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ABSTRACT

Glass-vapor inclusioné within olivine'and/ar plagioclase pheno=-

crysts'quenghed in the gléssy riﬁs of eight typical Scéanic tholeiitic
pillow basalts from the Mid;Atlantic Ridge (3), Kolbeinséy Ridge (1),
Jﬁéﬁ de Fuca Ridée (1), Paul Revere Ri&ge (1), the ocean floor near the
bEkplorer Seamdunﬁ (1}, and Hawaiian East Rift (i), all contain less than
O.bi wt % H,0, between 0.2 and C.4‘wt % CO, and about 0.08 to 0.15 wt %
sulfﬁr, .The gncibsiﬁg matri% glasses céntain 0.1 to G.35 wt 7 H,0, 0.04
to 0.09 wt ¥ COZ’ and about O,l,to 0.15 wt % sulfur.

The two- to four-fold. enrichment of.'CO2 in’the inclﬁsions com-
pared to the matrii glass can be'explained either by crystal growth
(inclusion fofmétion) in a magma which was initially richer in COy, or by
volatile coﬁcentration at the crystal magma interface during crystal
growfh.‘ Neither crystal growth kinetics, nor pressure-induced diffusional
gradients caused by decompression after inclusion eﬁtrapment, could have
produced the severe depletion of water in the inclusions. The data seem
to require the source regions for these basalts to be virtually depleted
in water, and possibly richer in CO2 than the magmas quenched on the ocean
floor. Apparently, water enters the magma after inclusion formation and

before quenching.

ix .



INTRODUCTION

Petrogenetic modélé for basalts depend critically upon the abun-—~
dance and character of volatiles in the system (Hollowéy and Burnham,
1972; Eggler, 1974, 1975, 1976; Kushiro, 1972; Mysen and Boettcher,
197§a,‘l975b), Water and, to a lesser extent carbon dioxide, exert
freezing pointfdepression effects gpon‘mantle mineral assemblages at
préséures‘to 30 kb. -Hydrous. and carbonate phases must have.a substantial
influence upon minor and tface—element”fractionation"between melt and
crystalline residuum. Both factors indicéte a need to understand rela-
tive and absolute volatile abundances in source regions for méjor magma-
types including oceanic basalts. In addition, determination of the rate
and mechanism of volétile flux from such sources to the surface environf
ment is an important step toward establishing realistic models of the
earth's volatile budget. Méntle—derived gases emplaced in the surfaée
environment by velcanic activity in the open-ocean basins,érobably repre-—
sent a major»fraction-of~ﬁhe current volatile contribution from the man-
tle because of the abundance of oceanic,basaits, and because'a significant
portion of island afC'volcanic-volatiles apﬁarently have a recycled

nature.

Glassy Rims of Pillow Basalts .

Over the.pasi decade, Moore and his co-ﬁorkers (Méore, 1965, 1970;
Moore and Caik, 1971; Moore and Fabbi, 1971; Moore and Schilling, 1973)
have largély been responsible for establishing the ﬁetrologic signifi-
cénce of glassy rims on submarine pillow.basal;§. In coﬁtrast to

1



subaerial erupﬁions, Baéalts emplaced on the ocean floér are rapidly
quenched under confining prgssures which are determined by the depth of
eruption beneathrthe 6cean (100 m n 10 bars). Although volatile-solubil—’
ity in silicate melts depends on pressure, témperaturé, and bﬁlk composi-
tion, the solubility limits for watervand carboﬁ dioxide in oceanic
basalts are primariiy'a function of pressure (Hamiléon, Burnham, and
Osborn, 1964; Eggler, 1974, 1975, 1976; Mysen, Eggler, Seitz, and
Holloway, 1976; Mysen, 1976; Khitarov and Kadik, 1973), because pressure
is the-major'variabie for such magmas from soufce region to ocean floor.
The outer centimeter of pillow basalts is probably quenched in less than
ten seconds (Moore; 1975) and represents one of the most volatile-rich
natural samples of basaltic magma currently available for laboratory
study.

Pillow rims are apparently more representative of the pre-
eruption magma than the more slowly cooled, partly crystalline, pillow
interiors, which commonly react with seawater. For instance, Dymond and
'Hoganr(l973) conclude that the mnoble gas composition of crystalline pil-
low interiors has developed by exchange>with seawater; the piilow rims,
in contraét, diépléy a distinctly different noble gas abundance pattern.
Glassy rims of pillow basalts also exhibit 3He/4He ratios which are
about 10 times the atmospheric¢ value (Lupton and Craig, 1976a,b). Craig
’and'Lupton (1976, p. 408) have shown that the average 8D for 3Heérich
glasses from the East Pacific Rise is between ~60 and -80%7 relative to .
Stanaard ﬁean Ocean Water (SMOW); representing, according to them, "the

first clearcut measurements of water from the mantle." Similar values



were obtained by Friedman cited in Moore (1970) for glassy pilléwrrims
from Hawaii. Thus, examination of unaltered pillow basalt»rims from
-mid-ocean ridges may be expected tb provide significant insight into
vélatile abundance‘éatterns of the basalts in or near fheir source re-
gions. Such an apprbach has been taken by Mooré (1965, 1970),7Moore

and Fabbi (1971), and Moore and,Schilling (1973) to estimate the "juvef
nile" sulfur (800 + 150 ppm) and water (0.2-0.4 wt%) content of K-poor
oceanié tholgiites° |

There is, however, at least one potenﬁially important limitation

to such an approach. All glassy pilloﬁ basalt rims, even those from as
deep as 5000 m (Moore, 1965), are reported to éontain vesicles which are
on the average 1% by volume and less than 1 mm in diameter. These vesi-
cles permit the interpretation that the magma ha; been degassed to an
unknown extent prior to eruption and quenching on the ocean floor. To
estimate absolute abundances,‘or ratios, of volatiles dissolved in the
magma at greater depths, one must contend with én unknown amount of
prior degassing. In view of thié problem, attention was focused in this
study on the volatile content of.the glass—vapor inclusions trapped with-
in the phenocrysts quenched in the glassy rims. It was expected that
“ these inclusions had sampled mégma during an earlier stage of develop-
ment, perhaps before the;magma had undergone significant degaésing.‘
Contrasting the velatile content of the inclusions with that of the en-
closing,_quenched matrix glass constitutes the principal contribution éf

this work.



Current Concepts of
Basaltic Magmatic Gases

In view of the nature androbjective pf the-present Work,‘it
seems appfopriate to provide é.brief summary of current concepts of ba-
salﬁic magmatic gases (for more eétensive reviewisee Anderson, -1975).
Principal approaches to the investigation of basaltic gases h;ve been:

1 Collectidn and analysis of gases eruéted from active basaltic”
volcanos (Jaggar, 1940; Iwasaki, Ozawa, Yoshida, Katsura,

Iwasaki, and Kamada, 1963; Néughton, Heald, and Barnes, 1963;

Naughton, Derby, and Glover,‘l969; Finlayson, Barnes, and

Naughton, 1968; Nordlie, 1971; Sigvaldason and Elisson, 1968;

Tazieff, Leguern, Carbonnelle, and Zettwooé, 1972; Tazieff,

1966; Swanson and Fabbi,:1973; Leguern; 1972).

2) Analysis of gases contained in volcanic rocks (Chamberlain, 1908;

Shepherd, 1938; Roedder, 1965; Anderson, 1974; Moore, 1965, 1970;

Moore and Schilling, 1973; Moore and Fabbi, 1971; Swanson and

Fabbi, 1973).

These workers conclude that basaltic gas compositions fall principally
within the system C-0-S-H. Argon, nitrogen, bromine, chlorine, and flu-
orine are minor components, and'HZS, HZ’ and CO are minor species under
‘most near-surface magmatic conditi;ns (Gerlach and Nordlie, 1975).

There are, however, serious problemsrand disagreements about
characterization 6f magmatic gases in the near-surface environment. For

example, Pﬁccetti and Buddemeier (1974) observe that thefe is currently

inadequate or conflicting data to account for the large amounts of CO2



5
evolving from Kilauea in-terms of COz—solubility and abundance'of erapted
magﬁa. Anderson (1975) admits that 002 is poorly understood as a mag—
maticvgas, Nordlie (1971) proposes a generallzed basaltic gas comp081—
tion of approx1mately equal molar amounts of COZ, Hy0, and 802 But-
Anderson (1975) concluded that there is no s1ngle magmatlc gas phase.

He further states (p. 37) "volcanic gas emitted at surface pressure is
generally very rich in ﬁZO becaose-HZO is the principal gas dissolved in.-

most melts.'"

Naughton and colleagues (Naﬁghton, Heald, and Barnes,.1963;
Heald, Naughton, and Barnes, 1963; Naughton,-Derby, and Glover, 1969) .
apparently agree with Anderson, as they have eonsistentiy held that
Hawaiian Qoleanic‘gases ate'HZOfrich. Moote (1965) po;nted out that

. even though pillow basalts as deep as 5000 m near Hawaii were vesicu=
lated; they were drastically undersaturated with respect to water at

the hressure corresponding to that depth. Anderson (1975) agrees with
Moore and points out that CO, is also distinctly undetsaturated in
quenched rims of pillow basalts; he comments that the explanation of

the vesicles is not obvious. Drawihg upon data from Moore (1965), Moore
and Calk (1971), and Anderson and Wright (1972), Anderson (1975) esti-
mates the equiiibrium composition of gas which would exist in vesioles
within the Hawaiian pillow basalts by assuming sulfur gases,(SOz) make

. up the difference between total pressure. and his (Andetson's) solubility~-
based-estimates of CO2 and. Hy0 partial pressures. ﬁe coneludes that
at\about 470*hars»and 1200°C the gaslwould be 607 502, 20% H,0, 10% COZ’
and 107 HZSA ‘He then points out that the same lavas, if erupted at

'the.surface, would produce a gas which was 867 H,0, 1.4% €05, 11.5%



6
SO2 agd very little else. Sigvaldason and Elisson (1968) sampled gases
from Surtsey which were 867 HZO’ 4.7% HZ’ 5.7% CQZ, and 2.7% SOZ'
. Arnason and Sigurgeirsson (1968)>determined 6D SMDW:valﬁes of about —55%
for water condensed from hot fumaroles at Surtséy,'Which compares well
with previously cited deuterium contents of glassy pillbw rims (Craig and
Lupton, 1976; Moofe, 1970). |

Mathez (1976) has recently shown a positive linear correlation
between su;fur'and>ifoﬁ content of seafloor basalt glasses. Further,
each of the 34 pillow basalt rims he éxamined coﬁtaiﬁed spherical sul-
fide grains. These were interﬁreted by him to be immiscible under mag-
matic conditiomns. Hé concluded that sulfur solubility in seafloor
basalts is dominantly controlled by the iron content of the magma. This
conclusion is_cdnsistent with the:experimental,work of Haughton, Roeder,
and Skinner (1974) and Katsura and Nagashima (1974). Moore and -Fabbi
(1971) and Moore and Schilling (1973) have shown that the sulfur content
of seafloor basalts does not vary significantly as a function of depth
beneath the ocean until vesiculation becomes an important process. At
>depths shallower than this the sulfur content (800-1400 ppm) becomes
systematically reduced, with continued degassing, té normal subaerial
concentrations of about 200 PPm.

Differing initial abundances, solubilities, degrees of partial
ﬁelfing, fractional crystallizatién, and contamination before and during
eruptions severely complicate attempts to'generalize basaltic magmatic
gas éompositions. In addition, problems inherent with ig'gizg.gas‘col-

lections during volcanic eruptions include varying degrees of personal



danger, unpredietable and poorly pianned_eruption events, groundwater
and atmospheric contaﬁination, andeiheﬂalmost insurmountable problem of
accurately.correlatingbspecific masses of erupted gas to known masses
of magma; Volcenic gas colleetions can proyide, at best, qualitative
information about ges‘abundances originally dissolved in erupting magma.
They may be severely misleading When generalized to the magma source.
In contrast, practical and scientific advantages of studying
fresh basaltic glasses quenched on the ocean floor are: |
1) Safe, unhurried, albeit expensive, sample collection through
drilling aﬁd dredging;
2) Readily removable contamina;ion in the form of alteratien
products;
>3) Well—controlled,'replicate analyses of equal-quality saﬁples;
and most importanﬁ;

4) The opportunity to establish volatile~to-magma mass ratios.

Yet, some difficulties persist, such as the effects of varying degrees
of partial melting, ‘fractional crystallization, and pre-eruption con-
taminetion. However, these problems should become somewhat more tract-
able when c¢omparisons can be made between aceurately determined volatile
mass abundances and indices: of differentiation. That is; it may be pos-
eible to evaluate the premise that less—differehtiated samples contain
more "primitive" volatiles in terms of gases lost and/or contamination

accumulated.



SAMPLE DESCRIPTION AND ANALYSIS

This study was initiated with éillow bésalté dredged from the’
interior rift vailey of the Mid-Atlantic Ridge (MAR) between 25 and 30°
_mnorth latitude. Additional porphyritic glassy submafine basalts dredged-
from Kolbeinsey Ridgev(north of Iceland), Juan de Fuéavand Paul Revere
" Ridges, the ocean floor near the Explorer Seamount, the east rift of
Hawaii, and the Marianas Inﬁeraré Basin were added to pursue initial
findings. It is convenient to refer to ridge and island basalts as
"open—oéean basin'" basalts, in contrast to basalts from a back-arc or
interérc environment. Data on sample numbers, latitude, longitude,
oceanogréphic'features, dredge depth, near liquidus phases, and major-
element analyses are included in Table I. Most of the samples were
d;edged from depths between about 2000 and 4000 m below sea level.
These depths are assumed to correspond to the eruption and quenching
depths of the ériginal lava. | | '

The glassy finds of the piilow lavas from mosf_of these samples
are typical low K tholeiitic basalés‘consistent with the minor-element
criteria;of.Pearce, Gorman and Birkett (1975) for oceanic basalts (Fig-
ure 1). The glasses-are olivine-normative tholeiites which are close to
silica saturation and most contain plagioclase and/or olivine crystals
with -or without minor spinei.

All samples studied have spherical vesicles quenched in the
glassy portions of the pillow basalt rims which are very similar to those
described by Moore (1965, 1970), Mbore.and Caik (1971); Moore and |

8



Summary of Sample Number, Longitude-latitude, Associated Feature,
Dredge Depth, Chemical Analyses, and near Liquidus Phases for

Glassy Rims of Open-ocean Pillow Basalts.

Table I.

7 —25 T70-25-6- —01l- TT063-072=30
T4-73R307-  TL-73R308-  T4-/3R308-  T4-73R311-  T3-72D249- T3-71D159-  T3-71D159-  T3-71D159  Tr-139-25D  EN-70-25-6-70  TT029 011-2  TT063-072
241% 343 4CL 6A4 7A4 10C1 10C4 10c18 (R1-24) (R1-3) (R1-8) (R1-18-2)
26°09.66'N 26°07.3'N 26°18.2'N 26902.3'N 25018.2'N 29947'N 29047 'N 29047'N 69°09'N 50°go'N 46031.8 N 48 27.2 N
44947 .4'W 44°48.8'W 44°42.1'W 44°36.8'W 45°36.8'W 43%44'W 43%4'W 43%44'W 16°13'W 129927'W 129°58.4'W 130949.2'W
MARP MAR MAR MAR MAR MAR MAR MAR KRS PRR JrRi sd
Depth (M) 3148 3083 4136 3100 3618 2743-1920 2743-1920 2743-1920  1100-1200 1400-1700 2400-2600 2300-2500
510, 49.90 49.68 49.10 50.50 51.00 47.60 47.50 49.50 51.18 48.79 48.02 48.52
Ti0, 1.44 1.54 1.80 1.60 1.54 .98 .96 1.70 .81 1.14 1.16 1.58
A1,0, 16.05 16.50 16.45 15.00 15.05 16.66 16.70 15.30 14.69 16.77 17.08 16.78
F8203d .68 .82 1.20 1.09 1.01 .38 .58 1.14 _— - — -
d d
Fe0 8.57 8.95 9.25 9.33 8.95 9.20 9.05 10.25 9.414 9.904 9.77 9.71
Mg0 8.70 7.30 7.55 8.10 7.95 10. 40 10. 60 8.35 8.53 8.67 9.28 8.60
Cca0 10.90 11.40 10.90 10. 60 10.70 10.90 11.06 10.40 13.31 11.43 11.63 11.43
Na,0 2.80 2.94 3.15 2.98 2.88 2.73 2.60 2.95 1.78 2.65 2.61 3.04
K,0 .10 .09 .09 11 .10 .04 .05 .09 .06 .05 .03 .06
MnO .17 .19 .17 .19 .18 .16 .18 .19 .19 .17 .18 .17
Py0, .14 .14 .20 .06 .17 .07 .10 .16 .06 .08 .06 .13
Ni (ppm) 75 130 52 40 45 265 65 70 60 240 545 230
TOTAL 99.45 99.55 99.86 99.66 99.53 99.12 99.38 100.03 100.02 99.65 99.82 100.02
Pc-12%% Pc-137 ) ]

near liq- Pc-15%° 01-16% 01-147% (on) Pc-207 01-3% 01-12% 01-5%
uidus phases (01)€ (01) (o1) ol — (Sp) (Sp) (01) (Pc)

3Underlined portion of sample designation is the number used as referenced in
text. All analyses by atomic absorption (App. A) unless otherwise specified.
bMid—Atlantic Ridge
CElectron microprobe analysis of glass (samples with Rl designation are from
University of Washington Oceanography Department Sample Library).
dTotal iron as Fe0. Ferrous iron by wet chemical techniques (App. A).
®Phases which occur in glassy rind of pillow basalts surrounded by glass. Pc =
plagioclase, 01 = olivine, Sp = chrome spinel, ( ) = a phase less than 27 by
volume.
P20 by electron microprobe
8Kolbeinsey Ridge
.Paul Revere Ridge
%Juan de Fuca Ridge
JExplorer Seamount
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TiO
OCEAN FLOOR BASALT

+ MIDATLANTIC RIDGE
¢ G (Pearce et al, 1975)

A KOLBEINSEY RIDGE
A EXPLORER SEAMOUNT
o JUAN DE FUCA

x HAWAII (MOORE,
1965)

Figure 1. Ti02-K20-P205 Triangular Plot frcm Pearce, Gorman, and Birkett
(1975) Used to Identify Basalts from Oceanic Environments. —
The dividing line separates 93% of 222 ocean floor and ocean
ridge basalts into the upper field.
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Schilling (1973), Mathez and Yeats (1976). The vesicles occupy approxi-

mately 1 to 3 volume percent of the well-quenched giass near the outer
portionAof the glassy fim. They vary in size from lesé than 1 micron to
as much as 2 mm diame;er and are frequently lined with what appear to .
be sulfide spherﬁles described.by Moafé'and Calk (1971). Approximately
302 of the vesicles in the well-quenched portdion of the glassy rim are
attached to crystals and the rest appeaf to have resulted from homo-
geneous nucleation. The percentage of vesicles increases inward from
the Well—quenched'outer rim as the total.percentage of glass decreases
and spherulitic quench crystalsvbecome more abundant.

Crystalline phases in the outer portions of the glassy rims
probably represent near-liquidus phenocrysts (see discussion below).
Plagioclase crystals in 4Cl, lOCl,;lOC4, and R1-24 range from .5 mm to
1l cm in diameter, are commonly eloﬁgate, anhearal and composite, and
contain variable amounts of glass-vapor inclusions. Some plagioclases
may have less than 0.5 volume percent inclusion while others contain more
than 10 volume percent inclusions. Larger olivine crystals in all sam-
ples are anhedral, equant, and range up to 0.5 cm in diameter. Smaller
olivine crystals (<100um diameter) tend to be euhedral with well-developed
crystal faces. The percentage of inclusions in'oliving is usually less
thép'in plagioclase and rarely exceeds 1 volume percent.

Mineral+=Glass Equilibrium and
Tempexature Estimates

Analyses of crystalline phases from six of the MAR samples and

"the fresh glassy rims from most of the pillow basalts were determined by
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electron probe miéfoanalysis at #heVUni§ersity df WaSHiﬁgton Geolégical
Séienceé Depéftménf; All'analyses were conducfed with ﬁineral standards
having coﬁpbsitions_similar'tovthe,unkﬁoﬁﬁs, and data éérrécfions were
By'the EMPADR‘VII feduétibn proéram (Rﬁcklidge and Gasparriﬁi, 1969) .
Mineral anélyses were made with a 2;4um diametérAbeam at 15 KﬁV’acceler-
ation potenﬁiél énd 804100- anoamp sample current. quSs-anélyses in-
volved similar-cbnditions but a 15-20um beaﬁ diameter was use&, The
coﬁbination of iargé beam diameter aﬁd modefate sample current iq the
glass analyses effectively elimiﬁated'alkali loss. Couﬁting times were
‘terminated on fixéd beam current, and their durations (apx. 10-30 sec.)
dépended on the concentrations of elements being analyzed. Experience
éhows that with the exception of Ca, good mineral standards yield good
glass analyses when formal reduction procedures are followed. These
standards (elements for which théy were used) were bytownite (Si,Al),
synthetic Ti diopside (Ti), olivine (Fe,Mg), albite (Na), orthoclase (K),
3yn£hetic chalcopyrite (S),’apatite (P), and garnet (Mn).. Ca was calcu-
lated by a curve fit to other glass standards. By reproducing analyses
of glass standards'run with unknowns, accuracies are estimated relative
to absolute element concerntrations of <1.5% for Si, Ti, Al, and Na, and
1.5—2;5%'for Ca, Fé, and Mg. The accuracy of the sulfur data was con-
firméd with additional sulfide standar&s, Each matrix glass'analysis is
an average of ten random spot analyses. The homogeneity index reported
for one sample of matfixlglass (Appendix B) is typical of others and
démonstrates that glasses are genéraliy homogeneous by'this criterion.

Inclusion glass also appeared homogeneous when it was possible to
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analyze more than one spot. In several instances attempts were mdde to
.identify chemical gradients in glass adjacent to crystals and across
inclusion glass, but none were found.

" 'Inc¢lusion-bearing CIYStalS:
.. 'Phenocrysts or Xenocrysts?

‘The possibility that inclusion-bearing crystalline phases are
xenocrysts dispersed through the magma from a source extefnal to the
system was raised by Roedder (1965). Disaggregation of noncogﬁate Xeno-
liths or nodules may introduce crystals whose volatile.contenf is not
related to the earlier history of the eﬁclosing magma. To explore this
possibility, electron microprobe data for coexisting plagioclase-glass
and oliving—gléss pairs from six of the MAR samples are plotted in Fig-
ure 2. Compositional relationships between glass-mineral pairs.are
summarized in fefms of Mg/(Mg + Fe) or Ca/(Ca + Na) mole percent for
crystals and for coexisting glasses. The horizontal axis of theée par-
ticular diagrams is analogous to the compositional axis of a classic
T-X diagram depicting the solid solution loopé'for the pure olivine and
pure plagioclase systems. Analyses of phénocrysts and microcrysts (max-
imum dimension <50um) are represented by squares and crosses, respective-
ly. Data related to plagioclase-glass pairs are plotted above the line,'
and olivine-glass data from the same sample are plotted below the line.

.
The circles and triangles represent mole percentage values of Ca/(Ca +
Na) and’Mg/(Mg + Fe), respectively, in thé enclosing matrix glassesf
| Individual olivine grains are compositionally homogeneous; oli-

vine phenocrysts and microcrysts from a single sample cluster tightly
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Microprobe Analyses of Minerals and Glass. — Samples are from
the rims of six basalts from the interior valley of the Mid-
Atlantic Ridge. Horizontal axis is mole percent of either
Ca/(Na + Ca) or Mg/ (Fe + Mg). For the minerals this corre-
sponds to the anorthite (plotted above the line) or forsterite
(plotted below the line) component, respectively. For the
glass it is proportional to the maximum anorthite or forster-
ite component dissolved in the melt. The value of as de-
fined by Roeder and Emslie (1970) is (XFeo/XMg0)ol/ (XFeO/
X*go)ma8ma. See text for discussion.
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about an average value for that:particular rock. The larger cfyétals |
;ére usually anhedral énd égbroﬁnded while the microqrysts are commoﬁly
euhedral. The range of olivine éompositions for all samples gnalyzed
is F087 (sample 10CI1) torFo82 (samble 4Cl). Mg/(Mg + Fe) in glass sur-
rounding the crystals shows a trend sympathetiq to iron enrichment in
the crystals when the six samples are considered in‘sgquence frOm;lOQl
to 4Cl.- This trend is reflected in the consistency of the Kp values,
defined by Roedér énd Emslie (1970) as Ky = (XFeO/XMgQ)Ol/(XFeO/XMgO)magma°
For the six samples,.the values of Ky closely approximate 0.25, differing
from KD values for basaltic systems obtained expefimenfally by Roeder and
Emslie (1970) which cluster about 0.30. They concluded that Ky is in-
sensitive to temperature changesf Although their work was conducted at
one atmosphere in thé temperature range 1150—1300°C, it has been sub-
stantiated by subseQuent Wérk on anhydrous lunar basalts to pressures of
12 kbar (Walker, Kirkpatrick, Longhi, and Hays,,1975)° The water-poor
nature of the baéalts in this study and.their low Fe203/Fe0 ratio (Table
I) imply that.these basalts should be comparable to those used by Roeder
and Emslie (1970). However, Mysen (1975),-working with water-saturated
magﬁas in equilibrium with natural spinel peridotites under upper mantle
conditions, cautions that KD may decrease with decreasing pressure and
increasiﬁg temperature. It is possible that the small amount of water
in these samples may have affected the partitioning of Fé and Mg between
melt and olivine.

In any eveﬁt, the fact that all olivine crystals, regardless of

size, have very similar compositions implies that they were all close
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to equilibriumvwith-the enclosing matrix magma just prior to qﬁenching.
The similarity of the KD values.is éonsistent with this conclusion.

Yet the well~known ease with which olivimes equiligrate to'éurrounding

: i

melt does not permit one to conclude with complete ‘confidence that all
of the olivinés are cognate. At ﬁhis point, it can only be stated that
thefe is no evidence té suggest a noncognate genesis for the inclusion—
bearing olivines in the glassy pillow rimé.

APlagioclase.compositions dre more variable within individual
grains aﬁd from gtain to grain. Compositionally and texturally, they
seem to fall into two basic categories (Table II; Figure 2):

-l) phenocrysts (in 10Cl and 4Cl) which are anhedral and slightly
elongate to equidimensional are distributed evenly throughqut
pillow rim and interior, exhibit relatively homogeneous,

to An

anorthite-rich, interior compositions (An and have

80 86)’

thin, discontinuous albitic rims (An66 to An76);
2). tiny, 1ath-like.groundmass microcrysts'which are found interior
to the glassy pillow rinds are about 2-15um across.and less than

50um long, with a relatively homogeneous composition similar to

or lower in anorthite than the albitic rims of the phenocrysts.

The implication of this textural—com?ositional evidence is that the homo-
geneous interiors of the plagioclase phenocrysts approached equilibrium
with the bulk magma composition gt some_time prior to quenching, and

that the rims and laths are quench products which do not represegt equi-
librium crystalliéation. Subétantiating this interpretation is the fact

that the rims and laths have a composition which is similar to, or



Table II,

Summary of All Data Collected on Plagioclase Compositions.

PHENOCRYST GROUND MASS
: Norma- Avg. . ‘No. of Avg. : - No. of
Sample tive (All Max. Min. . data (A1l Max. Min. data
No. Min. data) An An points data) An An points
10C1 Oor 0.04 0.04 0.10 0.15 0.10 0.09
Ab 15.36 12.26 24,78 60 31.33 28.21 31.31 'lO
An 84.58 87.70 75.12 68.52 71.69 68.60
4C1 Or . 0.06 0.05 0.13 0.13 0.10 0.23
Ab 22,73 . 17.72 33.38 37 34.61 32.46 37.75 24
An 77.21 82.23 66.49 65.25 68.44 62.02
3A3-2 Or 11 .10 .13
Ab 31.64 29.30 34.26 22
An 68.25  70.60 56.61
10C18 or 190 .16 - .27
Ab 37.37  32.51  43.71 19
An 62.43 65.33 56.02

LT



18
identical wifh;-the quenched glass in terms of Ca/(Ca + Na) mole percent
(Figure'Z)b Extending éhe analogy of the hprizontal axis of these fre-
quency diagrams to the compositionai axis of a T-X solid solution dia-
gram for plagibclase, the microcryst-glass relationship would correspond
to a quenched system in Which the temperature is lowered rapidly through
the liqﬁidqs;solidus intervél, so that the crystals and magma have the
same com@osition. In this case,.it'seems much easier to prove'disequiv
libirum than it is to prove equilibrium. The relatively homogeneous
interiors of plagioclase crystals probably record an approach to équi—
librium during some unspecified interval in>the earlier history of the
magma, but there seems no way to unequivocally establish that such a
condition existed.

If the homogeneéus plagioclase interidrs are taken to represent
plagioclase formed during an approach to equilibrium at some time prior
to quenching, tﬁen application of the Mathez (1973) modification of the
Kudo and Weill (1970) plagioclase geothermometer may provide temperaturé
estimates corresponding to that equilibrium condition.

Phenocryst-glass pairs from sample 10Cl give temperatures which
range from 1285 to 12680C, and phenoérysts from 4Cl indicate a range
from 1232 to 1194°C. "

Phenocryst-glass tempefatures calculated from well-behaved,
llinear In K vs. 1/T relationship derived by Drake (1976) for the reaction
NaAlOJZ‘iq + BSiO%iq = NaAlSiBOg¥ag in baéaltic composition systems, are
.substantially higher than those determined using the Kudo-Weill-Mathez

calculation. Table ITLcompares temperatures for the two approaches
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Table III. Plagioclase-glass 'Equilibrium' Temperatures.l’
Sample Plagioclase Ancorthite Temp®C Temp©C
. No. __ Description . Component - (KWM)2 (Brake)3
3A3 Average of groundmass ' 68.2 1195 1183
microcrysts .
4C1 Average of 5 phenocryst 76.6 _ 1204 1340
interiors :
4C1 Average of groundmass : 65.3 . 1203 1190
microcrysts : : :
10C18 Average of groundmass 62.4 , 1151 1140
microcrysts - ’
10C1 " Average of 3 phenocryst inte- 84.7 . 1268 1448

riors in glassy rim of pillow

10C1 Average of 2 phenocryst inte- 85.1 1285 -
riors from pillow interior

10C1 Average groundmass microcrysts 70.5 1215 1179
near glassy rim -

10C1 Average groundmass microcrysts 65.9 1229 1129

from pillow . interior

1a11 temperatures were calculated using the composition of matrix glass
in glassy rim of pillow. Assumption of equilibrium is probably invalid
for groundmass microcrysts. -

Temperatures calculated using Mathez (1973) modification of Kudo and
Weill (1970) plagioclase geothermometer.

‘Temperatures calculated using expression In K = Q%QQ - 2.29 (Drake,
1976).
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using identical mineral-glass pairs. -Although‘the phenocfyst values cal-
'culated by the 1n K vs. 1/T reiationship are probably too high,lit is
curious that application of both geothermometers fo.the microcryst-glass
pairs,‘which are clearly'out of equilibrium, produéesrvery reasonable
basaltic magmatic temperatures between 1229 and 1153°C. ‘This situation
prompts the caveat that neither geothermometer is sensitive to attain-
ment of equilibrium. | -
In Summary, basalt.glasses with inclusion-bearing crystals used
1 in this study fall well ﬁithin fhe category of oceanic tholeiitic ba-
salts. They may be considered typical of a vast volume of basaltic magma
emplaced in tﬁe oceanic-crust from the mantle per unit time. _While it
is not possible to unequivocally establish a cognate relationship between
inclusion-bearing crystais and enclosing magma, there is very little
evidence to challenge a phenocryst-melt relationship. In fact, the
,clése correspondence between compositions of large and small olivines is
evidence that olivine-melt equilibrium was appfoached prior to-quenching.
The less reactive plagioclase probably preserves in its interior compo-
sitions which were close to equilibrium with matrix magma, although they
may not have been at the time of quenching. Assuming the Kudo-Weill-
Mathez geothermometer provides valid temperature egtimétes for systems
of the type s;udied here, magmas 10C1 and 4CL probably erupted at tem-
peratures between 1200 and 1275°C. The faqt that ﬁost of the other sam-

ples fall within the range between these two (Figure 2) implies that

such temperatures apply to other magmas as well.
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Glass-Vapor Inclusions in Phenocrysts
from Glassy Rims of Pillow Basalts

-Preéious Work
Répidlybchilled crystalliﬁe phases in volcanic¢ rocks commonly
cOntain'iﬁcluéions of glass (Roedder, 1965; Roedder'andVWeiblen, 1972;
1973a, 1973b; Anderson'and Wright, 1972; Anderson, 1974; Watson, 1976).
Manyvof these inclusions_bear voiatile phases which have been studied by
Roe&der (1965); Anderson (1974); Bazarova, Canilho, Sobolev, and
Shugorova (1973); and Sobolev, Bazarova, and Bakumenko (1972). The basic
‘prgmise éf most studies is that the inclusions have sampled magma at some
depth-greater than that of the eruption. Roedder's’(1965)'observations
of liquid CO2 inside olivines from peridotite nodules indicate entrapment
at pressures greater than several kilobars if the system was above 1200°c.
However, liquid C02 has not been described in inclusions within bheno—
crysts from oéeanic basalts, nor is any evidence of liquid C02 found in
the samples used in this study;
Anderson (1974) and Watson (1976) aséumed that 1) melt initially

: entrapped in a crystal is chemically representative of the magma from
which the crystal grew, and 2) after entrapment, the melt reacts only
with the host crystal. Watson (1976, p. 74) specifically states his as-
sumption that "diffusion through the crystal is unimportant in altering
the cémposition of the trapped melt." As discussed later, these assump-
.tidhs may be wvalid for méjor elements and sulfur, but consideration must
“be given to diffusion of other vqlatiles during and.after crystal growth
to establish whether the current volatile content of inclusions is rep-

resentative of that in the .magma at the time of entrapment.
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Anaerson (1974) estimated the entrapmentlwater cohtenﬁ of magma
by aﬁalyzing glass inclusions in olivine from Mount Shasta uéing a water-
, by*difference.method on an electrén microprobe.,‘He reconstrﬁcted initial
amounts of magma in‘inclusions baSedAon_Eextural interéretatiqns of the
amounts of post-entrapment growth of the host olivine at the'expense of
the inclusion. Watson (1976) demonstrated that glass inclusions inside
three different phenocryst types from avdredge haul neaf Bouvet Is}aﬁd
in the South Atlantic had reacted With host minerals 6nly;,and could be
used to establish an earlier composition of'éﬁtrapped magma. 4He did
ﬁot treat volatiles in the inclusions, although he mentions that most
inclusions contain .a single fluid phase. |

Roedder (1965), Sobolev et al. (1972), and Bazarova et al. (1973)
report that nodules and phenocrysts in alkali basaltic and kimbetlitic
lavas commonly contain inclusions With‘COz—rich liquid gnd minor glass.
Roedder also describes very low-density vapor bubbles enclosed within
glass inclusions trapped within possible "xenocrysts" in tholeiitic ba-
salts. The bubble usually occupies less than 5% by volume of the total
inclusioé. He interprets these vapor phases as "shrinkage" féatures
resulting from differential thermal contraction between crystél and
trapped magma. Watson (1976) and Anderson (1974), aé well as the data
presented later in this work, demomnstrate that most inclusions have con-
tinued to precipitate host mineral after entrapment. Microprobe analy-
ses of plagioclase and olivine crystals containing inclusions imply that
the bulk of each phenocryst wés.close to equilibrium with the.

enclosing magma now quenched as matrix glass. The inclusions are
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considered samples of enclosing matrix magma. Askwill be deve;oﬁed be~
low, two--of the most important textural interpretations deal with the
pressures inside the inclusions compared to éressures outside in the
matrix glass, and with the.question of whether or not inclusions trapped.
magma only, or magma.plus vapor.

Textures of Glass=Vapor
Inclusions within Phenocrysts

Most phenoérysts of olivine, plagioclase, and spinel from pillow
basaltS'examinéd in this studyvcontain some inclusions (Figures 3 and 4).
Crystals quenched in the glassy pillow rims contaiﬁ inclusions which are
dominantly glass, apparently quenched with the surrounding matrix magma.
by eruption onto the ocean floor (Figure 3A). Inclusions in phenocrysts
from pillow interiors usuaily confain partially or completely crystal-
lized material ﬁimicking textures in the enclosing crystalline basalt.

In spite of their common occurrence in rapidly quenched volcanic
rocks, glass-vapor inclusions in phenocrysts have not been.well described.
Because of their potential importance as Sampléé of more "primitive"
magma and volatiles, a discussion of petrographic features displayed by
these inclusions is worthwhile. The following series of observations and
interpretations deals principally with textures found jin phenocrysts from
the glassy fims of pillow basalts. Inclusions from the rim phenocrjsts
more accurately record.the'prEquench, magmatic relétionships than do in-
clusions in phenocrystsvfrom pillow interiors.

Thé size of the.glass'incluéions is highly wvariable, ranging

from less than lum to as much as 1 mm in diameter. Inclusions in olivine



Figure 3. Glass-vapor Inclusions in Plagioclase.

A. Plagioclase (Pc) and olivine (ol) phenocryst quenched in the
glassy rim of submarine pillow basalt. Large inclusions of glass
(gl) are apparent in plagioclase and smaller inclusions may be
seen in the upper right=hand corner of the plagioclase phenocryst.

B, C.. Glass—to—vapor (V) volume ratio is relatively constant.

D. Necking between the two lobes implies continued crystallization
of the host mineral at the expense of the included magma.

E. . Vapor phase was apparently moving toward the top of the photo-
graph at the time of quenching. About .57 of the plagioclase in-
clusions resemble this irregularly shaped vapor phase. It was
not observed in olivine inclusions; probably because they are
much less abundant.

F. Unidentified submicron-sized opaque grains lining the glass-
crystal interface. o

G, H. Low-density vapor phase partly or completely replaced during
sample preparation. by higher density fluid. These types of in-
clusions occur dominantly near the surface of any crystal frag-
ment or thin section, and are interpreted to have formed during
thin section preparation or crushing.

I. Multiple vapor phases in single glass inclusion. This texture
is uncommon in oceanic basalts but is much more common in sam-
ples which are richer in volatiles (e.g., Marianas sample).

J. "Elongate" inclusion with "elongate" bubble demonstrates diffi-
culty of measuring volume ratios in some inclusions. The inclu-
sion and the bubble are actually disc-shaped.
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Figure

4. Textures in Glassy Rims of M.0.R. Basalts.

Euhedral olivine grain containing a nearly symmetrical series of
glass-vapor inclusions. The inclusions appear to record a se-

quential entrapment process in which the inclusion vapor bubbles
develop only after. the ineclusion is isolated from the matrix
glass. ‘ o

Olivine crystal under crossed nicols showing typical glass~vapor
inclusions and the correlation between size of vapor phase and
the overall inclusion size. . .

Chrome spinel, embedded in plagioclase, containing a vapor-glass
inclusion. Inclusions within spinel may represent the deepest
available velatile samples. :

Vapor inclusion embedded in glass partly surrounded by chrome
spinel crystal which is completely enclosed within an olivine
grain. Crossed nicols.

Rare fracture-controlled glass-vapor inclusions in olivine from
pillow interior.

Rare example of embayed olivine-glass interface photographed
under crossed nicols. The interface and embayment appear to
have localized vesicles which ate contained in the matrix glass.
(See text for discussion.)

Incompletely formed inclusion of glass and vapor in an olivine
grain. The bubble is now partly filled with grinding compound.
(See text for discussion.)

Degassed inclusion from a plagioclase crystal which has been
heated to 1290°C in a vacuum. The irregular pattern surrounding
the dark void is glass/magma which "exploded" into a through-
going fracture during decrepitation. Volatile loss during this
type of event produces vetry sharp gas release 'spikes':

Glass from a pillow basalt rim with some quench crystals and a
vesicle. Embedded.in the vesicle wall are sulfide globules
similar to those described by Moore and Calk (1971).
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are’usﬁaily'infermediéte in size and less-abunaant thaﬁ thosé oEsérved
in plagipclasé, Some'plagioclaée crystals.have consistgﬁtly large in-
clusions (>0.5 im maximgm diaﬁeﬁer.as'viewed iﬁ two dimeﬁSiéns);_others
havé predominantly smail (<10um) inclusions; but more fréquently, a com-
" plete raﬁge of sizes is observed iﬁAa single cfystal (Figures'3A,3£).
The shape of the glass inciusiohs is alsp variable. In olivine,‘theiin;
clusions ﬁendlto Bé slightly elongate»sphérqids, but occasionally crystal-
. shaped bﬁtlines ;re 6bserved which are glass-filled, euhedfally shaped
inclusions in olivine. Lafge inclusions in plagioclase afe-irregular
to subroundeﬁ,-and smaller inclusions commonly ap?ear slightly to dis-
tinctly elongate in the albité twin plane (Figures 3H,3J). Although
variationsAiﬁ'shape cause somé difficuity in estimating vdlumes of both
glass and vapor, the majority of inclusions resemble those shown in
Figure 3C,_and volume estimates may be closely approximated by assuming
spherical geometry. |

Most.glass inclusions in plagidclase and ﬁany in oiivine contain
nearly spherical, single-phase fluid inclusions with a very iow index of
‘refractién (Figures 3B,3C). A few, small glass inclusions'(&ZOum maxi-
mum diameﬁer),definitély do not contain. a vapor phase,. and about 0.57 of
the inclusions appear to contain bubbles with a higher index of refrac-
‘tion or appear to be bubble-free. . These have been intersected by a
fragment surface or thin section surface which has removed or truncated
the bubble. Figurés 3G and 3H are photomicrographs of vapbr inclusions
‘within glass which are close to a thin section surface and have appar-

ently been partially or completely opened to the atmosphere, such
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that in 3G a portion of the original:vapof is diéplaéed with mounting
médium and in 3H the entire vapor phaée hés been replaced. - These types
of inclusibn are very rare and bééuf near fractures. Figure'SE shows
‘an irregularly shaped vapor phase similér to about SZ_Of-the inclusions
obserVéd‘iﬁ plagioclase.. The irfegular shape is probably'caused by
physical movement of the bubble juét prior to quenchipg.

The-low—index bubbles are identical‘to those described by
Roedder (1965) as '"shrinkage" and '"near vacuum" features. Crushiﬁg ex-
periments in index oils using the method described by Roedder (1965)
failed to prpduce significant volume expansion upon felease of the wvapor
as the inclusions opened. ‘Crushingvof matrix glasses released as much
or more gas for equivalent bubble sizes.r The pressureé Within this type
of inclusion do not seem high, andvare probably under about the same
pressure as the vesicles in the matrix glass.

The crystal-glass interface of some glass inclusions within pla-
gioclase is lined with submicron-sized opaque grains of unknown compbsi—
tion (figure 3F). lYEEQETglass surfaces of similar inclusions commonly
show slightly larger opaque grains, often with a square cross-section,
which are also unidentified (Figures 3G,3H). These may be tiny sulfide
grains simiiar to, but smaller than, those observed lining vesicles in the
matrix glass (Figqre 41) (Moore and Calk, 1971; Mathez and Yéats, 1976).
However, even if these are sulfide graims, they do not répresent a signif-
icant amqunt.of ad&itional sulfur comparéd to that dissolved in the glass.

An important inteipretation of'the textural evidence is whether
or not inclusions entrapped magma alone or magma~plus vapor. Unfortu-

nately, some of the evidence is conflicting on this point, but the
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" post—entrapment evolution of an inclusion will certainly reduce the ori-
ginal entrapment>pre5sure, whether by_diffefential thermal contraqtion
of magma Vs, crysfal or by cbntinued drystallization'of the inélusion
magma on the inclusion walls. Figure 3D shows a classic nécking feature
betweeﬁ two ldbes of an originally continuqus iﬁclusion. The common in-
‘terﬁretation of this texture is coﬁtipued growth of the hosf at the.ex_
pense of the inclusion materiai.' Electron microprobe evidence
demonstr#tes that many inclysions continue to crystallize'host material
from the entrappe&'magma. A comparison of the partial molar volumes of
the plagioclase and olivine components dissolved in the melt (Bottinga
and Weill, 1970) with molar volumes of the same éomponents in a crystal-
line state at 1200°C (Skinner, 1966) indicates tﬁat continuéd crystalli-
zation in an isolated inclusioﬁ system would prbduce'a pressure or
volume reduction proportional to the reaction progress.

The averége,diameter of all regularly shaped vapor bubbles in
glass inclusions from plagioclase is between one-quarter to one-third
the inclusion diametér. Assuming spherical geometry, this corresponds
to a bubble volume percent in an inclusion of less than 57%. A very
small number of inclusions have either no bubbles or bubbles smaller
than the'oneéquarter diameter and only rarely:w§s:a vapor bubble.
observed larger than one-third of the diameter of the enclosing glass\
inclusion. For olivine inclusions, the bubble is_commonly somewhat
smaller for a given volume of glass inclusion than would be the case in
plagioclase, poésibly reflecting less extensive post—entrapment crystal-

lization for olivines. If inclusions commonly trapped a two-phase magma,
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that is, vapor plus magma, then the volume ratio of wvapor to inclusion
élass.should be much more.variable than is observed.

Figﬁre 4A shows a quenched éli&ine grain which preserves the se-
quence of development of glaés-vaéorxinclusions. In this case, the bub-
ble phase in each inclusion does'ﬁof.seem to develop untii the inclusion
is isolated from the matrix glass. The consisteﬁcy df'bubble—to—glass
volume ratio is also shoﬁn in Figures 3B, 3C, and 43, - However, Figure
4F shows an embayment of glass in olivine with vesicles lining the glass-
olivine intefface. Obviously,_if this embayment became an inélusion, the
inclusion.woﬁld contain preexisting vaporQbubblés. Figure 4G shows an
inclusion on the margin of an olivine crystal, not wyet isolated from
matrix glass, which already contains a sizeable vapor bubble (now filled
with grinding compound). Yet, more.than 2000 inclusions observed display
the consistent glass—to-vapor volume ratio, while Figures 4F and 4G are
the ounly cases obserﬁed which show the possibility of entrapment of a
vapor phase,

Entrapment of vapor bubbles apparéntly does occur, but it is not
common. and‘most inclusions entrap only magma. The vapor phase generally
develops - after entrapment>as a result éf differential thermal contrac-"
tion between cryétal and glass (Roedder, 1965) and/or continued precipi-
ﬁation of host crystal on the walls of the inclusion. The possibility
that some inclusiéns may have trapped magma plus vapor raises the in-
triguing question concerning thebdepth at which the system became satu-
rated with respect to a vapor phasé. However, this is a difficult

question to evaluate with samples quenched at the ocean floor where the
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magma was obviously volatile saturated as evidenced by about 1% vesicles
_in most glassy basalt pillow rims. The topic is considered more exten-—
in a later section.
Chemical Comparisons
of Glass-Vapor Inclusions

Electron microprobe analytical data for glass inclusions and
patrix glass are pfesented in Appendix B. Following Watson (1976),
these data ére illustrated in terms of a triangular diagram in Figure 5.
This type of plot permits an approximate evaluation of the evolutionary
paths taken by inclusions reacting only with their host mineral. That
is, reaction with host minerals which are plotted along the appropriate
margin will drive the inclusion chemistry direcfly away from the host.
However, one of the nost powerful'uses of the "Watson plots'" requires
-that inclusion formation occur Simulténeously in all crystallizing
phases. Watson (1976) explores the validity of this assumption and the
utility of the approach in his analysis of dtedged basalts from the vi-
cinity of Bouvet Island in the South Atlantic. Plotting glass inclu-
sions from coexisting plagioelase, olivine, and clinopyroxene, he found
é unique intersection of the inclusion fractionation trends which he
interpreted to be a more "primitive" magma composition (meaning closer
to the original melt composition) than existed within the actual pillow
basait. At the time of quenching, this earlier magma was distinctly
more "ﬁrimitive" (lowér Ti0, and higher Mg/Fe) than the quenched matrix
magma which surrounds the inclusion-bearing phehocrysts. In other wofds,

it may be misleading to compare inclusions directly with matrix material



Figure 5.

Triangular Mg0-Ca0-Al,03 Diagrams Showing Matrix and Inclusion Glass Microprobe
Analyses, —— Major phases precipitating from a magma may be plotted as weight
percent oxide on the margins of the diagram. Crystallization of any one phase
would drive the remaining liquid in a unique direction. Inclusions trapped
during such a process. could record the path but also react with the host mineral.
Two relatively primitive magmas, one from Watson (1976) and one from Frey, Bryan,
and Thompson (1974) are plotted:in Figure 5B to demonstrate the low Ti0, and high
Mg/Fe ratio of such magmas. Data for two samples are plotted in Figure 5A; R1-24
data are in the lower half of the diagram and data for 2A1 in the upper half.
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to interpret the extent of pest—entrapment inclusion evelution, This is
‘ beceuse a significant amount of post—inclusion:entfépment crystalliéation
caﬁ modify the matfix composition substantially,lmaking it less "primi-
tive" than trapped inclusions which have interacted solely with the host
mineral. If the inclusions were not formed as a result of a single event,
"then a unique solution is not poseible. However, certain -elements of the
system's evolution may still be established.

Most glass samples in this study contain oniy plagioclase and/or
olivine. Inclusions and matrix glass from samples 4Cl, 10Cl, R1-24, 654,
and 2A1 are plotted in Figure 5. The pair of numbers (index ratio) ad-
jacent to the plotted points show ﬁeight percent TiO2 in the numerator
and mole ratio of Mg/Fe in the denominator for each sample. Also shown
in Figure 5B, for comparison, are the Ti0, and Mg/Fe values of two rela-
tively primitive seafloor basalts. These are taken from Watson's recon-
struction of the Bouvet Island Suite and from Frey et al.'s (1974) data
on sample 3-14 from the Deep Sea Drilling Project. Both magmas are
characterized by very low TiO2 (<0.80 wt %) and.a high Mg/Fe ratio
(®2.l); any magma with similar values may be considered "primitive'.
Ti02 content of a magmd increases and Mg/Fe decreases with coqtinued
fractional crystallizationm.

1In the case of 2Al1 and 6A4, the glass inclusions in olivine have
evolved from the matrix composition esseﬁtially by precipitetion of oli-
vine. Both TiO2 and Mg/Fe values suggeef that the matrix composition is
differentiated, and the glass inclusions appear even more differentiated

than the matrix. However, inclusions in plagioclase from samples R1-24
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and 10C1, and'dne inclusion frém 4C1l retain relatively iow TiOé.values
and fairly high Mg/Fe ratios. Plagioclase inclusions from sample R1-24
are perhéps the most "primitive" based on Eriﬁeria cited above, aﬁd.lOCl
plagiocléSES'seem not tb have evolved far either. Both sets of inclusion
data from R1~-24 and 10Cl are clustered'near\the matrix glass values, and
‘the index ratio of inclusions and matrix-is similar, indicating the rocks
themselves have not evoived much'éinée entrapﬁent of inclusions. These
data are interpreted to mean that the inclusions haVe'trapped relatively
primitive magma which had not evolved significantly by fractionaﬁion
priéf to or after inclusion formatioﬁ.

Conversely, inclusions in 4Cl plagioclase samples two distinct -
stages of magma.evolution,Aone of which had a.TiOZ/(Mg/Fe) value of
1.05/2;15 and the other a value of 1.9/1.25, which is similar to the ma—’
triﬁ glass. Some piagioclase sampled primitive magma, while later pla-
gloclase sampled magma resembling the preéent matrix glass which has
evolved significantly since early plagioclase growth. Inclusions in oli-
vines fr?m 4Cl closely resemble the matrix glass in terﬁs of Ti0,, prob-
ably having been entrapped late in the system's history.

Olivine glass inclusions from 10Cl are more difficult to inter-
pret than any other,sample; It is not poésible to establish a unique
explanation for them. The matrix élass has a éonsistently higher TiO2
content than the more "primitive' plagioclase inélusions. Yet the posi-
tion of the matrix is above the fractionation line connecting plagioclase

composition and the glass inclusions. Therefore, the matrix glass must

have previously been located somewhere on the fractionmation line. The
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two‘MgO-poor'glass inélusions in oliviﬁe maj be‘expléined iﬁ terms of
olivine'fracﬁionation from.a more'primiﬁive-magma pfe&iously located
along the plagioclase join.. However, the other two glass inclusions in
olivine, with relativel§ high Mg/Fe ratios, mgét have either been trappéd
very early>or did not significantly react with the host olivine. Alter-
natively, if the two glass inclﬁsions.in question contained microcrystals
of spinel, the present arrangement might have begn prbduced. No such
inclusions were. observed, but grinding of the probe mount may have ré*
mo&ed them.

Mathez's (1976) study of sulfur solubility in submarine basalt
glasses demonstrated a liﬁear covariance between total Fe and S diésolved
in 34 matrix glasses from a wide variety of locations. He was élso able
~to establish that -sulfur concentrafions within inclusion glasses from |
- phenocrysts were generally similar to, or slightly greater than, sulfur
éoncentrations of matrix glass. Figure 6 is a plét of wt % sulfur vs.
wt Z TiOz for 12 seafloar basaltAsamples with glass inclusions inside
phenocrysts quenched.in matrix glass. The most important point to be
demonstrated from these data is the relative ease with which the sulfur
content of glass inclusions within phenocrysts can be statistically char-
acterized. Regardless of whether the glass inCiusions are within pla-
giociase or.oliviﬁe, they generally cluster about andrsoﬁewhat above the
sulfur content of the matrix glass. The principai exceptions are most
of fhe inclusions in Rl—24.(Kblbeinsey Ridge) and one of the inclusions
in 4C1 (1.05 wt % TiOé). ‘These inclusions have distinctly less sulfur

and distinctly less TiOZ than the matrix magma, and may represent magmé
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36

trappéd at an earlier (deeper?) stage of magma eﬁolution. -The trend of
increasing TiO2 wi£h increasi#g S in R1-24 plagioclase inclusiops may
record a concommitant enrichment of the two elements during fractional
crystaliization. If‘so, the sample with lowest sulfur and TiOé may have
been trapped at the deepest level, and may contain more CO2 than other
inclusions analyzéd. These types of relationships open the intriguing
possibility that the volatile evolution of a magma may be traced through
careful analysis of specific glass inclusions. Unfoftunately, at this
time it is not possible to analyze individual inclusions for wéter and
CO0y. A second point is that the consistent ciﬁstering of inclusion
glass compositions in terms of TiO2 and sulfur values strongly supports
the assumption that the crystalline ﬁhases are phenocrysts, not
xenocrysts.

In summary,

1) Plagioclases ffqm R1-24 and 10Cl seem to have sampled relatively
primitive magma;

2) Some of the plagioclase from 4Cl sampled "primifive" magma and
some sampled much less "primitive'" materdial;

3) Olivines. from 10Cl may also have sampled relatively primitive
magma, but it is not as obvious as with the plagioclase
inclusions;

4) Olivines in 2A1, 4Cl, and 6A4 appear to have sampled magma in-
distinguishable from the matrix glass;

5) A small amount of clinopyroxene fractionatioﬁ and/or combined

precipitation of olivine and plagioclase must account for the



6)

7)
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preseht composition of matrix glass with respeét to R1-24 and
10C1 inclusions in plagioclase;
The sulfur ﬁoﬁténtAof glass inclusions does not generélly differ
significantlyvfrom that of the matrix glass.
The clustering of inclusion glass about matrix glass substéntiates
the Mathez (1976) COnclﬁsion that the inclusions are samples of

the ﬁatrix, thereby solving the dilemma of phenocryst or no.



DEGASSING EXPERIMENTS

The quenched glassy rims of the MORB basalts and the phenocrysts
with glass inclusions were degassed separately to determine the volatile
contents of the matrix and included glasses. The details of the experi-

‘mental techniques are as follows.

Sample Preparatioﬁ

Glassy portions of pillow basalt rims were chipped away frém the
rock sample and crushed in a stainless steel mortar and pestle. A size
fraction of the sample of 1.0 to 0.2 mm diameter was cleaned in an ultra-
sbnic vibrator with doubly distilled water to remove all crushing bowder
and most of the palagonitic alteration. Glass and.phenocfysts were then
hénd picked under a binocular microscope. Glass fragments with spheru-
lifes, visible crystals, and alteration of any type were rejected. Sev-
eral glass samples still contained 1 to 2% by volume of microphenocrysts

‘completely enclosed within a glass fragment. However, the total volatile
content of the glass is significantly higher than an equal volume of
crystals which usually contain less than 1% by volume inclusion glass with

Jless fhan.O.AZ volatilés. The microcrysts act essentially as a diluent
in the glass. Phenocryst fragments of olivine and plagioclase were partly
concentrated using a magﬁetic separator, and then hand picked. Again,
any fragmenfs with visible alteration or iron-staining were rejected.

The only visible non-crystalline coﬁponents were glass-vapor inclusions

38
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_'within the phenocrysts. Cénsiderable care was taken to exclude pheno-
cryst fragments with matfix glass.adhering to the oﬁter'surféce.

| Eaéh.sample was immersed in 0.3N HC1 solﬁtion for two hours to
remové any carbonate f£ilm which might have formed on fracture surfaces.
Several samples were analyzed which had not beeﬁ treated with HC1 and
little difference was observed, implying.that carbonate was not a serious
contaminant (ef. Pineau, Javoy, and Bottinga, 1976). Rewashing in doubly
distilled‘water and drying for £W0 hours at 120°C dompleted initial prep~-

arations for degassing.

High-Temperature Mass Spectrometry

Instrumentation

The volatile content and degassing behavior of ail samples was
obtained with a high-temperature mass sﬁectrometric facility consisting
of an effusion-vaporization source interfaced with a computer-controlled
quadrupole mass spectroﬁeter (a modified EAT, Quad.,lllO). The effusion
assembly contains a molybdenum Knudsen cell heated by radiatioﬁ from a
‘coiled tantalum resistance element. A set of concentric cylinders sur-
found the cell and serve as a radiation shield and beam collimator. De-
tails of the vaporizétion source have been previously described by Muenow
(1973). From thi?'source a molecular beam of released volatiles is gen-—
erated. It emerges throughvan'orifice in the.cell 1lid, and is then di-
rected through a movable shutterplate ana into the ion source of the mass
spectrometer. An important feature of this arrangement is the short,

direct line-of-sight placement between the ion source and cell orifice.
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Use of thé shﬁtterplate.ailows distinctioﬁ beﬁween molecular species
emitted directly from thg Knudsen cell and those re-emitted and sc;ttered
from other surfaces of the system. The mass spectrométer is controlled
by a PDP/1145'computér. Température is measured with a Pt/Pt-10% Rh
thermocouple peened.into the base of the cell, and is also controlled by
computer. The high-temperature unit is contained within a ﬁater—cooled
housing, and pumped with a high,throﬁgh—put, fast—cycling vacuum system

(to 1 x 1078 torr) containing sublimation and ion pumps.

Techniques and Procedures

Two basic‘types of degassing experiments were conducted: 1)
rapid-scan mode in which many masses are monitored by rapidly cycling
spectrometer, and 2) fixed-mass mode in which one m;ss can be continu-
ously monitored by focusing the spectrometer on that mass. For the glass
sémples the mass‘spectrometer was operated in a rapid-scan mode to obtain
mass pyrograms (quantitative‘gas release profiles) using the procedures
of Killingley and Muenow (1975a). Samples were weighed and placed into
a prebaked Lucalox (erystalline high-temperature alumina) cell liner and
heated under a vacuum of 1 x 10"8 torr at a rate of approximately 5° /min
to 1250°C. During this time the mass spectrometer rapidly scans the
spectrum from 1 to 150 amu (or any other pre-selected mass range). Ton-
current signals for all mass peaks énd temperatures ére measured and
stored on magnetic tape. Gas species identification was based upon ap-
pearance,potentiéls, fragmentation patterns, and isotopic abundances.

Mass pyrograms are them obtained as hard-copy computer plots of the in-—

tensities of parent molecular ions (or principal fragment ions) versus
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temperature. Those used fdr quantitative e&aluation of the total vola- :
tile content are obtained when the product of the "corrected" ién—
intensity and the square root of the absolute temperature is plotted
against the absolute temﬁerature. The "corrected" ion-intensity is the
measured lon-intensity adjusted for-éystem backgfound,‘fragmentation,
isqtopic abundance, relative ionization cross-section, electfon multi-
plier efficiency, and quadrupolé transmission effecté. System back=
grpund contributions are determined by use of the shutterplate and from
"blank" runs made before and after each sample study. For eaéh mass
curve of the 150 masses scanned, approximately 140 data points are ob-
tained. When degassing of each glass sample is compleﬁed, the sample isv
allowed to cool and then is reweighed. Weight loss is enteréd as comput-
er input for a final check on the calculation of absolute volatile abun-
dances lost.

The sensitivity of the mass spectrometer was determined by the
calibration procedure based on the quantitative vaporization of a known
amount of a standard substance (Grimley, 1967). The standardization
procedire is carried out routinely and is considered acceptable when the
measured heat of fusion from the staﬁdard material matches values pub—;
lished by the National Bureau of Standards within the uncertainty of
these.yalues° This procedure assures stability of all iﬁstrumental com—
ponents and esﬁablishes,that quantitative vaporization is achieved and
that there is no significant loss between the effusion celi and the mass
spectrometer., For these studies, a 1 mg samplé of high-~purity magnesium

metal serves as the standard.
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For degassing.phenocryst samples, measurements were made by oper-—

ating the mass spectrometer in a switchable fixed-mass mode, as well as

the rapid-scan mode, to obtain mass pyrograms. By continuously monitor=
ing a majqr»ion mass of aﬁy volatile of interest (or several, by period-
ically switching from mass té'mass), it is possible to obsefve rapid
changes in the ion intensity as sharp spikés on a fast-response, strip-
chart-pen recorder and an oscilloscope. Thése spikes could not be ade-
.quately recofded by the rapid-scan technique. For minerals containing
volatile-bearing inclusions, the ion current signal spikes appear at high
temperatgre and correspond to vapof release from one or a number of rup-
tured‘inclusions. This phenomenon has previously been observed for COZf
release from fluid inclusions.in olivine separated from dunitic and
perioditiéic nodules (Killingley and Muenow, 1974). It is believed to be
the result of cracking caused b&lstresses due to temperature gradients
within the olivine grainé'(Killingley and Muenow, 1975b).

The spiked—reiease character of the phenocryst degassing curves
precludes the integration approach used with matrix glass curves to es-
tablish quantitative volatile contents in the inclusions. For quantita-
tive measurement of volatile spiking, an instrumental calibration is
accomplished with the aid of tiny glass ampules containing known volumes
of CO,y (Killingley'and Muénow, 1975b). More important, in terms of the
present study, is the fact that within the mass raﬁge of interest (<100
amu), instrumental sensitivities_fof various species differ by no more
than a factor of four (D. W. Muenow, personal communication, 1977); that

is, if the system detection limit can be established for one of the
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species, then a maximum detection limit for other species can be estab-

lished. The use of ampules with known amounts of COZ can thén be used to

place_liﬁits on the sensitivity of the instrument for all volatile Speéies
of interest. To this eﬁd, the COy-bearing ampules are heated.in the
Knudsen cell until they burst, releasing their contents. Recorder spike~
heights corresponding.to these standards are plotted against known CO2
content. When the C02 content of the ampules is below l‘# 10714 mole,
spiking activity drops below background for COé (Killingley and Muenow,
1975b). Considering variations in relativé sensitivity»and background
for diffefent species and conservatively allowing a variation of % order
of magnitude instead of a factor of 2, the detection limit of the instru-
ment for spiked release of the volatiles COZ’ Hy0, and SO, is at least

5 x 10713 mole per recorder spike. This means that spiked release of
less than 5 X 10~13 mole of any of tHese species could just be lost in

-13 mole)

background, but that release of more than 1 x 10711 gram (5 x 10
of Hy0 or 3 x lO_ll gram of S0, per spike event would produce a measur-
able response. This detection limit is an important figure, as it is
used later to place a limit on the amount of water in the glass-vapor
inclusions.

Phenocryst saﬁple size varied from 12 to 300 mg. Glass=vapor in-
‘clusions occupy from iess than 0.5 to 10 volume-percent of the phenocryst

samples. Each sample was heated at 5°/min to 1300°C and monitored

throughout for its vapor burst-release behavior.
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Results

Matrix Glass

_Degassing patterns of the principal volatiles, 002, HZO’ and 502'
ffom glassés 2A1, 3A3, 4Cl, 6A4, 7A4, 10C1, 10C4, and R1-24 are presented V
in Figure 7A and B. Detdiled analysis of each curve may eventually pro- »
vide information about the site'oécupancy of volatiles in the glasses.
The major features of the 3A3 pyrogram are typical of mass pyrograms obf
tained for many of the glasses studied (2A1, 343, 4CL, 6A4, 7A4, R1-18).
Moét,giasses reieése sﬁall amounts of water and disélay small CO2 spikes
between 700 and 800°C, followed by major water-release peaks at 930 +
30°C. Glasses 10C1, lOC4,vand R1-24 release distinctly larger amounts of
HZO at about 760°C and display broader, lower water-release peaks between
900 and 960°C. Water has been cémpletely‘removed from all samples by .
1000°C. Neither increasing temperature to 1400°C nor subsequent heating
cycles induces additional water loss. In contrast, a mass pyrogram of
Athe interior, crystalline portion of a pillow basalt is characterized by
a very broad water-release'peak which is well developed at 150°C, reaches
a maximum about 210°C, and gradually tapers to 1400°C‘(Figure 8). The
implication of this water-release pattern for the;glass is that the water
is structurally bound to the alumino~silicate 'lattice" of the melt, and
is, thefefore, much more fundamentally important in the igneous petro-

logic interpretation of magma behavior than water which is commonly re-

4.
20

slope of the glass degassing curves for water beyond about 1120°¢C is

ported as H ‘in most standard rock analyses. The gentle, positive

system background, and does not reflect sample degassing activity.



Figure 7.

Mass Pyrograms for Matrix Glass. —- Intensities are normalized to 100% in the region
of greatest gas release, Samples 2Al, 3A3, 4C1, 6A4, and 7A4 differ from samples 10Cl,
10C4, and R1-24, in which the bulk of the water from the sample is released below 800°C.

" In all of the samples studied, water is completely released by 1000°C, and €0y and S0,
-are degassed by 1100°C.

The solid lines are for water release, the dashed lines are

for CO0y, and the dot-dash lines represent 802 release. All three volatiles are plotted
at the same scale of ion intensity.
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Coqcurrent with the second water peak in the matrix glasé sam-
ples, a small amount of CO2 is consistently released. However, most of
the CO2 and SO2 are lost from the sample between 1020 and 1090°C° /The
COZ' énd}SOz—iélease curves have disﬁinct, consistent, and sharp maxima
which correlatg‘closely to each other in all samples studied.

At least two mass spectrometeric analyses wefe made for each of
the glasses studied. Differences in mass pyrograms for replicate sam-~
ples were minor. Weight losses are essentially due to release of the
volatiles HZO’ COZ, and SOZ' Minor components are Cl, F, and 02° Smail
mass peaks for Na and HZS molecules are also observed at temperétures
above 1200°C. These probably result from decompositiop of the glass and
the gas phase reaction of released sulfur wiﬁh background water vapor.
Species idéﬁtification Wasbbased upon appearance potential measurements
and isotopic-abundance. |

The specific mechanisms. of volatile release are not well undér—
stood, but the consistency of the release.temperétures is ﬁSeful in dis~
cuésing the degassing curves of pﬁenocrysts quenched in the rims of some
of these samples. It is important to note that the degassing process is
essentially an artificially induced phenomenon that bears little simi-
larity to any natural process of degassing.

Although a detailed analysis of the thermal gas-release curves
was not a major objective of this study, seferal comments are in order.
1) The low-temperature (650-750°C) CO2 spikes, seen best in 3A3

glass and found in sevéral other samples at low temperatures,

probably represent 6pening of COz—rich vesicles in the matrix



2)

3)

4)
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glass as a result'df'iﬁitiél ééftenihg. Théy do not alwayé occurv
in repliéate runs,.and apparently‘dépend'on-distribution and size
of &esicles in the fragments selécted fbr-anélyéis.' thably;
‘tﬁere is mno 3ympathetic response in the HéO or SO27curves, im—-

plying that the volatile content of the vesicles under the condi-

‘tions of degassing is principally COZ.,

Water-release peaks for most of the samﬁles at 750 i_ZOOC may

also be related to this softening process, but apparently do not-

derive from vesicle opening, since the gentle slopes of the low-

water peaks do not show thé sharp, spike—tyﬁe release associated
with vesicle opening.

The larger water-release peaks at about 930 i'30°C in Samples;
2A1, 3A3, 4Cl, 6A4, 7A4, and Rl—18,'representing'the final and
major water loss from these samples, seem to correspond to an
incipient devitrification. Petrographic and electron microprobe
examination of samples heated in a vécuum to 1000°C and then
quenched, show very littlerf the:original clear, bro&n glass,
but show many large, irregularly shaped vesicles, and an erratic
distribution of sulfur. |

The significance of a major water-release peak at about 750%¢ for
samples 10C1, lOC4,_and_Rl—24 is not obvious at this point. All
three glass samples which displaj the low—temperatufe major waterr
release peaks are strongly porphyritic W;th plagioélase, and iOCl
aﬁd 10C4 contain abundant olivine and minor spinel. All three

glass samples have relatively low (<1.0 wt Z) TiO, contents.'
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Otherwise they do not seem to differ from the élasses with a
higher~temperature, major water-release peak.

5) Losé of'SO2 and 002 corresponds to melting of the samples. At

| llAOOC, the samples behave as liquids, the vesicles are Weil—
rounded, and by that temperature, the sulfﬁr content of residuai
glass is below the detection l1imit of the electron microprobé
(about 100 ppm) and less than 80 ﬁpm by Leco analysis (Appendix
C).

6) With continued heating to iZSOOC and quenching, the samples agéin
become clear, brown glass virtually devoid of volatiles or ves-
icles, although optically similar to the original gléss.

Phenocrysts with
Glass-Vapor Inclusions

| Mass pyrograms for all plagioclase and olivine s;mples show no
significant degassing behavior below 100009. These include olivines from
MAR 10Cl, 10C4; Juan deﬁﬁuca*Rl—S; Explorer Seamount R1-18; Pagl Revere
Ridge Rl—j; Hawaii SBO-5; MarianaSer;D—l; and plagioclaseé from MAR 10C1l,
10C4, and 4Cl; Kolbeinsey R1-24., At approximateiy 1020°c, 002 and SO2
begin to spike, indicating burst-release of the corresponding volatiles
(cf. Killingley and Muenow, 1974). Thefe is no indication of water loss
from most‘of the phenocrysts during this burst-release behavior.

Since only one mass may be continuouély monitbred at any given

time, periodic mass switching is necessary to monitor alllmaSSes showing
burst-release behavior. nyogramS'obtained in thié<maﬁner conéist of a

‘éeries of temperature intervals during which degassing activity of various
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masées is recorded. Figure 9.shows selected temperature segments from an
actual pyrogfam in the continuous monitoring mode. Multiple experiments
for the phenocrys;s demonstrate the same number of both 002 and_SO2
spikes for similar temperéture intervals; that is, the release of CO2
corresponds to the release of S05. Maximum burst-release behavior of CO2
and SOZIfrom olivine.samples of 12-80 mg'takes place in the range 1070-
llSOOC; for similar-sized plagioclase samples, spikingrreaches its maxi-
mum in the range 1040-1120°¢C. Samples with larger grain sizes tend to
exhibit spiking behavior over a larger temperature interval than samples
of equal mass but smaller grain size. Weak spikiﬁg activity was observed
in several samples at temperatures as high as 12500C, and for one 300 mg
plagioclase sample, with fragment grain sizes as large as 2.5 mm diameter
(R1-24), spiking continued to 1300°C and was also induced upon quenching.
The phenomenon of gas release upon quenching has been investigated in
olivines by Killingley'and Muenow (1974, 1975b). Plagioclase fragments
virtually free of inclusions failed to produce significant spiking,
whereas vigorous spiking.was observed. under identical condi;ions in pla-
gioclase fragments from the same sample that had nearly 10 volume percent
inclusions:

This evidence indicates that the spiking corresponds to bursting
events of one or more glass~vapor inclusions. Figure 4I shows an inclu-
sion after the sample (R1-24) had been heated to produce a mass pyrogram
(Figure 9). |

An important point is that thé spikes répresent the combined re-

lease. of volatiles from the vapor bubble as well as gas dissolved in the
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R1—24 PLAGIOCLASE 300 mg
Plagioclase Phenocryst Mass Pyrogram. — Temperature segments

of a mass pyrogram in the fixed-mass, continuous-monitoring
mode with periodic switching to show gas release behavior of
important volatile species. This sample contained 300 mg of
plagioclase phenocrysts from the glassy rim of sample R1-24.
Note the complete lack of water response.
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glass portion of the inclusion. Appéréntly when the inclusions bﬁfst at
vtemperature; greater than‘lOOOOC and suddenly‘are exposed to a vacuum
.(10-10 atm), the total volatile content.of the inclusion is released.
Petrographic examination of thefdegassed crystals indicates that.up to 50
burst inclusionS'may occur along a single fracture. Re-quenched giass is
commoniy spfead irregularly along the fracture plane. The nearly spher-
ical volume originally‘occupied by the glass-~vapor inclusion prior to
degassing is now an open void (Figure 4I), apparently resulting froﬁ erup-
tion of the original inclusion coﬁtents into the fracture plane at the
time of spiking. The.number of spikes per pyrogram is normally much less
than the total number of inclusions observgd to have been opened. 'Tﬁis
fact and the presénce of so many degassed inclusions along fractures can
only mean that individual spiking events often represent degassing of nu-

merous inclusions.

C0,:Hy0 Ratio. Measured background, instrumental noise levels, -
and sensitivities permit conservative estimates of absolute minimum
C05:H,0 mole»rat;os for all other phenocryst sets. to be fixed at éO:l°
This value ié established by assuming the water signal is just buried in
background, and compares to a mole ratio of C0,:H,0 <0.15 found in all
matrix glasses of oceanic basalts.. By contrast, a pair of phenocryst
sets-—-olivine and plagioclase--in the glassy rind of a fresh submarine
tholeiite from the Marianas Interarc Basin exhibited vigorous épiking of
water along with similar spiking activity f&r CO.2 and\SOz. Measured ion
intensities:permit a rough éstimate for the COZ:HZO mole ratio of about

.4/1.0 for the glass-vapor inclusions. The petrologic significance of
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A‘the Mafianas sample'will be discussed elsewhere, but the principal value
of the data at this point is to demonstrate that:. 1) inclusions can re-
tain water (this point is discussed extensively in the next section),-

and 2) the mass spectrometer easily detects water when it is present.

Upper Limit of Water Content. The singlg most important observa-
tion of this study is the apparent low water content of tﬁe gléss—vapor
inclusions within phenocrysts from open—ocean basins. Placing a realis-
tiec limit on the maximum water content of the inclusions.is of consider-
able significange to the major conclusions of fhis work,

A v | .

Trapped inclusion glass and the surrounding matrix glass should
displéy similar aegassing phenomena since they - have similar major- and
minor—element.(including{sulfur) compositions (Figures 5, 6;. Appendix B).
The temperature at which spiking from the inclusions is initiated corre-
sponds closely to the temperature at which 002 and 802 begin to degas
from the surrounding matrix glass (Figure 10). Yet water, the dominant
volatile coﬁponent of the matrix; would be completely dispeiled from the
matrix glass weli below spiking témperatures. ~Therefore, if the inclu-
sions contained measurable water, it should certainly be available for
degassing when the spiking evegfs occur. Bﬁt none is observed. To test
the possibility that waterror hydrogen might have leaked out of the in-
clusions along fraétqres or flaws prior to spiking, large samples of
inclusion-bearing phenocrysts were carefully monitored for HZO and Hz
from 600°C to the initiation of spiking. No sample degassing of any sort

was detected. In addition, the vigorous water signal observed in pheno-

cryst samples from the Marianas demonstrates that the inclusions can
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SCHEMATIC MASS PYROGRAMS -
M.O.R.B. PILLOW RIMS

A . PHENOCRYST + INCLUSION GLASS +

soal j Uw, coMARRY
MONITORING
ONE MASS
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Figure 10. Schematic Mass Pyrograms for Typical M.O.R.B. Pillow Rims.
Top— Phenocryst pyrogram showing spiking for CO2 and SO2 with
no detectable H"O. Bottom— matrix glass pyrograms showing
typical volatile release pattern. Spiking activity for the
phenocrysts begins at the temperature range of maximum CO2
and SO2 release from the matrix glass.
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retain water until spiking begins. Therefore, if water is released from
open—-ocean basalt phenocrysts, it is below the detection limit of the mass
spectrometer.

Previous discussion (p. 46) concluded that the sensitivity of the

instrument for HZO is 1 x lO_ll grams using the spiked release, fixed-

mass monitoring mode. Any spiking event in which less than this amount
of gas is released could be lost in background signal. To place an upper

limit on the amount of water in the inclusions, it is assumed that the

water spike is just lost in the background signal (that is, that 1 x lO*ll

gm H,0 per spike is released). The average amount of glass which would

2

be involved in a spiking event would be an average single inclusionm,

which is used to compute the mass of H,O per mass of inclusion glass.

2
Using the expression:

v

Mass HoO detectable Average mass of a glass inclusion Mass Hy0

(1

Spike event Spike event _MaSS.glass

an inclusioﬁ of 70um diaméter is.ﬁaken as an average mass of glass which
contributes to a spike. Many inclusions larger than 70um were degassed,
and petrographic evidence indicates that a single fracture may intersect
10 to 100 degassed inclusions. Replacing the small volume occupied by
_ the vapor phasebwith glass, the mass of a spherical inclusion is given

by:
Mass of inclusion glass = (4/3 nrs)p = 4.6 x 1077 gm glass/inclusion. (2)

where r is the rédius of'sphere (35um) and p is the approximate density

of glass in an inclusion (about 2.6 gm/cc). Equation (1) gives a value
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of 2.2 x lO-S_gm HZO/gm glasé or .002 Wt_% water. This figure is consid-
- ered td be an upper limit to the-conpentration of Hzolin inclusionrglass,
because no water was ever detected iﬁ the open-ocean basalt phenocr;sts,
and some of the spiking events must-héve represented'considerably larger‘

masses of degassing inclusion giass-than the éverage iﬁclusion used in

this computation.

Estimation of CO, Content. It is not now possible to identify
the actual number or size of inclusions which contribute to a specific

3

spike. Therefore, tﬁe concentrétion of 002 in. the inclusions cannot be

established using the 002 ampule cali%ration curve mentioned earlier (p.
46). At_this‘time, esti;ates of inclusion CO, content can only be made

on a statistical basis using large numbers of spikes, providing only av-
erage values for inclusions. The following is a description of the ap-

proach and assumptiomns.

Heafiﬁg large samples of phenocrysts (>100 mg) produces numerous
spikes, and by switching between masses 44 (COZ+) and 64 (SOZ+) it is
possible to establish an average spike height for COZ and SO2 released.
Since the fragmemtation patterns and-background levels of these two gases
ére similar, the spike heights are proportional to the total amounts of
carbon and sulfur gases released (D. W. Muenow; personal communication,
1977). Ratios of the average spiké heights approximate the average molar
ratios of the two gases released from the samples. The 300 mg sample of
R1~24 produced over 500 spikes, Providing an opportunity to alternately

monitor the two masses throughout the range of burst-release behavior and
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thereby establish.an average C02/302 molar ratio Which was abaut 3,. ﬁosf
of the phénocryst samples analyzed have similar spike ratios, but because
of its'sizeg R1-24 offered the most statistically v&iid sample and,vthere--
fore, the most precisely meésured ratio. The relative size of the CO2
and 802 spike heights did hot change, significantly throughout the degas=-
sing sequence.

The average‘CO2 content of the inclusions could be esfimated if
the average sulfur released froﬁ the inclus;ons during‘spiking were
known. Microprobe analyses (Figure 6) show thét the average sulfur con-
tent of inclusion glass in R1-24 is about 0.09 to 0.1 wt Z, or ébout
0.0031 mole (based on a hypothetical 100 gm sample of inclusion glass).
This, of course, represents only the sulfur dissolved in the inclusion
élass, but abundance'calculationé show that this is more than 90% of the
total inclusion sulfur content, even if the submicron-sized opaque grains
are sulfides. Assuming tﬁis concentration of sulfﬁr were released during
a spiking event, the C/S ratio of 3 would indicate an average carbon con-
tent of about 0.01 mole or about 0.4 wt % C02.

To test the hypothesis that inclusion sulfur is fully degassed,
electron microprobe analyses of degassed samples were run, and no detect;
- able. sulfur was found. Howe%er, this is a difficult analysis to perform,
as most of the degassed inclusion glass is now spread élong fractures
less than lym wide. Alternatively, the degassing curves for matrix
glasses indicate that virtually all sulfur is gone from the sample by -
1100°C. If this holds true for inclusion glass degassing, then spikes -

above 1100°C should represent éuantitatiﬁe sulfur degassing.
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Statisticélly, nordiffefencévbetween éOz spikes apre 1100°C and below
1100°C was observed; -1e) thé.qﬁahtitative'degassing of'éulfur from inclﬁ—
sions is coﬁsidered a ‘good assumption,,,HOWEver, if as little as Gﬁe_
half of the sulfur in the inclusionrglass is released upon spiking, the
average CO0, conteﬁt of inclusions'ﬁéuldfbéVOVZ wt %,thich is sfill.dis—

tinctly higher than the CO, content of the matrix glasses. The value of

2
0.4 wt %Z is probably too high, but_it seems reasohable to propoée that
in spite of the many'assumptions'involved in this estimation, the_CO2
content of the ianusions is twb,ﬁo'fbur,times greater thanrthe enclosing
matrix glass.

‘Briefly summarizing, the most important conclusion reached in
this sectioﬁ is that the glass;vapor inclusions contain much less water
(<0.002 wt Z)fhan the enclosing matrix glass (about 0.25 wt Z). A more

tentative conclusion is that the inclusions contain somewhat more CO2

than the matrix glass.

N



'INTERPRETATION OF VOLATILE
DISTRIBUTION AND ABUNDANCE
Information developed iﬁ the previous sectionskon the distribu-

- tion and abundance of volatiles in the C-0-H-8 system is summafized in
Table IV. The striking difference in volatile content between inclu-
sions apd matrix glass raises the following queétions. Do dinclusions
preserve the volatile composition of the magma in which they are formed?
Have the incluéions been significantly modified with respecf to their
CO2 and H,0 contents during and/or after entrapment? If the inclusion-
bearing phenocrysts had grown in a magma resembling matrix glass, then
concentration of CO2 at the crystal-magma interféce dﬁring cfystal growth
could have enhanced the CO2 content of the inclusions. Post-entrapment
diffusional loss of water (as hydrogen?) through the eﬁclosing pheno-
crysts might ﬁhen reéuce the water content of the inclusion glass to pro-
-duce the observed volatile distribution and abundances. If, on the other
haﬁd, the magma in which the inclusion-bearing phenocrysts grew had com-—
positions similar to that of the present inclusion composition, then the
matrix magma must have lost CO2 and gained water after inclusion entrap-
ment and Before quenching. A third possibility is éhat the inclusions
grew froﬁ a magma with a volatile composition intermediate between in-
clusions and matrix glass, such that the inclusions were enriched in CO2
and depleted in water, while the matrix magma was,depléted in CO2 and
gained water. It is of.considerable geochemical and petrologic importance
to establish which of these three alternatives is most realistic.

60



Table IV. Summary of Data on Volatile Dlstrlbutlon and Abundance 1n Glassy Rims of Oceanic

Pillow Basalts.2

MATRIX GLASS ' PHENOCRYST

Sample H.,0" C0,° sd €0, /Hy0 Phase C0,/H,0° Max. HZOD Location
(wt %) (ppm) (ppm) (mole Analyzed® (mole in Ineclu. '
ratio) " ratio)- (wt %)

2A1 0.24 590 1170 .10 ——— — \ — MAR

" 3A3 0.26 480 1200 .08 —_— _— g MAR
4Cc1 - 0.26 470 1410 .07 - Pc >30(2) <.01 MAR
6AL 0.16 480 1350 .12 —— S MAR
7A4 0.26 920 1420 .14 _— _— - MAR
10C1 0.24 - 500 970 .09 ' Pc >30(2) <.01 MAR

' . 01 >30 <.01 MAR

10C4 0.21 400 1380 .07 Pc >30(2) <.01 'MAR.
. oL >30 <.01 ~ MAR
10C18 0.18 350 1425 .08 — — ‘ _— MAR
R1-3 0.12. 1000 01 >30 <.01 - PRR
R1-8 0.10 1200 o1 >30 <.01 JFR
R1-18 0.20 1200 oL " >30 <.01 FS
R1-24 0.28 350 1100 .08 Pc >30(4) <,01 KR
SBO-5 0.58 935 ol . >30 - <,01 Hawaii
21-D-1 2,40 ‘ Pc v, 4 ».01 Marianas

8gee Appendix C for description of analytical methods of volatiles.in‘matrix glass.

Mass spectrometric analysis

gLeco total carbon analyzer

ePhenocrysts degassed Pc = plagioclase, Ol = olivine.

Best combination of Leco total sulfur analyzer, mass spectrometer and electron mlcroprobe

19
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- €0, Dif fusion
during Crystal Growth

Inclusions sample magma adjacent to'gr?Wing crystal faces; As
the c¢rystal rejects some magmatic componénts, concentrations of more
slowly diffusing, "rejected' components may be localized near the crystal-
magma interface.by relatively;rapid crystal growth. Incorporation éf this
magma could produce inclusions enriched in "rejected" components. Carbon
dioxide enrichment of the inclusions may be a consequence of such a éhe—
nomenon. - However, in no way could an imbalance between crystal growth
and diffusion rates lead to.depletion of the inclusioms in "rejected"_
components. The observed water-poor character of the glass inclusions
relative to the matrix glass must be accounted for by some other
mechanism(s).

Lack of diffusionldaﬁa for CO2 in basaltic melts makes it diffi—
cuit to evaluate:whether the COZ enrichmenf of the inclusions is a kinetic
phénomenon or repreéents an originally higher 002 concentration in tﬁe
matrix ﬁagma. It is’not even possible to state whether CO2 diffuses more
or leés rapidly than water. Yet for several reasons this problem is one
of considerable interest. The absolﬁte abundance of 002 within inélusions
represents a potential geobarometer. That is, the pressure-dependent ex-
perimental soiubility relationships for pure 002 in basaltic magma
(Khitarov and Kadik; 1973) indicate a monotoﬁically increasing CO2 con—
centration as a function of pressure to at least 3.kb under isothermal
conditions. Therefore, if the CO2 content of éﬁ inclqsion has not béen

kinetically emriched to the point of vapor saturation prior to entrapment,

the CO2 concentration of the entrapped magma can be calculated from the
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presént COzlcontent ofvthe inclusion and from thelextent-bf post-—
entrapment host minerél growth inside the inclusion.. The latter might
be estimated using the method of Watson (1976). .This €0, content, if
completely dissolved in the magma during trapping, could.éive'a-minimum
pressure of entrapment. Furthefmore, if sea—floof basalts contained sub-
stantially more CO, at some earlier-stage ofvévolution, then_thelcoz'flux-
into the.oceanic crust from the mantle may be considerably larger than
previously recognized. Unfortunately, with data now available it is not
possible to discard the hypothesis that CO, enrichment of the inclusions

was caused by diffusieonal contamination of the crystal-magma interface

during rapid crystal growth.

Diffusion after Inclusion Formation

If the nearly anhydrous character of the glass-vapor inclusions
in phenocrysts resulted from diffusional loss.of HZO (or hydrogen)
through the enclosing crystai, the chemical potential (u) of HZO or hy-
drogen must have been higher in the entrapped inclusions than in the ma-
trix at some earlier stage. The chemical’potential of a component in
any system is a function of pressure, temperature, and the bﬁlk composi-
tion of the system. However, theoretical‘computations have demonstrated
that for geologically reasonable undercoolinggthere is no significant
heat accumulation along the crystal—magma interface during crystal growth
(T. P. Loomis, personal communication, 1977); therefore, it is unlikely
that a significant temperatﬁre difference exists between the inclusion -

and matrix glaés. ‘Electron microprobe analyses indicate . that the bulk
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chemical compositione of the two glasses‘do not‘seem sufficiently-differ—
ent (Appendix B) to prodﬁce a significant chemicel potential gradient to
drive diffusion. thably, the present.distribution‘of7water between in-
clusion and matrix glass reflects a chemical potential gradient,vhence a
diffusional driving force for Water; toﬁard rather than away‘from the in-
clusions. HoWeﬁer, the Hy0 conteﬁt ofjthe matrix glass might have been
" enriched by interaction with hydrous portions of the suboceanic crust at
a time when diffusion of water throegh the inclusion~bearing phenocrysts
was too slowtto produce any significant effect.. If water escaped from
,the inclusions it must have done so in response to a chemical potential
gradient caused by preséure differences between the inclusion and the
magma. Melt entrapped in a phenocryst might not have equilibrated with
the load pressure during decompression at the same rate as the enclosing
matrix magﬁa'because of inadequate pressure transmission throggh the host
crystal. Thus, the inclusions might remain at a higher pressure than the
surrounding megma. That crystals can sustain significant pressure dif- i
ferentials is evident from Roedder's (1965} descriptions of liquid C02~
bearing olivines in ultramafic nodules erupted at about 1200°C. Pressure
difrerences petWeen inclusions and matrix ot'moreAthan 3 kb must have
existed at the temperature of eruptron.

Instead of using the rather sketchy kinetic data on diffusion of
Hzo (or hydrogen) through crystals at lZOOOC; the following equilibrium

approach permits evaluation of the limit to which H O could be depleted

2

by diffusional loss in response to a pressure-induced chemical potential

gradient. This is done by assuming diffusional equilibrium between

€
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inclusion and matrix can rapidly be achieved and by calculating the
equilibrium distribution of water between inclusion and mafrix as a func-
tion of pressure differential. The advantages of thiS'approachrare tﬁat
it makimizes the argument for diffusion by assuming equilibrium and it
is independent of diffusioﬁal mechanisms.

Diffusion of any component i Between inclusionrand matrix magma

must cease when
I ' . o
uy o= uld (1)

where Uy is the chemical potential of c¢component i and the superscripts
refer to inclusion and matrix magma. The chemical potential of water in

a magma is given by

magma _ P +RT magma A 2
uHZO HzO( T) ln-a 20 (2),

where}a.stands‘for activity and uEZO(P,T) is.the chemical potential of
water in magma at some arbitrérily cﬁosen standard state at the given P
and‘T. We define 'ﬁEZO(P,T) as the:éhemical potenfial of water when the
magma is saturated with respect to H20, in the absence of any other vola-
tile speﬁies, at ghe P and T concerned. Combining (1) and (2), we,haﬁe,
at equilibrium with respect to diffusion of HZO betweeﬁ inélusiOn and |

matrix,

"'(I}P T)+RTlnaI - e ‘ M
=y (., ..) + R T 1lna 3
| Hy0 — TH 0T M Hy0

“Ho



Since an o =~ 0 YH 0* where Xu ¢ iS the mole fraction of H”O in the

system and Y @ fhe activity coefficient of H”O in the melt and be-
cause T. = T4, rearrangement of (3) yields
YM

It is also true that

where Vy ¢ is the partial molal volume of HO in the magma at the stand-
2
ard state. Since inclusion and matrix glass are very similar with re-

spect to their non-volatile constituents (Figures 5,6; Appendix B) and

because temperature was identical for both magmas

PM

M)V "MV Y o B S

It will be assumed that Q and Q differ only as a result of the dif-
2 2
ference in and P*. and that the activity coefficients are not influenced

by compositional differences, other than water, between inclusion and

matrix. Thus,
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The maximum water content in the matrix glasses is less than 0.4 wt %
justifying use of Henry'’s Law approximation forthe activity coefficient
of H*O in the magma; that is, Y& 0 * constant.
As a consequence, the 1last term in (6) becomes negligible. From

(2), it follows that

(7)
Where V% . is the partial molal volume of water in the magma, combining
(4), (3, (6), and (7)
which reduces to

8)

Equation (8) relates the equilibrium mole fraction of water in
the magma at one pressure to that of water in the magma at another pres-
sure assuming that 1) temperature is constant, 2) all components other
than water do not influence the activity of water, 3) the Henry's Law
approximation holds. The last two should be particularly valid assump-
tions in view of the low abundance of water. The equilibrium expression
is independent of diffusional mechanisms and provides a maximum equilibrium
of diffusional loss, in that it is unlikely that diffusional equilibrium

is achieved, since diffusion tends to be slow and self-arresting.
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Figure 11 shows the relationship between mole fraction ratio
1 M . . . .
XHZO/XHZO and the two other wvariables, PI’ the ;nclu51on_pressure? and

_ PM’ the confining pressure on the overall éystem (matrix magma) at equi?
librium. ‘Implicit in this diagram'is the assumﬁtion that thé mole frac-—
tion ratio was equal to 1.0 at entrapment. Implicit inqthe foliowing
discussion is the assumption that diffusion is not effective after quench-

ing at the ocean floor. Calculations were made by integrating the empir- -

ical equation of state for Vﬁ o in an albite melt (Burnham and Davis,
9 _ :

1974). with respect to pressure, at 1200°C. This temperature is higher
than the data interval upon which thé eqqation iS'p;edicated;-however,
the function is well-behaved and this should introduce no difficulty.

Nor does the use of an equation for albite melt instead of basalt melt
significantly influence the results. Burnham and Davis (1974, p. 939)

note . . for most silicate melts of interest which are predominantly

oxygen ions by.volume, VH o (or rather OH—) should be virtually indepen-
5 ,

dent of cation composition within wide limits . . .."

| Inspection of Figure 11 shows; as expected, that maximum water
loss from inclusions would be achieved by maximum pressure differential.
The upper diagram also shows that slightly more water should be lost at
lower confining pressures than at higher values of PM. This is important A
because the PM isobar for the earth's surface represents a limiting de-
pietion at any AP, and because all of the samples solidified under pres-
sures greater than 1 bar. Thus, if an inclusion formed at about 12 km

depth and maintained an internal pressure of about 4000 bars as it rose

to the surface, it could lose a maximum of 0.6 of its .original water
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See text for derivation and discussion.
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assuming osmotic equilibriﬁm with the matrix ﬁagmaVWas achieved. The ac-
tual path of this simple decompression scheme‘méy be traced in the lower
diagram of Figu:erll.- Beginning at AP =0 and a méle fraction ratio of
1.0 (the conditions of inclusion closure) a specific isobar corresponding
to the ipitial depth may be follbwed as a limiting depletion case until
the system reaches the surface, where AP isressenfially P;. This is a
limiting_COndition because as developed earlier (see section on Texture
and Chemistry of Inclusions) thé inclusion undergoes its own decompres-
sion which méy be largely independent of the oﬁefall confining pressure.

Inclusion decompression would result from at least two causes.

1) The negative AV of reaction.by which the. inclusion magma frecipi—
tates‘hosﬁ mineral on inclusion walls would decrease the total
pressure in the inclusion, and

2) Differential therﬁal contraction beﬁween magma/glass and crystal

would also reduce intermnal pressure.

While both mechanisms would favor vapor saturation, the first would alsoc
~increase the relative volatile content of the residual liquid, increasing
the tendency to form a vapor phase. Since virtually ali inclusions con~
tain wvapor phases,.in about the same vapor-to-glass volume rafio; most of
‘the bubbles must have formed after entrapment. Inciusion,de¢ompression,
therefore,_helped to nucleate bubbles and indicates that nearly all in-
clusions must have followgd a shorter, more gently sloping PI path (Fig-
ure llB).than would be indicated if the inclusion maintained the pressures

corresponding to the actual entrapment depth.  The fact that inclusion

bubble formation took place demonstrates that the vapor pressure of the
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magma in the-inclusioﬁ exceeded the confining pressure on thé inclusion;>
-The fact that no 1iquid COzbwas found places an upper-limit'on that con-
fi‘ning‘pressure°

_The éection on.textures aiscusses the low pressure napure of the
inclusiops at room temperature as indicated by the low.refractive indeﬁ,
and the singlé—phase character of the fluid "bubble". Rﬁedder (1965)

‘has described fluid inclusions in olivines from peridotite nodules that
contain liquid-gas plus glass inclusions in which the fluid is ddminantly
COZ“ ‘Upon crushing under immersion oils, the volatiles iq these liquid-
gas inclusions exhibit a pronounced voiume expansion .of as much as 300
times the entrapped fluid volume. Crushing of the inclusions in the
present study produced no noticeable volume expansion and the inclusions
must now be of a low pressure nature. In fact, Réedder (1965, p. 1749)
describes the type of inclusion dealt with in the present study as fql—
lows: "Ordinary glass inclusions in the minerals of voicanig rocks nor-
mally show an immobile 'gas' bubble formed on cooling as é result of
greater shrinkage of the glass (magma) than of the surrounding host min-
eral. Such bubbles are usually found to be nearly a vacﬁum, and show a
relatively constant and small volume rétio to the glass; they were séeﬁ
in most of the samples investigafed." While it is unlikely that the in-
clusions are near-vacuum, and the bubble is almOSt.certainly the result
of continued crystéllizatidn of inclusion material as well as the "shrink-
age" factér, it seems inescapable that at the tiﬁe of quenching AP was
not large. The pressures cited by Roedder (1965) as necessary to-entrap

sufficiently dense CO

at lZOOOC, to produce liquid CO, at room
2 - or2
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temperature, are from 2500;5000 bars. dlearly, those pressures repre-
sent'anlabsolute limit on the pressures of the non-liquid CO2 inclusions
of this study. A 5006 bar pressure differential could have préduced a
five-fold depletion of the original inclusion water content and represents
- a generously conservative estimate of potential water loss. The limitding
estimate'in the previous section indicates a maximum present value of
0.002 wt 7 HZO inlinclusions; therefore, the original water content of the
inclusions could not have been more than 0.01 wt Z.

Volatile Abundance-——
Interpretation and Speculation

Figure 12 shows pressurejdependent'solubility curves for the in-~
dividual species, CO2 and H20, in a basaltic magma below 4 kbars
pressure, It is assumed that, at the low pressures and Volatile concen-
trations involved for basalts on the ocean floor, these curves approxi-
mate the actual solubility for beth gases in the magma, although Mysen
(1976) has demonstrated that at high pressures (20 kb) under vapor-
saturated conditions the two gases influence each other's solubility.
The relatively broad crosshatched solubility limit for;'CO2 is the best
data currently available for silicate melts in the pressure range de-—
picted, and encompasses experimental uncertainties (Khitarov and Kadik,
1973). Also plotted in Figure 12 are the.concentrations of €Oy and H,O
measured in the matfix glass and the CO,y com@ositional ;ange inferred
for the inclusions. Notably, since the inclusions are nearly anhydroué

the pure COZ-basalt solubility curve applies without qualificatioms.
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Saturation Curves for Individual Volatile Species in Basaltic Magma. —- The C0y curve is
from Khitarov and Kadik (1973). The width of the curve is the uncertainty of the experi-
mental data. The water curve is from Hamilton et al. (1964) extrapolated to 1 atm ac-
cording to a square root pressure dependence (Burnham and Davis, 1971). The matrix glass
CO0, content seems to approximate the saturation of COy for basaltic magma at the pres-
sures on the ocean floor, but H)0 is significantly undersaturated. If the water-poor
inclusions were not vapor-saturated at the time of entrapment, a minimum depth of for-
mation may be established if the‘CO2 content of the inclusions were accurately known.
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As demonétfated by Moore (1965, 1970), the HZO content in sea-—
floqr basalts is’distinctly-below the solubility limit at the depths of
'quenchingQ Howeveﬁ, it,éppears fhat éhe.CO2 concentrations of the ma-
trix glasses approximate or are.slightly'leSS than the solubility limit
for pressures at the ocean'floo;. If the sum of’the partiai pressures of
allrother'SPecies made up the'difference between PCO2 and Ppgrars then C02
vwould.be’thérgas dominantly responsibie er the matrix glass vesicles.
Moore's (1965) datg for gases in Hawaiian basalts were used by Anderson
(1975) to compute the éas—phase compositionvin the vesicles of those ba-
salté-(see Intro&uction).r Agderson (1975) inferfed that co, was rather
strongly undersaturated in those.basalts (PC02 = 50 atm at a tétal pfes—
sure of about 470 atm). Thié assumption was based upon the apparently
low COZ content of the basaltic glass in Moore's (1965) analyses (coé =
0.01 wt 2). The low value for COy combined with similarly low or inde-
terminate partial pressures of other major-gases H,0, SOz, HQS, lead
Anderson (1975, p. 47) to state that "The origin of vesicles in deep sea
basalts is somewhat uncertain because the sum of the expected partial
pressures of the gases is difficult to establish.” TFor the matrix glasses
in this study; the CO, content is relatively close to the solubility curve
which unfortunately has considerable uncertainty in the pressure range of
interest. This may mean that the partial pressure of CO2 was close to
the confining pressure. For these samples, it seems reasonable to pro-
pose that COZ was the dominant volatile species controlling vesiculation.
This seems more reésonablé in view of the estimates of slightly-to dis=-
tinctly more CO, in the inélusions.than in the matrix glass. Although

the interpretation of thisAhigher'COZ content is still ambiguous (see
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section on Diffusion during Crystél Growth), it is not ﬁnreasonable to
propose that COz-rich.vapor has degassed from these basalts in amouqts
which cannot be readily established. Ope possible means of evaluating
this hyﬁothesis'was suggested 12 years ago by Roedder (1965, p. 1775).

"A careful search should be made for liquid CO, in inclusions in pheno-
crysts of the tholeiitic basalts, where the possibility of a xenocrystic
origin (from nodules) is more remote."_ A particularly valﬁable study in
terms of the net flux of Co, int;;o the vsurface-. environment pér unit time
would be to sgarch glassy rims of sea-floor basalts and oceanic-island
basalts for olivine or spimel crystals which had formed deeply enough
(15 km?) to sample magma which was saturated with respect to a dense COZ-
rich vapor. The most reasonable samples to search for COz—rich inclusions
would be the most primitive in terms of high nickel content, low TiOZ, and
high Mg/Fe ratio.

“An important'realization, in regard to aﬁ originally higher CO2
content of M.0.R.B.'s, is that it takes very iittle time to degas 002
from a magma under pressures of 1 to 2 kb. TFigure 13 graphically dis-
plays calculations based ﬁpon a simple Stoke's Law velocity approximation
of rising bubbles in a basaltic magma. The density of COzvis taken as -
0.3 gm/cc (1 kb @ 1200°C) in a magmé of density 2.6 gm/cc. Viscosities
and bubble sizes cover a broad range which bracket basaltic magma viscos-—
ities and vesicle diameters in glassy pillow rims. For example, if the
magma viscosity were lOz.poises, very reasonable for basalt (Shaw, l§72),_
" a bubblelwith é diameter of 0.1 mm (100um) would rise 1 km in about 25

years if the magma were not cdnvecting; In fact, magma in a chamber
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10% Poises at 1 kbar and 1200°C. —- Most basaltic magmas
would fall in the range 102 to 103. A bubble of 0,1 mm diam-
eter in a magma 102 poise would rise 1 km in about 25 years.
The. velocity is proportional to the bubble radius squared,

~and because of decompressional effects on solubility and molar

volume, rising bubbles would accelerate. A shallow convect-
ing magma chamber beneath a spreading center should be rap-

idly degassed if sufficient C02 were dissolved in the initial
magma.
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' beneath‘a spréading center wouid'almOSt gertainl&vbe convecting. Mény, '
vesicles in glassy rims of pillow bésalts on the ocean floor are as much
as 1 mmfin~diameter; hédvthey existed in a deeper magma at 2 to 3 times
that pressure, the radius would be reduced by less thannSOZQ‘ As vapor-
éaturated magma rises, bubble diametérs woﬁld be increasing éwing to de-
coﬁpressional effects on solubility'andrmolar volume of the vapor. The
velocity is a function of the square of the bubble radiﬁs? sorthat bub-
vbles-would bea@cahrating as they rose. Thé priﬁcipal poiﬁt is that a
shallow magma chamber beneéth é spreading center, such as sugéested by
-Kusénir and Bott (1976), Rosendahl et al. (1976), and Rosendahl (1976),
could be rapidly:outgassed if the magma originally contained sufficient
COZ‘ Incluéions.which formed prior to entry into sﬁch a chamber would

record CO2 and water contents in the shallOW‘subcrdstal oceanic mantle. -



RAMIFICATIONS OF ‘THE VOLATILE
DISTRIBUTION AND ABUNDANCE

Eight out of eight typical tholeiitic basalts from currently ac-
tive zones of submarine volcanism in the open—oceaﬁ basins apparently
contained less than 0.0l weight percent water during crystallization of
olivine and/or plagioclase phenocrysts. The proposition that the pheno-
crysts grew from a water-poor magma has an important corollary that the
_ parent magma was at least as water—-poor throughout its prior history.
This conclusion follows because water is partitioned into a silicate
melt in proportion to the total pressure on the system and is not quan-
titatively degassed while the system remains molten under a significant
confining pressure (Khitarov and'Kadik; 1973). The olivine tholeiites-
of this study almost certéinly reﬁresent partial melts of mantle perido-
ti;es. Any available water in the source masses, probably peridotite
diapirs, must have been thoroughly scavenged during melting. After seg-
regation of magma from the residual source material, any fractional
crystallization which may have occurred would only concentrate volatile
components in the remaining liquid. Consequently, the source peridotites
for these basalts must haﬁe been at least as depleted in water as magma
trapped by the inclusions.

Models for genération of basalts under anhydrous conditions have
been presented and discussed by Green and Riﬁgwood, 19673 Ito aﬁd_
Kennedy; 1968; O'Hara, 1965, l968a;b. According to these models olivine
and,qpartz;normative tholeiitic magmaé can'be produced By paftial_melting_

78
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of peridotites. The models call for either ﬁagma segregation from the
source peridotite at shallow depfhs (Green and Ringwood, 1967) or frac-
-tional crystallizafion>of_olivipe at shallow depths (O'Hara, 1968b). In
either case, equilibrium between magma and the mineral pair olivine-
orthopyroxené under low pressure conditions ensures the nearly silica-
saturated character commonly found in many océanic tholeiifes. in
discussing a model for basalt genesis based on simplified experimental
systems, Kushiro (1969) noted that under anhydrous conditions, the in-
congruent melting of enstatite terminates at pressures highef than about
5 kb. Becauserof this effect, gushiro:(l969,'p. 161) notes that "silica-
saturated magmas can be formed only at pressures below about 6 to 7 kilo-
" bars either by partial melting of peridotite or by fractional
crystallization of olivine tholeiitic magmas." Whilerall of the basalts
in this study are olivine-normative, some are nearly silica-saturated and
it seems that a model involving incongruent melting of olivine must be
applicable to these rocks, if there are no complications introduced by
other volatiles.

Vesicles in the quenched glassy rims of each'sample indicate
" that magmas were saturated with respect to total volatiles at the time
of eruption. It is not obvious whether a vapor phdse existed throughout
the history of the magma or volatilé saturation océurfed at some unspec-
ified time befére quenching. However, it is obvious tha; if a vapor
phase.existed throughoﬁt>the evolution of these magmas, it must have
been dominated by carbon and sulfur gases. Subsequent‘discussion does

not treat sulfur as an important petrogenetic variable for two reasoms:
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1) At this time there is no pﬁbiished.daﬁa oh'suifurasoiubilit§ or.
its effects on major silicate pﬁase relationships as a function
of préssure in bésic magﬁas, and |
2) Sulfur ié‘evidently dissolved in basaltic magmas dominantly as an
FeS éomplex (ﬁaﬁghton, Roéder, and Skinner, 1974; Mathez, 1976),_
and as’ such would exert little influenceron silicate chemistry

and phaée relationships.

If sulfur has a minimal effect, then CO2 is Fhé énly other major volatile
whose effects must be considered in the petrégeneéis of these basalts.
Mysén and Bo;ttcher (1975b). have demonstraféd that partial meltsr
of peridotite formed under vapor-present conditions wili be critically
undersaturated (nepheline normative).if the COZ/(COZ + HZO)'mole ratio
is of the order of 0.7 or greater. Their experiments covered the pres-
sure range from 7.5 to 30 kbar, but chemical analyses.aré réported oniy
on quénched partial melts formed at pressures of 10 kbar or more. The
outcome of Mysen and Boettcher's (1975b) experiments seem to be accouﬁted
for in terms of the fundamentally different mgchaniéms by which water and
carbon dioxide dissolve in silicate melts((Burnham4and Davis, 1971, 1974;
Mysen, Eggler, Seitz, and Holloway, 1976). .Water_is believed to depoly-
merize a silicate melt by substituting non-bridging hydroxyl radicals
for bridging ogygens in .Si-0 polymgrs. In contrast, CO2 apﬁarently dis~-
solves.in basié silicate melts as two distinct species, molecular CO2
and co%‘ (Mysen et al., 1976). Formaﬁion of the latter species in a
silicate melt apparently has a polymerizing effect, invol&ing the

reaction
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2(Si04)4_(melt) + CO2 (vapor) = (Si207)6—melt + cog‘ (melt).

ameIBJ
COZ

Increased acpivity of COzbin the melt ( drives-fhis reaction to the
right produging"(Si207)6_ which ipcreases polymerization (Mysen et al.,
1976). More polymerized crystalline phases (e.g.,‘enstatite instead of
olivine) would pfecipitate from more polymeriéed mélts° In fact, Eggler
(1974) observed a change from an olivine primary phase field to an ortho-
- pyroxene primary phase field by essentially satprating an initially
volatile-free melt with carbon dioxide in the pressure range 22 to 28
kbars. This observation establishes conclusively that under appropriate
conditions, -'variations in thé a%%étralone can exert significant influence
on the phase relationships of basic magmas. In other words, all other
variables held constant, the mpfe COz—rich a pe;idotite—ﬁelt system is,
the more stable orthopyroxene is and the more silica-deficient are the
partial melts. Precise compositional»effects of varying degrees of par-
tial melting are not established by Mysén and Boettcher (1975b), but pre-
sumably their conclusions hold fqr as much as 30% partial melting provided
vapor saturation obtains throughout.

The COZ/(CO2 + HZO) mole ratio in the source mass of the basalts
in tﬁis study must have been very.close tp 1.0, because of the virtuél
lack of water. If the basalts are partially melted peridotites formed
under vapor-present conditions, they must have:

1) Been extremely silica-deficient initially, assuming they were

formed between 10 and 30 kbars, after which they must have

experienced extreme fractional crystallization, which is unlikely
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‘in view bf the cpmpositioﬁal consistenéy of all samples éna the 5 
highrnickéi.cqnten£ of samples”lel ana'lOC4'(f§r diééﬁséién see
‘Ringwood, 1975, p. 160). |
2) Forﬁed»at ﬁréssurés 1ower;thén 10 kb, andvprobably-idWér tﬁén
- 7.5 kbar, sﬁch tﬁat a pressure—depehdent.redugtioq:inlactivity of
- Co, in the melt nullifies the polymerizing effect of the high

COZ/(COZ + HZO) ratio.iﬁ the.source,

' The lack of specific da;a énrthis;loﬁ pressure Coziéffecp ﬁrecludes rul—
ing this option out;‘althbﬁgh.thellimited freezing poiﬁt depréSsionref—
fect (<25°C);of eﬁcess COz-on a diopside melt system at 7 kb (Roéenhauer
and-Egéler, 1975)'implies that‘the effects of COp in this range woul&»not
bé important. The obyious alternativerto the Vapor—présent mode, and the
preferred interpretation, is that the magmas formed under vépér—deficient
éonditions, méaning insufficient volatiles were available to.sgturate the
magma at the depth of segregation from the source mass. Again, this pos-
" sibility points to a relatiVely low agg;t, implyipg that an anhydrous
model of magma. generation accounts for the relationships observed in
'these basalts. If so, it>seemé that volatiles did not play an important -
part in.their genesis, amnd that the depth of magmargeneration and Sepaf

‘ration must be relatively shallow (<30 km). (Ringwood, 1975).

Briefly.sﬁmmarizing, ifvaEElt is not.a significént petrogénetic
variablé, theIVirtually.anhydrous COz—dominaﬁt cha:écter of the porphy-
ritic basalts iﬁ thiS'study festricfs the depth of vapor-present partial
melting to preésﬁreS'léss than 10 kb or a depth of aboﬁt 30 ka if there

' was no vapor phaée during most of the partial melting, then the anhydrous
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models of Green and Ringwood (1967).and Ringwood (1975) érgue
cogently for shallow (less than 35 km) paftiai melting of perdidotite to ,>
produce at least the nickel-rich, nearly silica-saturated, olivine tho-
eiites. In either éase, shallow melting and magma segregation are indi-
cated for Ehese‘sea—floof basalts;

These conclusions are compatible with work of previous investi-
gators who have arrived ét similar conclusions by quite differenf lines
of reasoning. Kay, Hubbard, aﬁd Gast (1970) pointed out the widespread
"depleted" nature of sea-flqbr basalts with regard to trace elements and
strontium isotopes. Following the hypothesis of Gast (1968), which calls
for at least onme previoﬁs episode of melting in the source regions for
sea -floor basalts, they (Kay et al., 1970) suggested that much of the
" upper mantle was also depleted in water, and they proposed tﬂat most
magmas erupting at mid-ocean ridgeé are the result of shallow melting.
Hodges and Bender (1976) have shown that a primitive olivine tholeiite
from the FAMOUS area could havé been in equilibrium with an olivine and
two pyroxenes at about 9 to-lO kbar and they comment (p. 920) that "This
mﬁltiple phase saturation is consistent with separation of the basaltic
liquid from a clinopyroxene Bearing residuuﬁ at depths of n30 km beneath
the Mid-Atlantic Ridge." DePaolo and Wasserburg (1976a, 1976b) and
Richard, Shimazu, and Allegre (1976), uéing‘Sm—Nd systematics, confirm
at least a two-stage model for the source regions of many oceanic ba-
salts. If basalts in this study are representative of a larger popula-
tion of tholeiitic basalts from the open-ocean basins, then it is not

surprising that major fractions of the sub-oceanic mantle are virtually .
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anhydrou$1 One-or mére previods episodes of parfiai melting could haVe
efféCti&ély withdrawﬁ all water from the source material while léaving'_
behind-sémé of the ofiginai'éarﬁon diéxide, perhaps as carbonate or as
© fluid inciusions in'éélid-fhases; éincé €0, is chhlless soluble than
water in‘a silicate mélt at comparablg pressures (Mysen, 1976; Holloway
and Epgler, 1976).

| If magmaé in this study_are found“to be'represenﬁative of oceanic
>voléanisﬁ in general,,sevefal additional points may fdllow logically.
First,:apparentlf much iess "juveniie“ water is being transferred to the
surfacé-enviroﬁment from the mantle per unit time by .the singie most
voluminous type of VOICanism én earth than was previously assumed (cf.
Anderson, 1975). This suggests that Rubey's (1951)'ﬁypothesis.of contin;
ual,éegéssing of the earth ﬁhrough geologic time to account for "excess
volatiles" may require re-examination. Studies of similar, but older
assémblages (e.g., ophiolite complexes, Deep-Sea Drilling Project sam-
ples) may provide insight into the length.of time this condition has
existed. Second, either the low-velocity zone requires far less water
than is generally proposed (0.1%, Ringwood, 1975) to induce partial melt-
ing, or it is not caused by incipient hydrous melting. This point is, of
course, qﬁite tentative, but if there is truiy no water in many of the
mégmas leaving the oceanic mantle, then alternative models for the low- -
velocity zone will have to be sought (e.g., Eggler, 1976). And finally,
the initially water-poor nature of the same Mid-Ocean Ridge basalts must‘
constrain aCéESS of>éurface water to the upper mantle beneath spreading

centers.
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The contrast befween the water-poorkglass—vapor inclusions and
the watér—bearing matrix glass seems-.to require that practically all of
the water present in the matrix.glaés enter. the magma after.inclusion
entrapment. Sévéral objections'exist to this hypbtﬁetical inflﬁx-of H,y0
into the magma:
1 Matrix glasses which have been analeed in other studies (Friedman
cited in Moore, 1970, p. 2763 Craig and Lupton, 1976) give values
ot op (= (/Bsample - (D/Mstandard » 1000) which are about -50

(D/H) standard
to -80%. These wvalues are quite different from Standard Mean

Ocean Water-(SMOW) for which 8D = 0.0% , and apparently preclude
‘direct influx of unfréctionéted seawater -into the melf at the
-ocean floor; gecause an initially anhydrous melt would instantly
take on .the hydrogen isotopick"signature" of whatevef water enters
the magma, Furthermoré,Athe 8D value of -50 to ~80% matches val-
ues for phlogopites from peridotite nodules in kimberlites
(Sheppard and Epstein, 1970) which almost certainly were derived,
from the mantle. This range of D/H values has.classiCally.been

linked with 618

0 values between +2 to +8% and labeled "magmatic
water', although Taylor (1974) cautions against uncritical usage
of such a‘gerﬁ; Wenner and Taylor (1973) have shown that some
hydroxyl minerals from océanic crustal rocks have 8D values in
the-range -25 to about.-70Z%Z. Should blocks of hydrothermally
metamprphosedfoceanic crust~bearing amphiboles or antigorite

with 6D values similar to those bound by Wenner and Taylor

(1973) be assimilated by a basalﬁiC'magma beneath.a spreading
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center, the magma would rapidly take on the hydrogen isdtopic

character of the water—bearing-minerals° At this time too little
is known about the details bf mégma—ﬁost'fock interaction in

and around a shéllowfsubéoceanic.magma chambér ﬁo rule out such
a possibility.

The second objection is that 3He/4He ratios in the matrix glasses
of many pillow bésalt‘rims in other studies (Lupton andVCraig,
1976a,b) are much higher than atmospheric values and are inter—
preted to be primordial (mantle derived). However, the influx
of small amounts of water (0.0l mole = 0.2 wt %), particularly
if it came from hydroxyl minerals, would probably not introduce
sufficient He to modify the ratio. That is, it seems possible to
have "crustal" water and "mantle" helium in the same glass.
Diffusion of water iﬁ static silicate melts is slow and self-
arresting (Burnhaﬁ, 1967) and.eﬂtry_of significant amounis of
water at a shallow level into a magma is generally considered
unlikely. However, Shaw (1974) demeonstrated that a dynamic con-
vecting magma could incorpbrate~and homogenize modest amounts

of water under special conditions. It is highly unlikely that a
low-viscosity basaltic'magma, in a shallow sub-oceanic crustal
environment with a:high-thermal.gradient, Which’probably pro-
duces layered gabbros commonly obserﬁed in opholite complexes,
would be static. Therefore,'diffusional,arguments égainst water

influx and/or homogenization are not considered serious.
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Cleatly; the pfecisé location 6r mechanism by which water might
enter the magma cannot be established with data avéilable, but assimila--
tion of pfeﬁiously solidifiéd, hydrothermally metamorphdsed blocks of
oceanic crust appears to be a reésonable'working hypbthésis.A The prin-

'cipal newicomponent édded to the mégma could;be water, as the bulk chem-
istry of such blocks should be very similar to the magma. The apﬁarent
influx of water at some time after inclusion formation réises an impor-
tant point.  The absence of water in a sef of glass;vapof inclusions
within phenocrysts places a much more powerfu1 constraint on the source
material than does the presence of water. In other words, depending
upon the "plumbing" of the volcanic system and the local patterns of
crustal (or mantle)'water circulation, non-cognate water may enter the
magmg‘before phenocryst'formation. This water could later be incor-~
porated in the inclusions. Consequently, the preéence of water in in-~
clusions of the Marianas sample permits, but does not require,
involvement of HéO in the genesis of those basalts.

Furthermore, as ﬁoted by Anderson (1975),H20 probably is the
aominant‘gas released when a volcano erupts at the surface. But at least
in part;uthis may reflect the fact that every magma which erupts at the
earth's surface passes through the hydrous crust of the earth. Had the
samples studied in this work erupted at the surface, water would have
been the dominant volatile lost. Yet these magmas were once anhydrous.
Apparently a hard look must be taken at what is assumed when a "magmatic
watér" label is assigned on the basis of 6D values. A dynamic, severely

HQO—undersaturated.magma will almost certainly incorporate some water
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ﬁpon ﬁbviﬁgvﬁpwatd-iﬁ the:éfust,'éﬁd it is possible that there é;e‘gg
igﬁeous roéks.reéching the‘ear#his surface which have not been at least

Apartly'contaminated withvﬁatér_after separatipn from their source |
material. .-

Thé-implications of_thié study as regards current éoncepts of
;basaltic magmatic gases will hinge partly upon the degree to which these
samples may be considered representative of a significant volume of
volcanié activity. However, it seems likely that much of the water col-
lected in gas analyses from erupting'volcapoes was not originally dis-
solved in the melt. Morééver, the possibility exists. that significantly
more CO2 was dissolved in thé magmas Now erup;ing along zones of current
vdlcanism, although in view of Mysen-andrBoettcher's (1975b) work, the
nearly silica—saturated'natﬁre_of many  of thesé rocks may dohsﬁrain the
maximﬁm amount of C02 which could.originally have been dissolved in the
magma. The sulfur content. of magmés seems well explained in terﬁs of its
iron sulfide solubility, although its pressure—dependent behavior in
silicate melts is unexplored experimentaily° It éeems,.therefore, that
basaltic magmatic gasesvof the C-0-H-8 system are probably much poorer

in water, possibly richer in CO and not much different in terms of sul-

2°
fur gases than haé been suggested by previous workers (see Introduction).
| It is noteworthy that the dominant controlling parameter on the

amounts of each major gas Schies dissolved in oceanic tholeiitic basalts
is different. These controls may be largely :independent until the ini-

tiation of wholesale degassing at depths of about 1 km or less (Moore and

Schilling, 1973). As. noted earlier Haughton et al. (1974) and Mathez
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(1976) have demonstrated an important sulfi&e solubility Eontfol on sul-
fur in many basic magmas. The dominant control. on CO2 content of a melt
and vesiculation of the magma may ﬁell be solubility of CO2 gas in the
melt, in spite of Anderson's (1975) inference that this does not seem-so
(Figure 12, see discussion). Solubility clearly has no limiting effect.
on the amount of water in the basalts quenched below 1 km; and tﬁe‘abun—
dance of water may reflect the length of time available for contaﬁination
during the history of the melt. No indication of a relationship between
degrée of,fracfibnation (e.g,, Ni content or Mg/Fe ratio) was found in
‘the limited number samples in this study. Howe&er, it is interésting to
note that one of the most primitive samples of MORE currently known from
the FAMOUS area (527-1-1) contains about 0.08 wt 7 water (Hodges and
Bender, 1976; F. Hodges, pérsonal communication, 1977). 1If differenti-
ation of MOR basalts takes place in a crustal, sub-oceanic magma chamber,-
" this would provide én ideal site for influx of water, and there may be

a correlation between ‘degree of differentiation and water content if

enough samples are considered to establish a statistical relationship.

Summary and Conclusions

Glass-vapor inclusions quenched within phenocrysts in the glassy
rims éf eight submarine tholeiitic pillow basalts from a variety of lo-
_cations in the open oceans contain less than 0.0l wt % H,0, about 0.2 to
0.4 wt % COZ’ and about 0.1 wt % S. The enclosing vesiculated matrix

"glasses contain about 0.2 wt %»HZO, 0.04 to 0.1 wt % G0, and about the

same amount. of sulfur as_the inclusions. One tholeiitic basalt sample
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.from‘tﬁebMarianas Interarc Basin contains inclﬁsioﬁs with abundant water,
~in contrast to otherwise identical inclusions‘froﬁ open-ocean basins.
The glass—vapor inclusions in the samples from the open-ocean

2

matrix glass, the principal differences being a depletion in the inclusion

basins strongly resemble major and minor (TiO,, sulfur) elements of the

glaés of components which have entered the host phenocryst. These data
indicate that the inclusions are samples of matrix magma at an earlier

9 in the inclusions

may reflect either a previously higher CO2 content in the magma or diffu-

stage in its history. The slight enrichment of CO

sional accumulation of a rejected component at the crystalQmagma inter-
face during crystal growth which was rapid compared to diffusion away
from the interface. The‘water—poor character éf the inclusions cannot

be accounted for by slow diffusion during crystal growth nor post-
entrapment diffusion of water or hydrogen out of the inclusions through
the host mineral to the matrix magma. Evidently, the magma was néarly
anhydrous when the inclusions were formed. -Although the depth of inclu-
sion entrapment is now known, the consistent occurrencé of dry inclusiomns
strongly implies that the peridotite source diapirs for each of these ba-
salts ﬁere equally dry. The preseﬁce;of'water in the enclosing matrix
giass seems té require.influx of water into the magma after inclusion en-
trapment and before quenching. Consequently, the absence of water in
inclusions places much more severe éonstraints uﬁon the source than does
the-preseﬁce of water in inclusions (e;g.; Marianas sample). The data
indicate that either an anhydrous or very shallow, vapor—prese@t genetic

model for the basalts must apply to these samples{
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If the basalts in-this study represent a much largér population
of oceanic tholeiitic basalts erupting along sprea&ing centers aﬁd at
oceanic islands, thén”very little wéter is_cﬁrrently'being transfefred
from the mentle ﬁélcrustal environments by’one of the most voluminous
.magma types on éarth. Estimates of juvenile wéter input to the surface
reservoir may therefore require revision. Incipientrhydrous melting as
an explanation for the low-velocity zone may have to be re-evaluated if
the anhydrous charécter of the inclusions is found to be widespread on
oceaﬁic islands and at sprgading centers. Th; consistently water-rich
character of many volcanic gas collections.during active basaltic erup-
tions may represent recycled crystal water rather than water which has
been in the magma from iﬁs source. Consequently, a true "uncontaminéted"
basaltic magmatic gas, at léast for the samples in this study, would con~

sist almost totally of carbon and sulfur as major components.



APPENDIX A
WHOLE ROCK ANALYSES OF GLASSY PILLOW RIMS

Atomic Absorption Analyses -

Fragments of the pillow riﬁs Were-removéd from-thé samples ‘and
cleahed in the manner deséribed in thé main téﬁt ﬁnder‘éampie Preparation
(p. 38). Sample preparation for atomic abédrptioﬁ»énalyseé employed the
lithium metaborate fusioﬁ technique similar‘to.that deécfibed by Medlin,
Suhf, and Bodkin (1969). A Perkin-Elmer model 403'atomic absorption |
spectrophotometer was used in the analyses. The details of the metﬂod
ﬁéed are described in exhaustivé detail by.Foufs (1974). ‘The compilation
of rep;icate‘analyses of BCR-1 (the U. S. Geological Survey basalt stand-
ard) represents data obtained through joint effort and applies to the
analyses in this study. It is given in Table V and indicates precision

and accuracy of the analyses.

Table V. _Repligate-Analyses of BCR-1.

Number Standard ' o Literature
. of Analyses Deviation ‘Mean ' Valuel
Si02 o 14 .315 54.44 54,50
Ti0, 12 | .043 2.18 2.20
A1203 15 .155 13.47 13.61
Fey03-T 15 .133 - 13.38 13.40
Mn0 4 . 008 0.18 0.18
Mg0 13 .037 3.51 - 3.46
Cal ' 14 . 197 6.98 6.92
Na.0 14 .051 . 3.28 3.27
K28 13 .030 1.69 1.70

IFlanagan (1973).
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- Ferrous Iron Analyses

The technique of determining ferrousviron content of the glassy
rims of the pillow basalts employed the standard wet-chemical analysis
involving titration ' of an acid digestion solution with a standardized
K2MnO2 solution. Five replicate analyses of W-1 had é staﬁdard deviation
of 0.24 about a meaﬂ.value of 8.60. The preferred value in Flanagan (1973)

is 8.72.



APPENDIX B

ELECTRON,MICROPROBE ANALYSES OF MATRIX
GLASS (MAT) AND INCLUSION GLASS (IG)

WITHIN OLIVINE (O) AND PLAGIOCLASE (P) PHENOCRYSTS
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2A-1

7A-1 IGL

(mole ratio)

2A-1% 2A-1 162 2A-1 IG3  2A-1 1G4  2A-1 IG5  2A-1 1G6
(MAT) (MAT) (0): () (0) (0) €0) (0)

- 510, 50.86 (.28) 52.42 52,20 51.61 51.99 52.54 52.28
'TiOZ 143 (1.22) 1.53 1.55 1.63 1.64 1.76 1.59
AL,04 15.94 (.62) 17.64 16.93 16.81 16.71 17.77 17.28
vCr203 .05 — .06 .05 .06 .06 .05 .06
Fe0 9.13  (1.03) 8.55 8.95 9.07 8.93 8.29 8.67
MnO 17 (3.97) .16 .18 .19 .17 .16 17
Mg0 8.26 . (.75) 3.79 4.26 4,55 5.00 3.23 3.92
a0 11.27 (.44)  12.85 12.96 12.91 12.54 13.15 - 13.11
Na,0 2.60  (3.31) 2,67 2.58 2.08 2.68 2.47 2.64
K,0 12 (1.96) .11 .11 .11 12 .12 a1
P,0, 14 (1.95) .14 14 .14 .17 .16 .15
s 1 (2.84) .12 12 .12 .11 .12 .12
Ni0 .02 (27.63) .02 .01 .02 .01 .01 .03

. TOTAL  100.10 100.06 100.04 99.30 100,13 99.83 100,13
>Mg/Fe 1.60 .79 .85 .89 .99 .69 .81

G6 -



4C1 C1

(mole ratio)

4CL AC1 G2 4CL G3  4CL G& 6AL 6AL GL  6A4 G2 . 6A4 G3

(MAT) (P) €9) (0) (0) (MAT) (0) (0) (9)
510, 50.86 51.15 50.82 51.29 51.62 50.82 51.22 50.74 50.96
Ti0; 1.86 .105 1.90 1.94 1.94 1.66 1.78 1.68  1.68
Al1,04 14.76 15,11 14.74 15.66 15.66 14.90 15.60 . 15.10 15.66
Cr,0q .03 .07 .02 .04 .04 .04 .04 .04 .05
Fe0 10.46 8.25 10.55  10.10 10.10 9.97  10.08 10.19 10.16 -
0 .19 .18 .21 .18 .18 .18 .19 .18 .19
MgO0 7.14 9.97 7.39 4.62 4.62 7.99 4,77 6.69 . 5.54
ca0 10.78 10.72 10.61 11.74 11.74 10.61 12.02. 11.30 12.01
Na,0 3;05 2.73 2,74 © 3.05 3.05 3.01 2.87 2.82 2.85
K50 .00 .06 .09 .10 .10 .13 .12 .12 .12
P,0s .16 .07 .16 .17 .17 .15 .17 .17 .17
S .13 11 .13 14 14 .12 .12 .12 .12
Ni0 .02 .01 .02 .02 .02 01 .02 .01 .01
TOTAL 99.54 99.48 99.38 99,38 99.38 99.59 99.00 99.16 99.52
Mg/Fe 1.22 2.15 1.25 .81 .81 1.43 .84 1.17 .97
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10C1 10C1 161 10CL TIG2 10CL 1G3  10C1l 164 10CL IG5 10C1 1G6 10CL 167

L (MAT) (0) (0) (0) () ® ® (®
510,  47.88 50.05 50. 59 49.31 49.19 50.05 49.88 49.38

| Ti0, 1.03 1.11 1.24 1.09 .81 .57 : .62 .78
AL,05  (17.70) 15.69 16.58 . 17.77 15.41 17.02 16.94 16.99
Cr,0, .06 .07 .08 .05 ——- —_ = —-
Fel 8.98 9.25 © 8.61 9.34 9.11 8.35 ©8.32 8.48
Mn0 .16 18 .17 .18 19 .16 .16 .18
M0 9.20 7.91 . 5.14 6.02 8.15 8.27 8.21  8.23
Ca0 11.10 12.80 13.38 12.90 11.52 11.46 11.41 11.43
Na,0 2.66 . 2.3 2.61 2.64 2.47 3.00  2.98 2.87
K,0 a1 .06 .06 .08 05 .05 .05 .05
P,0 .08 .08 .08 11 13 .05 . . .06 .11
s 10 11 .12 .10 .12 .108 . .112 116
Ni0 .05 .02 .01 .02 - g - —
TOTAL  99.11 99.66 98.67 99.61 97.16 99.25 - 98.85 98.50
Mg/Fe  1.75 1.53 1.06 1.09 1.59 .76  1.76 1.73

{mole ratio)

L6



10CL IGl2

R1-24 101

(mole ratio)

10C1 168  10Cl IG9  10C1 IGI0  10Cl IGI1 RL-24
(P)_ (P) (® ®) (P) (MAT) (®)
510, 48.83 49.73 49.52 49.58 49.78 51.18 51.25
Ti0,- .82 .87 .87 93 .87 .81 .81
AL,0, 17.32 16.86 17.52 16.99 17.34 14.68  14.49
Cr,0, — — — - —— .03 .03
FeO _ 8.50 8.59 8.56 8.54 8.65 9.42 9.47
MnO .16 .15 .16 .15 .16 .19 .17
‘MgO 8.20 8.04 8.02 8.10 7.99 - 8.53 8.80
Ca0 11.39 11.19 11.32 11.30 11.13 13.31 13.27
Na,0 .2.87 2.93 2.97 2.91 2,90 1.78 1.76
K,0 .05 .05 .05 .05 .05 .06 ,96'
P,0, .08 .08 .09 .08 ,09' .06 .06
S 112 .116 .108 112 116 .11 11
Ni0 — — — — — .01 .00
TOTAL 98.98 98.78 98.87 98.90 99.24 100.17 100.28
Mg/Fe 172 1.67 1.67 1.69 1.65 1.62 1.66
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R1-24 IG5

R1-24 1G8

(mole ratio)

R1-24 162  RL-24 163  R1-24 IG4 R1-24 166  R1-24 IG7
(®) (P) (?) (P) (?) (®) (P)

510, 50.39 51.44 51.02 51.04 50.90 52.56 52.14
Ti0, .80 .77 .79 .96 .75 .61 .63
A1,0, 14.65 - 14.73 14.68 14,52 14.57 14.41 14.69
cr,0, .03 .03 .03 .04 .02 .03 .03
Fe0 9.48 8.42 8.48 8.64 9.39 7.81 7.89
Mn0 .18 17 .07 .17 .20 .15 14
Mg0 8.99 19.32 9.43 - 9.45 £ 8.89. 9.08 9.08
Ca0 13.13 13.51 13.33 13.43 13.36 13041 13.35
Na,0 1.76 1.74 1.72 1.71 1.80 1.89° 1.01
K,0 .06 .06 .06 .07 .06 06 .06
P05 .06 .05 .06 .07 .07 .05 .04
S 12 ,11 W11 .11 .12 .08 .08
Ni0 .00 .00 .00 .00 .02 .00 .00
TOTAL 99.65 100.35 - 99.88 100.21 100.15 - 100.14 100.04
Mg/Fe 1.69 1.97 1.98 1.95 1.69 2.07

2.05
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R1-24 1G9

(mole ratio)

2.10

R1-24 IG10  R1-24 IGI1  Rl-24 IG12  R1-24 IG13 R1-8 R1-8 Gl

(P) (®) (®) (P) (P) (MAT) 0) -

510, 52.53 51.96 51.99 52.34 51.98 48.30 48.13
Ti0, .70 .61 .62 8 .56 1.15 1.14
ALO, - 13.67 14.36 14.38 14.65 14.03 17.26  17.44
Cr,0, .04 .03 .05 .04 .05 .05 .05
Fe0 8.63 8.85 - 8.51 7.98 8.82 9.77 9.63
MnO 15 .19 .17 .16 .19 19 .19
Mg0 9.94 9.21 9.42 9.39 9.44 9.52 8.73
ca0 13.23 12.91 1 13.06 13.15 11.77 12.02
Na,0 1.69 1.83 1.81 1.81 .79 2.54  2.50
K,0 .07 .07 .07 .07 .07 .05 .06
P,0, .05 .04 .04 .03 .03 .06 .06
s .09 .09 .09 .07 .08 .12 .13
NiO .00 .00 .00 .01 .03 .0L .02
TOTAL 100.79 100.15 ©100.36 100.09 99,22 100.77 . 100,10
 Mg/Fe 2.05 1.86 1.97 1.91 .97 .91

00T -



Ri-8 G2

R1-8 G5

(mole ratio)

R1-8 G3 R1-8 G4 R1-8 G6 R1-8 G7 R1-8 G8 R1-8 G9
(0) ~_(0) (0) (0) (0) (0) (0) (0)
SiO2 49.83 47.78 48.73 48.64 48.92 47.73 48.65 48.91
Ti_O2 1.19 1.19 1.24 1.16 1.13 1.15 L.10- 1.14
A1203 19.67 18.01 18.14 17.60 17.37 17.12 17.56 17.83
Cr203 .66. .05 .05 .03 .05 .04 04 ,06
.Fel 8.48 9.60 8.85 9.66 9.64 - 10.13 10.13 '9.61
MnO .19 .16 17 .18 17 .16 .19 4.16.
Mg0 5.27 8.06 7.87 8.91 8.89 8.61 8.06 7.35
Ca0 12.22 12.66 12.44 11.79 11.97 12.16 12.48 12.75
NaZO 2.46 2,46 2,87 2.56 2.59 2.43 2.39 2.54
K,0 .05 .05 .05 .05 .05 .05 .05 ..05
| 'P205 .06 -06 .05 .07 .06 .07 .06 .07
S .13 <12 .12 <13 .13 .13 .l3 14
Ni0 .02 .02 .04 .01 .01 .02 .02 .02
TOTAL 99.63 100.22 100.62 100.79 100.98 99.80 100.86 100.63
Mg/Fe .62 .84 .89 .92 .92 .85 .80 .76
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R1-10  R1-10 GL _ R1-10 G2 _ R1-10 G3 _ RI-10 G4 46D10  46D10 GL  46D10 G2
(D) (0) (0) (0) (0) (MAT) '

510, 50. 00 %9.60 49.86 4989 49.85 52.30 52.43 51.57
Ti0, 2.33 2.35 2.33 2.26 2.40 1.92 1.99 1.91
AL,0, 13.73- 13.93 13.79 13.74 13.40 15.68 15.34 15,74
Cry0, .00 .01 .01 .00 .00 .01 .01 .02
FeO 13.04 . 12.93 12.88 12.39 12.74 © 9,53 9.58 9.28
MnO .23 .23 .23 .21 .23 .19 .19 .19
Mg0 5.99 5.88 5,52 6.38 6.06 5,47 5.34 4.53
Ca0 10.81 10.76 10.82 11.00 10.85 9.78 9.65" 10.03
Na,0 314 " 3.09 3.10 2.95 3.09 2.87 2.26 ' 2.63
K,0 .32 .33 .32 .31 .34 .55 4h .58
'ons .24 .24 .25 .24 .25 .29 .32 .30
S .17 .17 .17 .17 .18 .11 .12 11
Ni0 .00 .00 .00 .01 .01 .01 .01 .00
TOTAL  100.10 99.52 99.28 99.55 99,40 98.71 97.68 96.89
Mg0/Fed .46 45 .43 .52 .48 .57 .56 .49

20T



46D10 G3

R1-15-1

R1-11 R1-11 G1 R1-11 G3 R1-11 G4 15-1 G1

(MAT) (0) (0) (0) (MAT) (0) .
510, 52.74 49.72 50.42 49,77 49.74 49.92 52.63
Ti0, 2.00 1.80 1.91 1.95 1.82 2.59 2.96
A1,0, 15.42 13.98 15.56 14.43 14.16 16.42 18.86
Cr,0, 0L .02 .30 .01 .01 .02 .03
Fe0 9.76 12.02 10.90 112.03 12.24 9.75 8.38
MnO 19 .22 .20 .23 .19 .17 17
MgO . 5.60 6.69 3.61 4.83 5.74 6.94 '2.61
Ca0 9.79 11.48 13.53 12.62 12.55 9.35 9.88"
Na,0 2.70 3.00 2.94 3.01 2.88 2.99 2.25
kzo .56 .24 .24 .28 .22 1.09 .92
P,0, .29 .17 .17 19 .17 .54 .60
S .12 .17 .17 .18 .18 .12 14
N0 0L .02 .01 .02 .00 .00 .00
TOTAL 99.19 99.53 99.96 99,55 99.90 99..90 99.43
FeO /Mg0 1.40 3.21
Mg0/Fe0 .57 .56 .33 .40 46 .71 .31

€0T



15-1 G2

15-1 G3

182 CL

47

15-1 G4 15-1 G5 R1-18-2 18-2 62 18-2 G3
0 0 0 0) (MAT) (0 ©)- ©

510, 50.03 50.78 49.65 51.17 48.40 58.80 48.32  49.29
Ti0, 2.73  2.87 2.74 2.74 1.56 1.72 1.56 1.54
41,0, 17.04 17.58 16.84 17.27° 17.15 17.43  17.39 18.56

- Cr,0, .04 .02 .03 .03 .03 .03 .04 .04
Fe0 9.82 9.51 10.01 9.36 9.60 9.43 9.84 9.02
MnO: 17 .18 .19 .19 16 17 .17 .16
MgO 441 3.09 4.70 4.14 8.76 8.46 8.07 6.02
Ca0 10.59 11.29 10.64  10.73 11.50 11.73 11.89°  12.21
Na,0 2.97 2.52 2.43 2.30 2.89 2.96 2.13 2,92
K,0 1.03 1.03 1.02 1.07 .09 .09 .09 .08
P50, .58 .60 .56 .61 14 15 17 14
E .13 14 .13 .14 .13 .14 13 .13
Ni0 .00 .00 .03 .01 .01 .01 .03 .02
TOTAL ~ 99.54 99.61 98.97 99.76 100.42  100.12 . 99.83  100.13
FeO/Mg0  2.23 3.08 2.13 2.26

Mg0/Fe 45 .32 4t .91 .90 .82 .66

%0T



RI-19--2 <19-2 GL 19-2 G2 19-2 G3 19-2 G4

(MAT) (0) 0 (0) (0
510, 47.99 48.07 48.14 48.66 47.38
Ti0, 1.36 1.38 1.38 144 1.45
AL,0, 17.55 - 18.14 17.98 18.16 17.44
Cr,053 .04 .03 .32 .03 .02
Fe0 9.99 9.69 19.60 10.13 9.87
MnO .18 .17 .18 .18 .19
Mgo ' 8.69 8.53 7.78 6.81 8.39
ca0 11.48 11.42 12.19 12.21  10.93
Naj0 2.80 2.72 2.72 2,77 2.76
K,0 ';17 .17 .16 .17 .17
P,0, 13 .15 14 .15 14
'S - .13 .12 .13 .13 .13
NiO .01 .04 .01 .01 .01
TOTAL ~ 100.52 = 100.63 1100.73 100.85 98.88
Mg0/Fel .87 .88 ;81 .67 ) .85

*Relative standard deviation of 10 randomly chosen 30um diameter
spots in clear matrix glass. These values are for 2Al but are
typical of all matrix glasses.
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APPENDIX c
VOLATILE ANALYSES

The samples-fof all volatile énalyéeé were pfepared in a ménner
which is similar to that deécribed in the text under the section-on Sam—
rple_Preparation (p. 38j for mass spgctrométric analysis. Only clean,
rVirtually’crystal-free fragments of matrix glass ﬁere analyzed and the
values are considered- to represent'concentfations which existed-in:the

magma at the time of quenching.

Sulfur

During this study sulfur was analyzed ﬁsing three distinctly dif-
ferent techniqueé——mass spectrometry, low tetal-sulfur inducation furnace,
and electromn microprobé, The resulté are listed in Table VI. rThe mass
spectrometric method is described in detail by Killingley and Muenow
(lé?Sa), They estimate a relative standard deviation of 77 for the
technique.

The Leco method is described by Moore et al. (1972) and uses sam-
ples ranging up fo lOOkmg. Analyses were performed'usipg a Leco 532-000
sulfur analyzer. Fusion of the sample above 1400°C in a ceramic crucible
with iron chips and a vanadium accelerator is achieved in a flowing oxy-
gen atmosphere pfoducing‘SOz. The combustion products are carried to an
automatiC'titratioﬁ vessel containing dilute HCI, KI, and a.starch indi-
cator. Titration with KIO4 solution Wiﬁh'an automatic buret is ﬁo a
preéelected blue end point. A silicate matrix gulfur standard is used
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Table VI. Comparison of Sulfur Values for Three Analytical

_ Iechniques, _ _
Sample . Leco M.S. ' - MICROPROBE
_No.. v (ppm) (ppm) Wt % Std. Dev.~
2A1 1170 1295 - L1k 1.98
3A3 , e - 1200 .11 15.77
4C1 ' 1310, - 1386, .14 3.20
" 1390 1470
6AL 1280, 974 .12 3.01
1390, : ‘ ‘ -
1380
7A4 1420 1455
10C1 - 970 1700 ' .10 6.73
- 920
10C4 1380 1550,
S 1350 .
10C18 1340 .13 3.5
R1-24 © 1210 ' 1000 o L1l 4.2

lStandard deviation of 10 randomly chosen spot analyses in the ma-
trix glass.
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for control of the end point. The pfécision of  the method fanges.from
about 10% for:basalt samples below 50 mg to about 4% for larger samples
on the order of 100 mg. |

The:electron microprobe analyses are descfibed in the body of the
text iﬁ the section on Sample Description and Analysis (p; 8). The agree=
ment of the tﬁree techniqués implies an approach to "truth'. Although thé
glésses seem quite homogeneous by the criterion of multiple microprobe
analyses, there- is still the sampliﬁg problem of occasionally incorporat-
ing a sulfide grain in one of the bulk-=type analyses and thereby substan-

tially enhancing the sulfur value in a single analysis.

Water

Water is usually the dominant volatile released from the matrix
glass. Standard chemical analyses report HZO" as vapor driven off the
sample below 110°C or 150°C (see Mpore'and Schilling, 1973). Water which
leaves the sample.above this low temperature is assigned ta H20+. As
demonstrated in Figure 8, the standard ﬁethod of water analysis does not
adequately extract "low temperature" water and.méy produce values of H20+
which are artificially high. Moorg and Schilling (1973) confronted this
2011'0+

problem and found that H (water released avove 110°C) was commonly

+
30 to 70% higher than H,0™>°

. Reference to Figure 8 indicates why this
might have been. Degassing of the crystalline interior of a pillow pro;
duces a broad large water peak'which reaches a maximum at about 210°¢C

then tapers gradually to a minimum at about 1200 to 1400°C. In contrast,

the matrix glasses released water in two well-defined peaks between 700
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and 980°C. Notably, the standard methods of water anaiysis should give
good values for water if only pure glass is used. It is this high teﬁ—
perature water which is ‘reported here and.thebmass spectrometer method
is the most effective méethod of extracting this water.

Killingiey and Muenow.(l975a) observed similar patterns of water
release for submarine baséltic.glasses-from Hawaii which had initially
Been studied by Moore (1965). Agreement between Moore's published anal-

yses for H ot using the Penfield Method and those by Killingley and

2
Muenow (l975a) are within 15% with results of the mass spectrometric
method being slightly higher. A detailed comparisén is given in Table I
of Killiﬁgley and Muenow (l975a)‘for multiple analyses of H,0.

A gas chromatographié water analysis completed at The University

of Arizona and water analyses by mass spectrometric method (similar to

Killingley and Muenow, 1975a) are presented in Table VII.

Table VII. Comparison of H90 Analyses by Mass Spectrom~—
eter and Gas Chromatograph.

Sample No. : Wt 2 (M.S.) _ Wt Z (G.C.)
2AT 0.23 ' —  0.25, 0.20, 0.18
3A3 0. 26 : 0.22, 0.19
4C1 0.23, 0.29 0.16
6AL : 0.19 0.13
TAL : 0.26 : 0.28, 0.20
1oct 0.34, 0.24 0.21

10C4 0.21, 0.20 0.27
10C18 - 0.18
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Thé gas chromatogfaphic méthodreméloyed a Hewlétt—Packard 9100A -
.Resear;h Gas Chromatograph with a cryogenic capability. A thefmal con-.‘
ductivity detector and dual 12 ft, % in éolumns of Poropak 'Q" were em-
ployed for ﬁater andVCOZ énalyses. One gram samples-of pure glass-Were
heated in a Static originally evacuated‘system to about 1250°C. The
évol&ed gases were cdllectedlin a célibrated volume gléSs bulb in which
pressure was moﬁitored using a tiny integrafed circuit prESéure trans-
aucer made by National Semi—ConductorACorporationa The bulb was ﬁain—
tained at a constant temperature; pressures never exceeded 150 mm Hg.
The &otal number of moles of gas collected was calculated using ﬁhe ideal -
gas law. Aliqpots'of fhe gas were then'injected>into the,chrométographic
_column. Percentages of gas aliquots were applied to the total numberlof
moles of gas calculated to give the amount of each gas evolved. The
method did not work well for.SO2 and H,S and sulfur was quantitatively
removed before the collection bulb. The dominant gases were 002 and
Hy0 with minor N, (<l;O%)° The system was standardized.using known mix-—

tures of COz'andsH 0. Adequate sample standards were not found and the

2
accuracy is not well known. The precision is estimated at + 20% for both
gases; HZO values are believed to be low.due to differential adsorption
on walls of tubing, which would produce CO2 yalues which are equally high.
The mass spectrometer values for wafer are considered to be su-

'perior to those by gas chromatograph and .these are the numbers presented

in Table 1IV.



111

Carbon Dioxide

For determination of total carbon, samples were burned in a flow-
ing oxygen atmosphere to form CO2° FQllOWiﬁg purification and trapping

stages of the effluent gases, CO, is detected using a Leco 589-400 gés

2
chromatographié low-carbon anaiyzef. A differential thermal conductivity
detector Wés utilized. Nationai Bureau of Sténdardé low=-carbon steel
(10le) was used to construct standard and analytical curves. The -
combﬁstioﬁ—gas chromatographic detection technique cannot distinguish the
chemical state of carﬁon in the sample;  The precisionrof each analysis
is taken from the 90 percent confidence level on éheAregression line for
the refefence staﬁdards and is always less than + 107 of the value
quoted (Moore et al., 1971). |
Carboﬁ values from the gas chromatographic technique described

under Water Analyses generally agréed with the valuesAfrom Leco analyses.
However, the CO2 values determined on'matrig glasses by the mass spectro-
metric method weré consistently higher, by a factor of 2 to 3, than the
Leco values. The discrepancy hés not yet been resolved Between the two
methods. Values for the Leco analyses_are considered to be more accurate
at this time, by this author, because of the less compliqated correction
procedures and fewer problems of interference. The COz/HZO values com-
puted in the pyrogram (Figure.7; Table IV) for matrix glasses have used
Leco carbon values. Differences of 2 to 3 tiﬁesAbeﬁween the values for

-CO2 in the matrix glass do not seriously affect the interpretation be-

cause 1) the lower of the two values has been chosen to base
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interpretations on and higher values would make several of the interpre-
‘tive points stronger. (e.g., saturafion of the magma; P. 73), 2) the dif;
ference in COZ/HQO ratios for matrix glass (iO.l/l.O) and inclusions
(>30/1) is so lafge that relatively small chgnges in the absolute amount

of C02 will not significantly influence the difference.
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