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The system tonalite-H,O at 15 kbar and the genesis of calc-alkaline magmas
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ABSTRACT

Experimental phase relations and well-characterized mineral and melt compositions
have been determined for a Sierra Nevada tonalite (andesite) with 2.5 to 10 wt% H,O
added at 15 kbar and 850 to 1100 °C. All results are from experiments conducted in Au
capsules (minimal Fe loss to capsule) at oxygen fugacities measured to be near Ni-NiO.
With increasing water content, the liquidus mineral changes from clinopyroxene at <3
wt% H,O to garnet, followed within 50 °C by clinopyroxene at 3 to 9 wt% H,O, to horn-
blende at water contents greater than ~9 wt%. Microprobe analyses of glasses quenched
from within the tonalite melting interval show an enrichment in Ca relative to (Mg + Fe),
where Fe represents total Fe as Fe?*, with increasing SiO, instead of the typical calc-
alkaline trend of approximately constant Ca/(Mg + Fe) from basalt through rhyolite. The
results document the importance of garnet and clinopyroxene in andesitic to dacitic com-
positions at deep-crustal to uppermost-mantle pressures, and they indicate that it is not
possible to directly produce magmas of calc-alkaline composition at 15 kbar and the
investigated range of water contents by either (1) partial melting of tonalitic to gabbroic
(eclogitic) lower crust or (2) crystal fractionation from melts of andesitic to basaltic com-
position. Melting or fractionation at lower pressures or with lower water contents may
produce calc-alkaline liquids as plagioclase replaces garnet as the major Al-bearing phase.
Calc-alkaline rocks showing evidence of garnet-liquid equilibration in their REE patterns
must also have undergone lower-pressure fractionation in order to explain their major-

element compositions.

INTRODUCTION

Understanding the origins of the great volumes of calc-
alkaline basalt, andesite, dacite, rhyolite, and their intru-
sive equivalents found at mature convergent plate mar-
gins requires knowledge of the effects of parameters such
as pressure, temperature, and magmatic water content on
crystal-liquid equilibria in relevant rock systems. Pre-
vious work has elucidated some of the phase-equilibrium
and geochemical constraints on the petrogenesis of calc-
alkaline magmas, yet many questions remain unan-
swered, especially with regard to crystallization and dif-
ferentiation at depths of the deep crust to uppermost
mantle. One of the key questions for this tectonic envi-
ronment involves the fraction of tonalite or andesite de-
rived from mantle sources and the fraction derived from
crustal sources. Results for the pressure interval 10-15
kbar are appropriate for processes occurring near the
mantle-crust boundary in environments where the con-
tinental crust is thickened by orogenesis (e.g., the Andes,
western North America). This boundary region is also the
depth interval in which plagioclase is replaced by garnet,
and the phase relationships of the calc-alkaline magma
series therefore change significantly from those dominat-

* Present address: Department of Geology, University of Bris-
tol, Bristol BS8 1RJ, United Kingdom.

0003-004X/90/0304-0345%02.00

ed by plagioclase, pyroxene, and hornblende at low pres-
sures (e.g., Grove and Baker, 1984; Grove and Kinzler,
1986; Eggler and Burnham, 1973; Rutherford et al., 1985)
to the high-pressure assemblages including garnet, pyrox-
ene, and hornblende (e.g., Green and Ringwood, 1968;
Green, 1972; Stern and Wyllie, 1978; Sekine and Wyillie,
1982).

In another study, we have conducted experiments with
mixtures of peridotite and tonalite at 15 kbar in an effort
to determine the phase boundaries that control liquid
compositions during processes of assimilation or magma
mixing in the mantle-crust boundary region (Carroll and
Whyllie, 1989). As part of our studies, we found it desir-
able to re-examine the system tonalite-H,O under the
same experimental conditions. In this paper, we present
new experimental results for the water-undersaturated
portion of the tonalite (= andesite)}-H,O system at 15-
kbar pressure. The data include well-characterized phase
assemblages and mineral and quenched-melt composi-
tions for a natural tonalite with 2.5 to 10 wt% H,O added
at temperatures between 850 and 1100 °C. The results of
these experiments help in defining plausible crystalliza-
tion-differentiation or partial-melting processes involving
tonalitic compositions in the deep crust or upper mantle.
Two major types of information useful in understanding
the origin of some calc-alkaline magmas may be derived
from the experimental results. For considering tonalites
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TasLE 1. Experimental starting material

Com-

posi-

tion CIPW norm Mode
Sio, 59.14 Quartz 11.7 Quartz 13.0
TiO, 0.79 Orthoclase 12.9 Alkali Feldspar 4.5
AlLO, 18.23 Albite 32.2 Plagioclase 59.0
Fe,0, 2.32 Anorthite 26.2 Biotite 12.5
FeO 3.62 Diopside 0.9 Hornblende 9.0
FeO* 5.71 Hypersthene 9.4 Opaques 2.0
MnO 0.1 Olivine —
MgO 2.50 Magnetite 34
CaO 5.92 limenite 1.5
Na,0 3.81 Apatite 0.7
K0 2.19 Corundum —
H,O0*+ 0.82
H,O- 0.04
PO, 0.30
CO, 0.01

Total  99.80

Note: Compositions are given in weight percent and are taken from
Bateman et al. (1963). CIPW norms are given in weight percent.
* Total iron as FeO.

or andesites generated by partial melting of more mafic
source materials (e.g., hydrous peridotite, subducted
oceanic crust, or basalt underplated at the base of the
continental or island arc crust), the high-pressure liquidus
minerals of the tonalite give information on the identity
and composition of possible phases present in the source
materials. Residual-liquid compositions from the par-
tially crystallized tonalite provide constraints on plausi-
ble differentiated compositions that may be produced by
crystal fractionation from tonalite magma at high pres-
sure.

PREVIOUS WORK

Previous experimental studies on tonalite or andesite
bulk compositions with H,0 and H,0-CO, mixtures in
the range 10-30 kbar include those of Green and Ring-
wood (1968), Green (1972), Lambert and Wyllie (1974),
Stern et al. (1975), Allen and Boettcher (1978, 1983),
Allen et al. (1975), and Huang and Wyllie (1968). Pet-
rological applications and summaries of the experimental
data have been presented in reviews by Wyllie (1977,
1979), Gill (1981), and Green (1982).

The tonalite used in this study has been the subject of
a series of experiments. Piwinskii (1973) used excess H,O
at 1, 2, 3, and 10 kbar. Lambert and Wyllie (1974) re-
ported experiments with excess-H,O between 10 and 30
kbar from the solidus to about halfway through the melt-
ing interval. The latter results were extended through the
liquidus by Stern and Wyllie (1973), who, in addition,
completed experiments in the vapor-absent region, with
construction of the H,O-undersaturated liquidus surface
(Stern et al., 1975) and with microprobe analyses of glass
and minerals quenched from 30 kbar (Stern and Wyllie,
1978). The tonalite melting experiments noted above were
conducted using mostly Ag,Pd,, capsules and suffered
from the experimental problem of Fe loss to the capsules
and associated difficulties in demonstrating reversible
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equilibrium, as discussed in detail by Stern and Wyllie
(1973). When the experiments of Huang and Wyllie (1986)
on tonalite-H,O at 15 kbar were being completed in 1975,
AgPd capsules were still in use because the phase dia-
grams extended to temperatures above the melting of Au.
However, Huang and Wyllie (1986) completed in addi-
tion a few selected experiments with 5% H,O in Au cap-
sules specifically for microprobe analyses. They also re-
ported differential losses of Fe as a function of time for
different phases in different capsule materials, and they
noted some specific differences in the phase assemblages
produced in experiments using Au as compared with those
using AgPd capsules. We have now redetermined the
phase relationships for that part of the H,O-undersatu-
rated isobar (15 kbar) accessible to the use of Au capsules.
Some results on tonalite with 5 or 10 wt% H,O added
have been presented as part of a study of the phase-equi-
librium controls on reaction between hydrous andesitic
magma and ultramafic rock (Carroll and Wyllie, 1989).
In this paper, we combine those data with results on to-
nalite with 2.5 wt% H,O added and evaluate the effects
of crystallization differentiation or partial melting in
magmatic processes at pressures near 15 kbar and in the
stability field of garnet.

EXPERIMENTAL METHODS
Starting material

A sample of tonalite from the Sierra Nevada batholith,
kindly provided by P. C. Bateman and F. C. Dodge, was
used in all experiments (tonalite 101, or M127 in Piwin-
skii, 1973). Field and petrographic data for the tonalite
are in Bateman et al. (1963). The chemical composition
and normative and modal mineral contents of the tonal-
ite are in Table 1. The tonalite was initially ground to
pass 200 mesh, then finely ground in an agate mortar to
produce a mean grain size of ~10 um, with rare grains
of hornblende or biotite up to ~50 um in maximum di-
mension. The powdered starting material was dried at
120 °C and then stored in a desiccator when not being
used.

Apparatus and procedures

Experiments were performed in a single-stage piston-
cylinder press using a 1.27-cm-diameter piston and a
chamber with a hardened steel liner (Boyd and England,
1960). Temperature and pressure calibrations were
checked against the reaction albite = jadeite + quartz
(Boettcher and Wyllie, 1968). All experiments were con-
ducted using a graphite furnace assembly with NaCl as
the confining medium. Reported pressures incorporate
no friction correction and are believed accurate to +5%
of the quoted value. A W-Re thermocouple located less
than 1 mm above the sample capsule was used to both
measure and control experimental temperatures; accura-
cy and precision are estimated to be =15 and =5 °C,
respectively. The oxidation state of the sample during the
experiments was close to Ni-NiO. An experiment with a
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mixture of synthetic magnetite solid solution + ilmenite
solid solution + H,0 yielded coexisting Fe-Ti oxide com-
positions that indicate an oxygen fugacity ~0.5 log fo,
units above the Ni-NiO equilibrium at 15 kbar (Spencer
and Lindsley, 1981). Analysis of coexisting Fe-Ti oxides
from a vapor-undersaturated experiment on a syenite at
15 kbar, with the use of the same sample assembly, yields
a similar f;, estimate (Wolf and Wyllie, unpublished data).

Experiments were conducted in Au capsules of 2.5 mm
outside diameter that contained 10 to 15 mg of finely
ground and dried rock powder. Appropriate amounts of
triply distilled water were added with a microliter syringe,
and the capsule was arc-welded shut. Monitoring the cap-
sule weight during this process provided a check on water
loss during welding. The sealed capsule was embedded in
the top several millimeters of an NaCl pedestal that served
to position the sample in the middle of the furnace as-
sembly. Experiments were of the synthesis type in which
the sample was pressurized to 2 kbar below the desired
pressure and then heated to the desired temperature;
pressure rose during heating, and the final pressure was
obtained by bleeding off excess pressure once the desired
temperature had been reached. Quenching was accom-
plished by turning off the power, resulting in quench rates
of approximately 200 °C/s and yielding clear glasses free
of quench crystals in all but the most water-rich, near-
liquidus experiments. Most experiments were conducted
under vapor-absent conditions and produced bubble-free
glasses. After quenching, the experimental charges were
removed from the salt confining medium, soaked in water
to remove any adhering NaCl, and then weighed to check
that they had remained sealed.

Choice of experiment duration was guided partly by
previous experience and partly by the results of several
exploratory experiments at identical conditions but of
varying duration. Equilibrium cannot be proven for every
experiment because they were not reversed, but all of
those reported in this study were of sufficient duration to
produce compositionally homogeneous glasses coexisting
with euhedral to subhedral crystals of uniform or only
slightly varied composition. The only exception was in
the case of hornblende crystals that sometimes had cores
of clinopyroxene or clinopyroxene-hornblende inter-
growths. The rims of hornblende with clinopyroxene cores
were very similar in composition to smaller, euhedral
hornblende crystals lacking clinopyroxene cores, and we
believe they represent equilibrium compositions. Stern
and Wyllie (1973) reviewed the problems of completing
satisfactory reversals in multiphase rock systems, and
Huang and Wyllie (1986) presented a detailed discussion
of the matter for this rock under similar conditions.

Charges from successful experiments were sliced ver-
tically using a diamond saw, and one half of the charge
was used to prepare a polished thin section for petro-
graphic study and electron-microprobe analysis. Phases
identified in the experiments include garnet (Ga), clino-
pyroxene (Cpx), hornblende (Hb), titaniferous magnetite
(Ox), plagioclase (P1), quartz (Qz), rutile (Rut), biotite (Bi),
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TaBLE 2. Microprobe analyses of near-liquidus glasses com-
pared with starting composition

(a) (b) © (d)

SiO, 59.7 60.0 60.9 61.3
TiO, 0.8 0.8 0.8 0.8
AlLO, 18.4 18.5 18.0 18.3
FeQ” 5.8 5.9 5.5 4.6
MnO 0.1 0.1 0.1 0.1
MgO 25 2.3 2.4 2.4
Ca0 6.0 6.1 5.9 6.0
Na,O 38 3.8 4.0 4.0
K0 2.2 22 22 2.1

Note: All analyses recalculated on a water-free basis. Columns are (a)
Composition of tonalite 101 starting material. (b) Glass from experiment
41 at 1000 °C, 10% H,0 added. (c) Glass from experiment 29 at 1040 °C,
5% H,0 added. Small amount of garnet present. (d) Glass from experiment
92 at 1100 °C, 2.5% H,0O added. Contains small amount of garnet, often
with Fe-Ti oxides in cores.

and glass (Gl, quenched melt). Trace amounts of apatite,
zircon, and titanite occur in some of the lower-tem-
perature experiments. Crystal settling was observed in
experiments near the liquidus and in those with up to
approximately 25% crystals. These charges consisted of a
crystal-rich lower portion and an overlying region of crys-
tal-free (or almost so) glass.

Electron-microprobe analyses of experimental prod-
ucts were obtained using either a JeoL electron micro-
probe at Caltech or a cAMECA electron microprobe at
Brown University. Analyses of the same samples with
each instrument produced identical results. Both instru-
ments were operated at an accelerating voltage of 15 keV.
A 5-nA beam current and a 20- to 30-um beam spot were
used for analyses of glasses and a 15- to 20-nA current
and a 2-um spot were used for analyses of crystalline
phases. For all glass analyses, Na, K, Si, and Al were
measured first to reduce the problems associated with
alkali migration under the electron beam. The success of
these precautions is demonstrated by the agreement be-
tween analyses of superliquidus glasses and the compo-
sition of the starting material (Table 2).

EXPERIMENTAL RESULTS

The 15-kbar phase diagram for tonalite-H,O from
Huang and Wyllie (1986) is reproduced in Figure 1. All
of the plotted experiments were conducted in Ag,,Pd,,
(round symbols) or Pt capsules (square symbols). Not
plotted are the four additional experiments with 5 wt%
H,O in Au capsules that were completed at 950, 900, 800,
and 700 °C for mineral and glass analyses. Figure 1 is a
reconnaissance diagram, both because of the limited
number of brackets in the vapor-absent region and be-
cause of problems associated with use of Ag,,Pd,, cap-
sules as reported by Stern and Wyllie (1973) and Huang
and Wyllie (1986); these included the failure of garnet to
nucleate in Ag,,Pd,, under conditions where it is known
to nucleate in Au capsules. Results presented herein sug-
gest that loss of Fe from tonalite to the Ag,,Pd,, capsules
would move the bulk composition into the clinopyroxene
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Fig. 1. [Isobaric T-X 4,0, phase diagram for tonalite 101 at 15 kbar, taken from Huang and Wyllie (1986). Square symbols show
experiments completed by Lambert and Wyllie (1974). Abbreviations for minerals include Cpx = clinopyroxene, Ga = garnet, Hb

= hornblende, Pl = plagioclase feldspar, Bi = biotite, Qz = quartz, Ky = kyanite, L = liquid (melt), V = vapor. Fields with (Ga)
should have stable garnet, but it failed to nucleate in experiments performed in Ag,,Pd,, capsules. Duplicate experiments in Au

capsules produced garnet-bearing assemblages where expected.

liquidus field, thus explaining the lack of liquidus garnet
in the previous study. Our new experiments in Au cap-
sules supplement the previous results with 5% H,O and
concentrate on the phase boundaries in the vapor-absent
region up to the temperature limit permitted by Au. These

results of limited range may be compared with the recon-
naissance diagram in Figure 1.

Phase relations

Experimental conditions and resulting phase assem-
blages are summarized in Table 3, along with the results
of two experiments in Au capsules tabulated by Huang
and Wyllie (1986). The results are plotted in isobaric sec-

tions in Figure 2. Water contents given in Table 3 refer
to added water, and experimental points in Figure 2 show
an additional 0.8 wt% H,O corresponding to the H,O
bound in biotite and hornblende in the starting material
(Table 1). For simplicity, reference to the experiments
will cite nominal water added (2.5, 5, or 10 wt%), rather

than total H,O in the charge. Traces of the accessory min-

erals rutile, titanite, and apatite are noted in Table 3, but
they are not represented in Figure 2.

The experiments conducted for this study and resulting
phase assemblages are shown in T-Xj,, section in Figure
2a. Several experiments were repeated for different du-
rations, and the results for the longer experiments were
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Fig. 2. Isobaric T-Xg,0, phase diagram for tonalite 101 at 15 kbar, showing (a, left) new experiments conducted in this study
using Au capsules, and (b, right) the best estimate of phase relations based on the new vapor-absent results with Au capsules and
the previous results shown in Fig. 1. Half-filled quadrants of symbols in (a) indicate uncertainty about stability of the indicated
phase (Ga—upper left; Cpx—upper right; Hb—lower left; Pl—lower right).

adopted if different phase assemblages were observed. As
expected, reactions became more sluggish with less H,O
and at lower temperatures. With 2.5% H,0O at 1000 °C;
plagioclase and quartz remained after 24 h, and there was
a trace of poorly formed clinopyroxene; after 60 h, cli-
nopyroxene was well-formed and slightly more abundant,
plagioclase was reduced to trace amounts, and a few
amoeboid-shaped grains of quartz remained. With 5%
H,O at 950 °C, experiments of 7 and 16.5 h were suffi-
cient to melt all plagioclase and hornblende in the starting
material and to grow well-formed garnet and clinopyrox-
ene. At 900 °C with 5% H,O, however, plagioclase re-
mained after 5 h but disappeared after 21 h. In two 700
°C experiments of Huang and Wyllie (1986), the phase
assemblage was the same in runs of 40 and 63 h, with
loss of quartz and growth of garnet and minor clinopy-
roxene.

The liquidus temperature for the dehydrated tonalite
at this pressure is estimated to be near 1250 °C, following

Green’s (1972) result for a similar composition. The re-
sults in Figure 2 define the liquidus down to about 975
°C with 10% H,O, with garnet as the primary liquidus
mineral from near 975 °C, and 7-8 wt% H,O to at least
1150 °C, and 3% H,O, and liquidus amphibole for H,O
contents greater than about 8-9%. The amphibole-out
curve falls from about 975 °C at the liquidus to below
950 °C with 5% and 2.5% H,O. For the same tonalite
with no H,O added, however, Rutter and Wyllie (1988)
bracketed amphibole-out between 950 and 1000 °C. Their
experiment of 4-d duration at 950 °C yielded relict horn-
blende surrounded by growth of a new amphibole of dif-
ferent composition, indicating that amphibole is stable.
We conclude that the amphibole-out curve in Figure 2
remains close to 950 °C. The steeply sloping plagioclase-
out curve seems to be well defined according to the ex-
periments of longest duration. As reported by Huang and
Whyllie (1986), clinopyroxene is present “only in minor
amounts except near the liquidus,” where it becomes the



350

TaeLe 3. Experimental conditions and results

T t H,O
No. (°C) (h) added Products*
78 950 71.0 26 Gl Ga, Cpx, Pl, Rut, (Qtz?), Ox
71 1000 24.0 25 Gl Ga, (Cpx), Pl, Qtz, Rut, Ox
93 1000 60.0 25 G, Ga, Cpx, (P), (Qtz?)
77 1050 46.0 24 G, Ga, Cpx, (PI?)
92 1100 300 24 Gl Ga
610 700 63.0 5.0 G, Ga, Cpx, Hb, PI, Bi
602** 800 30.0 5.0 Gl Ga, Cpx, Hb, Pl, Bi
64 850 240 5.0 Gl Ga, Cpx?, Hb, Pl, Rut, Apa, Zir
63 900 21.0 4.6 Gl Ga, Cpx, Hb, (PI?), Apa, Zir
28 950 16.5 5.2 Gl Ga, Cpx, (Hb?)
30 1000 80 52 Gl Ga, (Cpx)
29 1040 50 51 Gl Ga
68 1060 35 5.0 Gl Ga, (r-Cpx)

105 975 12.0 7.6 Gl Ga, Cpx, (Hb)
106 10256 19.0 74 Gl

65 850 26.0 10.0 Gl Hb, Ga, Cpx, Apa, Zir, Ti
42 200 14.0 9.0 G, Hb, Ga, Ox, (Cpx)

45 950 10.0 89 G, Hb, Ox

41 1000 5.0 95 al

* Gl = glass, Ga = Garnet, Cpx = Ca-rich pyroxene, Hb = amphibole,
Ox = Fe-Ti oxide phase, Pl = plagioclase feldspar, Rut = rutile, Zir =
zircon, Apa = apatite, Ti = titanite; phases in parentheses indicate trace
amount present; a question mark signifies uncertainty about whether the
phase is stable; a letter *'r"" indicates phase interpreted as relict and not
stable.

** Two runs done in Au capsules, from Huang and Wyllie (1986).

TaBLE 4. Microprobe analyses of products
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primary mineral in their experiments. In this study, using
Au capsules, clinopyroxene is not found on the liquidus
in experiments with more than 2.5% H,O added, al-
though it does appear within 50 °C of the garnet liquidus.
The clinopyroxene-out curve remains somewhat uncer-
tain, however, being based on identification of trace
amounts of the mineral or its absence. This may account
for the irregularity in the clinopyroxene liquidus curve
near 7.5% H,O, although it is possible that there is some
reaction associated with garnet and hornblende that af-
fects clinopyroxene stability in this region. The biotite-
out curve is bracketed with 5% H,O at 800 to 825 °C,
and the curves for quartz-out and orthoclase-out are sit-
uated at H,O contents of less than 5% at 700 °C.

The broader pattern of phase relationships for tonalite-
H,O0 is illustrated in Figure 2b, with the use of our new
results in the vapor-absent region and the reconnaissance
results from Figure 1. Additional limits are provided by
the data of Rutter and Wyllie (1988) for the solidus, or-
thoclase-out, and quartz-out for the tonalite with no water
added (0.8 wt% H,0). The phase boundaries are extended
to 0% H,O between solidus and liquidus using data from
Green (1972) for an andesite composition similar to that
of the dehydrated tonalite. For Green’s (1972) composi-
tion, plagioclase and pyroxene coexist at the liquidus, and

Phase
(n SiO, TiO, Al,O, FeO* MnO MgOo CaOo Na,O KO Total

Experiment 78

Gl (5) 68.1(17) 0.5(5) 17.6(24) 1.2(16) <0.1 0.4(3) 2.5(22) 6.41(5) 3.11(2) 92.2

Ga (6) 38.11(33) 1.69(15) 21.32(31) 20.06(53) 0.58(6) 6.99(56) 10.88(67) 0.09(1) 0.01(1) 99.74

Cpx (6) 48.23(53) 1.21(18) 12.08(60) 6.63(48) 0.09(2) 10.18(28) 19.29(23) 1.90(9) 0.04(2) 99.65

PI1 (6) 57.49(121) 26.56(73) 0.20(4) 8.32(82) 6.77(51) 0.24(7) 99.62
Experiment 71

Gl (3) 69.0(5) 0.6(3) 16.5(12) 1.8(14) <0.1(10) 0.7(10) 3.0(07) 4.8(15) 3.4(16) 94.2

Ga (8) 38.66(80) 1.91(34) 21.28(39) 20.60(105) 0.57(8) 9.06(37) 7.78(42) 0.13(7) 0.05(7) 100.40

Cpx (7) 49.84(24) 0.99(7) 9.34(66) 8.48(97) 0.15(5) 11.49(38) 17.79(128) 1.55(5) 0.10(3) 99.73

P1(5) 56.62(114) 27.12(89) 0.27(8) 8.99(91) 6.31(563) 0.25(9) 99.58
Experiment 93

Gl (4) 67.2(54) 0.8(12) 17.3(17) 1.7(10) 0.1(7) 0.9(7) 3.9(17) 5.1(12) 2.9(13) 93.4

Ga (8) 38.66(46) 1.76(26) 1.47(38) 20.22(95) 0.60(9) 9.22(69) 8.35(39) 0.09(4) 0.03(2) 100.39

Cpx (9) 49.35(34) 1.06(7) 10.21(30) 6.90(54) 0.11(3) 11.14(25) 19.14(84) 1.72(4) 0.05(4) 99.68

PI (6) 57.37(67) 26.62(52) 0.25(2) 8.49(43) 6.52(28) 0.32(5) 99.62
Experiment 77

Gl (5) 64.6(68) 0.7(6) 18.2(26) 2.8(13) <0.1(8) 1.2(4) 5.0(15) 4.9(27) 2.5(22) 94.7

Ga (7) 39.45(34) 1.38(27) 20.92(32) 18.48(62) 0.60(5) 11.89(58) 7.35(30) 0.09(2) 0.01(1) 100.16

Cpx (6) 49.31(91) 0.94(12) 11.55(48) 6.65(91) 0.11(2) 10.39(46) 19.00(74) 1.66(10) 0.01(4) 99.76
Experiment 92

Gl (5) 61.3(42) 0.8(3) 18.3(21) 4.6(10) <0.1(7) 2.4(4) 6.0(13) 4.0(31) 2.1(4) 952

Ga (9) 40.01(45) 0.84(42) 22.45(64) 15.95(73) 0.58(5) 12.91(60) 7.36(40) 0.05(2) 0.00(2) 100.22
Experiment 64

PI (7} 58.27(112) 25.64(89) 0.42(18) 7.75(78) 6.70(40) 0.38(13) 99.28
Experiment 63

P1 (6) 55.87(79) 27.66(62) 0.25(3) 9.61(67) 6.05(32) 0.23(6) 99.69

Note: abbreviations are Gl = glass, Ga = garnet, Cpx = clinopyroxene, Pl = plagioclase; numbers in parentheses after phase identification indicate
number of analyses included in reported averages. Glass analyses have been recalculated to 100% totals. Totals given in this table are original totais,
reflecting presence of H,O in the glass. Numbers in parentheses in body of table are standard deviations in hundreths of percent for the reported

averages.
* Total iron as FeO.
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Garnet compositions
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Fig. 3. Compositions of experimental garnets plotted in the

grossular-almandine-pyrope (Gr-Alm-Py, respectively) triangle.

Each point represents the average of two to nine electron microprobe analyses. Temperatures at which the garets were grown are

indicated, and the results of Huang and Wyllie (1986) at 800-950

pyroxene is the liquidus mineral with 5% H,O, joined by
garnet some tens of degrees below the liquidus (compare
Figs. 1 and 2). Our results are consistent with clinopy-
roxene as the liquidus mineral in the range 0-3% H,O,
but we find garnet or amphibole on the liquidus at higher
H.O contents. The near-liquidus relationships for calc-
alkaline compositions near tonalite and andesite with low
H,0 are sensitive to water content as well as to variations
in bulk composition.

As already stated in connection with Figure 1, the po-
sitions of the phase boundaries at H,O contents higher
than those examined in this study need some adjustment
for Fe loss to the AgPd alloy or Pt capsules used in pre-
vious work. Major trends are clear, however, with the
data available. Figure 2b shows that the major effect of
water on tonalite phase relations is depression of the lig-
uidus and phase boundaries for anhydrous silicate min-
erals, eventually resulting in the stabilization of liquidus
amphibole at H,O contents above 8 to 9 wt%. The break-
down temperatures of amphibole and biotite in the va-
por-absent region in the presence of hydrous melt change
little as a function of H,O content compared with the
observed changes for the anhydrous silicates. The sub-
solidus assemblage according to Huang and Wyllie (1986)
is Hb + Cpx + Pl + Qz + Ga + Bi + V. The 4%
orthoclase in the original rock is dissolved in the vapor
phase at this pressure (Stern et al., 1975). At low H,O
contents, some orthoclase must be present, and it has
been observed in the vapor-free rock, with the orthoclase-
out curve bracketed at 850-875 °C (Rutter and Wyllie,
1988). At temperatures below about 650 °C, additional
clinopyroxene would be produced in the subsolidus as-
semblage, associated with the breakdown of plagioclase
to jadeite (Lambert and Wyllie, 1974).

°C are shown by open stars.

Mineral compositions

Microprobe-analysis data for minerals and quenched
melts in experiments with 2.5 wt% H,O added are in
Table 4. Analytical data for experiments with 5 or 10
wit% H,O added are given in Carroll and Wyllie (1989).

Garnet. The Ca-Mg-Fe compositions of experimental
garnets and the temperatures at which they are grown are
shown in Figure 3. Also shown as stars are garnet com-
positions at 800 to 950 °C reported by Huang and Wyllie
(1986). The garnets range from Gr,, sPy,; sAlm;; at 1100
°C and 2.5% H,O to Gr,, sPy,, ,Alm,, ; at 850 °C and 10%
H,O. With decreasing temperature, garnets have higher
FeO, lower MgO, and slightly higher CaO contents. Vari-
ations in garnet Mg/(Mg + Fe), where Fe represents total
Fe as Fe**, with temperature and amount of water in the
system are shown in Figure 5, with the general trend of
lower Mg/(Mg + Fe) at lower temperature. The Mg/(Mg
+ Fe) values range from a maximum of 0.60 at 1100 °C,
2.5% H,0, to a minimum near 0.25 at 850 °and 5% H,O.
The 2.5% and 5% H,O experiments show at most a 10%
difference in Mg/(Mg + Fe) at constant temperature, with
the experiments at lower contents of water having the
lower Mg/(Mg + Fe) garnets.

The concentrations of the minor components Ti, Mn,
and Cr in the garnets are all low, and abundances de-
crease in the order Ti > Mn > Cr. On a weight-percent
basis, TiO, varies from 0.84 to 1.91%, MnO from 0.57
to 1.3%, and Cr,0, is less than 0.05%. The total minor-
element content is never more than 2.5 wt%, and there
are no systematic variations with either temperature or
amount of water in the system except for a tendency for
the lower temperature garnets to have slightly higher Ti
and Mn contents.
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Fig. 4. Clinopyroxene and hornblende compositions plotted in the triangle MgO-CaO-FeO. The sample labeled “core” shows
the composition of relict clinopyroxene core and surrounding euhedral hornblende crystal.

Clinopyroxene. Ca-rich clinopyroxene was the only py-
roxene encountered in this study. The average Ca-Mg-Fe
compositions of the pyroxenes are shown in Figure 4 and
analyses are given in Table 4. The (small) effects of tem-
perature and water content on pyroxene Mg/(Mg + Fe)
are shown in Figure 5. The clinopyroxenes show little
change in Mg/(Mg + Fe) or Ca/(Mg + Fe) with temper-
ature or water content of the system, although the cli-
nopyroxene at 850 °C and 10% H,O is slightly richer in
Ca. Nonquadrilateral components in the clinopyroxenes
range from 9 to 12 mol% Ca-Tschermak’s molecule and
5 to 11 mol% jadeite.

Abundances of the minor elements Ti, Mn, and Cr
decrease in the order Ti > Mn > Cr, with Cr,0, always
less than 0.05 wt%, MnO between 0.07 and 0.15 wt%,
and TiO, from 0.9 to 1.45 wt%. TiO, shows a small in-
crease with decreasing temperature, whereas the Cr and
Mn variations are within the analytical error. Na and Al
in the experimental pyroxenes are significant compo-
nents, and they are both slightly enriched in the pyrox-
enes grown at lower temperatures. Abundances range from
9.34 to 12.08 wt% for Al,O, and from 1.22 to 2.33 wt%
for Na,O.

Amphibole. Amphibole was observed only in experi-
ments with 5 or 10 wt% H,O and then only at tempera-
tures below 975 °C. Amphibole compositions are plotted
along with those of clinopyroxene in Figure 4. The Mg/
(Mg + Fe) of amphibole is higher than that of coexisting
garnet and lower than that of coexisting clinopyroxene,
as shown in Figure 5. Several experiments had well-
formed amphiboles with relict cores of clinopyroxene or
clinopyroxene partly altered to amphibole. The amphi-
bole rims were homogeneous as far as could be deter-
mined, and they were easily discerned in backscattered

electron images. The rim and core compositions of an
amphibole grown at 950 °C and 10% H,O added are shown
in Figure 4; other compositions plotted in Figure 4 all
correspond to rim compositions. According to the clas-
sification scheme of Leake (1978) the amphiboles are par-
gasites. At 850 °C, amphiboles grown from charges with
10% H,O have higher Ca/Mg and lower FeO than am-
phiboles found in the 5% H,O experiments.

Minor elements in the amphiboles decrease in the or-
der Ti > Mn > Cr, with TiO, ranging from 1.03 to 1.79
wt%, MnO from 0.17 to 0.32 wt%, and Cr,O, at the level
of detection (<0.05 wt%). TiO, is slightly higher in the
higher temperature amphiboles, but MnO shows no sys-
tematic variation. Alkalis in the amphibole together range
from 2.77 to 3.58 wt%, and the amphiboles from the 10%
H,O experiments have the highest alkali contents. Molar
Na/K ratios are ~3, similar to or slightly lower than the
coexisting liquid but not varying significantly with tem-
perature or amount of water in the system.

Melt compositions

Microprobe analyses of quenched melts from experi-
ments with 2.5% H,O added, recalculated on a water-free
basis, are in Table 4. Other quenched melt analyses are
reported in Carroll and Wyllie (1989). Each analysis rep-
resents an average of three to eight separate analyses. Evi-
dence that the glass compositions are representative of
the melt present at high pressures and temperatures in-
cludes compositional homogeneity of glass throughout the
experimental charges, lack of significant quench over-
growths on minerals grown during the experiments, and
the identical glass compositions in crystal-rich and crys-
tal-free regions of experiments showing evidence of crys-
tal settling.
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Fig. 5. Variations in molecular Mg/(Mg + Fe) with experimental temperature for (a, left) garnets and (b, right) hornblende (half-

filled symbols) and clinopyroxene.

Variations in glass composition are plotted as a func-
tion of temperature in Figure 6. The three lines on each
plot correspond to tonalite with added H,O equal to 2.5,
5, or 10 wt% (circles, triangles, and squares, respectively).
The small arrow on the weight-percent axis of each dia-
gram indicates the composition of the tonalite starting
material. The glass analyses show compositions corre-
sponding to the starting materials at super-liquidus tem-
peratures (Table 3), and the smooth compositional trends
with increasing temperature correspond to an increasing
degree of melting of the crystalline starting material. The
melts become poorer in SiQ,, K,0, and Na,O and richer
in CaO, MgO, FeO, and TiO, as the temperature in-
creases. The larger amount of melting at a given temper-
ature for the more water-rich butk compositions is re-
flected in lower alkali and silica concentrations in the
melt. The destabilization of plagioclase by H,O results in
more ALO;-enriched melts at lower temperatures in the
more water-rich experiments. The observed trends in the
alumina content of the melt indicate that plagioclase melts
between 1000 and 1050 °C for the 2.5% H,O experiments
and between 850 and 900 °C for the 5% H,O experiments,
which is in good agreement with the mineral assemblages
observed in the experiment products. The low Al,O, point
for 2.5% H,O at 1000 °C is from a short duration exper-

iment that contained relict plagioclase, which results in a
more alumina-depleted melt. The high Na,O content of
the 850 °C and 10% H,O experiment reflects the lack of
plagioclase crystallization in this sample owing to the high
water content.

When plotted in terms of SiO, content, the melt com-
positions, except for ALLO; and to a lesser extent MgQO,
show essentially collinear trends irrespective of the
amount of water present. Al,O, is strongly influenced by
the abundance of plagioclase or garnet, the most Al-rich
phases. The 10% H,O experiments, with liquidus horn-
blende, have the highest alumina contents, the 5% H,O
experiments have intermediate alumina, and the 2.5%
H,O experiments have the lowest alumina in the melt (at
<~1025 °C). The predominance of Mg-rich amphibole
in the 10% H,O starting composition also produces melts
with lower MgO at fixed SiO, content compared to the
lower H,O samples.

Glass compositions, shown as filled symbols, are plot-
ted in the triangle CaO-MgO + FeO-Y%Si0, in Figure 7.
The composition of the tonalite starting material is coin-
cident with the square at the low-SiO, (high-temperature)
end of the plotted analyses. The open symbols in Figure
7 show the compositions of calc-alkaline gabbro through
granite from the Sierra Nevada batholith (from Carmi-
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Fig. 6. Major element analyses of quenched melts in tonalite + H,O system at 15 kbar as a function of experimental temperature.
Samples with different amounts of added water are shown by different symbols, as indicated in legend. Small arrows on the wt%

axis show the composition of tonalite starting material.

chael et al., 1974, page 560; similar trends are observed
for calc-alkaline volcanic rocks). The experimental glass
compositions all project onto a single curving path, in-
dependent of H,O content, but clearly diverging from the
calc-alkaline batholith trend. The same observation about
the non-calc-alkaline nature of melts at 15 kbar was made
by Huang and Wyllie (1986) for three samples of tonalite
+ 5% H,O equilibrated at 800 to 950 °C. Stern and Wyl-
lie (1978) noted similar departures of experimental melt
compositions from the calc-alkaline trend in experiments
on gabbro and tonalite at 30-kbar pressure.
Compositional fields for the coexisting minerals in the
experiments are in the lower portion of Figure 7. Garnet
is the mineral showing the largest variation in Ca/(Mg +
Fe), with the highest-temperature garnets being the most
Ca-poor. Hornblende and clinopyroxene show much less
variation in Ca/(Mg + Fe), and the compositional vari-
ation cannot be correlated with the temperature or water
content of the coexisting melt. The geometric relation-
ships among the plotted melts and coexisting mineral
compositions clearly indicate the role of garnet crystalli-
zation (or hornblende, in 10% H,O experiments) in de-
termining the near-liquidus compositional evolution of

tonalitic melt; i.e., garnet (or hornblende) subtraction
drives melts toward higher Ca/(Mg + Fe).

PETROLOGICAL APPLICATIONS

Estimated crustal thicknesses in mature continental arc
regions range from approximately 70 km in the Andes,
to 45 km in western North America, to 30-35 km in
Alaska (Gill, 1981, p. 48). The phase relationships estab-
lished at 15 kbar, corresponding to a depth of approxi-
mately 50 km, are thus applicable to magmatic processes
at deep-crustal to upper-mantle depths in regions of plate
convergence. Although mounting evidence from detailed
petrological and geochemical studies documents the mul-
tiple-source, open-system nature of magmatic processes
(e.g., Arculus and Powell, 1986; Marsh, 1987; Hildreth
and Moorbath, 1988), the experimental determination of
phase stabilities and compositions provides the basis for
prediction of possible magma-source materials and plau-
sible differentiation trends or parent-daughter relations
in a given magmatic suite. Our results are concentrated
in the water-undersaturated portion of the tonalite-H,O
system at 15 kbar, and they complement and build upon
the previous work of Huang and Wyllie (1986).



CARROLL AND WYLLIE: GENESIS OF CALC-ALKALINE MAGMAS 355

1/4 Si02

CaO

Tonalite-H20, 15 Kbar

Glass compositions
2.5 wt% H,O added
5 wt% H,O added
10 wt% H,O added

A

O = Sierras

MgO

mol %

+
FeO

Fig. 7. Compositions of quenched melts and crystals from tonalite with 2.5 to 10% H,O at 15 kbar. Open symbols show the
compositions of Sierra Nevada gabbro through granite. Filled fields in the lower part of diagram indicate projected compositions

of clinopyroxene (Cpx), hornblende (Hb), and garnet (Ga).

Amphibole fractionation

The possible role of amphibole fractionation in the
genesis of calc-alkaline rocks, a topic of long-standing
debate, was reviewed in Huang and Wyllie (1986). New
results on tonalite at 15 kbar show amphiboles with sig-
nificantly higher Mg/(Mg + Fe) than the coexisting an-
desitic to dacitic or rhyodacitic melts [100 Mg/(Mg + Fe)
= 55 to 65 in amphiboles versus 35 to 45 in quenched
melts], suggesting that amphibole fractionation at high
pressure may not be effective in inhibiting Fe enrichment
in andesitic and more evolved liquids. Clinopyroxene is
even more Mg rich than amphibole, and thus fraction-
ation of garnet with low Mg/(Mg + Fe) ratios is the most
important factor inhibiting Fe enrichment of melts under
the investigated conditions. These observations are in ac-
cord with the previous results of Huang and Wyllie as
well as those of Allen and Boettcher (1983) on more mafic
melt compositions. This finding contrasts with the pro-
posed role of amphibole fractionation for inhibiting Fe

enrichment as suggested by Green (1982) on the basis of
data showing amphibole with Mg/(Mg + Fe) much closer
to that of the coexisting andesitic liquid. It is also notable
that more than 8 wt% H,O is required to stabilize liqui-
dus or near-liquidus amphibole in andesite melt at 950
to 975 °C. Such a large amount of water is only likely in
magmas produced by low degrees of melting, and they
would be considerably more silicic than andesite. This
restriction suggests that magmas of andesitic affinity at
15-kbar depths would contain mainly garnet and clino-
pyroxene, with amphibole appearing at lower tempera-
tures, coexisting with a more silicic melt (~65 wt% SiO,).

Magma differentiation and production at 15 kbar

Fractionation of andesite or tonalite at 15 kbar pre-
dominantly involves garnet and clinopyroxene near the
liquidus and amphibole and plagioclase at lower temper-
atures, depending somewhat on water content, as shown
in Figure 3. Glass compositions in partially crystalline
tonalite are significantly different from typical calc-alka-
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line rocks, such as those in the Sierra Nevada of western
North America (e.g., see Fig. 7). The deviation of the
glass compositions from the calc-alkaline trend is toward
higher Ca/(Mg + Fe), as was indicated by the exploratory
results of Huang and Wyllie (1986). The departure of
melt compositions from the almost constant Ca/(Mg +
Fe) ratio of the calc-alkaline trend is greater than that
observed in the previous study, and only at temperatures
less than 850 °C might liquids (granitic) from partially
molten tonalite approach calc-alkaline compositions in
terms of the Ca/(Mg + Fe) ratio. The experimental melts
are also generally richer in Al,O, than typical calc-alka-
line rocks, and fractional crystallization at shallower levels
with more significant involvement of plagioclase is re-
quired to explain the compositions of most arc magmas
(e.g., see Grove and Baker, 1984). In cases requiring in-
volvement of garnet in magma genesis, such as in the
Andes of central Chile (Hildreth and Moorbath, 1988), a
complex history involving polybaric fractionation is
needed to produce the appropriate major-element com-
positions.

Our conclusions regarding crystal fractionation at 15
kbar and the genesis of calc-alkaline magmas are also
applicable to partial melting of tonalitic to gabbroic rocks
in thickened crust. Such processes have been discussed at
length by Wyllie (1977), Burnham (1979), and Huang and
Whyllie (1986). The near-liquidus mineral assemblages of
Ga + Cpx = Hb (Fig. 3) observed in experiments on
tonalite + H,O may be interpreted as potential residues
from which andesitic melt could be extracted, assuming
that (1) melting was not extensive enough to have con-
sumed a mineral and (2) the melt was not in a reaction
relationship with any mineral. However, the work of
Hellman (1979; in Green, 1982) and Huang and Wyllie
(1986) indicates that partial melts from hydrous basalt at
15 kbar do not correspond to calc-alkaline compositions,
having inappropriately high Ca/(Mg + Fe) ratios and
AL O, enrichments. Our results further show that liquids
produced in the melting interval of tonalite with 3 to 11
wt% H,O at 15 kbar follow a compositional path with
distinctly higher Ca/(Mg + Fe) and Al,O, compared to
typical calc-alkaline rocks (Fig. 7). The implication of
these observations is that partial fusion of garnet-bearing
tonalite to gabbro in the deep crust will not produce calc-
alkaline melts.
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