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Abstract We have conducted high pressure (to 3 kbar),
water saturated melting experiments on an andesite (62
wt% SiO2) and a basaltic andesite (55 wt% SiO2) from
western Mexico. A close comparison between the ex-
perimental phase assemblages and their compositions,
and the phenocryst assemblages of the lavas, is found in
water saturated liquids, suggesting that the CO2 content
was minimal in the ¯uid phase. Thus the historic lavas
from Volcan Colima (with phenocrysts of orthopyrox-
ene, augite, plagioclase, and hornblende) were stored at
a temperature between 950±975 °C, at a pressure be-
tween 700±1500 bars, and with a water content of 3.0±
5.0 wt%. A hornblende andesite (spessartite) from
Mascota, of nearly identical composition but with only
amphibole phenocrysts, had a similar temperature but
equilibrated at a minimum of 2000 bars pressure with a
dissolved water content of at least 5.5 wt% in the liquid.
Experiments on the basaltic andesite show that the most
common natural phenocryst assemblages (olivine,
�augite, �plagioclase) could have precipitated at
temperatures from 1000±1150 °C, in liquids with a wide
range of dissolved water content (�2.0±6.0 wt%) and a
corresponding pressure range. A lava of the same bulk
composition with phenocrysts of hornblende, olivine,
plagioclase, and augite is restricted to temperatures be-
low 1000 °C and pressures below 2500 bars, corre-
sponding to <5.5 wt% water in the residual liquid.
Although there is some evidence for mixing in the
andesites (sporadic olivine phenocrysts), the broad
theme of the history of both lava types is that the phe-
nocryst assemblages for both the andesitic magmas and
basaltic andesitic magmas are generated from degassing
and reequilibration on ascent of initially hydrous par-

ents containing greater than 6 wt% water. Indeed and-
esitic magmas could be related to a basaltic andesite
parent by hornblende-plagioclase fractionation under
the same hydrous conditions.

Introduction

Andesite lavas from the western Mexican volcanic belt
contain a variety of phenocrysts ranging from only
hornblende, to the most common, plagioclase-horn-
blende-2 pyroxene-titanomagnetite assemblages. This
diversity of phenocryst suites, despite similarity in bulk
composition, indicates di�erent conditions of magma
storage and phenocryst growth prior to eruption, and it
is to quantify these conditions that this paper is con-
cerned. Similarly, basaltic-andesite lavas have an array
of phenocryst assemblages, typically without plagio-
clase, but their higher temperatures relative to andesites
make hornblende phenocrysts rare among these lavas.

While we have known for some time the role that
water plays in the generation of continental subduction-
related magmatism relative to that in island arc settings
(Osborn 1959; Ewart 1982; Merzbacher and Eggler
1984), the majority of hydrous phase equilibria studies
on subduction-related lavas (e.g., andesites and basaltic
andesites) have focused on the high pressure assem-
blages of these rocks (e.g., Baker and Eggler 1987;
Eggler and Burnham 1973; Eggler 1972; Holloway and
Burnham 1972) in order to test hypotheses of possible
mantle sources (Osborn 1959; Green and Ringwood
1968). Fewer studies have been conducted concerning
the upper crustal conditions (1±3 kilobars) at which
most subduction-zone magmas appear to reside prior to
eruption (Luhr 1990; Rutherford and Devine 1988;
Rutherford et al. 1985; Merzbacher and Eggler 1984;
Sisson and Grove 1993a, b). Small amounts of water
dissolved in these magmas at crustal conditions can have
signi®cant e�ects on their phase assemblages, conse-
quently in¯uencing evolution of melt composition. For
example, water contents greater than 2 wt% in basaltic
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melts lowers the crystallization temperature and pro-
portion of plagioclase, and changes its equilibrium
composition, while at the same time stabilizing olivine
(Sisson and Grove 1993a); as water changes the com-
position of the residual liquid, so will it change the
fractionation path taken by the magma.

Due to the unique tectonic environment of the west-
ern Mexican volcanic belt (WMVB), the in¯uence of
water on subduction-related magmatism is extensively
displayed. In addition to unusual hydrous, alkaline lava
types (minettes, absarokites) not normally associated
with subduction (Carmichael et al. 1996; Wallace and
Carmichael 1992; Wallace et al. 1992), calc-alkaline la-
vas of nearly identical composition have widely di�erent
phenocryst assemblages. We have used this phenocryst
diversity to constrain experimentally the storage condi-
tions prior to eruption of magmas from the Mexican

volcanic belt, and to quantify the water contents in the
residual liquids required by their phenocryst assem-
blages.

For this experimental study, we have chosen two
representative calc-alkaline lavas from western Mexico:
a basaltic andesite and an andesite (Mas-22 and Mas-12
respectively; Table 1; described in Carmichael et al.,
1996). Lavas with similar compositions are found
throughout the entire Mexican volcanic belt (Fig. 1) and
in continental volcanic arcs worldwide (Hasenaka and
Carmichael 1987; Gill 1981). Lange and Carmichael
(1990) noted the distinctive lack of plagioclase in basaltic
andesites (52±55 wt% SiO2) and the presence of Mg-rich
(Fo70±90) olivine both as phenocrysts and in the
groundmass in many lavas from the San Sebastian area
(Fig. 2), and Carmichael et al. (1996) described a horn-
blende lamprophyre of similar composition from the

Table 1 Wet chemical analyses
of whole rock compositions and
modal percent of phenocrysts in
lavas. Wet chemical analyses
for Mas-12, 22, 405 from Car-
michael et al. (1996); Col-7
from Luhr and Carmichael
(1980). Modal data for Col-7
from Luhr and Carmichael
(1980), Mas-22, 12, 405 from
Carmichael et al. (1996)

Composition Spessartite
(Mas-12)

Colima
andesite
(Col-7)

Hornblende
lamprophyre
(Mas-405)

Basaltic
andesite
(Mas-22)

SiO2 62.64 61.61 55.25 55.25
TiO2 0.63 0.60 0.83 0.74
Al2O3 17.25 17.82 17.32 17.41
Fe2O3 2.01 2.10 4.04 1.96
FeO 2.01 2.96 2.06 4.22
MgO 2.65 2.54 5.59 6.68
CaO 5.64 5.70 7.09 7.28
Na2O 4.05 4.77 4.21 3.97
K2O 1.61 1.43 2.06 1.18
P2O5 0.24 0.20 0.23 0.27

H2O+ 0.80 0.10 0.49 0.61

Total 99.53 99.73 99.28 99.57

Plagioclase 2.4 22.2 0.1 6.5
Orthopyroxene ± 2.9 ± ±
Augite ± 1.8 1.6 2.6
Olivine ± tr 1.1 6.5
Hornblende 3.8 1.5 5.6 ±
Groundmass 76.0 61.3 84.5 72.0

Fig. 1General map of Mexico
showing the oceanic plates,
spreading centers, and the
Middle American trench. Box
is area of western Mexico
shown in Fig. 2. Lined area is
the Sierra Madre Occidental
ash¯ow province; shaded area
labeled MVB is the Mexican
Volcanic belt
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Mascota region with phenocrysts of hornblende, olivine,
augite and minor plagioclase. These assemblages con-
trast with the postulated low-water assemblages (or-
thopyroxene plus plagioclase) of the basaltic andesites
from the Michoacan-Guanajuato volcanic ®eld (MGVF
in Fig. 2) in the central Mexican volcanic belt (Hasenaka
and Carmichael 1987). Distinctive phenocryst assem-
blages in andesites are also thought to be related to
preeruptive water contents. For example, the selected
andesite sample (62 wt% SiO2) was erupted as a
spessartite (a confusing name, but a variety of lamp-
rophyre) with only phenocrysts of hornblende (Table 1),
near the town of Mascota (Fig. 2); in contrast, a nearly
compositionally identical lava occurs as a lava ¯ow at
Volcan Colima (Fig. 2), with phenocrysts of plagioclase,
augite, orthopyroxene, and hornblende (Table 1) (Luhr
and Carmichael 1980) approximately 250 km to the SE
of Mascota (Carmichael et al. 1996).

Given these observations of varying phenocryst as-
semblages in calc-alkaline lavas from the same volcanic
arc, we have conducted melting experiments to quantify
the equilibrium conditions and water contents associat-
ed with the phenocrysts of each lava type.

Experimental technique

One atmosphere experiments

The two samples (Mas-12 and Mas-22; Table 1) were equilibrated
at one atmosphere pressure in a Deltech resistive furnace with CO/
CO2 gas mixtures controlling the oxygen fugacity at approximately
the nickel-nickel oxide oxygen bu�er (NNO). The gas ¯ow rates
were controlled using Linde Standard Response Flow Control
Modules connected to a Linde Operator console, allowing total
¯ow rates on the order of 100 cubic cm per minute. Oxygen fuga-
cities were measured at the sample using a solid zirconia electrolyte
oxygen sensor (SirO2 C700+) built by Ceramic Oxide Fabricators.
The sensor was calibrated against the NNO bu�er at 1100 °C and

was found to be within �0.1 log units of the expected value of the
oxygen fugacity (Huebner and Sato 1970). Temperature was mea-
sured using a ``type S'', Pt-PtRh10 thermocouple that also served as
one of the leads for the zirconia oxygen sensor. The thermocouple
was calibrated against the melting point of gold, and was found to
be within �5° of the accepted value (1064 °C).

The experimental sample consisted of a paste of polyvinyl al-
cohol (PVA) and rock powder placed on a Pt loop, which was
subsequently hung from a Pt wire cage and suspended in the fur-
nace using a thin Pt quench wire. Quenching was accomplished by
melting the quench wire and dropping the sample cage into a cup of
distilled water placed at the bottom of the furnace. At no time did
the samples leave the gas stream. All runs used Pt loops that were
presaturated with iron to minimize iron loss. This was achieved by
running the loop with sample for 24 hours at the oxygen fugacity
and temperature of interest, quenching it and dissolving the glass
o� the loop by placing it in HF overnight. Fresh rock powder was
then placed on the ``iron saturated'' loop, and run at the same
conditions. The quenched products were then analyzed on the
electron microprobe and the results are given in Table 2.

Experiments at elevated pressure

The hydrous experiments were conducted in an internally heated
pressure vessel (IHPV) using the vertical ``rapid quench'' design
described in Holloway et al. (1992). Pressure was measured with a
calibrated Heise gauge accurate to �5 bars, while temperature was
measured across the assembly using three sheathed ``K'' type
thermocouples calibrated to �5 °C of the melting point of gold.
Temperature gradients across the sample were controlled using a
dual winding furnace connected to a variable transformer, and were
never greater than 15 °C over the length of the sample capsule.
Larger temperature di�erences often occurred however between the
sample and oxygen sensor capsule (described below) depending on
run conditions. Further modi®cation of the furnace design during
the course of the study eliminated any temperature gradient over
the entire capsule assembly (5 cm). Previously, Holloway et al.
(1992) reported unstable convection and thermal gradients in their
vessel above 1.5 kilobars, but we were able successfully to conduct
runs to the pressure limit of our vessel (3 kbar) without signi®cant
or unstable temperature gradients over �5 cm length. Holloway et
al.s furnace was approximately 20 cm long, and the sample tube is
only half that, whereas our sample tube and furnace are 45 and
52 cm in length respectively. It is possible that the increased length

Fig. 2 Geologic map of the
Jalisco Block, western Me-
xico, showing the major tec-
tonic features. (WMVB the
western Mexican volcanic
belt, MGVF the Michoacan-
Guanajuato volcanic ®eld).
The numbers 1 and 2 res-
pectively are the locations of
Volcan Colima and the
Mascota-San Sebastian vol-
canic ®eld discussed in the
text
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stabilizes the convection within the sample tube to higher pressures,
thereby allowing the rapid quench design to be used at pressures to
3 kilobars and possibly higher.

The pressure medium within the vessel consisted of H2-Ar
mixtures that also served to set the oxygen fugacity within the
sample. All runs used a mixture of 0.10 vol.% H2-99.90 vol.% Ar.
This gas composition results in an e�ective oxygen fugacity within
the pressure vessel of approximately one to two log units above the
Ni-NiO bu�er. It must be kept in mind that oxygen fugacity is not
controlled by a solid assemblage oxygen bu�er and varies with run
temperature and vessel conditions, but is measured using a Ni-Pd
alloy sensor in these experiments (described below). It was found
that for runs of greater than or equal to 72 hours duration the
sample appeared strongly oxidized, while the sensor gave oxygen
fugacity values equivalent to air. This was most likely due to the
continuous loss of hydrogen to the vessel walls, so for any run
greater than 48 hours the H2-Ar gas was replenished to maintain
the oxygen fugacity at the �NNO + 2 value (e.g., PEM12-22 with
a 96 h run time). Another factor that a�ected the oxygen fugacity
appeared to be the amount of time between runs. If several days
elapsed with the vessel exposed to air, the ®rst run following this
period was always oxidized (e.g., PEM22-12 and PEM22-13). This
is either due to oxidation of the vessel walls, or there is a curing
process that occurs with the hydrogen di�using into the steel during
the run and then out again, with the outward di�usion having a
timescale of days at room conditions. As the sensors from most of
the 48 hour runs gave oxygen fugacity values close to that predicted
from the composition of the gas mixture (NNO + 1), it is clear
that the oxygen fugacity was not drifting signi®cantly during the
course of most of the experiments.

The sample assembly consisted of two capsules: a sample melt
capsule and an oxygen sensor capsule. For experiments below
1150 °C Ag70Pd30 tubing (0.01'' wall thickness) was used, while
runs greater than this temperature used Ag60Pd40. Both of these
alloys are known to minimize, if not eliminate, iron loss from the
sample (Sisson and Grove 1993a); under the experimental condi-
tions reported here, the iron contents of the high temperature run
capsules were always below detection with the electron microprobe
(400 ppm). Vesiculation of the samples was not a problem, and
whole rock powder (40±50 mg) for both compositions was used.
The rock powder was placed into the sample capsule with a mini-
mum amount of water added (�5±8 mg) to saturate the sample.

The capsule was then welded, weighed, and dried for 30 minutes at
150 °C to check for leaks. The ambient oxygen fugacity of each
experiment was measured using a sensor that consisted of a cali-
brated Ni-Pd alloy (Taylor et al. 1992; Pownceby and O'Neil 1994)
that was loaded, along with a measured amount of water (�15±
25 mg), into the second capsule of the assembly. The experimental
details of our application of this sensor technique are given in
Moore et al. (1995).

After running and quenching the samples as described above for
a minimum of 48 hours, both capsules were weighed and punctured
and then reweighed after heating in a drying oven at 150 °C for 10
minutes. Puncturing typically resulted in a loud hiss or a bead of
water oozing out of the capsule. If the melt capsule did not lose
weight after puncturing and heating, the run was discarded.

Microprobe analyses

Microprobe analyses were done on the ARL-SEMQ eight-channel
electron microprobe or a Cameca SX-50 microprobe at UC
Berkeley. All mineral phases were analyzed using an accelerating
voltage of 15 kV, with a beam current of 30 nA measured on MgO,
a 10 second counting time, and a focused beam with a 2 micron
diameter. The reported compositions for all of the experimental
phases are the average of at least 10 di�erent point analyses taken
across a representative phase. Hydrous glass analyses used a 20
micron beam and a 10 nA beam current that minimizes the typical
decay of the alkalis that occurs in these glasses. The totals were
calculated using the predicted water contents of Moore et al. (1998)
and are adequate even up to 5 wt% dissolved water (Tables 3 and
4). The Ni-Pd alloy compositions of the oxygen sensors were an-
alyzed using a focused beam and a sample current of 40 nA. The
reported alloy compositions are the average of 5±10 individual
grain analyses, between which the standard deviation was never
larger than 3 mol% Ni.

Establishment of equilibrium

All runs were melting experiments and were held at the equilibrium
temperature for a minimum of 48 hours. Several tests of equilib-

Table 2 Run conditions and phases for 1 atmosphere experiments (Opx orthopyroxene, aug augite, plag plagioclase) ol olivine)

Sample # T- °C Log fO2
Phase SiO2 TiO2 Al2O3 FeO2 MgO CaO Na2O K2O Total

Andesite:
WD-5A 1251 )6.8 Gl
WD-6A 1199 )8.1 Gl 63.4 0.64 16.1 4.54 2.8 5.16 3.0 1.75 97.4

Plag 52.2 0.05 30.7 0.70 0.1 13.40 3.5 0.16 100.8
WD-7A 1099 )8.1 Gl 71.3 0.75 12.6 3.63 1.4 2.66 1.6 2.72 96.7

Opx 55.8 0.38 3.1 11.88 25.2 1.53 0.1 0.30 98.4
Aug 41.9 1.85 6.8 23.63 16.6 7.10 0.9 0.06 98.8
Plag 52.8 0.07 29.1 0.82 0.1 12.11 4.2 0.23 99.4
Oxide

WD-8A 1149 )4 Gl 64.3 0.80 14.5 5.76 4.8 4.75 2.4 1.78 99.1
Plag 52.2 0.03 31.2 0.77 0.1 13.43 3.6 0.17 101.3
Oxide

Basaltic
andesite:
WD-5B 1251 )6.8 Gl
WD-6B 1199 )8.1 Gl 55.9 0.75 17.3 6.26 6.5 7.50 3.8 1.16 99.1
WD-7B 1099 )8.1 Gl

Plag 53.6 0.07 29.3 1.03 0.1 12.09 4.2 0.26 100.6
Opx 54.7 0.34 1.2 15.43 25.9 2.41 0.1 0.07 100.1
Ol 39.6 0.02 0.08 20.28 40.6 0.21 ± ± 100.8
Oxide

WD-8B 1149 )8.4 Gl 59.7 1.03 15.6 6.68 4.5 6.34 3.4 1.73 99.0
Plag 50.4 0.03 32.0 0.79 0.1 14.20 3.3 0.10 100.9
Oxide
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rium were conducted, including comparisons of runs with signi®-
cantly longer run times. All phases in both the hydrous basaltic
andesite and andesite runs were relatively homogeneous in com-
position and had euhedral shapes. For instance plagioclase, a
typically slow mineral to equilibrate, only varied a maximum of 2
mol% in the An component from core to rim in the lowest tem-
perature runs. Hornblende consistently showed some heterogeneity
however in its Al and Ti content of up to several weight percent.
For the andesite composition one of the lowest temperature ex-
periments (PEM12-22) was run for 96 hours, with replenishment of
the hydrogen-argon gas halfway through the experiment. This run
showed no di�erences in zoning, homogeneity, or phenocryst
morphology in any of the phases to indicate that it was signi®cantly
di�erent from the 48 hour runs, suggesting that the 48 hour run
time was su�cient for all phases to approach equilibrium closely.
Also, the samples that were chosen as starting compositions had
very low phenocryst contents (�8 and �16% for Mas-12 and Mas-
22 respectively; Table 1) with a ®ne-grained groundmass, with the
bene®t that relict crystals in the run products were not detected.

Results

The stability of the phenocryst minerals varies system-
atically in both the andesite and basaltic andesite as a
function of water pressure and temperature (Figs. 3 and
4). Pressure-temperature phase diagrams constructed
from the results of the experiments were also contoured
with isopleths of dissolved water content using analyzed
glass compositions and the water solubility expression of
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Fig. 3 Water saturated pressure-temperature phase diagram for the
andesitic composition (Mas-12). Closed circles are conditions for
individual experiments. Phase boundary lines are phase-in lines plus
liquid. Sub-horizontal dashed lines are isopleths of water concentration
calculated from the residual glass compositions and the water
solubility model of Moore et al. (1998). Small numbers next to data
points in the plagioclase ®eld give the anorthite content of the
feldspars. Box represents the range of temperatures from pyroxene
geothermometry for Colima lavas (Luhr 1990). (Hbde hornblende,
Opx orthopyroxene, Plag plagioclase, Aug augite). Note the shaded
area represents the conditions of equilibrium for the Colima
assemblage and the lined area that for the Mascota spessartite
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Moore et al. (1998). With these diagrams it is easy to
assess the water contents and pressure-temperature
conditions necessary to stabilize the various natural
phenocryst assemblages of andesites and basaltic ande-
sites from the WMVB.

In order further to evaluate the relevance of the ex-
perimental conditions to the WMVB lavas, natural and
experimental phase compositions and abundances were
also compared. The modal abundance for each phase in
the run products was calculated using a linear least
squares mass balance analysis program (XLFRAC; Ni-
cholls and Stormer 1978) and are given as the numbers
in parentheses after the phases in Tables 3 and 4. This
method is dependent on the precise analysis of all phases
present, but as the measurement of the composition of
the hydrous glass is subject to signi®cant error on the
electron microprobe, the calculated modes are com-
monly inexact. Relatively large residuals (>1.0) were
encountered in several of the calculations for the silica
and sodium components, particularly for the basaltic
andesite composition, and are consistent with the rec-
ognized di�culty in the analysis of these elements. The
majority of the calculations however, had a sum of the
squares of the residuals for the entire calculation that
was less than 2.0, indicating that the ®ts are reasonable.

Phase diagram and phase compositions
and modes for andesite

All historical lava ¯ows at Volcan Colima up to 1975
have phenocrysts of plagioclase (20±30 vol.%), ortho-
pyroxene (1±4 vol.%), clinopyroxene (1±3 vol.%),
hornblende (1±5 vol.%); and of these only the 1913 and
1961 eruptions are not similar in composition to the
andesite used in this study (Table 1) (Luhr and Carmi-

chael 1980). This particular assemblage is shown by the
shaded area in Fig. 3. From the water isopleths (Fig. 3),
we infer that the Colima magmas had between 3 and 5
wt% dissolved water, and resided at pressures between
�700±1700 bars at approximately 950±975 °C prior to
eruption. The modal calculations for the experiments
also show that there is approximately 60 wt% residual
liquid (glass) at these conditions (Fig. 5; Table 3). All of
these observations are in agreement with the range of
water estimates for the 1961±1991 ¯ows at Volcan Co-
lima (2.5±3.5 wt% H2O) based on plagioclase-melt
equilibria (Luhr 1992), the pyroxene thermometry esti-
mate (960±980 °C), and the modes of the natural phe-
nocryst assemblages (Luhr and Carmichael 1980).

This agreement between the experiments and the
observed characteristics of the lavas suggests that not
only do the pressure and temperature conditions of the

Fig. 4 Water saturated pressure-temperature phase diagram for the
basaltic andesite composition (Mas-22). Abbreviations and symbols as
in Fig. 4 (Oliv olivine). Long dashed lines in the olivine-only ®eld are
contours of estimated modal% olivine

Fig. 5 A Phase modes as a function of temperature for the andesite
composition at 1 kilobar pressure. The lined box represents the range
of % groundmass and temperature estimated for the Colima andesites
(Luhr and Carmichael 1980; Luhr 1990). Error bars on liquid
estimated from largest calculated residuals. B Phase modes as a
function of pressure for the andesite composition at 950 °C. Lined box
represents range of % groundmass for the Colima lavas, as well as
range of pressure for which the lava assemblage is stable at 950 °C.
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experiments duplicate those of the magma, but also in-
dicate that the Colima andesites were in equilibrium
with a water-rich ¯uid phase that did not contain sig-
ni®cant amounts of carbon dioxide. Eggler and Burn-
ham (1973) showed that the stability of hornblende in an
andesitic melt was not dramatically a�ected by the ad-
dition of up to � 66 mol% CO2 to the ¯uid. While this
observation allows for the presence of signi®cant CO2, it
is countered by the dependence of plagioclase composi-
tion on temperature and water fugacity (Housh and
Luhr 1991), and also the e�ect of water fugacity on the
modal amounts of the phenocrysts present, especially
plagioclase (Fig. 5). For example, at 970 °C and 1800
bars (the upper stability limit for the Colima lavas),
addition of �60 mol% CO2 (assuming ideal mixing),
would lower the water fugacity to �720 bars, which
would increase the modal abundance of plagioclase well
beyond the 30 modal percent maximum observed in the
Colima andesites (Fig. 5). Several lines of evidence in-
dicate that the ¯uid phase of the Colima lavas did not
contain signi®cant amounts of carbon dioxide.

1. The agreement between the experimental (water sat-
urated) phase assemblage and phase abundance and the
observed phenocryst data, at the temparatures of py-
roxene phenocryst thermometry.
2. The correspondence between the plagioclase-melt
water estimates and the calculated water solubility in the
residual liquids (glasses) using the model of Moore et al.
(1998)
3. The correspondence of the experimental phase com-
positions with those of the phenocrysts (see below).

For the Mascota spessartite phase assemblage of
hornblende only (lined area, Fig. 3) we see that a mini-
mum estimate of the preeruptive water content is 5.5
wt%, and that a pressure of approximately 2000 bars
and a similar temperature to the Colima andesites is
required to stabilize the hornblende-only assemblage.
The upper bound on the pressure and water content of
this assemblage is not constrained by our experiments
and could be greater than 7 wt% H2O (or 3 kbar). Note
also in Fig. 3 the characteristic suppression of plagio-
clase with increasing PH2O from being the liquidus phase
at 500 bars and 1100 °C, to being the third phase in
(with Fe-Ti oxide) at 3000 bars and 925 °C. Hornblende
is stabilized at higher pressures at the expense of or-
thopyroxene and plagioclase (Fig. 5), consistent with the
work of Eggler (1972) and Eggler and Burnham (1973).
In fact, orthopyroxene is not found in the presence of
hornblende above 2000 bars of water pressure (dashed
line for the orthopyroxene boundary, Fig. 3).

The estimated water content for the Mascota
spessartite, in contrast to the Colima andesites, shows
that pre-eruptive melt water contents may vary by as
much as a factor of two in magmas of similar compo-
sition within the same volcanic arc. The amount of water
that was necessary to stabilize this spessartite is im-
pressive when it is considered that the magma was
erupted as a ¯ow, travelling up a longer ascent path

(Carmichael et al. 1996), and that similar water contents
are estimated for the spectacular explosive eruption in
1974 of Volcan Fuego in Guatemala (Sisson and Layne
1993). Another enigma presented by this particular ¯ow
is that the time elapsed between emplacement of the ¯ow
and degassing of its water had to be small, as the
hornblendes show only slight reaction rims (Rutherford
and Hill 1993) and are known to not be ¯uorine-rich
amphiboles (Carmichael et al. 1996).

Phase compositions for the Colima phenocryst
assemblage

As was discussed previously, the preeruptive tempera-
ture and water content for the Colima andesite assem-
blage have been constrained from both pyroxene
thermometry and feldspar equilibria of the lavas (Luhr
and Carmichael 1980; Luhr 1992). Comparison of the
phase compositions from the experimental products and
the phenocryst assemblage can be used further to re®ne
estimates of the equilibrium pressure and eruption his-
tory.

The majority of phases produced in our andesitic
experiments match in composition those found in the
lavas (Table 5). Luhr and Carmichael (1980) report trace
amounts of olivine however in their modal analysis, but
no olivine compositions are given for samples similar to
the one studied here, and no olivine was found in any of
the experimental products; perhaps this is telltale evi-
dence for magma mixing. The oxides in the experiments
are titano-magnetite (Table 6), as are those found in the
lavas (Luhr and Carmichael 1980). The similar Fe-Mg
phase compositions (augite and opx) verify that the ex-
periments were conducted at a similar oxygen fugacity
(NNO + 2) to that of the natural system.

The other phenocryst phase, plagioclase, gives addi-
tional information on the crystallization history of the
Colima lavas. For example, the modal abundance of
plagioclase is equivalent in both the experiments and the
lava (26% in the experiments and 20±30% in the lavas)
suggesting a direct crystallization history for the magma
(i.e., no magma mixing), yet there is some disparity in
the more sodic rims of the phenocrysts (An46±52) com-
pared to the equilibrium crystals (An63 at 950 °C) in the
run products. The experimental plagioclase composi-
tions do fall within the range of the most calcic plagio-
clases (An58±85) analyzed in the lavas by Luhr and
Carmichael (1980), and it should be noted that An62 is
the most common calcic plagioclase composition found
in the Colima lavas, although no distinction is made
between phenocrysts and microphenocrysts. As Housh
and Luhr (1991) have shown that increasing melt water
content stabilizes the CaAl2Si2O8 component in plagio-
clase, the disparity between the calcic plagioclase phe-
nocrysts and the experimental feldspars could be
explained by a period of crystallization at higher water
pressure (>2 kbar; Fig. 3) which gave rise to the more
anorthite-rich feldspars. Following this period of crys-
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tallization, simultaneous crystallization of plagioclase
and degassing of water occurred during the ascent of the
magma through the conduit, creating the albite-rich
rims. This scenario is supported by the observation that
the most sodium-rich feldspar cores found in the lavas
are within 5 mol% Ab of their average rim composition,
with 2 exceptions (Col-7 and Col-18, both with a dif-
ference of �10 mol% Ab), as well as the presence of
signi®cant breakdown rims on the amphibole pheno-
crysts. Therefore we propose that the Na-rich feldspars
found in the Colima lavas nucleated and grew during
ascent, while the calcic plagioclase phenocrysts nucleat-
ed at higher pressures and grew Na-rich rims during
ascent.

Phase compositions for the Mascota spessartite

Hornblende is the only phenocryst phase in the
spessartite of Mascota, with plagioclase being a sporadic
microphenocryst, so that constraints on the intensive
variables are few. Because of the shape of the phase
boundaries (Fig. 3), we are able to limit the preeruptive
conditions and minimum water content to 950±975 °C
and >2 kbar or �5.5 wt% H2O dissolved in the melt.
The microphenocryst feldspar composition of An65
(Carmichael et al. 1996) observed in the spessartite is
consistent with the composition of equilibrium feldspar
generated in an experiment at 2.5 kbar and 935 °C
(PEM12-27; Fig. 3), suggesting that the feldspar nucle-
ated on ascent of the magma or that the magma had
cooled below the plagioclase saturation temperature just
prior to eruption. The lack of other phenocryst phases in
the lava favors the latter scenario, as nucleation of
feldspar only during decompression from the spessartite
®eld is impossible given the geometry of the phase
boundaries (Fig 3). The pristine nature of the horn-
blende phenocrysts in this lava also requires a rapid
ascent (Rutherford and Hill 1993), making crystalliza-
tion of other phases during ascent less likely.

The Fe/Mg ratio of the hornblende in the experi-
ments appears to depend on oxygen fugacity, similar to
the behavior of the other Fe-Mg phases, but does not
appear to depend on pressure or temperature. The fact
that the composition of the spessartite hornblende phe-
nocrysts (MgO � 16.3 wt% for the core) (Carmichael
et al. 1996) is slightly more magnesian than that found in
the Colima assemblage (wt% MgO � 14.5±15.5, Col-7)
(Luhr and Carmichael 1980) suggests that the spessartite
equilibrated at a higher oxygen fugacity than that found
at Colima. The calculated values of oxygen fugacity,
using the measured ferric-ferrous ratios of the bulk rocks
(Table 1), the empirical calibration of Kress and Car-
michael (1991), and a temperature of 950 °C for both
assemblages, are consistent with this inference
(logfO2

� ÿ8:3 and )9.1; for Mas-12 and the Colima
andesite Col-7 respectively).
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Phase diagram, phase compositions,
and modes for basaltic andesite

The phase diagram generated from our water saturated
experiments on the basaltic andesite composition is
shown in Fig. 4. Note that it has similar properties as
the andesite diagram in that plagioclase crystallization is
suppressed by increased melt water content and that
there appears to be a reaction relationship between
hornblende and the other Fe-Mg phases (note the aug-
ite/olivine out line). Hornblende also appears to be
stable to a slightly higher temperature than in the
andesite (1000 °C vs 975 °C respectively).

The basaltic andesites of the WMVB have widely
varying phenocryst assemblages and modal amounts
despite similar bulk compositions (Fig. 6; Lange and
Carmichael 1990; Carmichael et al. 1996). These phe-
nocryst suites match experimental assemblages, pro-
portions, and compositions, and show that the basaltic
andesites had preeruptive dissolved water contents from
below 2.0 to >5.5 wt% (Fig. 4). A considerable range in
water content can be represented by a single phenocryst
assemblage (Figs. 4 and 7); for example, the ``olivine-
only'' assemblage ranges in water content from �2 to 6
wt%, while the range for olivine + plagioclase + au-
gite is more restricted but still large (�2±5 wt%). Also
shown on this diagram is the stability ®eld for the
hornblende lamprophyre (Mas-405; Carmichael et al.
1996). Although not well constrained by our experi-
ments, this assemblage of hornblende + augite + oli-
vine + plagioclase has its upper temperature limited by
the stability of hornblende at 1000 °C. Its minimum
pressure/water content is also limited by this hydrous
phase to be >1.5 kbar or � 4.5 wt% H2O. However the
upper bound on the water content for this assemblage is

unconstrained by our experiments and could be greater
than 6 wt%, depending on the behavior of the plagio-
clase stability ®eld at higher pressures.

Phase compositions for the basaltic andesites

The compositions of the experimental phases match very
closely the phenocryst compositions found in the lavas,
suggesting that the conditions of the experiments are
relevant to the conditions of crystal growth for the
magmas. For example, the olivine and pyroxene com-

Table 6 Representative oxide compositions for andesite and basaltic andesite experiments (FeOt total iron as FeO)

Sample # P-bars T-°C LogfO2 SiO2 TiO2 Al2O3 FeOt MgO MnO CaO Cr2O3 V2O3 NiO Total

Andesite:
PEM12-4 1055 1000 )7.4 0.2 4.14 3.5 80.29 4.5 0.26 0.28 0.02 0.15 0.23 93.5
PEM12-5 1010 950 )9.3 0.2 12.01 1.9 74.61 3.1 0.25 0.13 0.02 0.35 0.09 92.7
PEM12-10 1455 950 )9.7 0.4 6.60 3.3 78.00 3.66 0.27 0.11 0.02 0.33 0.14 92.8
PEM12-11 441 1000 )8.4 0.1 4.77 3.2 80.74 4.3 0.29 0.10 0.08 0.24 0.34 94.2
PEM12-16 1717 950 )9.1 0.1 8.4 2.7 77.47 3.2 0.31 0.11 0.03 0.24 0.07 92.7
PEM12-22 710 960 )9.2 0.7 4.82 3.6 77.89 4.2 0.25 0.17 0.07 0.22 0.38 92.3
Basaltic andesite:
PEM22-2 1072 1100 )6.2 0.1 0.67 20.0 24.54 14.1 0.24 0.18 39.01 0.20 0.18 99.2
PEM22-3 1103 1150 )5.7 0.2 0.42 13.2 30.73 13.7 0.21 0.23 37.30 0.11 0.38 96.4
PEM22-4 1055 1075 )6.2 0.1 0.49 14.3 31.02 11.9 0.30 0.19 38.95 0.12 0.18 97.6
PEM22-5 769 1125 )6.4 0.5 0.66 13.7 36.97 12.0 0.29 0.39 30.76 0.13 0.23 95.7
PEM22-6a 607 1075 )6.4 0.1 0.82 11.3 39.58 8.9 0.35 0.17 35.47 0.14 0.06 96.8
PEM22-6b `` `` `` 0.2 4.50 4.6 77.92 5.8 0.27 0.12 0.14 0.23 0.09 93.9
PEM22-7 731 1150 )5.9 0.1 0.65 19.7 22.19 14.8 0.22 0.15 40.81 0.16 0.18 98.9
PEM22-8 1017 1075 )7.1 0.2 1.54 13.5 39.33 11.0 0.26 0.26 29.63 0.19 0.18 96.1
PEM22-9 517 1125 )6.4 0.1 0.50 17.6 26.37 12.4 0.31 0.11 41.05 0.10 0.14 98.7
PEM22-10 1572 1120 )5.7 0.2 0.52 13.8 29.17 13.3 0.26 0.25 39.06 0.04 0.39 96.9
PEM22-12 2082 1050 )3.8 0.1 0.67 7.4 65.41 14.4 0.33 0.15 5.05 ± 0.48 94.0
PEM22-13 2102 1075 )4.9 0.2 0.99 9.0 62.21 11.7 0.26 0.22 8.51 0.05 0.82 94.0

Fig. 6Histogram of the phase assemblages and their frequency for the
basaltic andesite composition (data from Lange and Carmichael 1990;
Carmichael et al. 1996).Numbers within the bars represent the average
modal% groundmass for each assemblage
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positions for the experiments (Table 5) are identical to
those reported for the lavas with similar phenocryst
phases (Lange and Carmichael 1990), indicating that the
oxygen fugacity of the experiments is similar to the
values at which the magmas came to equilibrium.

The normal compositional zoning found in the pla-
gioclase phenocrysts in the basaltic andesites is about 10
mol% An (An65±75) (Lange and Carmichael 1990).
These compositions agree very well with the experi-
mental feldspars from runs that reproduce the particular
assemblage. Because of the strong dependence of pla-
gioclase composition on the water content in the liquid
(Housh and Luhr 1991), this observation suggests, in
conjunction with the modal data discussed below, that
the magmas are well represented by the hydrous condi-
tions at which the experiments were run. For example,
the feldspar phenocryst core compositions for the most
frequent assemblage of olivine + plagioclase + augite
range from An63 to An74 (Lange and Carmichael 1990),
consistent with the range of feldspar compositions from
experiments within the relevant phase ®eld (An63±81;
Fig. 4).

Phase modes for the basaltic andesite assemblages

In general, the experimental phase abundances repro-
duce those found in the lavas with comparable pheno-
cryst suites. For example, 3 of the 5 lavas containing
only olivine have less than �5% crystals (Lange and
Carmichael 1990). The modal percentage of olivine has
been contoured in Fig. 4 in the ``olivine-only'' ®eld, and
it can be seen that the 5% contour is very near the upper
temperature stability for either augite or plagioclase and
that the majority of the ``olivine-only'' ®eld contains less

than 5% crystals. The remaining two samples have
slightly larger modal% olivine (6±7%) and are easily
reconciled because of their higher concentration of MgO
compared to the other samples. Again, this observation
supports the hydrous nature of these lavas, as dry ex-
periments could not reproduce both the phase assem-
blage of ``olivine-only'' and the correct proportion of
crystals to liquid (i.e., plagioclase would always be
present in anhydrous experiments).

The results of the experiments also agree so well with
the other phenocryst modal abundances, that it is pos-
sible to use the modes of the lavas to constrain their
equilibrium conditions and water content. For example,
the assemblage olivine + augite + plagioclase shows a
range in nature of 65 to 85% groundmass. This range is
represented in Figs. 8A and B, which are plots of modal
abundance of phases versus temperature at 1 and 2 kbar

Fig. 7 Simpli®ed phase diagram for the basaltic andesite showing the
various phase assemblage ®elds. Water contours the same as in Figs. 3
and 4. Contours of % residual liquid at 65 and 85% in the
olivine + augite + plagioclase ®eld represent the range of observed
% groundmass in the lavas

Fig. 8 A Phase modes as a function of temperature at 1 kilobar for the
basaltic andesite. The lined box represents the range of % groundmass
measured in lavas with the olivine + augite + plagioclase assem-
blage, as well as the temperature range for which the assemblage is
stable at 1 kilobar. Error bars on liquid estimated from largest
calculated residual. B Phase modes as a function of temperature at 2
kbar Symbols as above. Lined box represents range of % groundmass
in the lavas, as well as temperature range for assemblage at 2 kilobars
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respectively. Note that the amount of residual liquid in
the experiments increases with pressure, and that the
range observed in the lavas for the assemblage oli-
vine + plagioclase + augite is approximately bracket-
ed between 1±2 kbar, and 1025±1050 °C. This is shown
in Fig. 7 by contours of approximate residual liquid
percentages (65% and 85%) in the olivine + augite +
plagioclase ®eld. Another supporting observation, as
was pointed out before, is that the feldspar compositions
in the lavas mirror that of the experiments. Taken to-
gether, these lines of evidence show that these magmas
grew phenocrysts at or near water saturated conditions
with a water content between 3 and 5 wt%.

A similar analysis of modes was not possible for the
olivine + plagioclase, hornblende lamprophyre, or the
olivine + augite assemblages as only one experiment
reproduced the ®rst assemblage and the latter two were
not reproduced at all. The low modal abundance of the
groundmass for the olivine + plagioclase assemblage
however (Fig. 6), is consistent with the relatively lower
water contents (<3.5 wt% H2O) predicted by the phase
diagram. The olivine + augite assemblage is also con-
sistent in that the phase diagram predicts signi®cant
water contents between �4±5.5 wt%, and the average
modal groundmass observed for this assemblage is also
high at 90%.

Comparison to other Mexican basaltic andesites

In contrast to the basaltic andesites of western Mexico,
lavas of similar composition found in the MGVF of
central Mexico (Fig. 2) have phenocryst assemblages
typical of low-H2O, higher pressure conditions (Hasen-
aka and Carmichael 1987). A few of the basaltic ande-
sites from the MGVF have hornblende as a phenocryst
phase, but the majority consist of plagioclase, olivine,
�augite, �orthopyroxene, which is de®ned on Fig. 4 as
a region with low water content (<2 wt%). Hasenaka
and Carmichael (1987) have speculated that the pheno-
cryst equilibration conditions for the Mg-rich MGVF
lavas are near 8 kilobars and undersaturated with 1±2
wt% H2O, which is consistent with our estimated water
concentrations of lavas at water saturated conditions of
less than 500 bars; however our experiments do not al-
low the e�ects of pressure to be separated from PH2O.

A similar degassing history for the andesites
and basaltic andesites of W. Mexico

With the similarity in bulk and trace element composi-
tions for the andesites and basaltic andesites of western
Mexico (Lange and Carmichael 1990; Carmichael et al.
1996), it is di�cult to appeal to either crystal fraction-
ation or di�erent partial melting processes to explain the
various phenocryst assemblages that are observed for
each composition. The most simple and elegant expla-
nation is that the di�erent assemblages were generated

as a consequence of the decompressional degassing and
re-equilibration at di�erent P-T conditions of initially
hydrous parent magmas, similar to either the spessartite
(andesite composition) or the hornblende lamprophyre
(basaltic andesite composition). This hypothesis is sup-
ported for andesitic magma by the presence of plagio-
clase phenocryst cores in the Colima lavas that are more
calcic (An65±85) than the feldspars found in our experi-
mental products at the relevant conditions (An63). In
fact, the calcic cores for Colima match the feldspar
composition produced at �2500 bars and 6.5 wt% H2O
(Fig. 3), consistent with the conclusion that the parent
magma for Colima had similar water contents to that of
the spessartite before ascent and storage (reequilibra-
tion) at depths equivalent to 750±1750 bars where the
water concentration was reduced to saturation at those
pressures (3±5 wt%).

For basaltic andesite magmas, the relations in Fig. 7
show that simple degassing of an initially hydrous par-
ent magma (>5.5 wt% H2O and �1075 °C) could ex-
plain all of the observed phase assemblages, including
the hornblende lamprophyre. In contrast to the ande-
sites, the basaltic andesites do show some slight com-
positional variability however, indicating that fractio-
nation or some other process may also play a role in the
development of the di�erent lava compositions. Lange
and Carmichael (1990) noted that this compositional
variation was best explained by fractionation of an as-
semblage of 1.6% olivine, 11.4% augite, and 4.4%
chromite (sum r2 � 0:6). Due to the relative paucity of
augite phenocrysts in the lavas, they appealed to a two-
stage crystallization history with augite fractionating at
high pressure in conjunction with fractionation of oli-
vine at low pressure without augite. Given the geometry
of the phase ®elds this fractionation history is somewhat
problematic as augite is never a liquidus phase and is
stabilized with decreasing pressure, not destabilized as
required by Lange and Carmichael (1990). Another
possibility not previously considered is that hornblende
was a fractionating phase. We have modeled the same
two lavas (Mas-45 and Mas-7) as Lange and Carmichael
(1990) did, using the program XLFRAC (Nicholls and
Stormer 1978) and hornblende, augite, olivine, and
chromite as possible fractionating phases. Interestingly,
the best-®t assemblage (sum r2 � 0:27) is 20.9% horn-
blende, 2.4% augite, and 1.3% chromite. While our
experiments never produced a phase ®eld of horn-
blende + augite (chromite is ubiquitous in our runs),
the augite phase boundary is very near to crossing the
olivine boundary at 3 kbar, so presumably the assem-
blage hornblende + augite would then be stable at
�3500 bars (�6 wt% H2O) and greater (Figs. 4 and 7).
The modes of augite and hornblende in the 3 kbar region
(�5 and 25% respectively) are also consistent with that
of the best-®t fractionating assemblage. This higher
pressure fractionation assemblage, including horn-
blende, not only explains the compositional variation
observed in the basaltic andesites, but is consistent with
and supports the idea that the various phenocryst as-
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semblages were generated by simple degassing and re-
equilibration of an initially hydrous parent magma.

Petrogenetic link between the andesites
and basaltic andesites of western Mexico

Given that the andesites and basaltic andesites both
seem to have similar degassing histories and originated
from parent magmas containing >5.5 wt% water, the
question arises as to the possibility of the two compo-
sitions being genetically linked. Early attempts at mod-
eling crystal fractionation from the basaltic andesite to
the andesite (Mas-7 to Mas-12 respectively) were ini-
tially conducted with only the Fe-Mg phases common to
the basaltic andesite at high pressures, and produced
extremely high residuals (sum r2 > 4:0). With the real-
ization that plagioclase becomes more important in the
evolved compositions, it was added as a potential frac-
tionating phase. The results from these calculations
showed that the best-®t assemblage (sum r2 � 0:74) is
14.4% hornblende, 12.8% plagioclase (An75), and 2.6%
oxide. While not conclusive, these calculations suggest
that it is possible that the andesites and basaltic ande-
sites both come from a parent magma of similar major
element composition and high (>6 wt%) water content.
The di�erences in composition and phase assemblages
are then explained by high pressure fractionation of
varying degrees followed by degassing and re-equili-
bration at shallower levels in the crust.

Conclusions

High pressure (to 3 kilobars), hydrous (PH2O � Ptotal)
melting experiments were conducted on a basaltic
andesite and andesite to constrain the equilibration
conditions of the phenocryst assemblages common to
lavas of the western Mexican volcanic belt. Use of a
rapid quench technique allowed precise measurement of
residual liquid compositions in the run products, which
in turn allowed the estimation of dissolved water con-
tents using the empirical water solubility model of
Moore et al. (1998), as well as accurate estimates of the
modes of the various phases.

The experimental results and calculated water con-
tents for the andesite composition indicate that the
Colima andesite lavas last resided between 750 and 1500
bars and 950±975 °C, and the residual liquid contained
3.5±4.5 wt% H2O. These results are in agreement with
the conditions estimated by Luhr and Carmichael (1980)
using pyroxene thermometry and feldspar/liquid equi-
libria (Luhr 1998). As the compositions of all the Fe-Mg
phases in the experiments and the lavas are similar, we
conclude that the oxygen fugacity of the experiments
(�NNO + 2) is similar to that of the magma. The
Mascota spessartite assemblage formed at a similar
temperature to the Colima andesite, but equilibrated
above 2500 bars pressure and had greater than �5.5

wt% H2O in the liquid. A slightly higher Mg/Fe ratio in
the spessartite hornblendes relative to the Colima
andesite indicates that the spessartite equilibrated at a
higher oxygen fugacity, which is con®rmed by compar-
isons of the whole rock ferric/ferrous ratios measured by
Carmichael et al. (1996). Results for the basaltic andesite
composition show that a wide range in dissolved water
content (2±5.5 wt%) is necessary to generate the various
phase assemblages observed, thereby verifying the pos-
tulate of Lange and Carmichael (1990) that signi®cant
but variable amounts of water occur in these subduct-
ion-related lavas. This observation is in contrast to ba-
saltic andesites from the MGVF that require <2 wt%
H2O.

Due to the similarity in composition between the
various lava types and the results of the phase equilibria
experiments we conclude that all of the phenocryst as-
semblages observed for each composition can be ex-
plained by degassing and reequilibration of a hydrous
parent magma containing greater than 6 wt% water.
Calculation of crystal fractionation processes using high
pressure phases including hornblende can explain the
variation in composition within the basaltic andesites, as
well as suggest the possibility that the andesites were
generated from a similar parent magma as the basaltic
andesites.
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