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Abstract

To investigate the relationship between volatile abundances and eruption style, we have analyzed major element
and volatile (H,O, CO,, S) concentrations in olivine-hosted melt inclusions in tephra from the ~ 2000 yr BP eruption
of Xitle volcano in the central Trans-Mexican Volcanic Belt. The Xitle eruption was dominantly effusive, with fluid
lava flows accounting for ~95% of the total dense rock erupted material (1.1 km?). However, in addition to the
initial, Strombolian, cinder cone-building phase, there was a later explosive phase that interrupted effusive activity
and deposited three widespread ash fall layers. Major element compositions of olivine-hosted melt inclusions from
these ash layers range from 52 to 58 wt.% SiO;, and olivine host compositions are Fogs_g¢. Water concentrations in
the melt inclusions are variable (0.2-1.3 wt.% H,O), with an average of 0.45%0.3 (lo) wt.% H,O. Sulfur
concentrations vary from below detection (~50 ppm) to 1000 ppm but are mostly =200 ppm and show little
correlation with H,O. Only the two inclusions with the highest H,O have detectable CO, (310-340 ppm), indicating
inclusion entrapment at higher pressures (700-900 bars) than for the other inclusions (=80 bars). The low and
variable H,O and S contents of melt inclusions combined with the absence of less soluble CO; indicates shallow-level
degassing before olivine crystallization and melt inclusion formation. Olivine morphologies are consistent with the
interpretation that most crystallization occurred rapidly during near-surface H,O loss. During cinder cone eruptions,
the switch from initial explosive activity to effusive eruption probably occurs when the ascent velocity of magma
becomes slow enough to allow near-complete degassing of magma at shallow depths within the cone as a result of
buoyantly rising gas bubbles. This allows degassed lavas to flow laterally and exit near the base of the cone while gas
escapes through bubbly magma in the uppermost part of the conduit just below the crater. The major element
compositions of melt inclusions at Xitle show that the short-lived phase of renewed explosive activity was triggered by
a magma recharge event, which could have increased overpressure in the storage reservoir beneath Xitle, leading to
increased ascent velocities and decreased time available for degassing during ascent.
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1. Introduction

Physical modeling of volcanic processes has
clearly shown that the abundance of volatiles, pri-
marily H,O and CO,, plays a major role in de-
termining the explosivity of volcanic eruptions
(Wilson, 1980; Wilson et al., 1980; Dobran, 1992;
Woods and Koyaguchi, 1994). However, because
the solubilities of H,O and CO, in silicate melts
are strongly pressure-dependent, these volatiles
are largely degassed from magma during subaerial
eruption, making it difficult to constrain pre-erup-
tion concentrations. Melt inclusions trapped in
phenocrysts and rapidly quenched during erup-
tion may retain their dissolved volatiles because
the host crystal surrounding the inclusion acts like
a tiny pressure vessel (Lowenstern, 1995). Analy-
ses of melt inclusions have provided valuable in-
formation on the primary volatile concentrations
of a wide variety of magma types from different
tectonic environments (e.g., Anderson et al., 1989;
Westrich et al.,, 1991; Anderson and Brown,
1993; Sisson and Layne, 1993; Wallace and Ger-
lach, 1994; Lowenstern, 1995; Wallace et al.,
1995; Sobolev and Chaussidon, 1996; Roggen-
sack et al., 1997; Sisson and Bronto, 1998). How-
ever, it has also been recognized that low-pressure
degassing during shallow-level storage at subaerial
volcanoes can significantly decrease the volatile
concentrations in magmas (Dixon et al., 1991)
and that crystal growth in such degassed magmas
can result in melt inclusions that have significantly
less H,O, CO,, and S than undegassed magma
(Wallace and Anderson, 1998).

Cinder cones are the most common type of
subaerial volcano on Earth and are generally as-
sociated with lava flows (Wood, 1980). Cinder
cone eruptions typically have a temporal sequence
that starts with relatively rapid formation of a
cinder cone during Strombolian eruptions, fol-
lowed by a switch to largely effusive eruptions
of lava (Walker, 1973; Gutmann, 1979; Wood,
1980; Cas and Wright, 1988). The early explosive
stage may also include sustained eruptions involv-
ing ash-rich plumes that reach heights as great as
6 km above the vent, resulting in widespread ash
fall deposits (Foshag and Gonzalez-Reyna, 1956).
A fundamental question is whether the switch

from explosive to effusive behavior reflects inher-
ent differences in the H,O and CO, contents of
different batches of magma or parts of a magma
chamber or whether the eruptive behavior results
from processes of shallow volatile loss. For silicic
eruptions, the transition from explosive to effusive
eruption has been shown to be largely the result
of shallow degassing (Eichelberger et al., 1986;
Westrich et al., 1988; Eichelberger, 1989; Jaupart
and Allegre, 1991; Westrich and Eichelberger,
1994; Woods and Koyaguchi, 1994). In cinder
cone eruptions, passive effusion of voluminous
lava flows (e.g., Paricutin in central Mexico) prob-
ably also requires large-scale degassing of magma
before eruption; however, the explosive—effusive
transition in cinder cone eruptions has not been
the subject of detailed study. Volatile data on melt
inclusions from basaltic to basaltic andesite erup-
tions in which the time-stratigraphic relations of
the samples are well understood are required for
understanding both low-pressure degassing pro-
cesses and the dynamics of explosive basaltic
eruptions. In this paper, we present data on the
major element and volatile (H,O, CO,, S) concen-
trations of melt inclusions from the ~2000 yr BP
Xitle eruption in central Mexico. These data re-
veal important information on degassing during
cinder cone eruptions and provide insight into
the parameters that control whether eruptions
are explosive or effusive.

2. Geologic setting and eruptive history

Xitle volcano is one of several hundred cinder
cones in the Sierra Chichinautzin volcanic field,
which is located in the central part of the Trans-
Mexican Volcanic Belt (TMVB) (Fig. 1). The
TMVB is an E-W-trending volcanic arc that is
associated with subduction of the Cocos and Ri-
vera Plates under the North American Plate along
the Middle America Trench (Demant, 1978). The
Sierra Chichinautzin volcanic field is formed by
lava flows and pyroclastic products emitted from
a number of small volcanic centers (Bloomfield,
1975; Martin del Pozzo, 1982). Compositions
of volcanic rocks in this region range from ba-
salt and basaltic andesite to dacite (Gunn and
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Fig. 1. Geologic map of Xitle volcano and its deposits (based on Cervantes and Molinero, 1995, and Delgado et al., 1998). The
area covered by lava flows from Xitle is shown by a heavy solid line. Within this area, individual lava flows are delimited by
thin solid lines and identified by Roman numerals. The distribution of tephra deposits is shown by a dashed line that corre-
sponds to the 0.1-cm isopach. Small open circles indicate the location where the three different tephra layers were sampled and
are numbered according to which layer was sampled. The inset at upper left shows the location of Xitle volcano within the
TMVB (dark gray). The stratigraphic relations of the different eruptive events from Xitle are shown in the lower right corner.
Two columns are shown in this inset: the right one shows the field relationships of the explosive events and the surrounding lava
flows; the column to the left shows the stratigraphic relations of lava flows III-VI. The time of emplacement of tephra layers
1-3 relative to emplacement of flows III-VI is uncertain. Note that the numbering of the fall layers is contrary to the commonly
used convention of numbering from base to top; we have retained this numbering to be consistent with previous studies
(Cervantes and Molinero, 1995; Delgado et al., 1998).
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Mooser, 1971; Wallace and Carmichael, 1999).
All volcanic units of the Chichindutzin volcanic
field that have been analyzed paleomagnetically
show normal polarity, indicating ages less than
700 ka (Mooser et al., 1974). Within the Sierra
Chichindutzin volcanic field and the TMVB as a
whole, mafic lavas span a range of compositions
from alkaline to calc-alkaline (Wallace and Car-
michael, 1999).

Xitle volcano is located in the northern part of
the volcanic field (Fig. 1), at the southern edge of
Mexico City. Dating of lavas from Xitle using '4C
indicates an eruptive age of ~ 1700 (Siebe, 2000)
to ~2000 yr BP (see Delgado et al., 1998). The
eruption of Xitle was long considered to be the
latest eruptive activity in the area. However, geo-
chronological studies by Delgado et al. (1997)
show evidence for more recent activity at nearby
Pelado and Chichinautzin volcanoes. The major
element compositions of lavas from Xitle include
both hypersthene and mildly nepheline normative
basalts (Cervantes and Molinero, 1995; Wallace
and Carmichael, 1999). On a diagram of total
alkalies versus silica, Xitle lavas range from alka-
line to transitional in composition. Trace element
abundances and ratios of key elements (e.g., Ba/
Nb) suggest that the mantle source region for
magmas erupted at Xitle was little affected by
subducted-related enrichment, in contrast to the
volumetrically dominant calc-alkaline magmas in
the Sierra Chichinautzin volcanic field (Delgado
et al., 1998; Wallace and Carmichael, 1999).

The eruptive stratigraphy of Xitle is the best
studied of any volcano in the Sierra Chichinautzin
(Cervantes and Molinero, 1995; Delgado et al.,
1998). The eruption was dominantly effusive
with fluid lava flows accounting for ~95% of
the total dense rock erupted material (~1.1
km?; Cervantes and Molinero, 1995). In addition
to the Strombolian cinder cone-building phase,
there was a later short-lived explosive phase that
punctuated emplacement of lava flows. Delgado
et al. (1998) divided the effusive events into seven
different lava flows, where flow units V and VI are
the most voluminous (Fig. 1). The explosive event
consists of small ash flow deposits and three well
defined ash and scoria fall deposits (Fig. 1). Field
relations clearly show that the fall deposits overlie

lava flow unit IT and are overlain by flow unit VII
(Cervantes and Molinero, 1995). However, the
timing of the explosive phase relative to emplace-
ment of flow units III-VI is uncertain (see inset in
Fig. 1). The main three fall deposits have very
similar distributions, suggesting that they were
emplaced closely in time (Delgado et al., 1998).
Interestingly, the dispersal and fragmentation
characteristics of the Xitle tephra (Cervantes and
Molinero, 1995) are similar to those of tephra
deposits at Paricutin (Walker, 1973), although
the latter eruption involved about an order of
magnitude greater tephra volume.

3. Sample description

We collected material from three different sites
in order to sample the three main fall deposits
(layers 1-3; see Fig. 1). At the first site, a shallow
pit near the north flank of the Xitle cone, we
sampled the base of the deposit from the final
explosive event (layer 1). At the second site, a
pre-existing quarry located between the first and
third sites, tephra from the middle (layer 2) and
final (layer 1) explosive events were completely
exposed. We collected a sample from the base of
the middle layer (layer 2) at this site. To sample
the base of the tephra from the first explosive
event (layer 3) we selected a site in a quarry in
which the distal facies of the complete sequence is
exposed. The sample from layer 3 contains two
different types of clasts. The first type is dense
and dark gray in color, and probably represents
lithic fragments. We interpret the second type,
which are brownish gray in color and highly ve-
sicular, as juvenile material. The juvenile clasts
contain abundant olivine phenocrysts. At all three
sampling localities, we chose clasts =3 cm in di-
ameter to ensure that the samples had cooled rap-
idly enough during eruption to quench melt inclu-
sions to glass.

4. Methods
4.1. Sample preparation

For each tephra sample, we sieved ~300 g of
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material to obtain the size fraction (0.355-1.4
mm) that contained loose olivine crystals. Crystals
in this size fraction were handpicked using a bin-
ocular microscope. Clasts in the coarse fraction
(1.4 mm-3 cm) were gently crushed using a ce-
ramic mortar in order to separate olivine crystals
from the matrix glass. Olivine crystals were hand-
picked from the crushed clasts.

The crystals were placed in immersion liquid
(refractive index 1.678) in order to select crystals
with melt inclusions for analysis. The crystals with
the largest and best preserved inclusions were sep-
arated, and morphological and textural character-
istics were noted before sectioning (Table 1). To
prepare samples for quantitative infrared spec-
troscopic analysis, double-polished wafers were
prepared from melt-inclusion-bearing crystals so
that both faces of the wafer intersect the inclu-
sion.

Melt inclusions within the olivine wafers were
analyzed by Fourier transform infrared (FTIR)
spectroscopy. The thickness of each crystal wafer
was measured using a petrographic microscope
(10X objective) with a calibrated ocular. In order
to view the melt inclusion under the microscope,
the edge of the wafer was glued to a needle with
epoxy and then placed in a well filled with immer-
sion liquid. The precision of the thickness mea-
surements varies from *1 to =3 pum depending
on the proximity of a given inclusion to the edge
of the wafer. After FTIR analyses were completed
and sample thicknesses measured, the melt inclu-
sion samples were prepared for electron micro-
probe analysis.

4.2. Infrared spectroscopy

The dissolved H,O and CO, contents of the
melt inclusion glasses were measured by infrared
spectroscopy using a Nicolet Magna 560 FTIR
spectrometer interfaced with a Spectra-Tech Nic-
Plan microscope in the Department of Geology
and Geophysics at Texas A&M University. A
KBr beamsplitter and liquid nitrogen-cooled
HgCdTe, detector were used for all spectra. The
quantitative procedures and band assignments
described in Dixon et al. (1995) were followed
for this work. Quantitative measurements of dis-

solved total H,O, CO,, molecular H,O, and OH
were determined using Beer’s law:

_ v
- ple

4

where ¢ is the concentration in weight fraction of
the absorbing species, M is the molecular weight
(18.02 for total H,O, molecular H,O, and OH
and 44.00 for CO3™), A4 is the absorbance of the
band of interest, p is the room temperature den-
sity of the glass (2800 kg/m? assumed for all in-
clusions), / is the sample thickness (path length),
and ¢ is the molar absorption coefficient.

Total dissolved H,O was measured from the
intensity of the broad, asymmetric band centered
at 3530 cm™!, which corresponds to the fun-
damental OH-stretching vibration (Nakamoto,
1978), using an absorption coefficient of 63+
3 I/mol cm (Table 2; Dobson et al., unpublished
data, cited in Dixon et al., 1995). Molecular H,O
and OH (Table 2) contents were calculated from
the absorbances of the bands at 5200 cm™! and
4500 cm™!, respectively. Molecular H,O contents
were also calculated from the absorbance of the
band at 1630 cm™!.

Dissolved CO, was measured using the peaks
at 1515 and 1430 cm™!, which correspond to
antisymmetric stretching of distorted carbonate
groups (Dixon et al., 1995). Because the shape
of the background in this region is complex (Dix-
on et al., 1995) the spectrum of a reference sample
with similar composition and no measurable car-
bonate was subtracted from the spectrum of the
measured sample to obtain a relatively flat back-
ground (Table 3).

Absorption coefficients for the 1430, 1515,
1630, 4500, and 5200 cm ™! bands in basaltic glass
are compositionally dependent (Dixon and Pan,
1995). Using the major element compositions of
the Xitle melt inclusions as measured by electron
microprobe, we calculated absorption coefficients
using the linear equations reported in Dixon and
Pan (1995) and Dixon et al. (1995). The calculated
absorption coefficients were 266 + 18 1/mol cm for
the 1515 and 1430 cm™! doublet (carbonate),
40+ 4 1/mol cm for the 1630 cm™' band (molec-
ular H,0), 0.80 £ 0.09 1/mol cm for the 4500 cm ™!
band (OH), and 0.99 £0.11 1/mol cm for the 5200
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Table 1
Textural characteristics of analyzed melt inclusions from Xitle volcano
Inclusion  Shape Type Size Vapor bubble Vapor bubble Texture Crystals
diameter

(uwm) (um) (vol.%)
Layer 1
X1-2 Irregular Hourglass 250100 40 1.3 Glassy, wrinkled Small, scarce
X1-4 Irregular Fully enclosed 175X 175 - - Glassy, wrinkled Present
X1-5 Irregular Reentrant 360170 135X 105 3.1 Devitrified None
X1-7 Irregular Fully enclosed 400X 150 - - Glassy Small, scarce
X1-8 Irregular Fully enclosed 220X 180 90 6.2 Glassy Small, scarce
X1-9 Irregular Reentrant 410x250 50 0.1 Glassy, wrinkled Small, scarce
X1-10 Irregular Fully enclosed 330340 - - Glassy, wrinkled Small, scarce
X1-11 Irregular Fully enclosed 550430 80 1.5 Glassy, wrinkled Small, abundant
X1-12 Irregular Reentrant 450150 - - Glassy Small, abundant
X1-13 Irregular Hourglass 410450 - - Devitrified Small, abundant
X1-14 Irregular Reentrant 440X 650 70 0.8 Glassy Small, abundant
X1-15 Irregular Reentrant 35050 - - Glassy, wrinkled Small, scarce
Layer 2
X2-1 Ellipsoidal ~ Fully enclosed 165%132 - - Glassy, wrinkled None
X2-2 Irregular Fully enclosed 270 X240 - - Glassy, wrinkled None
X2-4 Irregular Fully enclosed 325X%235 80 1.6 Glassy None
X2-5 Ellipsoidal ~ Fully enclosed 260X 135 - - Glassy None
X2-6 Irregular Fully enclosed 285x220 - - Glassy Small, scarce
X2-7 Irregular Hourglass 205125 - - Glassy Small, abundant
X2-8 Irregular Hourglass 415%350 110 43 Glassy, wrinkled Small, abundant
X2-9 Irregular Hourglass 160130 45 1.9 Glassy, wrinkled None
X2-10 Irregular Hourglass 310X 355 - - Glassy Small, abundant
X2-11 Ellipsoidal  Fully enclosed 195x 130 - - Glassy, wrinkled Small, scarce®
X2-12 Irregular Fully enclosed 270X 160 90 4.6 Glassy, wrinkled None
X2-14 Irregular Reentrant 572%210 100 1.5 Glassy Large, scarce
X2-17 Irregular Fully enclosed  510X170 105 34 Glassy Large, scarce
X2-18 Irregular Fully enclosed  420Xx240 - - Glassy Large, scarce
X2-19 Irregular Reentrant 245X 165 — — Devitrified Small, abundant
X2-20 Irregular Reentrant 910x 610 95 2.7 Glassy Small, abundant
X2-21 Irregular Reentrant 510%270 75 2.3 Devitrified Small, abundant
Layer 3
X3-1 Irregular Reentrant 260200 - - Glassy Small, abundant
X3-2 Irregular Hourglass 310110 - - Devitrified Small, abundant
X3-3 Irregular Fully enclosed 280230 - - Glassy, wrinkled Large, scarce
X3-4 Irregular Fully enclosed 240X 170 - - Glassy Small, scarce
X3-5 Irregular Fully enclosed 270X 160 - - Glassy Small, abundant
X3-6 Irregular Fully enclosed 360170 75 2.8 Glassy Small, abundant
X3-8 Irregular Fully enclosed 730X 150 - - Glassy Small, abundant
X3-9 Irregular Fully enclosed 360X 130 80 10.1 Glassy Small, scarce

Shape: Indicates the original shape of the inclusion before sample preparation.

Type: Fully enclosed indicates that the inclusion is completely surrounded by the olivine host. Reentrant indicates that the inclu-
sion is connected to the exterior of the host crystal. Hourglass indicates that the inclusion is connected to the outside of the host
by a thin melt (glass)-filled capillary.

Size: Melt inclusion dimensions given as maximum dimension and dimension perpendicular to the maximum.

Vapor bubble diameter: Diameter of vapor bubble, if present in inclusion. Most bubbles were spherical. For ellipsoidal bubbles,
the average of the dimensions is given.
Texture: Glassy for inclusions that are transparent brown glass. Wrinkled indicates a wrinkled texture observed along the inclu-
sion-host interface. Devitrified indicates speckled devitrification of the glass.
Crystals: Indicates the presence of microlites inside the inclusion. Qualitative energy dispersive analysis by electron microprobe

shows that the microlites are plagioclase. Large indicates crystals greater than 5 um.

2 Cr-spinel crystals present inside the inclusion.
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Table 2
FTIR data for H,O in melt inclusions from Xitle volcano
Sample  Thickness Total H,O OH Molecular H,O Molecular H,O
(3530 cm ™) (4500 cm™') (5200 cm™') (1630 cm™!)
(um) Absorbance H,O Absorbance H,O Absorbance H,O Absorbance H,O
(wt.%) (wt.%) (wt.%) (wt.%)

Layer 1
X1-2 90 0.3310 0.38 - - - - 0.0060 0.01
X1-4 90 0.2390 0.27 0.0036 0.30 - - 0.0113 0.02
X1-5 60 0.3288 0.56 0.0033 0.41 0.0007 0.08 0.0054 0.01
X1-7 68 0.2758 0.42 0.0032 0.36 0.0015 0.14 0.0182 0.04
X1-8 60 0.2365 0.40 0.0030 0.38 0.0001 0.01 0.0068 0.02
X1-9 32 0.0945 0.30 0.0010 0.23 0.0004 0.07 0.0047 0.02
X1-10 55 0.3221 0.60 0.0032 0.44 - - 0.0022 0.01
X1-11 65 0.2039 0.32 0.0015 0.17 - - 0.0127 0.03
X1-12 90 0.1899 0.22 0.0006 0.05 - - 0.0127 0.02
X1-13 100 0.1927 0.20 0.0015 0.11 - - 0.0014 0.00
X1-14 65 0.2232 0.35 0.0019 0.23 0.0006 0.06 0.0279 0.07
X1-15 38 0.0564 0.15 0.0000 0.00 0.0007 0.07 0.0041 0.02
Layer 2
X2-1 75 0.2050 0.28 0.0027 0.28 0.0007 0.06 - -
X2-2 91 0.1981 0.22 0.0022 0.19 - - 0.0093 0.02
X2-4 175 2.2400 1.30 0.0194 0.84 0.0067 0.25 0.2958 0.27
X2-5 90 0.2608 0.30 0.0045 0.38 - - 0.0102 0.02
X2-6 100 0.2378 0.24 - - - - 0.0069 0.01
X2-7 60 0.1658 0.28 0.0020 0.25 - - 0.0100 0.03
X2-8 88 0.2531 0.30 0.0012 0.11 0.0013 0.10 0.0110 0.02
X2-9 68 0.1270 0.19 0.0016 0.18 - - 0.0037 0.01
X2-10 135 0.4354 0.33 0.0035 0.20 - - 0.0326 0.04
X2-11 95 0.2661 0.44 0.0020 0.32 0.0007 0.05 0.0365 0.09
X2-12 58 0.1274 0.22 0.0009 0.12 0.0005 0.06 0.0064 0.02
X2-14 42 0.1217 0.29 - - - - 0.0048 0.02
X2-17 82 0.2605 0.32 0.0015 0.14 0.0005 0.04 0.0111 0.02
X2-18 62 0.1142 0.19 0.0010 0.12 - - 0.0083 0.02
X2-19 50 0.0486 0.10 0.0009 0.14 0.0009 0.12 0.0025 0.01
X2-20 30 0.0767 0.26 0.0000 0.00 0.0006 0.13 - -
X2-21 52 0.1064 0.20 0.0014 0.19 0.0009 0.10 0.0056 0.02
Layer 3
X3-1 80 0.1480 0.19 0.0014 0.13 0.0009 0.07 0.0114 0.02
X3-2 68 0.1682 0.25 0.0015 0.17 0.0010 0.10 0.0163 0.04
X3-3 30 0.2790 0.95 0.0029 0.72 0.0015 0.32 0.0463 0.25
X3-4 50 0.3773 0.81 0.0041 0.62 0.0007 0.09 0.0332 0.11
X3-5 80 0.3250 0.41 0.0030 0.28 0.0009 0.07 0.0311 0.06
X3-6 45 0.1132 0.26 - - - - 0.0114 0.04
X3-8 105 0.7295 0.71 0.0066 0.48 0.0025 0.15 0.0740 0.11
X3-9 42 0.3425 0.85 0.0042 0.66 0.0018 0.28 0.0390 0.15

Absorbance intensities for total water (3530 cm™!), hydroxyl (OH; 4500 cm™!), and molecular H,O (5200 cm™' and 1630 cm™')
were determined by infrared spectroscopy as described in the text. Inclusion thicknesses were measured using a microscope with
a calibrated eyepiece. Water concentrations expressed as wt.% H,O were calculated using absorption coefficients from Dobson et
al. (unpublished data, cited in Dixon et al., 1995) and Dixon et al. (1995). A room temperature glass density of 2800 kg/m? was
assumed for all inclusions. Based on multiple analyses of individual inclusions, the precision of the spectroscopic measurement
for the 3530 cm™! band is ~10% (relative), except for the very-low-water-content inclusions, for which it is £0.01 to £0.02
wt% (absolute). Accuracies are limited by uncertainties in molar absorption coefficients and in the background correction proce-
dures, and have been estimated to be ~ 10% for the measurement of total HO (Dixon et al., 1995).

— denotes values below detection.
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Table 3
FTIR data for carbonate in melt inclusions from Xitle volca-
no

Sample Thickness CO%‘ (1430 and 1515 cm™})
(um) Absorbance CO,
(ppm)
Layer 2
X2-4 175 0.1030 348
Layer 3
X3-3 30 0.018 354

Absorbance intensities for carbonate (1515 and 1430 cm™!)
were determined by FTIR. Carbonate contents were calcu-
lated as ppm CO, using absorption coefficients from Dixon
and Pan (1995).

The average precision for absorbances of the 1515 and 1430
cm™! bands is *30%, mainly due to uncertainties in the sub-
traction and background fitting procedure.

cm™! band (molecular H,O). The absorption co-
efficient for the 3530 cm™! band is not strongly
dependent on composition (Thinger et al., 1994),
and our total H,O (3530 cm™!) values show good
agreement with total H,O calculated from the
sum of the water species bands (4500 cm™! and
either 5200 cm™! or 1630 cm™!).

4.3. Electron microprobe analysis

We measured the major and minor element
compositions of melt inclusions, matrix glasses,
and olivine host crystals using a Cameca SX50
electron microprobe with four wavelength disper-
sive spectrometers in the Department of Geology
and Geophysics at Texas A&M University (Ta-
bles 4 and 5). Standards included a combination
of natural glasses and minerals. The conditions
selected for analyses of glass inclusions and ma-
trix glasses were 10 nA beam current, an electron
gun voltage of 15 kV, and 10 um beam diameter.
Sulfur was analyzed using an anhydrite standard,
60 s on-peak counting time, and a S K, wave-
length offset measured on pyrite, which corre-
sponds approximately to the S®*/=S ratio ex-
pected for a basaltic glass equilibrated at the
FMQ oxygen buffer (Wallace and Carmichael,
1994). This oxidation state is appropriate based
on whole rock Fe’*/>Fe for a Xitle basalt (Wal-
lace and Carmichael, 1999). Analyses of glass
standard VG-2 using this procedure yielded a

S concentration of 0.137£0.006 (n=11), similar
to the values reported by Dixon et al. (1991) and
Dixon and Clague (2001). For analyzing the oliv-
ine host crystals, instrumental conditions were
10 nA beam current, voltage of 15 kV, and
beam diameter of 1 pum.

5. Results
5.1. Melt inclusion textures

Melt inclusions were closely inspected during
sample preparation as an aid to understanding
the processes of inclusion formation and to iden-
tify features indicative of syneruptive volatile loss
(Table 1). Most melt inclusions in olivine have
irregular subangular to subrounded shapes but
some inclusions are elliptical (Fig. 2). We distin-
guish three main types of inclusions: (1) glass that
is fully enclosed within a crystal (termed glass
or melt inclusions; Fig. 2A-C); (2) glass that is
connected to the rim of the crystal by a thin neck
(termed hourglass inclusions by Anderson, 1991);
and (3) glass in open reentrants (commonly called
embayments; Fig. 2D). These different textural
types reflect decreasing degrees of isolation from
the coexisting melt at the time of eruptive quench-
ing. After entrapment, enclosed melt inclusions
can only communicate with the external coexist-
ing melt by diffusion through the host crystal.
Hourglass inclusions are in physical continuity
with the coexisting external melt, and they may
communicate with it by diffusion through the melt
in the neck. In addition, gas bubbles in bubble-
bearing hourglass inclusions may expand, deplet-
ing the melt in dissolved volatiles as melt is ex-
pelled through the neck (Anderson, 1991). Bub-
ble-free hourglass inclusions, however, can change
their volatile contents only by diffusion; their vol-
atile concentrations therefore reflect the volatiles
dissolved in the coexisting external melt near the
time of the eruption. Reentrant glass will also
communicate with the coexisting ambient magma
by diffusion through the melt. Large reentrants
that lack vapor bubble(s) (Fig. 2D) can also be
used to measure the volatiles dissolved in the co-
existing external melt shortly before eruption.



Table 4
Major element compositions of melt inclusions from Xitle volcano

Inclusion X122 X1-4 X1-7 X1-8 XI1-9 XI1-10 XI-11 X1-12 X1-13 X1-14 X1-15 X2-1 X2-2 X2-4 X2-5 X2-6 X2-9 X2-11 X2-12 X2-17 X2-19 X2-20 X2-21 X3-1 X3-3 X3-4 X3-6 X3-8 X3-9

SiO, 550 556 564 548 559 559 568 570 562 557 580 554 550 520 563 556 549 549 558 552 567 551 560 551 59.0 603 565 587 580
TiO, 2,65 269 312 231 276 278 3.08 3.09 286 278 271 260 278 193 287 264 249 257 260 241 288 270 306 301 221 231 194 2.1 1.84
Al 03 150 152 152 157 150 150 151 149 146 149 150 151 146 170 147 150 148 147 153 152 146 153 145 147 155 159 171 152 16.8
FeOT 884 745 757 851 813 864 800 823 824 882 819 875 760 7.09 808 876 924 882 848 851 891 898 9.04 932 686 598 6.79 687 64
MnO 0.16 0.15 012 0.16 012 0.16 0.14 016 0.16 0.16 0.15 0.14 0.12 0.11 0.14 0.16 0.15 0.16 0.13 0.16 0.16 0.16 0.16 0.16 0.11 0.11 0.12 0.14 0.13
MgO 429 414 385 433 408 397 374 3.67 366 393 363 412 388 503 380 409 419 413 412 413 366 404 380 39 28 284 3.06 287 3.02
CaO 793 755 681 788 765 731 684 684 689 728 640 7.56 7.75 831 7.9 7.54 753 7.65 748 755 673 733 697 724 561 54 671 568 6.52
Na,O 415 439 410 415 403 397 410 442 414 382 387 395 412 401 423 422 390 3.69 397 4.03 369 396 379 383 435 4.64 459 454 457
K>,O 1.79 2.04 224 178 196 2.04 228 230 220 199 239 194 204 132 232 195 185 193 197 175 231 193 216 212 212 233 219 215 213
P05 087 098 113 076 095 092 1.07 1.08 114 102 116 094 1.12 075 1.07 091 093 101 095 093 1.12 094 111 096 0.64 0.67 049 061 0.54
S bd. bd. 0.007 0.010 bd. 0.005 0.011 bd. 0.014 0.006 0.013 0.012 b.d. 0.097 b.d. 0.018 0.006 0.013 0.010 0.013 0.010 0.010 0.011 b.d. b.d. bd. 0.031 0.014 0.036
H,O 038 027 042 040 030 0.60 032 022 020 035 0.15 028 022 130 030 024 019 044 022 032 010 026 020 0.19 095 081 026 071 085
CO, bd. bd. bd. bd bd bd bd bd bd bd bd bd bd 348 bd. bd bd bd bd bd bd bd bd bd 354 bd bd bd bd
Total 101.0 100.5 100.9 100.8 100.9 101.3 101.5 101.9 100.3 100.8 101.7 100.8 99.2 99.0 101.0 101.1 100.1 100.0 101.0 100.2 100.9 100.7 100.8 100.6 100.1 101.3 99.8 99.5 100.7

Olivine Fo% 84.8 862 840 852 844 84.8 851 847 852 843 845 84.0 845 850 837 857 841 844 849 844 847 847 838 839 859 86.1 852 861 86.0
Glass Mg# 0.52  0.55 0.53 053 053 051 051 050 050 050 050 051 053 061 051 051 050 051 052 052 048 050 048 048 048 051 050 048 0.51
Compositions corrected for post-entrapment crystallization

SiO, 53.0 540 529 530 542 535 544 542 541 536 553 53.6 542 522 545 532 533 534 537 537 541 531 538 53.0 567 578 549 566 56.0
TiO, 237 245 237 207 252 246 275 272 253 247 241 236 259 190 262 232 225 233 233 219 251 240 272 265 196 209 1.76 185 1.66
Al O3 134 138 134 141 137 133 134 131 129 132 134 137 136 167 134 132 134 133 137 139 127 136 129 13.0 137 143 155 134 151
FeOT 9.63 819 963 929 883 954 886 915 934 979 9.08 9.54 844 743 883 9.69 10.15 9.73 930 9.33 10.06 992 10.05 10.39 815 690 7.87 824 732
MnO 0.14 0.14 014 014 0.1 0.14 0.2 0.14 014 014 013 0.13 0.1 0.1 013 014 014 015 0.12 0.5 0.14 0.14 014 014 0.10 0.10 0.11 0.12 0.11
MgO 791 7.56 791 801 7.02 794 739 765 807 789 725 737 692 625 671 845 779 7177 7797 743 832 800 7.72 817 726 627 685 775 6.62
CaO 7.10 6.87 7.0 7.08 7.00 647 6.10 6.01 6.09 647 569 686 721 816 657 6.61 680 692 670 6.89 586 652 619 638 497 488 6.09 501 588
Na,O 372 399 371 373 3.69 351 3.65 388 366 340 344 358 383 394 386 370 352 334 356 3.67 321 352 337 338 386 419 416 401 412
K,O 1.60 1.86 1.60 160 179 1.80 2.03 202 194 177 213 176 190 130 212 171 167 175 176 1.60 2.01 1.72 192 187 188 210 199 190 192
P05 0.78 089 078 0.68 0.87 081 095 095 101 091 103 085 1.04 074 098 080 0.84 091 0.85 085 097 084 099 085 057 0.60 045 054 049
S bd. bd. 0006 0009 bd. 0.004 0.010 bd. 0.012 0.005 0.012 0.011 b.d. 0.084 bd. 0.016 0.005 0.012 0.009 0.012 0.008 0.009 0.010 b.d. bd. bd. 0.028 0012 0.032
H,O 034 025 039 036 027 053 029 019 017 031 0.14 025 020 127 027 021 017 040 020 029 009 023 018 0.17 0.84 0.74 023 062 0.76
CO, bd. bd. bd. bd bd bd bd bd bd bd bd bd bd 33 bd bd bd bd bd bd bd bd bd bd 312 bd bd bd bd
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Mg# 0.65 0.67 065 066 0.64 0.65 0.65 0.65 066 064 064 0.63 0.65 065 063 066 063 0.64 0.65 0.64 065 064 063 0.64 0.66 0.67 0.66 0.68 0.67
%PEC 10 9 7 10 8 11 10 11 12 11 10 9 8 3 8 12 10 10 10 9 13 11 11 12 12 9 10 13 10

P sat. (bar) 12 7 16 14 8 30 9 4 3 10 2 7 4 891 8 5 3 17 4 9 1 6 3 3 741 59 6 41 62

Major element compositions by electron microprobe. Total iron is reported as FeO. H,O and CO, are by FTIR (see Tables 2 and 3). All analyses in wt.% except
for CO; in ppm.

Mg# is calculated as Mg?*/Mg>* +Fe?* assuming that 80% of the total iron is present as Fe?*.

%PEC is the amount of post-entrapment crystallization determined as described in the text.

P sat. is the vapor saturation pressure in bars calculated using experimental solubility data (Dixon et al., 1995).
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Of the analyzed melt inclusions, seven of 20
fully enclosed inclusions contain vapor bubbles,
three of seven hourglass inclusions contain vapor
bubbles, and six of 10 reentrants contain bubbles
(Table 1). For each of these three inclusion types,
the range and median volume % of the inclusion
occupied by the vapor bubble (calculated from
petrographic observations) are as follows: en-
closed, 2-10 vol.%, median 3 vol.%; hourglass,
1-4 vol.%, median 2 vol.%; reentrant, 0.1-3
vol.%, median 2 vol.%. The relatively small sizes
of most bubbles in enclosed inclusions suggest
that they formed after entrapment because of
differential shrinkage of melt and the crystal
host during cooling (Roedder, 1984; Lowenstern,
1995). However, the largest bubbles could be pri-
mary, or in the case of hourglass inclusions and
reentrants, may result from decompression during
eruption (Anderson, 1991).

Most of the analyzed melt inclusions contain
microlites (Table 1). In many cases, the microlites
are dispersed throughout the interior of the inclu-
sion and do not appear to have nucleated and
grown from the inclusion walls. Another textural
feature observed for many inclusions is that the
inclusion-host interface appears wrinkled. This
texture is somewhat similar to textures seen in
inclusions that have been experimentally reheated
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(Wallace, unpublished data), suggesting that the
wrinkling is a result of rapid dissolution. This
texture may form in natural inclusions due to re-
heating, perhaps as a result of magma mixing.

5.2. Post-entrapment crystallization of olivine in
melt inclusions

Forsterite contents of olivine phenocrysts from
Xitle tephra range from Fogs7 to Foge, (average
Fogss5) indicating crystallization from relatively
MgO-rich melts. The high forsterite contents of
the olivines contrast with the low Mg# of the
melt inclusions (0.48-0.61; see Table 4). To ac-
count for the compositional effects of post-entrap-
ment crystallization of olivine along the inclusion
walls, we have added 1% increments of equilibri-
um olivine, calculated using Fe-Mg partitioning
(Roedder and Emslie, 1970), to the composition
of each inclusion until it is in equilibrium with the
olivine host (Table 4). Most melt inclusions re-
quire less than 15% olivine addition to restore
equilibrium with the olivine host. Relative to an-
alyzed compositions, restored melt inclusion com-
positions have higher MgO (by as much as a fac-
tor of 2.5) and FeOT (< 15% increase) and have
about 2 wt.% lower SiO,. The similarity of whole
rock FeO values to FeO in many restored inclu-

Table 5

Major element compositions of matrix glass samples from Xitle volcano

Inclusion 1-A 1-B 1-C 2-A 2-B 2-C 3-A 3-B 3-C Unit IV
Si0, 55.02 54.90 55.24 54.63 55.26 55.20 59.58 58.72 59.66 52.32
TiO, 2.20 2.71 2.76 2.65 2.23 2.65 2.16 1.96 2.14 2.53
Al,O4 16.00 14.40 14.64 14.25 16.52 14.58 14.92 16.61 14.96 15.02
FeOT 8.36 9.41 9.33 9.60 8.04 9.04 7.67 6.79 7.64 9.54
MnO 0.16 0.15 0.16 0.12 0.16 0.16 0.13 0.14 0.13 0.19
MgO 3.72 4.07 3.76 4.20 3.74 4.33 2.82 2.57 3.12 4.92
CaO 7.66 7.01 7.24 7.16 7.83 7.36 5.42 6.29 5.54 8.58
Na,O 4.09 4.06 4.01 3.94 4.14 4.05 4.57 4.70 4.58 4.31
K,O 1.84 1.97 1.98 2.01 1.63 1.84 2.20 1.91 2.16 1.55
P,0s 0.81 0.98 1.00 0.97 0.83 0.90 0.62 0.58 0.64 0.68
S 0.008 0.004 0.005 0.009 0.004 0.010 0.015 0.008 0.006 0.008
Total 99.86 99.72 100.14 99.54 100.38 100.11 100.11 100.26 100.57 99.65
Glass Mg# 0.50 0.49 0.47 0.49 0.51 0.52 0.45 0.46 0.48 0.53

Matrix glass samples are from layer 1 (1-A, 1-B, 1-C), layer 2 (2-A, 2-B, 2-C), and layer 3 (3-A, 3-B, 3-C). Pillow rim glass is

from lava flow unit IV.

Major element compositions by electron microprobe. Total iron is reported as FeO. All analyses in wt.%.
Mg# is calculated as Mg?*/Mg?*+Fe?* using the analyzed composition of the matrix glass and assuming that 80% of the total

iron is present as Fe?*t.
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Fig. 2. Photomicrographs of melt inclusion-bearing olivine crystals from Xitle volcano after sectioning for infrared spectroscopy.
(A) Inclusion X1-8 (fully enclosed) shows the irregular form that is very common for Xitle melt inclusions. (B) Fully enclosed in-
clusion X1-7. Two relatively large plagioclase microlites are present inside the inclusion. Microlites such as these (>5 pum) were
considered ‘large’ in Table 1. (C) Fully enclosed inclusion X2-12, also showing irregular shape. (D) Crystal X2-13 showing three
reentrant inclusions. Note that the reentrant at left contains a vapor bubble whereas the large reentrant at right is bubble-free.

sion compositions suggests post-entrapment oliv-
ine growth by fractional rather than equilibrium
crystallization (T. Sisson, written communica-
tion), and thus provides some validation for the
recalculation procedure that we have used.

5.3. Major element compositions of melt inclusions
and matrix glasses

The major element compositions of melt inclu-
sions after correction for post-entrapment olivine
crystallization have SiO, contents that range from

52 to 58 wt.%, with most values between 53 and
55 wt.% SiO,. In the total alkalies vs. silica dia-
gram (Fig. 3) the inclusions are transitional be-
tween the alkaline and subalkaline fields. A group
of Xitle melt inclusions from the first explosive
event (tephra layer 3) are distinct from those of
the other tephra layers in having higher SiO; con-
tents (55-58 wt.%) and plotting clearly in the sub-
alkaline field. For each of the tephra layers,
matrix glass compositions are similar to but
slightly more evolved than those of associated
melt inclusions. This indicates that additional
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crystallization of the magmas continued after the
melt inclusions, reentrants and hourglasses were
trapped.

Whole rock samples from Xitle lava flows have
lower SiO; and incompatible element concentra-
tions (K,O, TiO;, P,Os) than melt inclusions.
However, the whole rock compositions lie along
the linear trends for melt inclusions and matrix
glasses from tephra layers 1 and 2 (Fig. 4) and
have similar incompatible element ratios. This is
the pattern that would be expected for a comag-
matic relationship between magma (whole rock
analyses) and associated olivine phenocrysts, in-
cluded melts, and residual melt (matrix glass).
These relations demonstrate that the olivines are
not xenocrystic and that they probably crystal-
lized from the host magma in which they were
erupted. We note, however, that no analyzed
whole rock samples have compositions that lie
at the less differentiated end of the melt inclusion
compositions from tephra layer 3. Layer 3 matrix
glass samples have similarly low TiO; and P,Os
to the inclusions indicating that the layer 3 oliv-
ines are not xenocrystic (Figs. 3 and 4). Because
all major flow units from Xitle have been ana-
lyzed (Cervantes and Molinero, 1995; Wallace
and Carmichael, 1999), this observation indicates
that no Xitle lava flows have compositional sim-
ilarities to layer 3 tephra.

5.4. HO, CO,, and S in melt inclusions

Analyzed H,O, CO; and S concentrations have
been corrected for the effects of post-entrapment
growth of olivine as described above (Table 4).
These corrected values will be used throughout
subsequent figures and discussion. Dissolved
H,O concentrations in melt inclusions from
tephra layer 3 (first explosive phase) are slightly
higher, on average, than those in layers 1 and 2
(Fig. 5). Average values (% 16) for fully enclosed
inclusions are 0.64%0.24 wt.% H,O (layer 3),
0.39+0.36 wt.% (layer 2), and 0.36+0.11 wt.%
(layer 1). For inclusions from a given tephra
layer, H,O contents of fully enclosed inclusions,
hourglasses, and reentrants overlap (Fig. 5), but
on average, fully enclosed inclusions have higher
values. In addition, abundant microlites are more

Basaltic .
Basalt Andesite Andesite
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Fig. 3. Diagram showing SiO, vs. total alkalis (Na,O+K,0)
in melt inclusion glasses, matrix glasses, and whole rock
samples from Xitle volcano. Melt inclusion compositions
corrected for post-entrapment crystallization of olivine are
shown as open symbols, matrix glass compositions as solid
symbols, and whole rock analyses as large open gray circles.
All analyses of matrix and melt inclusion glasses have been
normalized to sum to 100% on an anhydrous basis with all
iron as FeO. Whole rock analyses are from Cervantes and
Molinero (1995) and Wallace and Carmichael (1999). The
composition of pillow rim glass from a portion of lava flow
unit V that flowed into a shallow lake is shown as an open
square. Dashed lines show the limits between basalt and ba-
saltic-andesite (52.5 wt.% SiO;) and between basaltic-andesite
and andesite (55 wt.% SiO;). Shown for reference is the di-
viding line separating alkali olivine basalts and subalkaline
basalts (tholeiites) in Hawaii (Macdonald and Katsura,
1964). The effect on melt composition of 10 wt.% olivine
crystallization is shown as an arrow.

common in reentrants and hourglasses than in
fully enclosed inclusions (Fig. 5).

H,O behaves as an incompatible element dur-
ing crystallization of basaltic melt. Because matrix
glass compositions are more evolved than the melt
inclusions, the H>,O concentrations of the matrix
melt just before eruption would have been greater
than the values of the inclusions. Using the H,O/
K,O ratios of the two inclusions with the highest
H,O (X2-4, X3-3) and the average K,O of the
matrix glasses from each tephra layer, we estimate
that before eruption, the H,O contents of the
melts represented by the different tephra layers
were 1.9 wt.% (layer 1), 1.8 wt.% (layer 2) and
0.9 wt.% H,O (layer 3).

The concentration of dissolved molecular H,O
(5200 cm™!) is below detection in many inclu-
sions. However, in inclusions with more than
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Fig. 4. Major element variation diagrams for melt inclusions, matrix glasses, and whole rock samples from Xitle volcano. Sym-

bols and data sources are given in Fig. 3.

~0.4 wt.% total H,O, dissolved molecular H,O
varies from 0.06 to 0.32 wt.%. All Xitle inclusions
plot near the experimental high-temperature water
speciation curve for basaltic melts (Fig. 6), indi-
cating that the dissolved water concentrations are
primary and not the result of secondary (low-tem-
perature) hydration of melt inclusion glasses.

Only two of the analyzed inclusions contain
measurable CO,, one from layer 2 (inclusion
X2-4, 338 ppm) and the other from layer 3 (in-
clusion X3-3, 312 ppm) (Table 3). All other inclu-
sions must have CO, below the detection limit,
which is ~30 ppm for samples with the typical
thickness of our sectioned Xitle inclusions.
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Fig. 5. Histograms showing concentrations of total dissolved
H,O in melt inclusions from Xitle after correction for post-
entrapment crystallization (Table 4). Fully enclosed inclu-
sions are denoted by gray shading, whereas reentrant and
hourglass inclusions are white; inclusions that contain a va-
por bubble are denoted by a circle; inclusions that contain
abundant microlites are denoted by an X.

Sulfur concentrations vary from below detec-
tion (~50 ppm) to 1000 ppm but are mostly
=200 ppm (Fig. 7). In general, there is little
correlation between H,O and S, but the three
inclusions with highest S contents all have =0.5
wt.% total H,O.

6. Discussion

6.1. Pressures of crystallization and melt inclusion
formation

The dissolved H,O and CO, concentrations of
the melt inclusions are shown in Fig. 8 together
with H,O-CO, vapor saturation curves for basal-
tic melts at pressures of 100-1000 bar and a tem-
perature of 1200°C. If the trapped melts that were
quenched to form the glass inclusions were vapor
saturated during crystallization of olivine and en-
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Fig. 6. Total H,O (3530 cm™!) vs. molecular H,O (1630
cm™!) in melt inclusions from Xitle volcano (Table 2). The
average analytical uncertainty for the measurements is shown
in the lower right. Shown for comparison (solid line) is the
experimentally determined high-temperature speciation curve
for water in tholeiitic melts (Dixon et al., 1995).

trapment of inclusions, then the dissolved H,O
and CO, contents can be used to calculate the
crystallization pressure (Table 4). If the melts
were not vapor saturated, then the H,O and
CO; data provide a minimum pressure of crystal-
lization; however, because of the very low solu-
bility of CO; in silicate melts, basaltic melts will
probably be vapor saturated at crustal pressures
(e.g., Roedder, 1984; Dixon and Stolper, 1995).
When using dissolved H,O and CO; contents to
infer vapor saturation pressures, a complication
arises because many melt inclusions contain a
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Fig. 7. Plot of total H,O (wt.%) vs. S (wt.%) in melt inclu-
sions from Xitle volcano. Total H,O was measured by FTIR
using the absorbance of the 3530 cm™' band (Table 2).
S contents were measured by electron microprobe (Table 4).
The lower limit of detection for S on the microprobe is ~ 50
ppm. The average analytical uncertainty for the measure-
ments is shown in the lower right.
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small vapor bubble that formed during post-
entrapment cooling due to the greater thermal
expansion of melt relative to the olivine host
(Roedder, 1965; Lowenstern, 1995). A significant
amount of the CO, originally dissolved in the
melt is lost to this vapor bubble as it forms (An-
derson and Brown, 1993). As a result, vapor sat-
uration pressures based on analyzed dissolved
H,0O and CO; in the melt (glass) can underesti-
mate the original trapping pressure.

Melt inclusions that are fully enclosed in the
olivine host and do not contain vapor bubbles
(Table 1) are the most straightforward for esti-
mating entrapment pressure. For all but one of
these inclusions (X3-3), the dissolved H,O con-
centrations and absence of measurable CO; indi-
cate pressures = 100 bar. Similarly, for fully en-
closed inclusions that contain vapor bubbles,
dissolved CO, was also below detection in all
but one inclusion (X2-4). The absence of dissolved
CO; indicates that the composition of the vapor
phase formed by melt shrinkage during cooling
would have been H,O-rich and CO;-poor. Given
the high solubility of H,O in basaltic melt and the
relatively small size of the vapor bubbles, the orig-
inal entrapment pressure of these inclusions, cal-
culated by assuming all vapor in the bubble was
originally dissolved in the melt, are only slightly
higher than the pressure estimated from the ana-
lyzed H,O content. Only if the vapor phase was
relatively CO;-rich would the original entrapment
pressure be significantly higher than the apparent
pressure based on measured volatile concentra-
tions (see Anderson and Brown, 1993). Therefore
the vapor saturation pressures inferred for fully
enclosed inclusions that contain vapor bubbles
(except X2-4) are also =100 bar.

Many of the reentrants and hourglass inclu-
sions that we analyzed in Xitle tephra also do
not contain vapor bubbles. This indicates that
they did not exsolve volatiles during ascent and
eruption. Because such inclusions are connected
to external melt, they can be used to infer the
pressure of the magma a short time before erup-
tion. The vapor saturation pressures of these bub-
ble-free reentrants and hourglass are = 100 bar,
similar to enclosed inclusions. The low vapor sat-
uration pressures for fully enclosed inclusions and

bubble-free reentrants and hourglasses indicate
that most olivine crystallized at very shallow
depths beneath the volcano.

Only two Xitle melt inclusions contain measur-
able CO,. These inclusions must have formed at
much higher pressures; the calculated vapor sat-
uration pressures are 740 bar (tephra layer 3,
inclusion X3-3) and 890 bar (layer 2, inclusion
X2-4). Both of these appear to be fully enclosed
inclusions. These inclusions demonstrate that
some olivine phenocrysts formed at much higher
pressures.

6.2. Low-pressure degassing

The variable and commonly low values of dis-
solved H,O in enclosed melt inclusions (0.2-1.3
wt.% H,0) and the very low vapor saturation
pressures suggest that crystallizing olivine trapped
melts that had already undergone degassing at
shallow depths beneath the volcano. An alterna-
tive hypothesis, that 0.2-1.3 wt.% H;O represents
the primary values for Xitle magmas, is inconsis-
tent with the absence of measurable CO, in all
but two of the inclusions. CO; is much less solu-
ble than H,O in basaltic melts and would there-
fore be expected to degas almost entirely before
significant H,O was lost (Dixon and Stolper,
1995). Calculated degassing paths for basaltic
melts can easily explain the variable H,O in Xitle
melt inclusions that have lost all dissolved CO,
(Fig. 8). Similar results have been reported for
Paricutin volcano, further west in the TMVB,
and at Stromboli volcano in the Aeolian Islands,
Italy. At Paricutin, Luhr (2001) found that only
two of 26 fully enclosed inclusions in olivine con-
tain measurable CO,. These two inclusions have
~ 4 wt.% H,0, whereas the other inclusions have
1.8-3.8 wt.% H,O as well as lower CI and S. At
Stromboli, melt inclusions in typical crystal-rich
scoria from Strombolian eruptions have very
low H,O (0.12-0.18 wt.%) and CO, below detec-
tion, whereas melt inclusions in crystal-poor teph-
ra from more energetic explosions have higher
H,O (2.3-2.8 wt.%) and CO, (890-1690 ppm;
Metrich et al., 2001).

The hypothesis that low H,O in the Xitle inclu-
sions is caused by diffusive loss of H,O through
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Fig. 8. Plot of total H,O (wt.%) vs. CO, (ppm) for melt in-
clusions from Xitle volcano (Table 4). Diagonal curves show
vapor saturation isobars from 100 to 1000 bars based on ex-
perimental solubility measurements and derived thermody-
namic models (Dixon et al., 1995). Solid and dashed curves
show closed and open system degassing paths, respectively.
The paths were calculated using the method of Dixon and
Stolper (1995). Minimum detection limit for CO, is ~30
ppm. Inclusions below detection are plotted at 10 ppm CO;
for clarity. The average analytical uncertainty for the mea-
surements is shown in the upper right.

the olivine host can be ruled out. Even though
H,O diffusion could potentially be fast (e.g.,
Mackwell and Kohlstedt, 1990), diffusion of S
and CO; through the olivine host should be
much slower, yet most inclusions have no CO,
and have low S contents that are similar to fully
degassed basaltic glasses (e.g., Swanson and Fab-
bi, 1973). Another possibility is that despite our
careful petrographic examination before section-
ing, the fully enclosed inclusions were able to leak
via small cracks in the olivine host or through
small melt-filled necks connecting the inclusions
to the surface of the host crystal. Because leakage
would be caused by the higher pressure of the
inclusion relative to its surroundings, this would
form vapor bubbles in the inclusions (e.g., Ander-
son, 1991; Lowenstern, 1995). Most of the en-
closed inclusions do not have vapor bubbles
(Fig. 5), so leakage as a cause of the low volatile
contents seems unlikely. A final possibility is that
inclusion volatile contents re-equilibrated by dif-
fusion involving microcracks in the host or melt-
filled necks such that no bubble was formed in the
inclusion. We consider this unlikely because at the
relevant conditions, diffusion of CO, is slower
than H,O (possibly by as much as a factor of
10) and S diffusion is about two orders of magni-

tude slower than H,O (Watson, 1994). If this type
of diffusive leakage was responsible for the low
H,O contents of the inclusions, we would expect
more of the inclusions to have high S and mea-
surable CO,.

We consider it significant that the rare inclu-
sions with measurable CO, contain few to no mi-
crolites. One interpretation of the presence of
microlites and larger crystals in low-H,O melt in-
clusions could be that they were formed as the
magma was degassing but before the melt was
trapped inside growing olivine crystals. Loss of
H,O from melt increases the liquidus tempera-
ture, which should result in rapid crystallization
(Anderson, 1973; Eichelberger, 1995).

6.3. Controls on explosive vs. effusive eruption
at Xitle volcano

The Xitle eruption was dominantly effusive
with fluid lava flows accounting for ~95% of
the total dense rock erupted material. The paucity
of tephra from Xitle contrasts with the eruptive
behavior of Paricutin volcano to the west in
Michoacan in which tephra deposits account for
~60% of the eruptive products (Fries, 1953).
Possible factors that caused this difference are
the higher initial water content (~4 wt.%;
Luhr, 2001) and greater viscosity of Paricutin
magmas due to higher silica contents. However,
the H,O contents of Xitle magmas (=1.9 wt.%
for matrix melt at time of eruption) are more than
sufficient to produce high lava fountains or sus-
tained explosive eruptions because fragmentation
would occur in the conduit several hundred
meters below the surface (Fig. 9; Wilson, 1980;
Head and Wilson, 1987; Parfitt and Wilson,
1995). The dominance of effusive lavas at Xitle
indicates very efficient degassing of magma before
or during extrusion. Unfortunately, we have not
been able to analyze any melt inclusions from lava
samples because they are crystalline and unsuit-
able for volatile analysis.

The tephra deposits at Xitle provide important
information concerning the processes that govern
shallow gas loss from basaltic magmas and con-
trol whether eruptions will be explosive or effu-
sive. Melt inclusions in the first erupted tephra
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Fig. 9. Depth vs. vesicularity for ascending basaltic magma
with an initial H,O content of 1.3 wt.%. Calculation assumes
a lithostatic pressure gradient (Giberti and Wilson, 1990;
Parfitt and Wilson, 1995) and uses solubility and degassing
relations from Dixon and Stolper (1995). Fragmentation will
occur somewhere in the range from 60-90 vol.% vesicles, cor-
responding to depths <300 m below the surface.

(layer 3) have higher SiO;, and lower TiO, and
P,0s, than those in the middle (layer 2) and last
(layer 1) erupted layers (Fig. 4). Geochemically
the layer 3 inclusions are similar to the subduc-
tion-related calc-alkaline volcanic rocks that are
volumetrically more abundant in the Sierra Chi-
chindutzin volcanic field than are the transitional
to alkalic lavas erupted from Xitle (Wallace and
Carmichael, 1999; Cervantes, 1999). The stratig-
raphy at Xitle shows that following an initial,
Strombolian, scoria cone-building phase, activity
was largely effusive, punctuated briefly by the ex-
plosive phase that deposited the tephra from
which our melt inclusions are derived. The unusu-
al composition of the melt inclusions and matrix
glass in the lowermost tephra layer suggests that
the change in the eruptive style was associated
with a change in composition from mafic magma
to a more viscous andesitic magma that erupted
explosively. The distribution of the fall deposits
and the lack of soil between the layers indicates
that the three ash deposits formed in close succes-
sion (Delgado et al., 1998). Although melt inclu-
sions in the first layer are andesitic, those in the
subsequent two layers are basaltic andesite, much
closer in composition to basaltic magmas that
erupted effusively from Xitle (Figs. 3 and 4).
The change in composition recorded by the layer
3 tephra somehow interrupted the efficient degas-
sing that allowed effusive eruptions of basalt. It is

important to note that this batch of more ande-
sitic magma did not form as a result of crystal
fractionation of mafic magma similar to the lavas
at Xitle but must instead reflect a magma mixing
or recharge event. The evidence for this is that
melt inclusions from tephra layer 3 have signifi-
cantly different P,Os and TiO, from melt inclu-
sions from the other layers, as well as different
K,O/Ti0, and K,0/P,0O5 from the whole rock
analyses of the mafic lava flows from Xitle (Fig.
4).

In some basaltic eruptions, a switch from ef-
fusive back to explosive eruption is the result
of influx of ground or surface water such that
the eruption becomes phreatomagmatic (Hough-
ton et al., 1999). In the case of Xitle, involvement
of external water seems unlikely to be the main
factor in causing a new explosive phase because
the onset of the explosive phase coincides with a
change in magma composition.

The process of non-explosive gas release from
silicic magmas has been extensively investigated.
Effusive eruptions of silicic magma appear to in-
volve magma with initially high H,O concentra-
tions (Eichelberger et al., 1986; Newman et al.,
1988 ; Westrich et al., 1988; Martel et al., 1998).
That such magmas are erupted non-explosively
requires that water be lost through the surround-
ing country rock prior to extrusion. One possible
mechanism by which gas loss may occur is if mag-
ma decompression induces sufficient vesicularity
to form bubbly magma that is permeable to gas
(Eichelberger et al., 1986; Westrich et al., 1988;
Eichelberger, 1989, 1995; Westrich and Eichel-
berger, 1994). In silicic eruptions, Eichelberger et
al. (1986) proposed that a funnel-shaped vent
eroded during an early explosive phase is filled
with highly permeable pumice and ash. Gas loss
through this permeable material then permits
magma ascent without significant internal vapor
overpressure. Another possible mechanism is the
formation of fractures in overpressured magma
(Stasiuk et al., 1996; Sparks, 1997; Jaupart,
1998). An important controlling parameter in ei-
ther of these mechanisms is the ascent velocity of
magma because slower rates of ascent result in
greater time available for degassing (Jaupart and
Allegre, 1991; Woods and Koyaguchi, 1994). For
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example, Jaupart and Allegre (1991) suggested
that a decrease in chamber overpressure during
the course of an eruption would result in mono-
tonic decrease in ascent velocity such that an ini-
tially explosive eruption grades into an effusive
one. This process might have been important at
Xitle because renewed explosive activity during
the effusive phase is associated with a composi-
tionally anomalous batch of magma (layer 3 an-
desitic inclusions). A magma mixing or recharge
event could have caused an increase in overpres-
sure in the magma storage reservoir beneath Xitle.
This would increase ascent rates, decreasing the
extent of gas loss during ascent so that the erup-
tion became explosive again (Fig. 10). As this
overpressure waned, the eruption switched back
to an effusive style.

Gas is lost more easily from low viscosity ba-
saltic magmas than from silicic magmas. In Ha-
waii, basaltic magma erupts as both lava foun-
tains and lava flows. The lava flows involve
highly degassed magma, but the primary water

Initial Cinder Cone Growth

Effusive Stage

contents of undegassed magma are as high as
0.8 wt.% H,O (Dixon et al., 1991; Wallace and
Anderson, 1998). In order to account for low-
pressure degassing in basaltic volcanoes, two
mechanisms have been proposed. The first one
(Dixon et al., 1991; Wallace and Anderson,
1998), observed in Hawaii, is degassing of lava
in a surface lava lake followed by drainback of
dense, degassed magma back down the conduit.
The second process, inferred for Ozu-Oshima vol-
cano in Japan (Kazahaya et al., 1994), is degas-
sing related to convection of magma in the con-
duit. In this process magma degasses within the
conduit, sinks because of the density increase
caused by degassing, and then is mixed with un-
degassed magma at depth. This process was orig-
inally proposed to account for abundant gas emis-
sions with little or no eruption of lava. Neither
surface degassing or conduit convection processes
can explain the eruption and degassing history at
Xitle because the relatively small Xitle crater
could not have contained a large lava lake and
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Fig. 10. Schematic model for explosive and effusive eruptions at Xitle as discussed in the text. The andesitic compositions of
layer 3 melt inclusions and matrix glass suggest an association between magma recharge and the renewal of explosive activity.
The recharging magma was more differentiated than typical Xitle basaltic magmas, so it would have been buoyant relative to ba-

saltic magma in the subvolcanic magma body.
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because the eruption involved a large volume of
degassed lava.

One major difference between gas loss from sili-
cic and basaltic magmas is that the low viscosity
of the latter allows buoyant rise of gas bubbles
through ascending magma (Wilson, 1980). The
rate of bubble rise relative to magma is dependent
on bubble size and magma viscosity (Parfitt and
Wilson, 1995). Strombolian eruptions occur in
low-viscosity magma when bubble rise is rapid
relative to the magma so that rising bubbles coa-
lesce (Wilson, 1980; Parfitt and Wilson, 1995).
This results in discrete explosions that occur
when large gas bubbles break at the surface.
The normal to violent Strombolian eruptions
(Walker, 1973) that construct scoria and cinder
cones probably occur by this mechanism (Fig.
10), with the violence of the individual blasts
being a complex function of the magma rise
speed, viscosity, and volatile content (Head
and Wilson, 1989). At both Paricutin and the
1995 eruption of Cerro Negro, Nicaragua, initial
Strombolian eruptions formed cinder cones and
were followed by increases in eruption intensity
that were characterized by continuous ash-rich
tephra columns that reached maximum altitudes
of ~6 km and 2-2.5 km, respectively (Foshag
and Gonzalez-Reyna, 1956; Bullard, 1962; Hill
et al., 1998). These sustained eruptions contained
greater proportions of ash than the Strombolian
phase. The sustained eruptions probably resulted
from higher magma ascent velocities such that gas
bubbles remained entrained in rising magma and
expanded until fragmentation, giving rise to a
more continuous jet of gas and vesicular pyro-
clasts from the vent and an associated convecting
column (Fig. 10). The Xitle tephra deposits that
we have studied have similar areal distribution to
tephra at Paricutin and were probably formed by
a similar, sustained, ash-rich tephra column. At
the opposite end of the spectrum, slow ascent
rates may allow gas bubbles to migrate upwards
so extensively that degassed magma erupts as lava
flows. Krauskopf (1948) noted that, during lava
effusion at Paricutin, vigorous gas emissions were
confined entirely to the central vent of the cone
whereas lava was emitted from near the base of
the cone. He suggested that separation of gas

from magma occurred continuously at shallow
depths within the cone. This allowed degassed
lava to flow laterally and exit near the base of
the cone while gas escaped through bubbly mag-
ma in the uppermost part of the conduit just be-
low the crater. A similar mechanism probably ap-
plies to degassing at Xitle, where the lower initial
H,0O compared with Paricutin made it easier for
magma to degas and erupt effusively (Fig. 10).
A surprising finding from our study of Xitle is
that fully enclosed melt inclusions in the tephra
deposits formed in magma that had undergone
significant low-pressure degassing before inclusion
entrapment. This seems contradictory because we
infer that more rapid magma ascent rates were
necessary to cause the explosive eruption that de-
posited the tephra. Olivine phenocrysts from the
Xitle tephra have morphologies that range from
equant skeletal (hopper) to polyhedral. Similar
morphologies have been produced experimentally
at cooling rates of 5-20°C/h and 2-10°C/h,
respectively (Donaldson, 1976; Lofgren, 1981).
Most of the Xitle olivines are <1 mm in size
(Fig. 2). Using experimentally determined olivine
growth rates for appropriate degrees of under-
cooling (Jambon et al., 1992), we estimate that
olivines of this size and morphology could crys-
tallize in about 3-30 h. Textural and melt inclu-
sion evidence for rapid crystallization of olivine
phenocrysts in response to shallow degassing has
also been found at Stromboli volcano and cinder
cones in the Pinacate volcanic field in northern
Mexico (Gutmann, 1979; Metrich et al., 2001).

7. Summary

The 2000 yr BP eruption of Xitle volcano
in central Mexico was largely effusive after an
initial Strombolian cinder cone-building phase.
However, a short-lived explosive phase of activity
punctuated the eruption of lava flows and depos-
ited three widespread tephra layers. Melt inclu-
sions in olivine phenocrysts (Fogs_g¢) from these
three ash layers have dissolved H,O concentra-
tions that vary from 0.2 to 1.3 wt.%. The absence
of detectable CO; in all but two inclusions com-
bined with generally low S concentrations indi-
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cates shallow-level degassing before olivine crys-
tallization and melt inclusion formation. These
results demonstrate that caution must be used
when interpreting volatile data for melt inclusions
because inclusions can form from strongly de-
gassed melt. In the case of Xitle, effusive erup-
tions were the result of efficient degassing of
magma during ascent. Most gas loss probably oc-
curred through the top of the open vent as a
result of bubble rise and gas separation in the
magma column within the cone. Olivine morphol-
ogies are consistent with the interpretation that
most crystal growth occurred at shallow depths
as a result of water loss from the melt. The
short-lived explosive phase at Xitle was associated
with a compositionally anomalous batch of more
andesitic magma, probably resulting from a mag-
ma mixing or recharge event. This likely increased
the degree of overpressure in the magma storage
reservoir, causing increased ascent rates and less
time for degassing so that eruptions became ex-
plosive. As the overpressure waned, the eruption
switched back to an effusive style once again.
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