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ABSTRACT

Volcaniclastic sediments recovered from the clastic apron of Gran Canaria during Leg 157 provide a rare opportunity to
study basaltic volcanism from the early shield-building phase of an oceanic island. Infrared spectroscopic analyses of trapped
melt (glass) inclusions from Miocene hyaloclastites, many of which are picritic, generally show very low pre-eruptive dissolved
H2O concentrations (0.08 to ~0.2 wt% H2O). Two glass inclusions from a differentiated basaltic hyaloclastite have significantly
higher water concentrations (1.2–1.4 wt%). The speciation of water in these two inclusions is consistent with the high-tempera-
ture equilibrium for water in basaltic melts, indicating that the high total dissolved H2O concentrations are not caused by sec-
ondary hydration. The low dissolved H2O concentrations of most of the glass inclusions are comparable to the lowest values
found in mid-ocean-ridge basalts, whereas the H2O-rich glass inclusions are similar to the highest values reported for subma-
rine alkalic glasses from Hawaii. Most inclusions have dissolved carbonate contents between 100 and 350 ppm CO2. A single
inclusion has a much higher CO2 content (1426 ppm) that indicates pyroxene crystallization and inclusion entrapment at a pres-
sure of ~2800 bars. All other inclusions must have formed by pyroxene crystallization at an average pressure of 500 ± 100 bars,
equivalent to ~1−3 km depth beneath the subaerial Miocene volcanic edifice of Gran Canaria. Such low pressures of crystalliza-
tion for picritic magmas suggest that during the shield-building phase of Gran Canaria, ascending batches of picritic magma
were sufficiently CO2-rich to be positively buoyant relative to shallow-stored magma. Comparison of degassing models for
basaltic melts with measured vesicularities of altered glass shards from the hyaloclastites indicates that much of the glass shard
and crystal debris, from which the hyaloclastites were deposited, originally formed in submarine eruptions at water depths
<~500 m.
 157
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INTRODUCTION

The compositional evolution of oceanic islands has provided im-
portant insights into mantle dynamics and geochemistry. Although
the subaerial stages of volcanism on many islands have been studied
in detail, little is known about the geochemical evolution of the sub-
marine stages, which typically make up more than 90% of the volume
of ocean island volcanoes. Leg 157 was designed to investigate the
growth of one such volcanic system, Gran Canaria, which was chosen
because of its well-studied 15-m.y. subaerial history and wide spec-
trum of magma compositions (Schmincke, 1982; Hoernle and
Schmincke, 1993; Schmincke, 1994).

Four holes drilled north (Sites 953 and 954) and south (Sites 955
and 956) of the island (Fig. 1) penetrated a total of almost 3000 m and
demonstrated that the compositional evolution, growth, and mass
wasting of an oceanic island is reflected in the sediments of the adja-
cent volcaniclastic apron (Schmincke, Weaver, Firth, et al., 1995).
All major volcanic and nonvolcanic phases of Gran Canaria were rec-
ognized in the ages and compositions of sediments, physical proper-
ties, and geophysical logs. The highest rate of volcaniclastic deposi-
tion corresponds to the middle Miocene basaltic shield stage. The
volcaniclastic sediments recovered from this stage consist largely of
thick, graded hyaloclastite tuffs and debris flows that contain abun-
dant altered basaltic glass shards formed by submarine eruptions
(Fig. 2). These are overlain by 40 m of breccias and lapillistones that
record the transition from shallow submarine to subaerial eruptions.
On land, the shield basalts are covered by >200 m of felsic tuffs and
lava flows (Schmincke, 1994). Different facies of volcaniclastic sed-
iments recovered from Sites 953, 955, and 956 can be correlated with
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this post-shield felsic volcanic stage. After an important volcanic hi-
atus on Gran Canaria from 9.5 to 4.5 Ma (Schmincke, 1994), a re-
newed period of subaerial volcanism, which includes Pliocene to re-
cent basaltic eruptions, once again provided clastic material to the
volcanic apron.
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Figure 1. Map of the central Canary islands showing the locations of Leg
drill sites (Schmincke, Weaver, Firth, et al., 1995). Also shown for refere
is the location of Deep Sea Drilling Project (DSDP) Site 397.
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The goal of this study was to investigate the crystallization, de-
gassing, and eruptive history of basaltic magmas from the Miocene
submarine to emergent shield stage of Gran Canaria. I analyzed glass
inclusions in clinopyroxene phenocrysts from hyaloclastites and
lapillistones that correspond to this stage. Glass inclusions are sam-
ples of silicate melt that were originally trapped inside growing crys-
tals and subsequently quenched to glass during eruption. Inclusions
that remain sealed during eruption do not degas volatile elements
(e.g., H2O, CO2, S, Cl, and F). Analysis of the included glasses can
thus yield important information concerning the original dissolved
volatile contents of the magmas before eruption. This is particularly
important for studying the shield stage of Gran Canaria because many
glass inclusions remain unaltered in submarine samples, whereas the
basaltic glass shards that form a major component of the hyaloclas-
tites and lapillistones are altered. I analyzed the inclusions for both
dissolved H2O and CO2 to estimate the range of depths (pressures) at
which the pyroxene host crystals formed. In addition, these data can
be used to estimate the range of water depths at which the basaltic
magmas were erupted and quenched. Most of the basaltic glass
shards in the hyaloclastites from Sites 953 and 956 are slightly to
moderately vesicular. Measurements of vesicle proportions in glass
shards from the hyaloclastites can be combined with thermodynamic
models of magma degassing to calculate the depth at which the ba-
salts were erupted. This provides constraints on the temporal and
physical evolution of the shield during the transition from submarine
to subaerial eruptions.

PETROGRAPHY, GEOCHEMISTRY,
AND DEPOSITIONAL HISTORY

OF VOLCANICLASTIC SEDIMENTS
Site 953

The oldest volcaniclastic sediments recovered from the drill sites
around Gran Canaria (Fig. 1) are middle Miocene hyaloclastite tuffs,
lapillistones, and breccias from the lowermost part (969−1159 meters
below seafloor [mbsf]) of Hole 953C (Shipboard Scientific Party,
1995a). The sediments contain abundant altered basaltic glass frag-
ments (sideromelane) that vary in texture from nonvesicular to highly
vesicular. Some intervals are dominated by nonvesicular to slightly
vesicular shards. Olivine pseudomorphs and clinopyroxene pheno-
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Figure 2. Modal abundance of altered basaltic glass 
shards (sideromelane) as a function of recovery depth 
(in meters below seafloor) from Sites 953 and 956. Per-
cent sideromelane is calculated as 100 × sideromelane/
(sideromelane + lithic clasts). The modal data were 
estimated from thin sections, as reported in Shipboard 
Scientific Party (1995a, 1995b); additional data for 
cores from the lowermost sequence at Site 956 were 
obtained as part of this study. The depths of core sam-
ples from which glass inclusions were analyzed (Table 
1) are indicated by arrows. No inclusions large enough 
for IR spectroscopic analysis were found in the sedi-
ments from the emergent to subaerial shield stage at 
Site 953. Shown for reference are the correlations from 
the volcaniclastic sediments to the various subaerial 
volcanic phases that are well documented on Gran 
Canaria (e.g., Schmincke, 1994). These correlations 
were deduced from the petrography, mineralogy, and 
geochemistry of the volcaniclastic sediments from 
Sites 953 and 956 (Shipboard Scientific Party, 1995a, 
1995b. 
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crysts are common in the sideromelane shards and as isolated crys-
tals. The dominant lithic clasts are picritic basalt with abundant large
olivine pseudomorphs, rare fresh olivine, and clinopyroxene. 

Sideromelane forms during submarine eruptions of basaltic mag-
ma when magma is quenched in seawater, and therefore is relatively
abundant in volcaniclastic sediments formed during the submarine
shield-building stage of ocean island volcanoes (Fisher and
Schmincke, 1984). In contrast, lithic clasts formed during subaerial
basaltic eruptions are generally of two types: (1) tachylitic basalt,
which forms as subaerially erupted basaltic lava flows into the sea
and is quenched, and (2) crystalline basalt fragments, especially red
oxidized clasts. The proportions of sideromelane relative to tachylite
and crystalline lithic clasts in volcaniclastic sediments can be used as
an indicator of the relative contributions of submarine and subaerially
erupted basalts (Schmincke and von Rad, 1979). The lowermost
(middle Miocene) part of the sedimentary sequence at Site 953 con-
sists of a section that is dominated by sideromelane, overlain by a
transition region in which the proportion of sideromelane decreases
rapidly to low values (Fig.2). This sequence probably corresponds to
the transition from the shallow submarine to emergent shield stages
of Gran Canaria.

Bulk chemical analyses of the volcaniclastic sediments indicate
low SiO2 contents, high MgO (≤17 wt%), and high concentrations of
compatible trace elements (Ni mostly 400–860 ppm, Cr 161–1
ppm, V 150–780 ppm; Shipboard Scientific Party, 1995a). In par
ular, the very high Ni contents and the abundance of large oliv
pseudomorphs indicate that picritic magmas were dominant du
the submarine and shallow emergent shield phases that are repr
ed by this unit. Picritic basalts have also been found in subaeria
posures of Miocene age on Gran Canaria (Hoernle and Schmin
1993). Within the hyaloclastite sequence, the poor sorting, sligh
verse grading at the base of each depositional unit, and the ma
supported nature of many of the very thick-bedded deposits sug
that emplacement occurred by multiple debris flows. However, 
vesicular nature of the altered glass shards suggests that they
originally formed during shallow submarine eruptions.

Site 956

The oldest volcaniclastic sediments recovered from Site 956
cated to the southwest of Gran Canaria (Fig. 1), consist of hyalo
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tite tuff, lapillistone, and breccia of middle Miocene age (Shipboard
Scientific Party, 1995b). These sediments are petrographically simi-
lar to volcaniclastic sediments of similar age recovered at Site 953,
overlying the older picritic hyaloclastites described above (Fig. 2).
The volcaniclastic sediments from the lowermost sequence at Site
956 are quite variable in mineralogy and texture, and consist domi-
nantly of moderately evolved basaltic, rather than picritic, material.
Furthermore, the sediments at Site 956 contain a greater abundance
of subaerially-erupted basalt clasts (Fig. 2), especially the breccias,
which contain abundant clasts of vesicular basalt and red oxidized
scoriaceous fragments. These units also contain a moderate amount
of altered vesicular glass shards, indicating that hydroclastic erup-
tions were occurring on the southwest side of Gran Canaria during
this time and that the products of both submarine and subaerial vol-
canism were mixed together before deposition of the coarse clastic
units. The subaerial equivalents of the Miocene hyaloclastites at Site
953 (picritic) and Site 956 (differentiated basalt) range in composi-
tion from tholeiitic to mildly alkalic (Hoernle and Schmincke, 1993;
Gurenko et al., 1996).

SAMPLE PREPARATION

Pyroxene separates were prepared by crushing samples of hyalo-
clastite tuff and lapillistone, sieving to the 1000- to 355-µm size f
tion, and handpicking the crystals. Each separate was then plac
a shallow dish filled with refractive index oil (n = 1.657) and view
under a binocular microscope. This allows individual inclusion-be
ing crystals to be carefully examined to avoid samples in which s
cracks are observed radiating out from the inclusion into the 
rounding host mineral. This is an important step in sample chara
ization because it avoids inclusions that may have lost dissolved
atiles from syn- or posteruptive cracking of the host mineral. M
of the inclusions found in pyroxenes from the hyaloclastite sam
were pervasively altered to clay, probably as a result of seawat
pore water infiltrating along cracks in the pyroxene host. Inclusi
that remained glassy in these >14-Ma marine sediments must 
been free of any cracks. Such inclusions should not have been a
ed either by syn-eruptive degassing or postemplacement hydra
However, the analytical data presented below reveal that sever
clusions did undergo low temperature (secondary) hydration.

Pyroxene crystals containing glass inclusions were mounted 
microscope slide using acetone-soluble cement. Doubly polished
fers with two parallel sides were prepared from the inclusion-bea
crystals so that both sides of the wafer intersected the inclusion(s
dividual crystals were oriented before grinding so that the maxim
number of inclusions would be intersected by the polished surfa
Some crystals with very small inclusions were prepared so that 
one side of the inclusion was intersected by the polished surfac
ensure uniform sample thickness during grinding, the samples 
periodically viewed under a petrographic microscope to observe
distribution of interference colors. Photomicrographs of the inc
sions analyzed in this study are shown in Figure 3.

The thickness of each inclusion was measured by mounting
edge of the doubly polished pyroxene wafer to a needle using e
and immersing the wafer into a cylindrical glass well filled with 
fractive index liquid (n = 1.657). This allows the crystal to be rota
and viewed parallel to the flat dimension under a microscope w
calibrated eyepiece, thereby allowing a direct measurement o
thickness. For inclusions with both sides intersected by the surf
of the pyroxene wafer, these measurements have an accuracy o±1 to
±3 µm, depending on how close the inclusion is to the edge of the
fer; inclusions located close to the center of a pyroxene wafer are
erally more poorly resolved. The results of this measurement t
nique agree with measurements made using a digital microm
(Skirius, 1990). Thickness measurements for small inclusions 
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are intersected only by one side of the pyroxene wafer are gene
less accurate.

INFRARED SPECTROSCOPY

Transmission infrared (IR) spectra of the glass inclusions w
obtained using a Nicolet Magna 550 Fourier transform infrared s
trometer equipped with a Spectratech IR-Plan analytical microsc
at the U.S. Geological Survey, Menlo Park, California. This ins
ment has upper and lower (redundant) apertures that can be u
direct the beam path through the doubly polished glass inclusions
avoid the surrounding pyroxene host (Fig. 4). Inclusions were a
lyzed using either fixed diameter circular apertures that yield a 1
µm-diameter region or adjustable knife-edged apertures for sm
inclusions. A KBr beamsplitter and liquid nitrogen-cooled HgCdT2

(MCT) detector were used for all spectra.
Band assignments for dissolved water and carbonate in bas

glass were made as described in Dixon et al. (1995). Quantitativ
termination of the total amounts of dissolved H2O (determined from
the OH– band) and CO2 (determined from the carbonate bands) were
made using Beer’s law:

where c is the concentration, in weight fraction, of the absorb
species, mol. wt. is the molecular weight (18.02 for OH– and 44.00
for CO3

2–), abs is the absorbance intensity of the band of interest, ρ
is the room temperature density of the glass, d is thickness (path
length), and ε is the molar absorption coefficient. A glass density of
2800 kg/m3 was assumed for all inclusions.

Total dissolved water was measured using the intensity of the
broad, asymmetric band centered at 3530 cm–1 (Fig. 5A), which cor-
responds to the fundamental OH-stretching vibration (Nakamoto,
1978). Absorbance intensity of the 3530 cm–1 band for each sample
was measured as the peak height from the plotted spectrum using a
graphical background subtraction procedure in which the background
was drawn as a smooth curve. Total dissolved water contents (Table
1) were calculated using a molar absorption coefficient of 63 ± 3
mol-cm (Dobson et al., unpubl. data, as cited in Dixon et al., 19
To examine the speciation of water in these glasses as a mea
screening for low temperature hydration, concentrations of disso
molecular H2O were determined by measuring the intensity of 
1630 cm–1 absorption band, which corresponds to the fundamental
bending mode of dissolved water molecules (Nakamoto, 1978). Un-
like the molar absorptivity for the 3530 cm–1 band, which is relatively
independent of composition for basaltic glasses, Dixon et al. (1995)
have shown that the molar absorptivity for molecular water is com-
positionally dependent. Using the method described in Dixon et al.
(1995), together with the average composition of the glass inclusions
(P. Wallace, unpubl. data) that have detectable molecular water, the
molar absorptivity of the 1630 cm–1 band is 21 ± 4 L/mol-cm.

Dissolved carbonate was measured from the absorbances o
bands at 1515 and 1430 cm–1 (Fig. 5B), which correspond to anti-
symmetric stretching of distorted carbonate groups (Brey and Green,
1975; Fine and Stolper, 1986; Dixon et al., 1995). Illustrated in Fig-
ure 5B is the spectrum of a typical basaltic glass inclusion showing
the carbonate bands. The shape of the background in the region of the
carbonate doublet is complex (Dixon et al., 1995). Absorbance inten-
sities for the 1515 and 1430 cm–1 bands were measured after subtrac-
tion of a reference spectrum for a decarbonated basaltic glass to
achieve a relatively flat background (Dixon et al., 1995). The molar
absorptivity for carbon dissolved as carbonate in basaltic glasses is
compositionally dependent (Dixon and Pan, 1995). Dissolved car-
bonate contents (reported in Table 1 and hereafter as the equivalent
amount of CO2 in parts per million) were determined using a molar

c mol. wt.( ) abs( )
ρ d ε⋅ ⋅

----------------------------------------=
413
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Figure 3. Photomicrographs of inclusion-bearing pyroxene crystals after sectioning for IR spectroscopy. A. Sample 157-953C-97R-4, 27–34 cm. B. Sample
157-953C-100R-5, 26–30 cm. C, D. Sample 157-953C-102R-2, 46–51 cm. E, F. Sample 157-956B-50R-3, 44–48 cm. Each analyzed glass inclusion is de
by a number (e.g., 1.1) corresponding to the analyses in Table 1. A 1-mm scale bar is shown at the lower right.
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absorption coefficient of 340 L/mol-cm, calculated from the average
composition of the glass inclusions and the linear equation reported
by Dixon and Pan (1995).

For small glass inclusions in which only one side of the inclusion
is intersected by the polished surface of the pyroxene wafer, the IR
spectrum contains contributions from both basaltic glass and pyrox-
ene. This causes an additional complication in measuring absorbance
intensities for the carbonate doublet because of the presence of an ab-
sorbance band in pyroxene centered at ~1520 cm–1 (Fig. 6). To sub-
tract the contribution from pyroxene from such spectra, an IR spec-

IR source

Aperture

Pyroxene wafer

Glass inclusion

Detector

Aperture

Microscope
stage

Figure 4. Schematic diagram showing the geometry used to obtain IR trans-
mission spectra using a Nicolet Magna 550 FT-IR, equipped with a Spectra-
tech IR-plan analytical microscope. Further description of the apertures used
is given in the text.
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trum was also taken for each of the pyroxene crystals. The factor by
which the pyroxene spectrum was scaled for each subtraction was de-
termined empirically so that the carbonate bands in the pyroxene-
subtracted glass spectrum had equal absorbance intensities (Fig. 6).
Subtraction of the decarbonated basaltic glass reference spectrum
was performed after subtraction of the pyroxene spectrum.

RESULTS

The dissolved H2O and CO2 concentrations of glass inclusions
from Holes 953C and 956B are listed in Table 1. Inclusions from
Hole 953C (picrites) generally have very low dissolved water con-
tents (0.08–0.15 wt%), with one sample (157-953C-100R-5, 26
cm) having a higher water content of 0.45 wt%. In contrast, in
sions from Hole 956B (differentiated basalts) have higher total
solved H2O contents ranging from 0.57 to 1.38 wt%.

Concentrations of dissolved molecular H2O in the glass inclusion
are quite variable (Table 1). If the inclusions have not been affe
by low temperature hydration, then the concentration of disso
molecular water should be close to the high-temperature water s
ation curve for basaltic glasses (Dixon et al., 1995). The plot sh
in Figure 7 demonstrates that for eight of the 11 inclusions, the
centrations of molecular water are within error (±20%) of the h
temperature speciation curve. The remaining three inclusions cl
have excess molecular water over what would be expected for 
temperature equilibrium. For two of these, subtraction of the ex
molecular water yields total dissolved water concentrations of 
and 0.20 wt%, suggesting that before hydration, these inclusion
total water concentrations similar to many of the other inclusi
These corrected water contents will be used for subsequent disc
and calculations (Table 1). Secondary hydration of inclusion 1.2 
Sample 157-956B-50R-3, 44–48 cm, has been much more inten
the total dissolved water and dissolved molecular water conce
tions are comparable (Table 1). This inclusion probably had low
tial total H2O, but the large uncertainty in dissolved molecular wa
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makes it difficult to estimate the water concentration before hydration
(Fig. 7).

Dissolved carbonate concentrations in the glass inclusions are,
with one exception, between 100 and 350 ppm (Table 1). Inclusions
from Hole 956B generally have lower CO2 contents that those from
Hole 953C. One inclusion from Hole 953C (interval 157-953C-
102R-2, 46–51 cm, inclusion 2.2) contains 1426 ppm CO2, much
higher than any other sample, including another inclusion (2.1) in
same pyroxene crystal.

The dissolved H2O and CO2 concentrations of the inclusions a
shown in Figure 8, together with H2O-CO2 vapor saturation curve
for basaltic melts at pressures of 100 to 2000 bars and a tempe
of 1200°C. If the trapped melts that were quenched to form the g
inclusions were vapor-saturated during crystallization of pyrox
and entrapment of inclusions, then the dissolved H2O and CO2 con-
tents can be used to calculate the pressure at which crystallizatio
curred (Table 1). If the melts were not vapor-saturated, then the2O

953C-100R-5, 26 cm - inclusion 1.1

1000200030004000
0.0

0.1

0.2

0.3

0.4

0.5

0.6

A
bs

or
ba

nc
e

Total H  O (3530 cm   )2
-1

Wavenumber (cm  )-1

A

12001400160018002000
0.2

0.4

0.6

0.8

A
bs

or
ba

nc
e

B

Molecular H  O (1630 cm   )2
-1

CO    (1515 and 1430 cm   )-1
3
-2

Background-subtracted

Wavenumber (cm  )-1

Figure 5. A. IR spectrum of a basaltic glass inclusion from the hyaloclastites
in Hole 953C showing the fundamental OH-stretching vibration (3530 cm–1)
used for quantitative determination of dissolved water concentrations in the
glass. B. Enlargement of the 1200–2000 cm–1 region in A showing positions
of the carbonate doublet used for determination of the dissolved carbonate
concentration and the band at 1630 cm–1 that is caused by molecular water in
the glass. Also shown is the spectrum after background subtraction using a
decarbonated basaltic glass, as described in the text.
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and CO2 data provide a minimum pressure of crystallization. Ho
ever, because of the very low solubility of CO2 in silicate melts,
basaltic melts will generally be vapor-saturated at crustal press
as evidenced by the occurrence of dense liquid CO2 inclusions in oli-
vine from basaltic magmas worldwide (Roedder, 1965). Despite
wide range in dissolved water concentrations, the pressures indi
by the H2O and CO2 data are generally similar, with an average va
of 500 ± 100 (1σ) bars (excluding the high CO2 inclusion).

Shown in Figure 9 is a comparison of the H2O and CO2 data for
glass inclusions from the shield-building stage of Gran Canaria 
data determined by IR spectroscopy on a variety of basaltic gla
These samples include tholeiitic glass inclusions in olivine phe
crysts from the 1959 Kilauea Iki picritic eruption (Anderson a
Brown, 1993), submarine-erupted tholeiitic glasses from Kilaue
east rift zone (ERZ; Dixon et al., 1991), submarine-erupted alkal
salt through nephelinite composition glasses from the North A
volcanic field, located on the seafloor north of Hawaii (Dixon et 
1997), and submarine-erupted tholeiitic glasses from the Jua
Fuca Ridge and nearby seamounts (Dixon et al., 1988). Most o
glass inclusions from Sites 953 and 956 have very low total disso
water. These water concentrations are comparable to the lowes
ues that have been recorded for the Juan de Fuca Ridge glasse
on et al., 1988) and for mid-ocean-ridge basalt (MORB) thole
glasses from other spreading ridges (Muenow et al., 1990). The
H2O inclusions from Gran Canaria have significantly lower total d
solved water (average 0.12 ± 0.04 wt%) than the glass inclus
from Kilauea Iki (average 0.54 ± 0.21 wt%), the submarine-erup
glasses from Kilauea ERZ (average 0.51 ± 0.17 wt%), or the si
undersaturated glasses from the North Arch volcanic field (ave
0.98 ± 0.19 wt%). In contrast, two inclusions from the evolved ba
tic hyaloclastites (Site 956) have significantly higher total dissol
H2O than tholeiitic glasses and glass inclusions from Kilauea volc
and the Juan de Fuca Ridge and are comparable to the highest
concentrations found in the Hawaiian North Arch glasses (Fig. 9

When comparing the CO2 contents of glasses from these data s
it is important to note that because of the strong pressure depen
of CO2 solubility in basaltic melts, the measured CO2 contents in sub-
marine-erupted basaltic glasses commonly reflect the pressure 
depth of eruption and quenching (e.g., North Arch and Kilauea E
or for kinetic reasons are intermediate between the inferred pre
of pre-eruptive storage and that of the depth of quench (e.g., Ju
Fuca Ridge; see Dixon and Stolper [1995], and references therei
a complete discussion). In contrast, the CO2 contents of glass inclu
sions in phenocryst minerals reflect the pressure at which crysta
tion occurred. Nevertheless, all the inclusions from the samples 
Sites 953 and 956, with the exception of the single high-CO2 inclu-
sion, have CO2 contents close to the average values for the gla
and glass inclusions from tholeiitic basalts. The Gran Canaria 
ples, however, have much lower CO2 contents than the North Arc
glasses, which were erupted and quenched in relatively deep 
(~4000 m; Clague et al., 1990). The single high-CO2 inclusion from
Sample 157-953C-102R-2, 46–51 cm, must have formed at a mini
mum pressure of ~2800 bars.

DISCUSSION

Comparison of the data from Sites 953 and 956 with similar 
from Kilauea volcano and with the results of experimental studie
volatile solubilities in basaltic melts reveals several interesting 
tures regarding the physical processes of magma ascent, st
crystallization, and eruption during the Miocene shield-build
phase of Gran Canaria. These interpretations should be regard
preliminary, given the limited number of inclusions that have b
analyzed. Additional analyses are needed to assess whether the
415
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-

l has
sion data in Table 1 are truly representative of middle Miocene basal-
tic volcanism on Gran Canaria.

Dynamics of Magma Ascent, Storage, and Crystallization

One of the most noteworthy features of Sites 953 and 956 glass
inclusion data is that despite differences in bulk composition (picrite

12001400160018002000
0.4

0.6

0.8

1.0

1.2

1.4

953C-102R-2, 46 cm - inclusion 1.1

A
bs

or
ba

nc
e

Wavenumber (cm  )-1

Basaltic glass
+

pyroxene

Pyroxene

Basaltic glass
(pyx-subtracted)

Figure 6. Example of spectra used in the subtraction procedure for inclusions
that were intersected only on one side of the pyroxene (pyx) wafer. A
description of this procedure is given in the text. The two short vertical
arrows indicate the carbonate doublet at 1515 and 1430 cm–1; these bands
have equal intensities in the pyroxene-subtracted glass spectrum.
Table 1. Analyses of glass inclusions in clinopyroxene phenocrysts from Leg 157 hyaloclastites.

Notes: Inclusion numbers (Incl.#) are in the format x.y, where x is the crystal and y is the inclusion (e.g., 2.1 and 2.2 are different inclusions in the same crystal). Absorbance intensities
for total water (3530 cm-1), molecular H2O (1630 cm-1), and carbonate (1515 and 1430 cm-1) were determined by IR spectroscopy, as described in the text. Multiple spectra were
taken of most inclusions; the reported absorbances and calculated H2O and CO2 concentrations for inclusions with n = 2 or 3 represent average values. Inclusion thicknesses (d), in
µm, were measured using a microscope with a calibrated eyepiece, as described in the text. H2O and CO2 contents were calculated using absorption coefficients from Dobson et al.
(unpubl. data, cited in Dixon et al., 1995), Dixon and Pan (1995), and Dixon et al. (1995); see text for further discussion. A room-temperature glass density of 2800 kg/m3 was
assumed for all inclusions. Based on multiple analyses of individual inclusions, the precision of the spectroscopic measurement for the 3530 cm-1 band is 2%–10% (relative),
except for the very low water content inclusions, for which it is ±0.01 to ±0.02 wt% (absolute). The average precision for the 1515 and 1430 cm-1 bands is ~10% (relative). Accu-
racies are limited by uncertainties in molar absorption coefficients and in the background correction procedures, and have been estimated to be ~10% for the measurement of total
dissolved H2O contents and ~15% for carbonate (Dixon et al., 1988, 1995). For two of the inclusions that have been affected by low-temperature hydration, a corrected value for
the total H2O concentration before hydration (Corr. H2O) has been estimated by subtracting the excess molecular H2O. No corrected value is given for inclusion 157-956B-50R-3,
44–48 cm (1.2), because it has undergone more substantial hydration. Pressures (Psat) at which basaltic melt would be saturated with a vapor phase containing H2O and CO2 were
calculated using experimental solubility data (Dixon et al., 1995). 

aThe H2O content in this inclusion was inhomogeneous. Spectra taken in one region of the inclusion yielded an average value of 0.57 wt%, whereas those from another region near a
large vapor bubble yielded 0.96 wt%. Comparison of measured concentrations of molecular H2O with those expected for high temperature speciation of water in basaltic melts indi
cates that these differences are because of low-temperature hydration of the glass and that the extent of hydration is most intense near the vapor bubble. Based on the equilibrium spe-
ciation curve, the total dissolved H2O in this inclusion before secondary hydration is estimated to be ~0.2 wt%. 

bThis nclusion contained a vapor bubble that was close to the glassy region analyzed by IR spectroscopy. Some of the bubble may have been in the beam path during acquisition of the
spectrum.   However, the bubble should contain molecular CO2 vapor that would not contribute to the absorbance intensity of the carbonate bands, unless a carbonate minera
formed on the bubble wall due to reaction of the glass with vapor in the bubble. There is no petrographic evidence of any such mineralization on the vapor bubble wall. 

Sample Incl.# n Total H2O abs. Mol. H2O abs. CO3
2- abs.

Thickness 
(microns)

Total H2O 
(wt%)

Mol. H2O 
(wt%)

Corr. H2O 
(wt%)

CO2 
(ppm)

Psat 
(bars)

157-953C-
97R-4, 27–34 1.1 2 0.076 — 0.036 75 0.10 — — 221 480
100R-5, 26–30 1.1 3 0.327 0.091 0.023 75 0.45 0.37 0.08 142 310
102R-2, 46–51 1.1 3 0.161 — 0.080 108 0.15 — — 344 740

2.1 2 0.059 — 0.031 70 0.09 — — 207 450
2.2 1 0.095 — 0.216b 70 0.14 — — 1426 2800

103R-2, 72–77 1.1 2 0.037 — 0.027 50 0.08 — — 247 530
1.2 1 0.058 — 0.037 70 0.08 — — 243 520

157-956B-
50R-3, 44–48 1.1 2 0.375a 0.081 0.021 67 0.57 0.37 0.20 141 310

1.2 1 0.662 0.220 0.031 60 1.13 1.12 — 239 -
2.1 3 0.673 0.062 0.015 50 1.38 0.38 — 140 500
2.2 1 0.600 0.040 0.012 50 1.23 0.25 — 106 390
416
vs. evolved basalt) and inferred eruptive locations (north vs. south
sides of Gran Canaria) of samples from the two sites, calculated va-
por saturation pressures indicate that pyroxene crystallization oc-
curred at similar pressures (500 ± 100 bars). Such low pressures of
crystallization (equivalent to ~1 to 3 km depth beneath the top of the
edifice) are surprising for the picritic magmas from which Site 953
hyaloclastites were formed. Phenocrysts in little-differentiated, man-
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Figure 7. Total dissolved H2O and dissolved molecular H2O in glass inclu-
sions. Data are shown for glass inclusions from the Miocene picritic
sequence from Site 953 and for the moderately evolved basaltic sequence
from Site 956. Shown for comparison is the experimentally determined high-
temperature speciation model for water in tholeiitic glass (Dixon et al.,
1995). Three of the glass inclusions show an excess of molecular water that
probably is the result of low-temperature hydration.
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tle-derived magmas are commonly believed to have crystallized at
much greater pressures, reflecting lower crustal to upper mantle
depths (Roedder, 1965). Indeed, crystallization pressures for
Miocene picrites on Gran Canaria were estimated to be ~5 kbar by
Gurenko et al. (1996), based on comparison with experimental phase
equilibria involving cotectic crystallization of olivine and clino-
pyroxene in tholeiitic magma (Eggins, 1992). The entrapment pres-
sure of ~2800 bars for the single high-CO2 glass inclusion from Site
953 does indicate that some crystallization of clinopyroxene (and
presumably olivine) occurred at relatively high pressures.

In contrast to the estimate based on phase equilibria, Gurenko et
al. (1996) report that CO2-rich fluid inclusions in olivines from sub-
aerial Miocene picrites on Gran Canaria indicate pressures of ~1
kbar. This evidence for crystallization of olivine at relatively low
pressures is more consistent with the results presented here for the
dominantly low-pressure crystallization of clinopyroxene. One po-
tential explanation for the apparent discrepancy between pressure es-
timates based on phase equilibrium and those based on glass and fluid
inclusion data could be preferential survival of low-pressure inclu-
sions during eruptive decompression (Tait, 1992). However, this is
unlikely to be an important factor for the Gran Canaria picrites, as
they likely crystallized over a temperature interval of ~300
(Gurenko et al., 1996). Inclusions that experience a decrease in
perature after entrapment are unlikely to become overpressured
the isothermal case considered by Tait (1992).

Low-pressure crystallization of olivine phenocrysts in the 1
Kilauea Iki picrite has recently been demonstrated by Anderson
Brown (1993). They noted that pressures deduced from glass 
sions correspond to those estimated from geodetic and seismi
for the upper part of Kilauea’s summit magma reservoir (Ry
1987), and they suggested that most crystallization occurred 
rapidly when an ascending new batch of picritic magma intrud

1.51.00.50.0
0

500

1000

1500

2000 bar

1000 bar

500 bar

100 bar

H  O (wt%)2

C
O

  
 (

p
p

m
)

2
Site 953
Site 956

Figure 8. Total dissolved H2O and CO2 concentrations in glass inclusions.
All samples were analyzed using the methods described in Table 1. For two
of the samples that were affected by low-temperature hydration, the corrected
value for total dissolved H2O is used (see text and Table 1 for discussion).
Diagonal lines = H2O and CO2 contents of basaltic melt saturated with H2O-
CO2 vapor at pressures from 100 to 2000 bars and a temperature of 12
The lines have negative slopes because the amounts of dissolved H2O and
CO2 are proportional to their fugacities (fH2O

 and fCO2
, respectively; Dixon et

al., 1995), and the sum of the partial pressures of these components (PH2O and
PCO2

) must equal the total pressure in a vapor-saturated melt (fi is related to Pi
by the fugacity coefficient). Thus, at constant total pressure, an increa
fH2O

 (and hence dissolved H2O) must result in a decrease in fCO2
 and dissolved

CO2 (Dixon et al., 1995).
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shallow, stored body of magma beneath Kilauea’s summit regi
Anderson and Brown (1993) proposed that eruption of picritic ma
mas occurs rarely at Kilauea, because new batches of mantle-de
melt typically ascend within Kilauea’s primary conduit (Ryan, 198
and intrude into more differentiated magmas at depths where the
critic magmas are more dense than the differentiated magma. T
each new batch of magma ponds beneath the stored magma and
vides heat and mass to sustain the long-lived summit reservoir
contrast, Anderson and Brown (1993) suggested that during the p
od from 1924 to 1959, the summit reservoir was relatively emp
such that the new 1959 picritic magma ascended through an unu
route and first encountered stored magma at an unusually sha
level. Anderson and Brown (1993) and Anderson (1995) demonst
ed that a picritic magma with a bulk CO2 content of 0.3 wt% would
be positively buoyant relative to stored, degassed tholeiite at p
sures <~2 kbar because of the low density of exsolved CO2-rich gas
in the picrite.

This explanation for the dynamics of Kilauea’s magmatic syste
may be relevant to the Miocene shield-building stage of Gran Can
ia. Whether ascending batches of picritic magma at Gran Can
were positively buoyant with respect to stored magma depends 
on the bulk CO2 content of the picritic magma and the depth at whi
it intruded the stored magma (Fig. 10). Evidence for stored, differ
tiated magma residing at shallow depths comes from the inclus
in the moderately evolved basaltic hyaloclastites at Site 956. Ba
on geodetic studies and a profile of in situ density vs. depth deri
from a gravity inversion study of the summit and flanks of Kilaue
and Mauna Loa, Ryan (1987) argued that shallow magma storag
these volcanoes occurs in a region of neutral buoyancy at 2- to 4
depth. If shallow magma storage occurred over a similar range
depths (equivalent to pressures of ≤1 kbar) during the early Miocene
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Figure 9. Comparison of the dissolved H2O and CO2 concentrations of glass
inclusions from Sites 953 (solid circles) and 956 (open circles) with data
determined by IR spectroscopy for submarine-erupted basaltic glasses and
basaltic glass inclusions from subaerial eruptions. Fields are shown for
tholeiitic glass inclusions in olivine phenocrysts from the 1959 Kilauea Iki
picritic eruption (Anderson and Brown, 1993), submarine-erupted tholeiitic
glasses from Kilauea’s ERZ (Dixon et al., 1991), submarine-erupted al
basalt through nephelinite composition glasses from the North Arch volca
field located on the seafloor north of Hawaii (Dixon et al., 1997), and s
marine-erupted tholeiitic glasses from the Juan de Fuca Ridge and ne
seamounts (JDF; Dixon et al., 1988). The circle labeled “K” indicates 
average H2O and CO2 contents of high-Mg submarine glasses from the ER
(Clague et al., 1991). The small circle with an “x” is a glass inclusion fro
Kilauea Iki that lies outside the range of the other data in the shaded field
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of Gran Canaria, then picritic magmas must have had bulk CO2 ≥ 0.3
wt% in order to be positively buoyant relative to the stored magma
(Fig. 10).

Water Depths of Submarine Eruptions

If ascent, submarine eruption, and quenching occur rapidly
enough so that exsolving vapor is not separated from the magma, then
the results of degassing calculations (MacPherson, 1984; Gerlach,
1986; Dixon and Stolper, 1995) using pre-eruptive H2O and CO2 con-
tents can be compared with observed vesicularities to constrain the
original depth of eruption. This is important because the petrographic
and sedimentologic features of the hyaloclastites indicate that em-
placement occurred by multiple debris flows that transported vesicu-
lar basaltic glass shards originally formed by shallow submarine
eruptions. In order to demonstrate that vesicularities calculated with
magma degassing models can be used to predict submarine eruption
depths, an example from the Kilauea ERZ is shown in Figure 11A.
Vesicle contents of submarine glasses from known eruption depths
on the ERZ show good correlation with vesicularities calculated from
degassing models in which the pre-eruptive H2O and CO2 contents
are constrained by analyses of the glasses (Fig. 11A). This good cor-
relation suggests that measured vesicularities of basaltic glass shards
from the Gran Canaria hyaloclastites can be used to estimate the orig-
inal depths of eruption and quenching. It should be noted that if the
basaltic glass shards were unaltered, as is found in young submarine
eruptions, then dissolved H2O and CO2 contents of the quenched
glass could be measured directly and used as an indicator of the erup-
tion and quenching depth (e.g., Dixon et al., 1991, 1997). However,
the glass shards in the hyaloclastites are pervasively altered so that no
evidence remains of their original dissolved H2O and CO2 contents.

2.802.762.722.682.68
4000

3000

2000

1000

0

Bulk magma density (g/cc)

P
re

ss
ur

e 
(b

ar
)

picrite 0.15%
 H

  O2

tholeiite 0.2%
 H

  O2

tholeiite 1.2%
 H

  O2

bulk CO
2

0.1%

0.3%

0.2%

Figure 10. Relationship between pressure, bulk magma density, and bulk
(dissolved + exsolved) H2O and CO2 contents for picritic and differentiated
tholeiitic magmas from the Miocene shield-building stage of Gran Canaria.
Densities are shown for CO2-free tholeiitic melt with 0.2 and 1.2 wt% dis-
solved H2O (thick solid lines), CO2-free picritic melt with 0.15 wt% H2O
(thick dashed line), and for picritic melts with 0.15 wt% H2O and bulk CO2

contents of 0.1 to 0.3 wt% (thin solid curves). Major element compositions
used in the density calculations are taken from Hoernle and Schmincke
(1993). If picritic magmas with ≥0.3 wt% bulk CO2 intrude shallow stored
magma at pressures of 1000–1500 bars, the picritic magma will be positiv
buoyant and should rise through the differentiated magma, resulting in m
ing, cooling, and crystallization (Anderson, 1993). Thus, a gas and crys
rich cap may form at the top of the stored magma body and be preferent
erupted.
418
Shown in Figure 11B are two degassing curves, one for a basaltic
melt with low dissolved H2O (0.15 wt%) and the other for a basaltic
melt with much higher dissolved H2O (1.3 wt%). The degassing
curves show the calculated vesicularity of each melt as a function of
the water depth (pressure) of eruption and quenching. For basaltic
magmas with low dissolved H2O, like those found in the Site 953 in-
clusions, small amounts of vesicles will be present at pressures >50
bars (eruption in >500 m water depth). Only at very low pressures
(<50 bars or <500 m water depth) will such magmas begin to exsolve
appreciable amounts of vapor (Fig. 11B). Thus, the presence of
vesicularities >~5 vol% would suggest that such magmas were erupt-
ed and quenched at very shallow water depths. In contrast, basaltic
melts with higher water contents, such as those found in two of the
Site 956 glass inclusions (1.2–1.4 wt%), would begin to exsolve
nificant amounts of vapor at much greater water depths (Fig. 1
For example, basaltic melts with pre-eruptive dissolved H2O contents
similar to those of some Site 956 inclusions would have vesicula
of ~35 vol% if they were erupted and quenched at 1000 m w
depth.

For comparison with these calculated degassing and vesicu
trends, I have measured the vesicle contents of basaltic glass 
in two of the hyaloclastite samples from which glass inclusions w
analyzed. Vesicle contents were measured in thin section for th
largest glass shards in each sample by using digital images of in
ual shards and then measuring the area percent occupied by ve
These measured area percentages were then corrected to volum
cent vesicles by multiplying the area percent by a factor of 
(Cashman and Marsh, 1988; Mangan et al., 1993).

The average vesicularity of glass shards in hyaloclastite Sa
157-953C-97R-4, 27–34 cm, is 16 vol% ± 11 (1σ), with an overall
range of 2 to 31 vol% vesicles (Fig. 11C). Based on the vesicul
vs. depth trends shown in Figures 11B and 11C, these data su
that submarine eruptions of the Miocene picritic basalts (Site 953
curred at water depths <~500 m. In contrast, the average vesicu
of glass shards from a Site 956 hyaloclastite sample (157-956B-
3, 44–48 cm) is 56 vol% ± 18 (Fig. 11D), much higher than for th
Site 953 picritic hyaloclastite. The presence of glass inclusion
Sample 157-956B-50R-3, with both low and high dissolved H2O (Ta-
ble 1), makes it more difficult to interpret the vesicle data in term
submarine eruption depths (Fig. 11D). The wide range of obse
glass shard vesicle contents could have resulted from very sh
(≤100 m water depth) submarine eruptions of magma with ~0.2 
dissolved H2O. However, the possibility that much of the gla
shard–debris in this sample formed in relatively deep water erup
(400–1200 m) of more H2O-rich basaltic magmas (~1.3 wt% H2O)
cannot be ruled out.

The presence of glass shards with few to no vesicles in many
ples indicates that some material at both Sites 953 and 956 was
ed in water deeper than the estimates given above. A wide ran
eruption depths for basaltic magmas that all crystallized at low p
sures (~500 bars) might be an indication that during the shield-b
ing phase of Gran Canaria, rift systems similar to those on Kil
channeled magmas from shallow reservoirs in the central part o
island out to the submarine parts of the flanks.

Implications for Mantle H2O Contents

Studies of oceanic island basalts have provided a great deal
formation on compositional and isotopic heterogeneities that ex
the Earth’s upper mantle. In particular, analyses of volatile con
in submarine glassy lavas from oceanic islands have been us
provide constraints on mantle volatile contents (e.g., Clague e
1991; Dixon et al., 1997). The generally low dissolved H2O in picritic
magmas from the Miocene shield stage of Gran Canaria may
significant implications for mantle volatile contents and extent
melting beneath this oceanic island volcano. However, recent st

ely
ix-
al-
lly
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s.
of Hawaiian volcanism have demonstrated that shallow-level crystal-
lization and degassing in basaltic magma systems can be quite com-
plex (Dixon et al., 1991; Anderson and Brown, 1993; Clague et al.,
1995). At Kilauea volcano, mixing of shallow-degassed and unde-
gassed magmas results in a spectrum of dissolved magmatic H2O
concentrations that are lower than those in the original mantle-
derived parental magmas (Dixon et al., 1991). Crystallization in such
partially degassed magmas can form melt inclusions with low dis-
solved H2O contents similar to those found in the Gran Canaria inclu-
sions (Wallace and Anderson, in press). In this context, the single
high-pressure inclusion with 0.14 wt% total dissolved H2O is signif-
icant because it is unlikely to have been affected by shallow-level de-
gassing and thus may provide evidence that low water contents were
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Figure 11. Calculated vesicle contents of basaltic melts as a function of hydrostatic pressure and water depth of eruption. Vesicle contents were calculated using
a modified version of a program written by J. Dixon to model degassing of basaltic melts, as described in Dixon and Stolper (1995). All calculations assume
closed-system equilibrium exsolution of volatiles from the melt. A. Comparison of calculated vs. measured vesicle contents of submarine basaltic glasses of
known eruption depths (in meters below sea level [mbsl]) from the ERZ of Kilauea. Vesicle data are from Dixon et al. (1991) and have been converted to vol%,
as described in Mangan et al. (1993). The pre-eruptive H2O and CO2 concentrations used for the calculated trends are also taken from Dixon et al. (1991) and
are based on actual measured values in the same glasses from which the vesicle measurements were made. The values chosen for the calculation are 0.82 wt.%
H2O, 637 ppm CO2, (sample #1699; Dixon et al., 1991) and 0.44 wt.% H2O, 297 ppm CO2 (sample #1714). This range of values encompasses two-thirds of the
total range in modeled pre-eruptive H2O and CO2 contents of the ERZ glasses (Dixon et al., 1991). B. Calculated pressure and eruption depth vs. vesicle content
for basaltic melts with dissolved H2O and CO2 contents similar to those found in the Miocene glass inclusions from Gran Canaria. C. Comparison of calculated
vesicle content vs. depth curve for Miocene picritic melts (Site 953) with measured vesicle contents of individual glass shards from hyaloclastite Sample 157-
953C-97R-4, 27–34 cm. The average vesicularity of the 10 measured shards is shown by the solid vertical line. The range of vesicle contents is shown by the
dashed vertical lines. The glass shard vesicle content data suggest eruption and quenching depths ≤500 bars. D. Comparison of calculated vesicle content v
depth curve for evolved basaltic melts (Site 956) with measured vesicle contents of individual glass shards from hyaloclastite Sample 157-956B-50R-3, 44–48
cm. Estimated eruption and quenching depths for this sample are highly dependent on the assumed initial melt H2O concentration. See text for discussion.
a primary characteristic of some mantle-derived magmas erupted
during the shield stage of Gran Canaria.

CONCLUSIONS

Infrared spectroscopic analyses of melt (glass) inclusions in py-
roxene crystals from Miocene hyaloclastites recovered from Sites
953 and 956 show a wide range of pre-eruptive dissolved H2O con-
tents, similar to values reported for both MORB and some Hawaiian
(oceanic island) alkalic magmas. Most inclusions have low dissolved
H2O contents (0.08 to ~0.2 wt%), whereas two inclusions from mod-
erately evolved basalt have much higher dissolved H2O (1.2–1.4
419
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wt%). The speciation of water in these two inclusions is consistent
with high-temperature equilibrium for water in basaltic melts, indi-
cating that the high total dissolved H2O contents are not caused by
secondary hydration. All but one inclusion have dissolved carbonate
contents between 100 and 350 ppm CO2. These data form the basis
for the following conclusions:

1. The dissolved H2O and CO2 contents of nine of the 11 ana-
lyzed inclusions demonstrate that pyroxene crystallization oc-
curred at an average pressure of 500 ± 100 bars, equivale
~1- to 3-km depth beneath the volcanic edifice of Gran Can
ia. Such low pressures of formation are similar to those rep
ed for olivines from the 1959 Kilauea Iki picrite (Anderso
and Brown, 1993) and may indicate that during the shie
building phase of Gran Canaria, ascending batches of pic
magma were sufficiently CO2-rich to be positively buoyant
relative to shallow-stored magma.

2. Comparison of degassing models for basaltic melts with m
sured vesicularities of altered glass shards from the hyaloc
tites suggests that much of the glass shard and crystal de
from which the hyaloclastites were deposited, origina
formed in submarine eruptions at water depths <~500 
Some of the middle Miocene eruptions, however, may ha
occurred in deeper water (≤1200 m).
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