Fo + En + Ph, respectively. 

Figure 4 shows that, between 680 ~ C and 750 ~ C, addi- 
tion of only a few per cent of Fo to molten or partially 
molten compositions $1, $2, and S 3 (assemblages L, L + Or, 
L + Qz, or L + Or + Qz) is sufficient to cause precipitation 
of phlogopite. There is a prominent phase field for Ph + L 
(Fig. 4A and B), and the field for P h + Q z + L  increases 
with increasing Qz/Or (Fig. 4A, B, and C). No enstatite 
is produced in equilibrium with liquid at temperatures be- 
low 750 ~ C. Addition of Fo to the assemblage P h + Q z + L  
continues reaction until all of the liquid is used up, produc- 
ing Ph+Qz ,  and reaction with additional Fo causes the 
subsolidus changes described above, as illustrated in 
Fig. 3 D, E, and F, as well as in Fig. 4. 

The reaction R 2 at 750 ~ C replaces the assemblage Ph + 
Q z + L  with E n + P h + L  (Fig. 4A and 4B), or E n + Q z + L  
(Fig. 4C). However, the field for Ph+  L is extensive above 
750 ~ C, with its upper temperature limit decreasing as the 
liquidus field boundaries between phlogopite-forsterite and 
enstatite-phlogopite decrease in temperature with increasing 
Qz/Or (Figs. 1 and 4). 

At temperatures between 750 ~ C and 1,130 ~ C, the main 
sequences of  phase assemblages produced by adding Fo 
to liquids with compositions S t, $2, and $3 are L, E n + L  
or Ph + L, or En + Ph + L. When the liquid is used up leav- 
ing the assemblage En+ P h ,  further addition of Fo pro- 
duces the assemblage Fo + En + Ph without further reaction 
(compare Fig. 3 C). 

At temperatures above R 3 at 1,130 ~ C, phlogopite can 
still be produced by reaction with liquids rich in Or/Qz 
(Figs. 3 B and 4A), but for mixtures nearer to the eutectic 
composition in O r - Q z  (Figs. 1, 3B, 4B and C), the se- 
quence of phase assemblages is L, En + L, and Fo + En + L, 
or directly from L to F o + L  if the temperature is high 
enough (Figs. 3A and 4). At all temperatures below 
1,130 ~ C, the reaction of forsterite with siliceous liquid pro- 
duces eventually a crystalline assemblage, but at higher tem- 
peratures the product is crystals plus liquid. 

Hybridization Between Hydrous Siliceous Melt 
and Fo + En in the System 
KA1SiO4 - Mg2SiO4 - SiO2 at 20-30 kb 

The phase relationships illustrated and described in Fig. 1 
through 4 can be used to trace the precise sequence of reac- 
tions that would occur if a hydrous siliceous liquid with 
composition L t in Fig. 5 (the eutectic between sanidine and 
quartz) experienced hybridization with a crystalline assem- 
blage P, representing peridotite (Fo + En with a trace of 
phlogopite). 

The isothermal sections given in Fig. 5 are based on 
Figs. 1 and 3, with some expansion of the liquid fields for 
graphical clarity. The phase relationships for each isother- 
mal section near the four temperatures listed probably vary 
little through the pressure range 20-30 kb (see Fig. 2). We 
are attempting to model reactions occurring as magmas 

KA,S2, / i 

20-30  kbor 
MgzSi04 HzO- saturated 

Vapor present ~o 

L~ k~ O? L~ 

Fo Fo 

C n D , 

Fig. 5. Schematic isobaric isothermal sections in the system 
KA1SiO 4 -  MgzSiO 4 -  SiO 2 - HzO, approximately applicable to 
any pressure from 20-30 kbar, based on Fig. 3. Note some expan- 
sion of the liquidus fields for graphical clarity. Points P and L 1 
represent projections of peridotite and eutectic compositions in the 
join O r -  Q z -  H20, respectively. For derivation of the liquid paths 
from Lx, see text. Abbreviations: see Fig. I 

rise from subducted oceanic crust into overlying mantle 
wedge. The magmas rise from higher to lower pressures. 
The fact that pressure has little effect on the phase relation- 
ships through 20-30 kb permits us to use diagrams in Fig. 5 
to illustrate polybaric isothermal processes. 

The mantle wedge is hotter than the underlying sub- 
ducted oceanic crust and the magmas generated from it. 
Therefore, the cooler magmas rise into hotter rocks. We 
can consider two limiting cases: (1) the hybridization reac- 
tions occur at the temperature of the magma, in which 
case we can use the isothermal section for that temperature, 
or (2) the low-temperature magma is heated to the tempera- 
ture of the warmer host rock. Then we use an isothermal 
section at a higher temperature than the liquidus of L 1. 
For some more likely intermediate situation, where the 
reacting magma becomes hotter as it rises into the overlying 
mantle, we have to consider polythermal polybaric paths, 
which can be approximated by polythermal paths on the 
liquidus surface of the T -  X prism in Fig. 1 B (because this 
surface changes little through the pressure interval of the 
hybridization). 

Low-Temperature Isothermal Hybridization 

The HzO-saturated eutectic for the system O r - Q z  has 
composition L 1. Consider what happens when the low-tem- 
perature liquid L t comes into contact with crystalline peri- 
dotite, P, in Fig. 5A. The liquid dissolves a small amount 
of peridotite (Fo + En in proportion P), changing composi- 
tion along the line L1P. When its composition reaches L2, 
phlogopite is precipitated. With continued addition of P 
at constant temperature, continued precipitation of phlogo- 
pite causes the liquid to change composition along the liqui- 
dus isotherm LzL 3 as the bulk composition changes along 
the dashed line L2P. At L3, phlogopite is joined by quartz, 
and continued reaction of liquid L 3 with peridotite P causes 
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continued precipitation of phlogopite and quartz until all 
of the liquid is used up. If equilibrium is maintained, the 
original liquid L1 is converted by hybridization to an assem- 
blage of Ph + Qz, with bulk composition given by the point 
MA. After the liquid has disappeared, subsolidus reaction 
between Ph + Qz and the surrounding peridotite, Fo + En, 
generates zones of En + Ph + Qz, and En + Ph (Figs. 5 A and 
4B). 

In the dynamic subduction zone environment, the crys- 
talline products of hybridization may become separated 
from the reacting liquid. Under these circumstances, the 
products of hybridization would be a sequence of mineral 
assemblages: Ph, Ph + Qz, En + Ph + Qz, and En + Ph. 

Intermediate-Temperature Isothermal 
Hybridization 

Consider now what happens if the low-temperature eutectic 
liquid L~ is heated to temperatures above that for reaction 
R 2 as it rises into the hotter peridotite. Figure 5 B illustrates 
isothermal hybridization reactions under these circum- 
stances. Liquid L 1 dissolves peridotite P until it reaches 
composition L4, where precipitation of phlogopite begins. 
Continued reaction of the liquid causes precipitation of 
more phlogopite as the liquid changes from L 4 to Ls, while 
the bulk composition changes along the dashed line L4P. 
Liquid L 5 precipitates enstatite and phlogopite until it is 
all used up. Under equilibrium conditions, the heated liquid 
L~ is converted by hybridization to the assemblage En + Ph 
with bulk composition given by MB. In the dynamic sub- 
duction zone environment, separation of crystals and liquid 
would produce the mineral assemblages Ph, and En + Ph. 

At somewhat higher temperatures, but below 1,130 ~ C 
for reaction R3, liquid L 1 dissolves more peridotite P, 
reaching composition L 6 in Fig. 5 C. Addition of more P 
to liquid L 6 causes  reaction of forsterite and precipitation 
of enstatite, causing the liquid to change direction along 
L6L7, which increase in the Ks component. When the liquid 
reaches  L7, enstatite is joined by phlogopite, and both are 
precipitated until all of  the liquid is used up. The liquid 
L1 is thus converted to the assemblage E n + P h  with bulk 
composition given by MC. In the dynamic subduction zone 
environment, separation of crystals and liquid could pro- 
duce the mineral assemblages En, and En + Ph. 

High- Temperature Isothermal Hybridization 

Figure 5 D illustrates the reactions between partially melted 
peridotite P, and liquid L 1 superheated to temperatures 
above that of reaction R 3. The peridotite consists of Fo + 
En plus a trace of liquid L 9. We will assume for simplicity 
that the partially melted peridotite dissolves as a unit, P. 
Liquid L1 dissolves a large amount of peridotite P (Fo + 
En+L9)  before it begins to precipitate enstatite when it 
reaches composition L 8. Continued precipitation of ensta- 
tite occurs, as the bulk composition follows the dashed line 
Ls-MD, and the liquid follows the path LsL 9. The liquid 
L9 coexists with forsterite and enstatite at constant temper- 
ature, so reaction ceases at this stage. The product of equi- 
librium hybridization between the heated liquid L 1 and 
crystalline peridotite is the liquid L9 in equilibrium with 
a peridotite enriched in enstatite compared with the original 
peridotite, P. The original liquid L, is converted to a mix- 
ture of enstatite and liquid L 9 in the ratio L9MD/MDEn. 

The original liquid L 9 in the partially melted peridotite is 
increased in amount, but with no change in composition. 
The assemblage does not crystallize completely as in the 
previous, low-temperature examples. However, early sepa- 
ration of crystals from liquid could produce a separate con- 
centration of enstatite. 

Polybaric-Polythermal Hybridization 

We have concluded that the liquidus phase relationships 
change only slightly as a function of pressure between 20 
and 30 kb and, therefore, let us assume that the isobaric 
T -  X prism of Figure 1 B is valid for the polybaric interval 
2O-30 kb. 

Consider the low-temperature liquid L1 at 700~ in 
Fig. 1 B, rising from subducted oceanic crust to shallower 
levels, lower pressures, and higher temperatures. Assume 
that its temperature increases as it rises. It will dissolve 
the peridotite components, changing composition along the 
path LILlo which is sketched in space in Fig. 1 B. When 
the liquid composition reaches the phlogopite liquidus sur- 
face at 800 ~ C, precipitation of phlogopite proceeds as the 
liquid follows a path of increasing temperature across the 
liquidus surface, until it reaches the E n - P h  liquidus field 
boundary at a point L~ ~ at 850 ~ C. Continued reaction with 
peridotite causes the liquid to precipitate En+Ph,  and it 
follows the liquidus field boundary from Lla to higher tem- 
peratures as it continues to be heated. All of the liquid 
L12 is used up at 950 ~ C, with consequences and products 
similar to those described for isothermal hybridization in 
Fig. 5 B. The liquid path in Fig. 1 B illustrates the wide 
range of depth-temperature conditions for the precipitation 
of phlogopite. 

Liquid Composition During Hybridization 

The siliceous liquid L 1 rising into peridotite P is constrained 
by the very steep liquidus surface to remain siliceous 
through a wide temperature interval. (compare Figs. I and 
5). The solution of peridotite components by the liquid 
does not lead to enrichment of the liquid in MgO, but 
to the precipitation of magnesian minerals. The forsterite 
of the peridotite is converted by the liquid into phlogopite, 
to the extent that there is K20 available, and to enstatite. 
The liquid composition, once it reaches the liquidus surface 
for the magnesian minerals, changes in directions approxi- 
mately perpendicular to the mixing line. The liquid may 
be enriched in SiO 2 or  in KA1SiO4, depending on whether 
phlogopite or enstatite is being precipitated, as shown in 
Fig. 5. When two or more minerals are being precipitated, 
the liquid path is given by the directions of field boundaries 
in Fig. J. Because of the shape of the phlogopite liquidus 
surface, these paths are not directed towards significant 
enrichment in MgO until temperatures exceed reaction R 3 
at 1,130 ~ C, and the liquids coexist with both enstatite and 
forsterite. 

Behavior of H20 During Hybridization Reactions 

We have considered the phase relationships for HzO-satu- 
rated liquids, and assumed that this condition was not 
changed during the hybridization reactions. In fact, the pro- 
gressive precipitation of minerals produced by the hybrid- 
ization reactions does ensure that the liquids remain HzO- 



saturated. However, crystallization also requires that H 2 0  
is progressively expelled during hybridization. 

If the original siliceous liquids had been undersaturated 
with H 2 0  , the hybridization reactions at low- and medium- 
temperatures would produce HzO-saturated liquids in the 
later stages of crystallization, before all of the liquid solidi- 
fied. This would lead to the evolution of aqueous vapor. 

Comparison of Model Materials 
with Subduction Materials 

We can use the results described above as a model for the 
kind of reactions that may occur in the mantle wedge above 
a subducted oceanic crust, although we fully appreciate the 
fact that the melt composition differs significantly from that 
of magmas rising from the subducted crust, and the syn- 
thetic peridotite differs significantly from the mantle rock. 
The differences and their consequences for the analogy are 
considered below. 

Peridotite 

Peridotite in the model system, P in Fig. 4, consists of for- 
sterite, enstatite and a trace of phlogopite. Peridotite in 
the mantle above the subducted oceanic crust is composed 
of olivine, orthopyroxene, clinopyroxene, and garnet (spinel 
at shallow levels), together with amphibole produced in its 
stability range, shallower than about 100 kin, by aqueous 
fluids expelled from the subducted oceanic crust. 

In the model system, it is the incongruent melting of 
assemblages involving phlogopite (reactions R 2 and R3) 
which is responsible for the precipitation of phlogopite from 
the reacting siliceous liquid during hybridization. Modreski 
and Boettcher (1973) confirmed experimentally that phlog- 
opite is involved in incongruent melting reactions in the 
presence of diopside as well as enstatite. They concluded 
that phlogopite peridotite in the mantle would similarly 
melt by incongruent reactions such as: 

phlogopite + orthopyroxene + clinopyroxene 
= forsterite + pyrope + liquid (R4) 

and the analogous reaction in the presence of aqueous va- 
por. Incongruent melting reactions in phlogopite-peridotite 
have since been confirmed by Holloway and Eggler (1976) 
and by Wendtlandt and Eggler (1980). Therefore, we accept 
the working hypothesis that the behavior of phlogopite in 
the model system (Fig. 5) is a reasonable representation 
of its behavior in mantle peridotite-melt interactions. 

Melt from Subducted Crust 

According to Nicholls and Ringwood (1973), the liquid 
composition would be similar to that of rhyodacite. Values 
have been reported for measured and calculated liquid com- 
position paths in a natural basalt, dry and with 5% H20 
at 30 kbar (Stern and Wyllie 1978), and for a model oceanic 
basalt in the system C a O - M g O - A 1 2 0  3 -  SiO 2 with 7.5% 
H20 at 30 kbar (Sekine et al. 1981). The solidus tempera- 
tures for these samples at the stated conditions, recrystal- 
lized to quartz eclogites, are 760~ for the natural rock, 
and 810 ~ C for the model composition. At 900 ~ C the sam- 
ples contain, respectively, about 20% and 15% HzO-under- 
saturated liquid with composition richer in CaO/(CaO + 
MgO) than igneous rocks of the calc-alkaline series. The 
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liquid in the natural rock contains 62.3% SiO2, 22.7% 
A1203, 7.9% CaO, 2.5% (MgO+FeO),  3.6% Na20, and 
0.7% K20 (recalculated to 100% excluding H20). At tem- 
peratures nearer the solidus, the content of SiO 2 and alkalis 
would increase. However, the compositions of near-solidus 
liquids below 900~ have so far defied determination in 
both natural and synthetic systems. 

The anhydrous composition of the HzO-saturated liquid 
L a in Fig. IB and 4, is 77.1% SiO 2, 11.9% A1203, 11.0% 
K20. The model liquid differs from the natural magma 
by the absence of (Ca + Fe + Mg), the absence of Na, and 
the much higher content of K. In terms of anticipated phase 
relationships, the absence of (Ca + Fe + Mg) is probably in- 
significant (except with respect to the compositions of the 
minerals produced during hybridization), the absence of 
Na is probably compensated for by the absence of diopside 
or clinopyroxene in the model peridotite (because in the 
natural system at the high pressures involved, one would 
expect the Na to become incorporated into clinopyroxene), 
and the higher content of K would increase the amount 
of phlogopite that could be produced. 

Conclusion 

Phase relationships in the model system KA1SiO4- 
M g 2 S i O 4 - S i O z - H 2 0  described above indicate that hy- 
bridization between hydrous siliceous melts and a simplified 
peridotite causes solution of the peridotite components with 
little change in liquid composition. Phlogopite is precipi- 
tated through a wide range of pressures, temperatures, and 
bulk compositions. Hybridization is not a simple mixing 
process. The process represents an absolute geochemical 
separation and local concentration of all potassium in the 
reacting system. 

The precipitation of phlogopite-enstatite occurs for hy- 
bridization with all siliceous melts in the model system 
(Fig. 5), and this conclusion can probably be extended to 
phlogopite-orthopyroxene-clinopyroxene (with jadeite in 
solution), but this needs confirmation. The precipitation 
of phlogopite+ quartz (or coesite) depends upon the melt 
composition remaining at sufficiently low temperature dur- 
ing hybridization (see Fig. 5). The precipitation of phlogo- 
pite alone will occur only if the liquidus field for phlogopite 
extends across the mixing line between the siliceous melt 
and the host peridotite (compare Figs. 4 and 5). 

If the deduced reactions occur in the complex natural 
rock systems, with less potassium than in the synthetic sys- 
tem evaluated here, there are significant implications for 
the geochemistry of potassium, a key element in mantle 
metasomatism, magma generation, and development of the 
continental crust. These implications will be explored else- 
where (Wyllie and Sekine 1982). 
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