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ABSTRACT

Glass-vapor inclusions within olivine and/or plagioclase pheno- 
crysts quenched in the glassy rims of eight typical oceanic tholeiitic 
pillow basalts from the Mid-Atlantic Ridge (3), Kolbeinsey Ridge (1),
Juan de Fuca Ridge (1), Paul Revere Ridge (1), the ocean floor near the 
Explorer Seamount (1), and Hawaiian East Rift (1), all contain less than 
0.01 wt % HgOy between 0.2 and 0.4 wt % CO^ and about 0.08 to 0.15 wt % 
sulfur. The enclosing matrix glasses contain 0.1 to 0.35 wt % HgO, 0.04 
to 0.09 wt % CO2, and about 0.1 to 0.15 wt % sulfur.

The two- to four-fold enrichment of CO2 in the inclusions com
pared to the matrix glass can be explained either by crystal growth 
(inclusion formation) in a magma which was initially richer in CO2, or by 
volatile concentration at the crystal.magma interface during crystal 
growth. Neither crystal growth kinetics, nor pressure-induced diffusional 
gradients caused by decompression after inclusion entrapment, 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.



INTRODUCTION

Petrogenetic models for basalts depend critically upon the abun
dance and character of volatiles in the system (Holloway and Burnham,
1972; Eggler, 1974, 1975, 1976; Kushiro, 1972; Mysen and Boettcher,
1975a, 1975b)„ Water and, to a lesser extent carbon dioxide, exert 
freezing point depression effects upon mantle mineral assemblages at 
pressures to 30 kb. Hydrous and carbonate phases must have a substantial 
influence upon minor and trace-element fractionation between melt and 
crystalline residuum. Both factors indicate a need to understand rela
tive and absolute volatile abundances in source regions for major magma 
types including oceanic basalts. In addition, determination of the rate 
and mechanism of volatile flux from such sources to the surface environ
ment is an important step toward establishing realistic models of the 
earth? s volatile budget. Mantle-derived gases emplaned in the surface 
environment by volcanic activity in the open-ocean basins probably repre
sent a major fraction of the current volatile contribution from the man
tle because of the abundance of oceanic basalts, and because a significant 
portion of island arc volcanic volatiles apparently have a recycled 
nature.

Glassy Rims of Pillow Basalts 
Over the past decade, Moore and his co-workers (Moore, 1965, 1970; 

Moore and Calk, 1971; Moore and Fabbi* 1971; Moore and Schilling, 1973) 
have largely been responsible for establishing the petrologic signifi
cance of glassy rims on submarine pillow basalts. In contrast to



subaerial eruptions, basalts emplaced on the ocean floor are rapidly 
quenched under confining pressures which are determined by the depth of 
eruption beneath the ocean (100 m ^ 10 bars). Although volatile solubil 
ity in silicate melts depends on pressure, temperature, and bulk composi 
tion, the solubility limits for water and carbon dioxide in oceanic 
basalts are primarily a function of pressure (Hamilton, 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 variable for such magmas from source 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
emption magma than the more slowly cooled, partly crystalline, pillow 
interiors, which commonly react with seawater. For instance, Dymond and 
Hogan (1973) conclude that the noble gas composition of crystalline pil
low interiors has developed by exchange with seawater; the pillow rims,

I

in contrast, display a distinctly different noble gas abundance pattern. 
Glassy rims of pillow basalts also exhibit %e/^He ratios which are 
about 10 times the atmospheric value .(Lupton and Craig, 1976a,b). Craig

Oand Lupton (1976, p, 408) have shown that the average 6D for He-rich 
glasses from the East Pacific Rise is between -60 and -80% relative to 
Standard Mean 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 pillow rims 
from Hawaii* Thus, examination of unaltered pillow basalt rims from 
mid-ocean ridges may be expected to provide significant insight into 
volatile abundance patterns of the basalts in or near their source re
gions. Such an approach has been taken by Moore (1965, 1970), Moore 
and Fabbi (1971), and Moore and Schilling (1973) to estimate the "juve
nile" sulfur (800 + 150 ppm) and water (0.2-0.4 wt%) content of K-poor 
oceanic tholeiites.

There is, however, at least one potentially important limitation 
to such an approach. All glassy pillow basalt rims, even those from as 
deep as 5000 m (Moore, 1965), are reported to contain 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 has 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 an unknown amount of 
prior degassing. In view of this 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 magma during an earlier stage of develop
ment, perhaps before the'magma had undergone significant degassing. 
Contrasting the volatile content of the inclusions with that of the en
closing, quenched matrix glass constitutes the principal contribution of 
this work.



Current Concepts of 
Basaltic Magmatic Gases

In view of the nature and objective of the present work, it 
seems appropriate to provide a brief summary of current concepts of ba
saltic magmatic gases (for more extensive review see Anderson, 1975). 
Principal approaches to the investigation of basaltic gases have been:

1) Collection and analysis of gases erupted from active basaltic 
volcanos (Jaggar, 1940; Iwasaki, Ozawa, Yoshida, Katsmra, 
Iwasaki, and Kamada, 1963; Naughton, Heald, and Barnes, 1963; 
Naughton, Derby, and Glover, 1969; Finlayson, Barnes, and 
Naughton, 1968; Nordlie, 1971; Sigvaldason and Elisson, 1968; 
Tazieff, Leguern, Carbonnelle, and Zettwoog, 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-O-S-H. Argon, nitrogen, bromine, chlorine, and flu
orine are minor components, and ^S, H^, and CO are minor species under 
most near-surface magmatic conditions (Gerlach and Nordlie, 1975).

There are, however, serious problems and disagreements about 
characterization of magmatic gases in the near-surface environment. For 
example, Puccetti and Buddemeier (1974) observe that there is currently 
inadequate or conflicting data to account for the large amounts of CO^



evolving from Kilauea in terms of CO2-solubility and abundance of erupted 
magma. Anderson (1975) admits that CO2 is poorly understood as a mag
ma tic gas. Nordlie (1971) proposes a generalized basaltic gas composi
tion of approximately, equal molar amounts of COg, H^O, and SOg. But 
Anderson (1975) concluded that there is no single magmatic gas phase.
He further states (p. 37) "volcanic gas emitted at surface pressure is 
generally very rich in H2O because ^ 0  is the principal gas dissolved in • 
most melts." Naughton and colleagues (Naughton, Heald» and Barnes, 1963; 
Heald, Naughton, and Barnes, 1963; Naughton, Derby, and Glover, 1969) 
apparently agree with Anderson, as they have consistently held that 
Hawaiian volcanic gases are ^O-rich. Moore (1965) pointed 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 pressure corresponding to that depth. Anderson (1975) agrees with 
Moore and points,out that CO2 is also distinctly undersaturated in 
quenched rims of pillow basalts; he comments that the explanation of 
the vesicles is not obvious. Drawing upon data, from Moore (1965), Moore 
and Calk (1971), and Anderson and Wright (1972), Anderson (1975) esti
mates the equilibrium composition of gas which would exist in vesicles 
within the Hawaiian pillow basalts by assuming sulfur gases (SO2) make 
up the difference between total pressure and his (Anderson's) solubility- 
based estimates of CO2 and H2O partial pressures. He concludes that 
at about 470 bars and 1200°C the gas would be 60% SOg, 20% H2O, 10% C0^, 
and 10% H2S. He then points out that the same lavas, if erupted at 
the surface, would produce a gas which was 86% H^O, 1.4% CO2, 11.5%



SO2 and very little else. Sigvaldason and Elisson (1968) sampled gases 
from Surtsey which were 86% 1^0, 4.7% Ê ,, 5.7% CO^, and 2.7% SOg.
Arnason and Sigurgeirsson (1968) determined 5D SHOW values of about —55% 
for water condensed from hot fumaroles at Surtsey, which compares well 
with previously cited deuterium contents of glassy pillow rims (Craig and 
Lupton, 1976; Moore, 1970).

Mathez (1976) has recently shown a positive linear correlation 
between sulfur and iron content of seafloor basalt glasses. Further, 
each of the 34 pillow basalt rims he examined contained spherical sul
fide grains. These were interpreted by him to be immiscible under mag- 
matic conditions. He concluded that sulfur solubility in seafloor 
basalts is dominantly controlled by the iron content of the magma. This 
conclusion is consistent with the experimental work of Haughton, Boeder, 
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, to normal subaerial 
concentrations of about 200 ppm.

Differing initial abundances, solubilities, degrees of partial 
melting, fractional crystallization, and contamination before and during 
eruptions severely complicate attempts to generalize basaltic magmatic 
gas compositions. In addition, problems inherent with in situ gas col
lections during volcanic eruptions include varying degrees of personal



danger5 unpredictable and poorly planned eruption events, groundwater 
and atmospheric contamination, and the almost insurmountable problem of 
accurately correlating specific masses of erupted gas to known masses 
of magma. Volcanic gas collections can provide, at best, qualitative 
information about gas 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 and dredging;

2) Readily removable contamination in the form of alteration 
products;

3) Well-controlled, replicate analyses of equal-quality samples; 
and most important;

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
tamination. However, these problems should become somewhat more tract
able when comparisons can be made between accurately determined volatile 
mass abundances and indices of differentiation. That is, it may be pos
sible to evaluate the premise that less-differentiated samples contain 
more "primitive11 volatiles in terms of gases lost and/or contamination 
accumulated.



SAMPLE DESCRIPTION AND ANALYSIS

This study was initiated, with pillow basalts dredged from the 
interior rift valley of the Mid-Atlantic Ridge (MAR) between 25 and 30° 
north latitude. Additional porphyritic glassy submarine basalts dredged 
from Kolbeinsey Ridge (north of Iceland), Juan de Fuca and Paul Revere 
Ridges, the ocean floor near the Explorer Seamount, the east rift of 
Hawaii» and the Marianas Interarc Basin were added to pursue initial 
findings. It is convenient to refer to ridge and island basalts as 
"open-ocean basin" basalts, in contrast to basalts from a back-arc or 
interarc environment. Data on sample numbers, latitude, longitude, 
oceanographic features, dredge depth, near liquidus phases, and major- 
element analyses are included in Table I. Most of the samples were 
dredged 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 original lava. 1

The glassy rinds of the pillow lavas from most of these samples 
are typical low K tholeiitic basalts 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 spinel.

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), Moore and Calk (1971), Moore and



Table I. Summary of Sample Number, Longitude-latitude, Associated Feature, 
Dredge Depth, Chemical Analyses, and near Liquidus Phases for 
Glassy Rims of Open-ocean Pillow Basalts. 

T4-73R307- T4-73R308- T4-73R308- T4-73R311- T3-72D249-
2Ala 3A3 4Cl 6A4 7A4 

26°09.66'N 26°07.3'N 26°18.2 'N 26°02.3'N 25°18. 2'N 
44°47.4'W 44°48.8'W 44°42.l'W 44°36.8'W 45°36.8'W 

MARb MAR MAR MAR MAR 
Depth (M) 3148 3083 4136 3100 3618 
Si02 49.90 49.68 49.10 50.50 51.00 

Ti02 1.44 1.54 1.80 1.60 1.54 

Al2o3 16.05 16.50 16.45 15.00 15.05 

d Fe2o3 • 68 .82 1.20 1.09 1.01 

FeO 8. 57 8.95 9.25 9.33 8.95 

MgO 8. 70 7.30 7.55 8.10 7.95 

CaO 10.90 11.40 10.90 10.60 10.70 

Na2o 2.80 2.94 3.15 2.98 2.88 

K20 .10 .09 .09 .11 .10 

MnO .17 .19 .17 .19 .18 

P205 .14 .14 • 20 .06 .17 

Ni (ppm) 75 130 52 40 45 
TOTAL 99.45 99.55 99.86 99.66 99.53 

Pc-15%e near liq-
uidus phases (Ol)e (01) (01) 01 
aunderlined portion of sample designation is the number used as referenced in 
~~ext. All analyses by atomic absorption (App. A) unless otherwise specified. 
-Mid-Atlantic Ridge 
cElectron microprobe analysis of glass (samples with Rl designation are from 
dUniversity of Washington Oceanography Department Sample Library). 
Total iron as FeO. Ferrous iron by wet chemical techniques (App. A). 

ephases which occur in glassy rind of pillow basalts surrounded by glass. Pc = 
plagioclase, 01 = olivine, Sp = chrome spinel, ( ) = a phase less than 2% by 

£volume. 
P2o3 by electron microprobe 

gKolbeinsey Ridge 
~Paul Revere Ridge 

Juan de Fuca Ridge 
jExplorer Seamount 

T3-71Dl59-
lOCl 

29°47'N 
43°44'W 

MAR 
2743-1920 

47.60 

.98 

16.66 

.38 

9.20 

10.40 

10.90 

2.73 

.04 

.16 

.07 

265 
99.12 
Pc-12%e 
01-16% 
(Sp) 

9 

T3-71Dl59- T3-71Dl59 
10C4 10Cl8 

29°47'N 29°47'N 
43°44'W 43°44'W 

MAR MAR 

Tr-139-25D EN-70-25-6-70 TT029-011-2 TT063-072-30 
(Rl-24)c (Rl-3) (Rl-8) (Rl-18-2) 

69°09'N 50°00 'N 46°21.8'N 48°57.2'N 
16°13'W 129°27'W 129°58.4'W 130°49~2'W 

KRg PRRh JFRi ESJ 

2743-1920 2743-1920 1100-1200 1400-1700 2400-2600 2300-2500 
47.50 49.50 51.18 48.79 48.02 48.52 

.96 1. 70 .81 1.14 1.16 1.58 

16.70 15.30 14.69 16.77 17.08 16.78 

• 58 1.14 

9.05 10.25 9.4ld 9.90d 9. 77d 9. 7ld 

10.60 8.35 8.53 8. 67 9.28 8.60 

11.06 10.40 13.31 11.43 11.63 11.43 

2.60 2.95 1. 78 2.65 2.61 3.04 

.05 .09 .06 .05 .03 .06 

.18 .19 .19 .17 .18 .17 

.10 .16 .06 .08 .06 .13 

65 70 
99.38 100.03 

2Q 240 545 230 
100.02 99.65 99.82 100.02 

Pc-13% 
01-14% (01) Pc-20% 01-3% 01-12% 01-5% 
(Sp) (01) (Pc) 
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TiO

OCEAN FLOOR BASALT 
(Pearce et a I., 1975)•  M IDATLANTIC RIDGE

▲ 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.



11
Schilling (1973), Mathez and Yeats (1976). The vesicles occupy approxi
mately 1 to 3 volume percent of the well-quenched glass near the outer 
portion of the glassy rim. They vary in size from less than 1 micron to 
as much as 2 mm diameter and are frequently lined with what appear to 
be sulfide spherules described by Moore and Calk (1971). Approximately 
30% of the vesicles in the well-quenched portion of the glassy rim are 
attached to crystals and the rest appear 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 crystals become more abundant.

Crystalline phases in the outer portions of the glassy rims 
probably represent near-liquidus phenocrysts (see discussion below). 
Plagioclase crystals in 4Cl, 10C1, 10C4, and Rl-24 range from .5 mm to 
1 cm in diameter, are commonly elongate, anhedral 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 (<100pm diameter) tend to be euhedral with well-developed 
crystal faces. The percentage of inclusions in olivine is usually less
than in plagioclase and rarely exceeds 1 volume percent.

Mineral-Glass Equilibrium and 
Temperature 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



. .. ' 12 
electron probe microanalysis at the University of Washington Geological
Sciences Department, All analyses were conducted with mineral standards 
having compositions similar to the unknowns, and data corrections were 
by the BMP ADR VII reduction program (Rucklidge and Gasparrini9 1969), 
Mineral analyses were made with a 2-4pm diameter beam at 15 KEV acceler
ation potential and 80-100 anoamp sample, current, Glass analyses in
volved similar conditions but a 15-20pm beam diameter was used, The 
combination of large beam diameter and moderate sample current in the 
glass analyses effectively eliminated alkali loss. Counting times were 
terminated on fixed beam current, and their durations (apx, 10-30 sec.) 
depended on the concentrations of elements being analyzed. Experience 
shows that with the exception of Ca, good mineral standards yield good 
glass analyses when formal reduction procedures are followed. These 
standards (elements for which they were used) were bytownite (Si,Al), 
synthetic Ti diopside (Ti), olivine (Fe,Mg), albite (Na), orthoclase (K), 
synthetic chalcopyrite (S), apatite (?), 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 concentrations of <1.5% for Si, Ti, Al, and Na, and 
1.5-2.5% for Ca, Fe, and Mg. The accuracy of the sulfur data was con
firmed with additional sulfide standards. Each matrix glass analysis is 
an average of ten random spot analyses. The homogeneity index reported 
for one sample of matrix glass (Appendix B) is typical of others and 
demonstrates that glasses are generally 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 made to 
identify chemical gradients in glass adjacent to crystals and across 
inclusion glass, but none were found.

Inclusion-bearing Crystals:
Phenbcrysts or Xenocrysts?

The possibility that inclusion-bearing crystalline phases are 
xenocrysts dispersed through the magma from a source external to the 
system was raised by Roedder (1965). Disaggregation of noncognate xeno- 
liths or nodules may introduce crystals whose volatile content is not 
related to the earlier history of the enclosing magma. To explore this 
possibility, electron microprobe data for coexisting plagioclase-glass 
and olivine-glass pairs from six of the MAR samples are plotted in Fig
ure 2. Compositional relationships between glass-mineral pairs,are 
summarized in terms of Mg/(Mg + Fe) or Ca/(Ca + Na) mole percent for 
crystals and for coexisting glasses. The horizontal axis of these par
ticular diagrams is analogous to the compositional axis of a classic 
T-X diagram depicting the solid solution loops for the pure olivine and 
pure plagioclase systems. Analyses of phenocrysts and microcrysts (max
imum dimension <50pm) 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 the enclosing matrix glasses.

Individual olivine grains are compositionally homogeneous; oli
vine phenocrysts and microcrysts from a single sample cluster tightly
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Figure 2. 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)o1/(XFe0/ 
X^go)ma8ma. See text for discussion.
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about an average value for that particular rock. The larger crystals 
are usually anhedral and subrounded while the microcrysts are commonly 
euhedral. The range of olivine compositions for all samples analyzed 
is Fogy (sample 10C1) to Fog2 (sample 4C1). Mg/(Mg f Fe) in glass sur
rounding the crystals shows a trend sympathetic to iron enrichment in 
the crystals when the six samples are considered in sequence from lOCl 
to 4C1.' This trend is reflected in the consistency of the values, 
defined by Reeder and Emslie (1970) as KD = o1/(XFe0/XMg0)magma.
For the six samples, the values of Kq closely approximate 0.25, differing 
from Kp values for basaltic systems obtained experimentally by Roeder and 
Emslie (1970) which cluster about 0.30. They concluded that is in
sensitive to temperature changes. Although their work was conducted at 
one atmosphere in the temperature range 1150-1300oC, it has been sub
stantiated by subsequent work on anhydrous lunar basalts to pressures of 
12 kbar (Walker, Kirkpatrick, Longhi, and Hays, 1975). The water-poor 
nature of the basalts in this study and their low FegOg/FeO 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 
magmas in equilibrium with natural spinel peridotites under upper mantle 
conditions, cautions that may decrease with decreasing pressure and 
increasing temperature. It is possible that the small amount of water 
in these samples may have affected the partitioning of Fe and Mg between 
melt and olivine.

In any event, the fact that all olivine crystals, regardless of 
size, have very similar compositions implies that they were all close
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to equilibrium with the enclosing matrix magma just prior to quenching. 
The similarity of the values is consistent with this conclusion.
Yet the well-known ease with which olivines equilibrate to surrounding

I
melt does not permit one to conclude with complete confidence that all 
of the olivines are cognate. At this point, it can only be stated that 
there is no evidence to suggest a noncognate genesis for the inclusion- 
bearing olivines in the glassy pillow rims,

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

1) phenocrysts (in 10C1 and 4C1) which are anhedral and slightly 
elongate to equidimensional are distributed evenly throughout 
pillow rim and interior, exhibit relatively homogeneous,
anorthite-rich, interior compositions (An^ to AUg^), and have 
thin, discontinuous albitic rims (An^ to An^) ;

2) tiny, lath-like groundmass microcrysts which are found interior 
to the glassy pillow rinds are about 2-15pm across and less than 
50pm long, with a relatively homogeneous composition similar to 
or lower in anorthite than the albitic rims of the phenocrysts.

The implication of this textural-compositional evidence is that the homo-* 
geneous interiors of the plagioclase phenocrysts approached equilibrium 
with the bulk magma composition at some time prior to quenching, and 
that the rims and laths are quench products which do not represent equi
librium crystallization. Substantiating 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.

Sample 
• No.

Norma
tive
Min.

PHENOCRYST GROUND MASS
Avg.
(All
data)

Max.
An

Min.
An

No. of 
data 
points

Avg.
(All
data)

Max.
An

Min.. 
An

No. of 
data 
points

10C1 Or 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 10
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

10CIS ‘ Or .19 .16 .27
Ab 37.37 32.51 43.71 19
An 62.43 65.33 56.02



identical with, the quenched glass in terms of Ca/(Ca + Na) mole percent 
(Figure 2). Extending the analogy of the horizontal axis of these fre^ 
quency diagrams to the compositional axis of a T-X solid solution dia
gram for plagioclase, the micrdcryst-glass relationship would correspond 
to a quenched system in which the temperature is lowered rapidly through 
the liquidus-solidus interval, so that the crystals and magma have the 
same composition. In this case, it seems much easier to prove disequi-r 
libirum than it is to prove equilibrium. The relatively homogeneous 
interiors of plagioclase crystals probably record an approach to equi
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 homogeneous plagioclase interiors are taken to represent 
plagioclase formed during an approach to equilibrium at some time prior 
to quenching, then application of the Mathez (1973) modification of the 
Kudo and Weill (1970) plagioclase geothermometer may provide temperature 
estimates corresponding to that equilibrium condition.

Phenocryst-glass pairs from sample 10Cl give temperatures which 
range from 1285 to 1268°C, and phenocrysts from 4C1 indicate a range 
from 1232 to 1194°C.'

Phenocryst-glass temperatures calculated from well-behaved9 
linear In K vs. 1/T relationship derived by Drake (1976) for the reaction 
NaAlO^^ + SSiO^^ = NaAlSi^O^3-̂  in basaltic composition systems5 are 
substantially higher than those determined using the Kudo-Weill-Mathez 
calculation. Table III compares temperatures for the two approaches
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Table III. Plagioclase-glass 'Equilibrium' Temperatures
Sample
No.

Plagioclase
Description

Andrthite
Component

Temp°C 
(KWM) 2

Temp°C 
(Drake)^

3A3 Average of groundmass 
microcrysts

68.2 . 1195 1183

4C1 Average of 5 phenocryst 
interiors

76.6 1204 • 1340

4C1 Average of groundmass 
microcrysts

65.3 1203 1190

10C18 Average of groundmass 
microcrysts

62.4 1151 1140

10C1 Average of 3 phenocryst inte
riors in glassy rim of pillow

84.7 . 1268, 1448

10C1 Average Of 2 phenocryst inte
riors from pillow interior

85.1 1285 -

10C1 Average groundmass microcrysts 
near glassy rim

70.5 1215 1179

10C1 Average groundmass microcrysts 
from pillow interior

65.9 1229 1129

^All 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 = ^P-- - 2.29 (Drake, 
1976). T
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using identical mineral-glass pairs„ Although the phenocryst values cal
culated by the In K vs* 1/T relationship are probably too high, it is 
curious that application of both geothermometers to the microcryst-glass 
pairs, which are clearly out of equilibrium, produces very reasonable 
basaltic magmatic temperatures between 1229 and 11530C* This situation 
prompts the caveat that neither geothermometer is sensitive to attain
ment of equilibrium.

In summary, basalt glasses with inclusion-bearing crystals used 
in this study fall well within the category of oceanic tholeiitic ba
salts. They may be considered typical of a vast volume of basaltic magma 
emplaced in the oceanic crust from the mantle per unit time. While it 
is not possible to unequivocally establish a cognate relationship between 
inclusion-bearing crystals and enclosing magma, there is very little 
evidence to challenge a phenocryst-melt relationship. In fact, the' 
close correspondence between compositions of large and small olivines is 
evidence that olivine-melt equilibrium was approached 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 estimates for systems 
of the type studied here, magmas 10.G1 and 4C1 probably erupted at tem
peratures between 1200 and 1275°C. The fact that most of the other sam
ples fall within the range between these two (Figure 2) implies that 
such temperatures apply to other magmas as well.



Glass-Vapor Inclusions in Phenocrysts 
from Glassy Rims of Pillow Basalts

Previous Work
Rapidly chilled crystalline phases in volcanic rocks commonly 

contain inclusions of glass (Roedder, 1965; Roadder and Weiblen, 1972, 
1973a, 1973b; Anderson and Wright, 1972; Anderson, 1974; Watson, 1976). 
Many of these inclusions bear volatile phases which have been studied by 
Roedder (1965); Anderson (1974); Bazarova, Canilho, Sobolev, and 
Shugorova (1973); and Sobolev, Bazarova, and Bakumenko (1972). The basic 
premise of most studies is that the inclusions have sampled magma at some 
depth-greater than that of the eruption. Roedder* s (1965) observations 
of liquid CC^ inside olivines from peridotite nodules indicate entrapment 
at pressures greater than several kilobars if the system was above 1200°C. 
However, liquid CO2 has not been described in inclusions within pheno
crysts from oceanic basalts, nor is any evidence of liquid CO2 found in 
the samples used in this study.

Anderson (1974) and Watson (1976) assumed 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 composition of the trapped melt." As discussed later, these assump
tions. may be valid for major elements and sulfur, but consideration must 
be given to diffusion of other volatiles during arid 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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Anderson (.1974) estimated the entrapment water content of magma 

by analyzing glass inclusions in olivine from Mount Shasta using a water- 
by-difference method on an electron microprobe• . He reconstructed initial 
amounts of magma in inclusions based on textural interpretations 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 a dredge haul near Bouvet Island 
in the South Atlantic had reacted with host minerals only, and could be 
used to establish an earlier composition of entrapped magma. He did 
not 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 kimbeflitic 
lavas commonly contain inclusions with CÔ -̂ rich liquid and 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 
inclusion. He interprets these vapor phases as "shrinkage" features 
resulting from differential thermal contraction between crystal and 
trapped magma. Watson (1976) and Anderson (1974), as well as the data 
presented later in this work, demonstrate 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 was close to equilibrium with the:. 
enclosing magma now quenched as matrix glass. The inclusions are



considered samples of enclosing matrix magma» As will be developed be
low, two of the most important textural interpretations deal with the 
pressures inside the inclusions compared to pressures 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 phenocrysts of olivine, plagioclase, and spinel from pillow 
basalts examined in this study contain some inclusions (Figures 3 and 4), 
Crystals quenched in the glassy pillow rims contain 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 usually contain partially or completely crystal
lized material mimicking 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 samples 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 JLn phenocrysts from 
the glassy rims of pillow basalts. Inclusions from the rim phenocrysts 
more accurately record the prequench, magmatic relationships than do in
clusions in phenocrysts from pillow interiors.

The size of the glass inclusions, is highly variable, ranging 
from less than Ipm 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.5% 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.

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 3. Glass-vapor Inclusions in Plagioclase.



Figure 4. Textures in Glassy Rims of M.O.R. Basalts.
A. 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 inclusion is isolated from the matrix 
glass.

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

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

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

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

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

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

H. 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 very sharp gas release 'spikes’.

I. 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 usually intermediate in size and less abundant than those observed 
in plagioclase. Some plagioclase crystals have consistently large in
clusions (>0.5 mm maximum diameter as viewed in two dimensions); others 
have predominantly small (clOpm) inclusions, but more frequently, a com
plete range of sizes is observed in a single crystal (Figures 3A,3B).
The shape of the glass inclusions is also variable. In olivine, the In
clusions tend to be slightly elongate spheroids, but occasionally crystal- 
shaped outlines are observed which are glass-filled, euhedrally shaped 
inclusions in olivine. Large inclusions in plagioclase are irregular 
to subrounded, and smaller inclusions commonly appear slightly to dis
tinctly elongate in the albite twin plane (Figures 3H,3J). Although 
variations in shape cause some difficulty in estimating volumes 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 plagioclase and many in olivine contain 
nearly spherical, single-phase fluid inclusions with a very low index of 
refraction (Figures 3B,3C). A f ew, small glass inclusions (rv20pm maxi
mum diameter) definitely do not contain, a vapor phase, and about 0.5% 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. Figures 3G and 3H are photomicrographs of vapor 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 vapor is displaced with mounting 
medium and in 3H the entire vapor phase has been replaced. These types 
of inclusion are very rare and occur near fractures. Figure 3E shows 
an irregularly shaped vapor phase similar to about 5% of the inclusions 
observed in plagioclase. The irregular shape is probably caused by 
physical movement of the bubble just prior to quenching.

The low-index bubbles are identical to those described by 
Roedder (1965) as ,fshrinkage" and "near vacuum” features. Crushing ex
periments in index oils using the method described by Roedder (1965) 
failed to produce significant volume expansion upon release of the vapor 
as the inclusions opened. Crushing of matrix glasses released as much 
or more gas for equivalent bubble sizes. The pressures within this type 
of inclusion do not seem high, and are 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 composi
tion (Figure 3F). Vapor-glass 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 similar to,but smaller than, those observed lining vesicles in the 
matrix glass (Figure 41)(Moore and Calk, 1971; Mathez and Yeats, 1976). 
However, even if these are sulfide grains, they do not represent a signif
icant amount of additional sulfur compared to that dissolved in the glass.

An important interpretation 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



post-entrapment evolution of an inclusion will certainly reduce the ori
ginal entrapment pressure, whether by differential thermal contraction 
of magma vs. crystal or by continued crystallization of the inclusion 
magma on the inclusion walls. Figure 3D shows a classic necking feature 
between two lobes of an originally continuous inclusion. The common in-* 
terpretation of this texture is continued growth of the host at the ex
pense of the inclusion material. Electron microprobe evidence 
demonstrates that many inclusions continue to crystallize host material 
from the entrapped 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 components in a crystal
line state at 1200°C (Skinner, 1966) indicates that continued crystalli
zation in an isolated inclusion system would produce a pressure or 
volume reduction proportional to the reaction progress.

The average diameter of all regularly shaped vapor bubbles in 
glass inclusions from plagioclase is between one-quarter to one-third 
the inclusion diameter. Assuming spherical geometry, this corresponds 
to a bubble volume percent in an inclusion of less than 5%. A very 
small number of inclusions have either no bubbles or bubbles smaller 
than the one-quarter diameter and only rarely was*-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, possibly reflecting less extensive post-entrapment crystal
lization for olivines. If inclusions commonly trapped a two-phase magma,
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that is5 vapor plus, magma9 then the volume ratio of vapor to inclusion 
glass should be much more variable than is observed„

Figure 4A shows a quenched olivine grain which preserves the se
quence of development of glass-vapor inclusions. In this case, the bub
ble phase in each inclusion does not seem to develop until the inclusion 
is isolated from the matrix glass. The consistency of bubble^to-glass 
volume ratio is also shown in Figures 3B, 3C, and 433. However, Figure 
4F shows an embayment of glass in olivine with vesicles lining the glass- 
olivine interface. Obviously, if this embayment became an inclusion, the 
inclusion would contain preexisting vapor-bubbles. Figure 4G shows an 
inclusion on the margin of an olivine crystal, not yet 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 only cases observed which show the possibility of entrapment of a 
vapor phase.

Entrapment of vapor bubbles apparently does occur, but it is not 
common and most inclusions entrap only magma. The vapor phase generally 
develops after entrapment as a result of differential thermal contrac
tion between crystal and glass (Roedder, 1965) and/or continued precipi
tation of host crystal on the walls of the inclusion. The possibility 
that some inclusions may have trapped magma plus vapor raises the in
triguing question concerning the depth at which the system became satu
rated with respect to a vapor phase. 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 
matrix glass are presented in Appendix B.. Following Watson (1976), 
these data are 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 directly away from the host. 
However, one of the most powerful uses of the "Watson plots" requires 
that inclusion formation occur simultaneously in all crystallizing 
phases. Watson (1976) explores the validity of this assumption and the 
utility of the approach in his analysis of dredged basalts from the vi
cinity of Bouvet Island, in the South Atlantic. Plotting glass inclu
sions from coexisting plagioelase, olivine, and clinopyroxene, he found 
a 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 
basalt. At the time of quenching, this earlier magma was distinctly 
more "primitive" (lower TiO^ and higher Mg/Fe) than the quenched matrix 
magma which surrounds the inclusion-bearing phenocrysts. In other words, 
it may be misleading to compare inclusions directly with matrix material



Figure 5. Triangular MgO-CaO-AlgOg 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 TiOg and high 
Mg/Fe ratio of such magmas. Data for two samples are plotted in Figure 5A; Rl-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 post-entrapment inclusion evolution. This is 
because a significant amount of post-inclusion entrapment crystallization 
can modify the matrix composition substantially, making 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 possible. However, certain elements of the 
system's evolution may still be established.

Most glass samples in this study contain only plagioclase and/or 
olivine. Inclusions and matrix glass from samples 4C1, 10Cl, Rl-24, 6A4, 
and 2A1 are plotted in Figure 5. The pair of numbers (index ratio) ad
jacent to the plotted points show weight percent Ti02 in the numerator 
and mole ratio of Mg/Fe in the denominator for each sample. Also shown 
in Figure 5B, for comparison, are the TiOg 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 TiO^ (<0.80 wt 7*) and a high Mg/Fe ratio 
(~2.1); any magma with similar values may be considered "primitive".
TiOg content of a magmd' increases and Mg/Fe decreases with continued 
fractional crystallization.

In the case of 2A1 and 6A4, the glass inclusions in olivine have 
evolved from the matrix composition essentially by precipitation of oli
vine. Both TiOg and Mg/Fe values suggest that the matrix composition is 
differentiated, and the glass inclusions appear even more differentiated 
than the matrix. However, inclusions in plagioclase from samples Rl-24



and 10C1» and one inclusion from 4C1 retain relatively low TiC^ values 
and fairly high Mg/Fe ratios. Plagioclase inclusions from sample Rl-24 
are perhaps the most "primitive" based on criteria cited above, and 10C1 
plagioclases seem not to have evolved far either. Both sets of inclusion 
data from Rl-24 and 10C1 are clustered near the matrix glass values, and 
the index ratio of inclusions and matrix is similar, indicating the rocks 
themselves have not evolved much since entrapment of inclusions. These 
data are interpreted to mean that the inclusions have trapped relatively 
primitive magma which had not evolved significantly by fractionation 
prior to or after inclusion formation.

Conversely, inclusions in 4C1 plagioclase samples two distinct 
stages of magma evolution, one of which had a TiC^/(Mg/Fe) value of
1.05/2.15 and the other a value of 1.9/1.25, which is similar to the ma
trix glass. Some plagioclase sampled primitive magma, while later pla
gioclase sampled magma resembling the present matrix glass which has 
evolved significantly since early plagioclase growth. Inclusions in oli
vines from 4C1 closely resemble the matrix glass in terms of Ti02, prob
ably having been entrapped late in the system's history.

Olivine glass inclusions from 10C1 are more difficult to inter
pret than any other sample. It is not possible to establish a unique 
explanation for them. The matrix glass has a consistently higher TiOg 
content than the more "primitive" plagioclase inclusions. 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 fractionation line. The



two MgO-poor glass inclusions in olivine may be explained in terms of 
olivine fractionation from a more primitive magma previously located 
along the plagioclase join. However9 the other two glass inclusions in 
olivine9 with relatively high Mg/Fe ratios 9 must have either been trapped 
very early or did not significantly react with the host olivine. Alter
natively 9 if the two glass inclusions in question contained microcrystals 
of spinel9 the present arrangement might, have been produced. No such 
inclusions were observed9 but grinding of the probe mount may have re-̂  
moved them.

Mathezfs (1976) study of sulfur solubility in submarine basalt 
glasses demonstrated a linear covariance between total Fe and S dissolved 
in 34 matrix glasses from a wide variety of locations® He was also able 
to establish that sulfur concentrations within inclusion glasses from 
phenocrysts were generally similar to, or slightly greater than9 sulfur 
concentrations of matrix glass. Figure 6 is a plot of wt % sulfur vs. 
wt % Ti02 for 12 seafloor basalt samples 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 inclusions are within pla
gioclase or olivine9 they generally cluster about and somewhat above the 
sulfur content of the matrix glass. The principal exceptions are most 
of the inclusions in Rl-24 (Kolbeinsey Ridge) and one of the inclusions 
in 4Cl (1.05 wt % TiO^)• These inclusions have distinctly less sulfur 
and distinctly less Ti02 than the matrix magma9 and may represent magma
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) " trapped at an earlier (deeper?) stage of magma evolution. The trend of
increasing TiO^ with increasing S in Rl-24 plagioclase inclusions may
record a concommitant enrichment of the two elements during fractional
crystallization. If so, the sample with lowest sulfur and TiC^ may have
been trapped at the deepest level, and may contain more CO2 than other
inclusions analyzed. 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. Unfortunately, at this
time it is not possible to analyze individual inclusions for water and
CO2. A second point is that the consistent clustering of inclusion
glass compositions in terms of TiC^ and sulfur values strongly supports
the assumption that the crystalline phases are phenocrysts, not
xenocrysts.

In summary,
1) Plagioclases from Rl-̂ 24 and 10C1 seem to have sampled relatively 

primitive magma;
2) Some of the plagioclase. from 4C1 sampled "primitive” magma and 

some sampled much less "primitive" material;
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, 4C1, and 6A4 appear to have sampled magma in
distinguishable from the matrix glass;

5) A small amount of c1inopyroxene fractionation and/or combined 
precipitation of olivine and plagioclase must account for the
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present composition of matrix glass with respect to Rl-24 and 
10Cl inclusions in plagioclase;

6) The sulfur content of glass inclusions does not generally differ 
significantly from that of the matrix glass.

7) The clustering of inclusion glass about matrix glass substantiates 
the Mathez (1976) conclusion that the inclusions are samples of 
the matrix9 thereby solving the dilemma of phenocryst or no.



DEGASSING EXPERIMENTS

The quenched glassy rims of the MORE 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 Preparation 
Glassy portions of pillow basalt rims were chipped away from 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
sonic vibrator with doubly distilled water to remove all crushing powder 
and most of the palagonitic alteration. Glass and phenocrysts were then 
hand picked under a binocular microscope. Glass fragments with spheru- 
lites, 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 
less than 0.4% volatiles. The microcrysts act essentially as a diluent 
in the glass, Phenocryst fragments of olivine and plagioclase were partly 
concentrated using a magnetic separator, and then hand picked. Again, 
any fragments with visible alteration or iron-staining were rejected.
The only visible non-crystalline components were glass-vapor inclusions

38
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within the phenocrysts* Considerable care was taken to exclude pheno- 
cryst fragments with matrix glass adhering to the outer surface.

Each sample was immersed in 0,3N HC1 solution for two hours to 
remove any carbonate film which might have formed on fracture surfaces. 
Several samples were analyzed which had not been treated with HC1 and 
little difference was observed, implying that carbonate was not a serious 
contaminant (cf, Pineau, Javoy, and Bottinga, 1976), Rewashing in doubly 
distilled water and drying for two hours at 12Q0C completed initial prep
arations for degassing,

High-Temperature Mass Spectrometry

Instrumentation
The volatile content and degassing behavior of all samples was 

obtained with a high-temperature mass spectrometric facility consisting 
of an effusion-vaporization source interfaced with a computer-controlled 
quadrupole mass spectrometer (a modified EAI, Quad, 1110). The effusion 
assembly contains a molybdenum Knudsen cell heated by radiation from a 
coiled tantalum resistance element.: A set of concentric cylinders sur
round the cell and serve as a radiation shield and beam collimator. De
tails of the vaporization source have been previously described by Muenow 
(1973). From this source a molecular beam of released volatiles is gen
erated. It emerges through an: orifice in the cell lid, and is then di
rected through a, movable shutterplate and 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 the shutterplate allows distinction between molecular species 
emitted directly from the Knudsen cell and those re-emitted and scattered 
from other surfaces of the system. The mass spectrometer is controlled 
by a PDF/1145 computer. Temperature 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 water-cooled 
housing, and pumped with a high through-put, fast-cycling vacuum system 
(to 1 x 10~® 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 mass can be continu
ously monitored by focusing the spectrometer on that mass. For the glass 
samples 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 (crystalline high-temperature alumina) cell liner and 
heated under a vacuum of 1 x 1 0 ®  torr at a rate of approximately 5 °/min 
to 1250°Ci, During this time the mass spectrometer rapidly scans the 
spectrum from 1 to 150 amu (or any other pre-selected mass range). Ion- 
current signals for all mass peaks and temperatures are measured and 
stored on magnetic tape. Gas species identification was based upon ap
pearance potentials, fragmentation patterns,- and isotopic abundances.
Mass pyrograms are then obtained as hard-copy computer plots of the in
tensities of parent molecular ions (or. principal fragment ions) versus



temperature. Those used for quantitative evaluation of the total vola
tile content are obtained when the product of the "corrected" ion- 
intensity and the square root of the absolute temperature is plotted 
against the absolute temperature. The "corrected" ion-intensity is the 
measured ion-intensity adjusted for system background, fragmentation, 
isotopic abundance, relative ionization cross-section, electron multi
plier efficiency, and quadrupole transmission effects. System back-? 
ground contributions are determined by use of the shutterplate and from 
"blank" runs made before and after each sample study. For each mass 
curve of the 150 masses scanned, approximately 140 data points are ob
tained, When degassing of each glass sample is completed, the sample is 
allowed to cool and then is reweighed. Weight loss is entered 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 
procedure is carried out routinely and is considered acceptable when the 
measured heat of fusion from the standard material matches values pub
lished by the National Bureau of Standards within the uncertainty of 
these, values. This procedure assures stability of all instrumental com
ponents and establishes that quantitative vaporization is achieved and 
that there is no significant loss between the effusion cell and the mass 
spectrometer. For these studies, a .1 mg sample 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 rap id-'scan mode, to obtain mass pyrograms. By continuously monitor
ing a major ion mass of any volatile of interest (or several', by period
ically switching from mass to mass), it is possible to observe rapid 
changes in the ion intensity as sharp spikes on a fast-response, atrip- 
chart pen recorder and. an oscilloscope. These spikes could not be ade
quately recorded by the rapid-scan technique. For minerals containing 
volatile-bearing inclusions, the ion current signal spikes appear at high 
temperature and correspond to vapor release from one or a number of rup
tured inclusions. This phenomenon has previously been observed for CC^- 
release from fluid inclusions in olivine separated from dunitic and 
periodititic nodules (Killingley and Muenow, 1974). It is believed to be 
the result of cracking caused by stresses due to temperature gradients 
within the olivine grains (Killingley and Muenow, 1975b).

The spiked-release 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 COg (Killingley and Muenow, 1975b). More important, in terms of the 
present study, is the fact that within the mass range of interest (<100 
amu), instrumental sensitivities for various species differ by no more 
than a factor of four (D. ¥. Muenow, personal communication, 1977); that 
is, if the system detection limit can be established for one of the
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speciess then a maximum detection limit for other species can be estab
lished o The use of ampules with known amounts of CO2 can then be used to 
place limits on the sensitivity of the instrument for all volatile species 
of interest. To this end, the CO2-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 CO2 content of the ampules is below 1 x 1 0 mole, 
spiking activity drops below background for CO2 (Killingley and Muenow, 
1975b). Considering variations in relative sensitivity and background 
for different 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 CO25 H^O, and SO2 is at least 
5 x 10~13 mole per recorder spike. This means that spiked release of 
less than 5 x 1 0 mole of any of these species could just be lost in 
background, but that release of more than 1 x 10*"-̂  gram (5 x 10~^ mole) 
of H2O or 3 x 10""^ gram of SO2 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 sample size varied from 12 to 300 mg. Glass-vapor in
clusions occupy from less 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 bursterelease behavior.
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Results

Matrix Glass
Degassing patterns of the principal volatiles, COg, H^O, and SO2 

from glasses 2A1, 3A3, 4C1, 6A4, 7A4, 10Cl, 10C4, and Rl-24 are presented 
in Figure 7A and B. Detailed analysis of each curve may eventually pro
vide information about the site occupancy of volatiles in the glasses.
The major features of the 3A3 pyrogram are typical of mass pyrograms ob-

'1tained for many of the glasses studied (2A1, 3A3, 4C1, 6A4, 7A4, Rl-18). 
Most glasses release small amounts of water and display small CO2 spikes 
between 700 and 800°C, followed by major water-release peaks at 930 + 
30°C. Glasses 10C1, 10C4, and Rl-24 release distinctly larger amounts of 
HgO at about 760°C and display broader, lower water-release peaks between 
900 and 960°C. Water has been completely removed from all samples by . 
1000°C. Neither increasing temperature to 1400°G nor subsequent heating 
cycles induces additional water loss. In contrast, a mass pyrogram of 
the 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 'lattice1 of the melt, and 
is, therefore, much more fundamentally important in the igneous petro
logic interpretation of magma behavior than water which is commonly re
ported as Ĥ Ô " in most standard rock analyses. The gentle, positive 
slope of the glass degassing curves for water beyond about 1120°C is 
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 2A1, 3A3, 4C1, 6A4, and 7A4 differ from samples 10C1, 
10C4, and Rl-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 COg and SOg 
are degassed by 1100°C. The solid lines are for water release, the dashed lines are 
for CO2, and the dot-dash lines represent SO2 release. All three volatiles are plotted 
at the same scale of ion intensity.
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Concurrent with the second water peak in the matrix glass sam

ples, a small amount of CO^ is consistently released. However, most of 
the GO2 and SO2 are lost from the sample between 1020 and 1090oC. The 
CO2" and SO^-release curves have distinct, consistent, and sharp maxima 
which correlate closely to each other in all samples studied.

At least two mass spectrometeric analyses were 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 ^0, CO29 and SO^. Minor components are Cl, F, and O2. Small 
mass peaks for Na and molecules are also observed at temperatures 
above 1200oC. These probably result from decomposition of the glass and 
the gas phase reaction of released sulfur with background water vapor. 
Species identification was based upon appearance potential measurements 
and isotopic abundance.

The specific mechanisms of volatile release are not well under
stood, but the consistency of the release, temperatures is useful in dis
cussing the degassing curves of phenocrysts 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, several comments are in order.

1) The low-1emperature (650-750°C) CO2 spikes, seen best in 3A3 
glass and found in several other samples at low temperatures, 
probably represent opening of C02-rich vesicles in the matrix
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glass as a result of initial softening. They do not always occur 
in replicate runs, and apparently depend on distribution and size 
of vesicles in the fragments selected for analysis. Notably, 
there is no sympathetic response in the I^O or-SO2 curves, im
plying that the volatile content of the vesicles under the condi
tions of degassing is principally CO^v

2) Water^release peaks for most of the samples at 750 + 20°C 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 the sharp, spike-type release associated 
with vesicle opening.

3) The larger water-release peaks at about 930 + 30°C in samples, 
2A1, 3A3, 4C1, 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 vacuum to 1000°C and then 
quenched, show very little of the original clear, brown glass, 
but show many large, irregularly shaped vesicles, and an erratic 
distribution of sulfur.

4) The significance of a major water-release peak at about 750°C for
samples 10C1, 10C4, and Rl-24 is not obvious at this point. All
three glass samples which display the low-temperature major water
release peaks are strongly porphyritic with plagioclase, and 10C1 
and 10C4 contain abundant olivine and minor spinel. All three 
glass samples have relatively low (<1.0 wt %) Ti02 contents.
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Otherwise they do not seem to differ from the glasses with a . 
higher-temperature, major water-release peak.

5) Loss of SO2 and CO2 corresponds to melting of the samples. At 
1140oC? the samples behave as liquids9 the vesicles are well- 
rounded , and by that temperature, the sulfur content of residual 
glass is below the detection limit of the electron microprobe 
(about 100 ppm) and less than 80 ppm by Leco analysis (Appendix 
C).

6) With continued heating to 1250°C and quenching, the samples again 
become clear, brown glass virtually devoid of volatiles or ves
icles, although optically similar to the original glass.

Phenocrysts with 
Glass-Vapor Inclusions

Mass pyrograms for all plagioclase and olivine samples show no
significant degassing behavior below 1000°C. These include olivines from
MAR 10C1, 10C4; Juan de FucaRl-8; Explorer Seamount Rl-18; Paul Revere
Ridge RIO; Hawaii SBO-5; Marianas-21 -D-1; and plagioclases from MAR 10C1,
1004, and 4G1; Kolbeinsey Rl-24. At approximately 102QoC, CO2 and SO2
begin to spike, indicating burst-release of the corresponding volatiles
(of. Killingley and Muenow, 1974). There is no indication of water loss
from most of the phenocrysts during this burst-release behavior.

Since only one mass may be continuously monitored at any given
time, periodic mass switching is necessary to monitor all masses showing
burst-release behavior. Pyrograms obtained in this manner consist of a
series of temperature intervals during which degassing activity of various
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masses is recorded. Figure 9 shows selected temperature segments from an 
actual pyrogram in the continuous monitoring mode. Multiple experiments 
for the phenocrysts demonstrate the same number of both CO2 and SO2 
spikes for similar temperature intervals; that is, the release of CO^ 
corresponds to the release of SO^. Maximum burst-release behavior of CO2 
and SO2 from olivine samples of 12-80 mg takes place in the range 1070- 
1150°C; for similar-sized plagioclase samples, spiking reaches 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 spiking activity was observed 
in several samples at temperatures as high as 1250°C, and for one 300 mg 
plagioclase sample, with fragment grain sizes as large as 2.5 mm diameter 
(Rl-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 conditions 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 4.1 shows an inclu
sion after the sample (Rl-24) had been heated to produce a mass pyrogram 
(Figure 9).

An important point is that the spikes represent the combined re
lease of volatiles from the vapor bubble as well as gas dissolved in the



52

Figure 9
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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 Rl-24. 
Note the complete lack of water response.



glass portion of the inclusion* Apparently when the inclusions burst at 
temperatures greater than 1000qC and suddenly are exposed to a vacuum 
(IQ-10 atm) , the total volatile content of the inclusion is released, 
Petrographic examination of the degassed crystals indicates that up to 50 
burst inclusions may occur along a single fractureo Re-quenched glass is 
commonly spread 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 41)9 apparently resulting from erup
tion of the original inclusion contents 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 observed to have been opened. This 
fact and the presence of so many degassed inclusions along fractures can 
only mean that individual spiking events often represent degassing of nu
merous inclusions.

CQgsEbO- Ratio. Measured background, instrumental noise levels, 
and sensitivities permit conservative estimates of absolute minimum 
COgiHgO mole ratios for all other phenocryst sets to be fixed at 30:1.
This value is established by assuming the water signal is just buried in 
background, and compares to a mole ratio of COgiHgO <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 spiking of 
water along with similar spiking activity for CO^ and SOg,. Measured ion 
intensities permit a rough estimate for the COgzHgO mole ratio of about 
.4/1.0 for the glass-vapor inclusions. The petrologic significance of
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the Marianas 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 single most important observa
tion of this study is the apparent low water content of the glass-vapor 
inclusions within phenocrysts from open-ocean basins. Placing a realis
tic limit on the maximum water content of the inclusions .is of consider
able significance to the major conclusions of this work.I

Trapped inclusion glass and the surrounding matrix glass should 
display similar degassing phenomena since they have similar major- and
minor-element (including sulfur) compositions (Figures 5, 6;.. Appendix B).

i
The temperature at which spiking from the inclusions is initiated corre
sponds closely to the temperature at which CO2 and SC>2 begin to degas 
from the surrounding matrix glass (Figure 10). Yet water, the dominant 
volatile component of the matrix, would be completely dispelled from the 
matrix glass well below spiking temperatures. Therefore, if the inclu
sions contained measurable water, it should certainly be available for 
degassing when the spiking events occur. But none is observed. To test 
the possibility that water or hydrogen might have leaked out of the in
clusions along fractures or flaws prior to spiking, large samples of 
inclusion-bearing phenocrysts were carefully monitored for HgO and 
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
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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 Cp. 46) concluded that the sensitivity of the 
instrument for H^O is 1 x 10 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 10~^ 
gm H^Q per spike is released). The average amount of glass which would 
be involved in a spiking event would be an average single inclusion, 
which is used to compute the mass of H^O per mass of inclusion glass.

Using the expression:

Mass H2O detectable Average mass of a glass inclusion Mass H2O 
Spike event ’ Spike event Mass glass

an inclusion of 70pm diameter is taken as an average mass of glass which 
contributes to a spike. Many inclusions larger than 70pm 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 phase with glass, the mass of a spherical inclusion is given 
by:

Mass of inclusion glass = (4/3 irr̂ )p = 4.6 x 10**̂  gm glass/inclusion. (2)

where r is the radius of sphere (35pm) and p is the approximate density 
of glass in an inclusion (about 2.6 gm/cc). Equation (1) gives a value



of 2.2 X 10 5 .gm ^O/gm glass or .002 wt % water. This figure is consid
ered to be an upper limit to the concentration of 1^0 in inclusion glass, 
because no water was ever detected in the open-ocean basalt phenocrysts, 
and some of the spiking events must have represented considerably larger 
masses of degassing inclusion glass than the average inclusion used in 
this computation.

Estimation of CQp Content. It is not now possible to identify 
the actual number or size of inclusions which, contribute to a specific 
spike. Therefore, the concentration of CO2 in the inclusions cannot be 
established using the CO2 ampule calibration curve mentioned earlier (p. 
46). At this time, estimates of. inclusion CO2 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 assumptions.

Heating large samples of phenocrysts (>100 mg) produces numerous 
spikes, and tiy switching between masses 44 (CO^*) and 64 (SOg*) it is 
possible to establish an average spike height, for CO2 and SOg released. 
Since the fragmentation patterns and background levels of these two gases 
are 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 spike heights approximate the average molar 
ratios of the two gases released from the samples. The 300 mg sample of 
Rl-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 CC^/SC^ molar ratio which was about 3. Most 
of the phenocryst samples analyzed have similar spike ratios, but because 
of its size, Rl-24 offered the most statistically valid sample and, there
fore, the most precisely measured ratio. The relative size of the COg 
and SO2 spike heights did not change, significantly throughout the degas
sing sequence.

The average CO2 content of the inclusions could be estimated if 
the average sulfur released from the inclusions during spiking were 
known. Microprobe analyses (Figure 6) show that the average sulfur con
tent of inclusion glass in Rl-24 is about 0.09 to 0.1 wt %, or about 
0.0031 mole (based on a hypothetical 100 gm sample of inclusion glass). 
This, of course, represents only the sulfur dissolved in the inclusion 
glass, but abundance calculations show that this is more than 90% of the 
total inclusion sulfur content, even if the submicron-sized opaque grains 
are sulfides. Assuming this concentration of sulfur 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 % CO2.

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. However, this is a difficult analysis to perform, 
as most of the degassed inclusion glass is now spread along fractures 
less than 1pm 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 quantitative sulfur degassing.
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Statistically, no difference between SOg spikes above 1100°C and below 
1100°C was observed; so the quantitative degassing of sulfur from inclu
sions is considered a good assumption. However, if as little as one- 
half. of the sulfur in the inclusion glass is released upon spiking, the 
average CO2 content of inclusions would be 0.2 wt %, which is still dis
tinctly higher than the C0^ Content of the matrix glasses. The value of 
0.4 wt % is probably too high, but it seems reasonable to propose that 
in spite of the many assumptions involved in this estimation, the COg 
content of the inclusions is two to four times greater than the enclosing 
matrix glass.

Briefly summarizing, the most important conclusion reached in 
this section is that the glass-vapor inclusions contain much less water 
(<0.002 wt %) than the enclosing matrix glass (about 0.25 wt %). A more 
tentative conclusion is that the inclusions contain somewhat more CO^ 
than the matrix glass.



INTERPRETATION OF VOLATILE 
DISTRIBUTION AND ABUNDANCE

Information developed in the previous sections on the distribu
tion and abundance of volatiles in the C-O-H-S system is summarized in 
Table IV. The striking difference in volatile content between inclu
sions and matrix glass raises the following questions. Do inclusions 
preserve the volatile composition of the magma in which they are formed? 
Have the inclusions been significantly modified with respect to their 
GO2 and ^ 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 interface during crystal growth 
could have enhanced the CO^ content of the inclusions. Post-entrapment 
diffusional loss of water (as hydrogen?) through the enclosing pheno
crysts might then reduce the water content of the inclusion glass to pro
duce the observed volatile distribution and abundances. If, on the other 
hand, 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 CQ^ and gained water after inclusion entrap
ment and before quenching. A third possibility is that the inclusions 
grew from 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 depleted in COg and 
gained water. It is of considerable geochemical and petrologic importance 
to establish which of these three alternatives is most realistic.
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Table IV. Summary of Data on Volatile Distribution and Abundance in Glassy Rims of Oceanic 
  Pillow Basalts.3

Sample
MATRIX GLASS PHENOCRYST

h2ol
(wt %)

C02C
(ppm)

Sd
(ppm)

CO2/H2O
(mole
ratio)

Phase
Analyzed6

C02/H20D
(mole
ratio)

Max. H20d 
in Inclu. 
(wt %)

Location

2A1 0.24 590 1170 .10 -- MAR
3A3 0.26 480 1200 .08 — — -- MAR
4C1 0.26 470 1410 .07 Pc >30(2) <.01 MAR
6A4 0.16 480 1350 .12 ——— — — 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' . 01 >30 <.01 MAR
10C18 0.18 350 1425 . 08 —  — -- -- MAR
Rl-3 0.12 1000 01 >30 <.01 PRR
Rl-8 0.10 1200 01 >30 <.01 JFR
Rl-18 0.20 1200 01 >30 <.01 FS
Rl-24 0.28 350 1100 .08 Pc >30(4) <.01 KR
SB0-5 0.58 935 01 >30 <.01 Hawaii
21-D-l 2.40 Pc ou.4 ».01 Marianas
aSee Appendix C for description of analytical methods of volatiles in matrix glass.
Mass spectrometric analysis 
‘rleeo total carbon analyzer 
Best combination of Leco total sulfur analyzer, mass spectrometer, and electron microprobe. 
ePhenocrysts degassed; Pc = plagioclase, 01 = olivine.



CO2 Diffusion 
during Crystal Growth

Inclusions sample magma adjacent to growing crystal faces. As 
the crystal rejects some magmatic components, concentrations of more 
slowly diffusing, "rejected" components may be localized near the crystal- 
magma interface.by relatively ,rapid crystal growth. Incorporation of this 
magma could produce inclusions enriched in "rejected" components. Carbon 
dioxide enrichment of the inclusions may be a consequence of such a phe
nomenon. However, in no way could an imbalance between crystal growth 
and diffusion rates lead to depletion of the inclusions 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 diffusion data for CO^ in basaltic melts makes it diffi
cult to evaluate whether the CC^ enrichment of the inclusions is a kinetic 
phenomenon or represents an originally higher CC^ concentration in the 
matrix magma. It is not even possible to state whether CO^ diffuses more 
or less rapidly than water. Yet for several reasons this problem is one
of considerable interest. The absolute abundance of CCL within inclusionsz
represents a potential geobarometer. That is, the pressure-dependent ex
perimental solubility relationships for pure CO^ in basaltic magma 
(Khitarov and Kadik, 1973) indicate a monotonically increasing COg con
centration as a function of pressure to at least 3 kb under isothermal 
conditions. Therefore, if the CC^ content of an inclusion has not been 
kinetically enriched to the point of vapor saturation prior to entrapment,
the CO. concentration of the entrapped magma can be calculated from the Z
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present GOg content of the inclusion and from the extent of post- 
entrapment host mineral growth inside the inclusion* The latter might 
be estimated using the method of Watson (1976). This COg content, if 
completely dissolved in the magma during trapping, could give'a minimum
pressure of entrapment. Furthermore, if sea-floor basalts contained sub—

1 . „
stantially more COg at some earlier stage of evolution, then the CO2 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 CO2 enrichment of the inclusions 
was caused by diffusional 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 H^O (or hydrogen) 
through the enclosing crystal, the chemical potential (u) of H^O 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 bulk composi
tion of the system. However, theoretical computations have demonstrated 
that for geologically reasonable undercooling there 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 temperature difference exists between the inclusion 
and matrix glass. Electron microprobe analyses indicate . that the bulk
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chemical compositions of the two glasses do not seem sufficiently differ
ent (Appendix b) to produce a significant chemical potential gradient to 
drive diffusion. Notably, the present, distribution of water between in
clusion and matrix glass reflects a chemical potential gradient, hence a 
diffusional driving force for water, toward rather than away from the in
clusions. However, the HgO content of the matrix glass might have been 
enriched by interaction with hydrous portions of the suboceanic crust at 
a time when diffusion of water through the inclusion-bearing phenocrysts 
was too slow to produce any significant effect. If water escaped from 
the inclusions it must have done so in response to a chemical potential 
gradient caused by pressure 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 magma because of inadequate pressure transmission through the host 
crystal. Thus, the inclusions might remain at a higher pressure than the 
surrounding magma. That crystals can sustain significant pressure dif
ferentials is evident from RoedderVs (1965) descriptions of liquid CO^-
bearing olivines in ultramafic nodules erupted at about 1200°C. Pressure

1 ,differences between inclusions and matrix of more than 3 kb must have 
existed at the temperature of eruption.

Instead of using the rather sketchy kinetic data on diffusion of 
H^O (or hydrogen) through crystals at 1200oC, the following equilibrium 
approach permits evaluation of the limit to which H O  could be depleted 
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 matrix as a func
tion of pressure differential. The advantages of this approach are that 
it maximizes the argument for diffusion by assuming equilibrium and it 
is independent of diffusional mechanisms.

Diffusion of any component i between inclusion and matrix magma 
must cease when

= uf, (i)

where is the chemical potential of component i and the superscripts 
refer to inclusion and matrix magma. The chemical potential of water in 
a magma is given by

+ 8 T in (2)

-f.where a. stands for activity and is the chemical potential of
water in magma at some arbitrarily chosen standard state at the given P 
and T. We define Ug^gCP,!) as the chemical potential of.water when the
magma is saturated with respect to HgO, in the absence of any other vola
tile species, at the P and T concerned. Combining (1) and (2), we have, 
at equilibrium with respect to diffusion of I^O between inclusion and 
matrix,

" S S V V  + R T In a* - + 8 ? (3)



Since an o = ^  0 YH 0* where Xh q iS the mole fraction of H^O in the 
system and Yĵ q fhe activity coefficient of H^O in the melt and be
cause T̂. = T^, rearrangement of (3) yields

YM

It is also true that

where Vy q is the partial molal volume of H O  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
^o)(V ' ̂ o)(V \  \ o  dP- <5)

It will be assumed that Q and Q differ only as a result of the dif-
2 2

ference in and P̂. and that the activity coefficients are not influenced 
by compositional differences, other than water, between inclusion and 
matrix. Thus,

M
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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 for the activity coefficient
of H^O in the magma; that is, Yjj 0 ^ constant.

As a consequence, the last term in (6) becomes negligible. From
(2), it follows that

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.

(7)

Where V jj q  is the partial molal volumeWhere V% q  is the partial molal volume of water in the magma, combining
(4), (5), (6), and (7)

which reduces to

(8)

Equation (8) relates the equilibrium mole fraction of water in



68

Figure 11 shows the relationship between mole fraction ratio 

4  q/ ^ O  anC* t îe ŵo ot^er variabless the inclusion pressure, and
P^, the confining pressure on the overall system (matrix magma) at equi
librium. Implicit in this diagram is the assumption that the mole frac
tion ratio was equal to 1.0 at entrapment. Implicit in the following 
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 ^ in an albite melt (Burnham and Davis,
1974). with respect to pressure, at 1200°C. This temperature is higher 
than the data interval upon which the equation is predicated; 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, Q (or rather V^-) should be virtually indepen
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 P̂ .. This is important 
because the P^ isobar for the earth's surface represents a limiting de
pletion 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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Figure 11. Calculated Equilibrium Mole Fraction Ratio of Water q/X^ q
as a Function of Pressure Differential (P^-P^) between Inclu
sion and Matrix Magma at 1200°C. —  The upper diagram has 
curves for constant confining pressure (P̂ ) and the lower 
diagram shows curves of constant inclusion pressure (Pj) .
See text for derivation and discussion.
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assuming osmotic equilibrium with the matrix magma was achieved. The ac
tual path of this simple decompression scheme may be traced in the lower 
diagram of Figure 11. Beginning at AP - 0 and a mole fraction ratio of 
1.0 (the conditions of inclusion closure) a specific isobar corresponding 
to the initial depth may be followed as a limiting depletion case until 
the system reaches the surface, where AP is essentially P-j.. This is a 
limiting condition because as developed earlier (see section on Texture 
and Chemistry of Inclusions) the inclusion undergoes its own decompres
sion which may be largely independent of the overall confining pressure. 

Inclusion decompression would result from at least two causes.
1) The negative AV of reaction by which the inclusion magma precipi

tates host mineral on inclusion walls would decrease the total 
pressure in the inclusion, and

2) Differential thermal contraction between magma/glass and crystal 
would also reduce internal pressure.

While both mechanisms would favor vapor saturation, the first would also 
increase the relative volatile content of the residual liquid, increasing 
the tendency to form a vapor phase. Since virtually all inclusions con
tain vapor phases, in about the same vapor-to-glass volume ratio, most of 
the bubbles must have formed after entrapment. Inclusion decompression, 
therefore, helped to nucleate bubbles and indicates that nearly all in
clusions must have followed a shorter, more gently sloping P̂. path (Fig
ure 11B) 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 inclusion exceeded the confining pressure on the inclusion. 
The fact that no liquid GO was found places an upper limit on that con- 
fining pressure.

The section on textures discusses the low pressure nature of the 
inclusions at room temperature as indicated by the low refractive index, 
and the single-phase character of the fluid "bubble". Roedder (1965) 
has described fluid inclusions in olivines from peridotite nodules that 
contain liquid-gas plus glass inclusions in which the fluid is dominantly 
COg. Upon crushing under immersion oils, the volatiles in these liquid- 
gas inclusions exhibit a pronounced volume 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, Roedder (1965, p. 1749) 
describes the type of inclusion dealt with in the present study as fol
lows : "Ordinary glass inclusions in the minerals of volcanic rocks nor
mally show an immobile 'gas' bubble formed on.cooling as a result of 
greater shrinkage of the glass (magma) than of the surrounding host min
eral. Such bubbles are usually found to be nearly a vacuum, and show a 
relatively constant and small volume ratio to the glass; they were seen 
in most of the samples investigated." While it is unlikely that the in
clusions are near-vacuum, and the bubble is almost certainly the result 
of continued crystallization of inclusion material as well as the "shrink
age" factor, it seems inescapable that at the time of quenching AP was 
not large. The pressures cited by Roedder (1965) as necessary to entrap 
sufficiently dense CC^ at 1200°C, to produce liquid CO2 at room
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temperature, are from 2500-5000 bars. Clearly, those pressures repre
sent an absolute limit on the pressures of the non-liquid COg inclusions 
of this study. A 5000 bar pressure differential could have produced a 
five-fold depletion of the original' inclusion water content and represents 
a generously conservative estimate of potential water loss. The limiting 
estimate in the previous section indicates, a maximum present value of 
0.002 wt % in inclusions; therefore, the original water content of the 
inclusions could npt have been more than 0.01 wt %.

Volatile Abundance—
Interpretation and Speculation

Figure 12 shows pressure-dependent solubility curves for the in
dividual species, CO2 and E^O, 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 both gases in the magma, although Hysen 
(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 CO2 and H^O 
measured in the matrix glass and the CO2 compositional range inferred 
for the inclusions. Notably, since the inclusions are nearly anhydrous 
the pure C02~basalt solubility curve applies without qualifications.



Figure 12. Saturation Curves for Individual Volatile Species in Basaltic Magma. —  The CO2 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-r
cording to a square root pressure dependence (Burnham and Davis, 1971). The matrix glass 
C(>2 content seems to approximate the saturation of CO2 for basaltic magma at the pres
sures on the ocean floor, but H2O is significantly under saturated. 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 CC^ content of the inclusions were accurately known.
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As demonstrated by Moore (1965, 1970), the H^O content in sea- 

floor basalts is distinctly below the solubility limit at the depths of 
quenching» However, it appears that the CO^ concentrations of the ma
trix glasses approximate or are slightly less than the solubility limit 
for pressures at the ocean floor. If the sum of the partial pressures of 
all other species made up the difference between Pqq  ̂and ^tOTAL, then GO^ 
would be the gas dominantly responsible for the matrix glass vesicles. 
Moore’s (1965) data for gases in Hawaiian basalts were used by Anderson
(1975) to compute the gas-phase composition in the vesicles of those ba
salts (see Introduction). Anderson (1975) inferred that CO2 was rather 
strongly undersaturated in those basalts (P^q^ = 50 atm at a total pres^ 
sure of about 470 atm) » This assumption was based upon the apparently 
low CO2 content of the basaltic glass in Moore’s (1965) analyses (CO2 = 
0.01 wt %)o The low value for CO2 combined with similarly low or inde
terminate partial pressures of other major gases H^O, SO29 H^S, 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." For the matrix glasses 
in this study* the CO2 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 COg was close to 
the confining pressure. For these samples, it seems reasonable to pro
pose that CO2 was the dominant volatile species controlling vesiculation. 
This seems more reasonable in view of the estimates of slightly to dis
tinctly more CO2 in the inclusions than in the matrix glass. Although 
the interpretation of this higher CO2 content is still ambiguous (see
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section on Diffusion during Crystal Growth), it is not unreasonable to 
propose that CC^-rich vapor has degassed from these basalts in amounts 
which cannot be readily established. One possible means of evaluating 
this hypothesis was suggested 12 years ago by Roedder (1965, p. 1775).
"A careful search should be made for liquid CO2 in inclusions in pheno- 
crysts of the tholeiitic basalts, where the possibility of a xenocrystic 
origin (from nodules) is more remote." A particularly valuable study in 
terms of the net flux of CO2 into the surface, environment per unit time 
would be to search glassy rims of sea-floor basalts and oceanic-island 
basalts for olivine or spinel crystals which had formed deeply enough 
(15 km?) to sample magma which was saturated with respect to a dense 
rich vapor. The most reasonable samples to search for CC^-urich inclusions 
would be the most primitive in terms of high nickel content, low Ti&g, and 
high Mg/Fe ratio.

An important realization, in regard to an originally higher CC^ 
content of M.O.R.B.'s, is that it takes very little time to degas CO2 
from a magma under pressures of 1 to 2 kb. Figure 13 graphically dis
plays calculations based upon a simple Stoke’s Law velocity approximation 
of rising bubbles in a basaltic magma. The density of CO2 is taken as ••

•3

0.3 gm/cc (1 kb @ 1200°C) in a magma 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 10^ poises, very reasonable for basalt (Shaw, 1972), 
a bubble with a diameter of 0.1 mm (lOOpm) would rise 1 km in about 25 
years if the magma were not convecting. In fact, magma in a chamber
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.001 K M /Y R

.0001 KM /YR

MAGMA = 2.6 i'/cc 
CO2 a 0. 3 g/vc

.OOlmrh0  1 mm
BUBBLE DIAMETER

1.0 mm mm

Figure 13. Diagram of Bubble Diameter vs. Stokes Velocity for a CO2 Bub
ble. Rising through Fluid with Viscosities Ranging from 10 to 
10^ Poises at 1 kbar and 1200°C. —  Most basaltic magmas 
would fall in the range 102 to 10 .̂ A bubble of 0.1 mm diam
eter in a magma 10% poise would rise 1 km in about 25 years. 
The. velocity is proportional to the bubble radius squared, 
and because of decompressions! effects on solubility and molar 
volume, rising bubbles would accelerate. A shallow convact
ing magma chamber beneath a spreading center should be rap
idly degassed if sufficient CO2 were dissolved in the initial 
magma.
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beneath a spreading center would almost certainly be convecting. Many 
vesicles in glassy rims of pillow basalts on the ocean floor are as much 
as 1 mm in diameter; had they existed in a deeper magma at 2 to 3 times 
that pressure, the radius would be reduced by less than 50%. As vapor- 
saturated magma rises, bubble diameters would be increasing owing to de- 
compressional effects on solubility and molar volume of the vapor . The 
velocity is a function of the square of the bubble radius, so that bub
bles would be accelerating as they rose, The principal point is that a 
shallow magma chamber beneath a spreading center, such as suggested by 
Kusznir and Bott (1976), Rosendahl et al. (1976), and Rosendahl (1976), 
could be rapidly, outgassed if the magma originally contained sufficient 
CO2. Inclusions, which formed prior to entry into such a chamber would 
record COg and water contents in the shallow subcrustal 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-ocean basins apparently 
contained less than 0.01 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 certainly represent partial melts of mantle perido- 
tites. 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 have been at least as depleted in water as magma . 
trapped by the inclusions.

Models for generation of basalts under anhydrous conditions have 
been presented and discussed by Green and Ringwood, 1967.; Ito and 
Kennedy, 1968; 0THara, 1965, 1968a,b. According to these models olivine 
and quartz-normative tholeiitic magmas can be produced by partial melting
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of peridotites. The models call for either magma segregation from the 
source peridotite at shallow depths (Green and Ringwood, 1967) or frac
tional crystallization of olivine at shallow depths (O'Hara, 1968b). In 
either case, equilibrium between magma and the mineral pair olivine- 
orthopyroxene under low pressure conditions ensures the nearly silica- 
saturated character commonly found in many oceanic tholeiites. 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 higher than about 
5 kb. Because of this effect, Kushiro :(T969-, 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." While all 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 phase existed throughout 
the history of the magma or volatile saturation occurred at some unspec
ified time before quenching. However, it is obvious that if a vapor 
phase existed throughout 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 reasons:
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1) At this time there is no published data on sulfur solubility or 

its effects on major silicate phase relationships as a function
of pressure in basic magmas, and

2) Sulfur is evidently dissolved in basaltic magmas dominantly as an 
FeS complex (Haughton, Roeder, and Skinner, 1974; Mathez, 1976), 
and as such would exert little influence on silicate chemistry 
and phase relationships.

If sulfur has a minimal effect, then CO^ is the only other major volatile 
whose effects must be considered in the petrogenesis of these basalts.

Mysen and Boettcher (1975b) have demonstrated that partial melts 
of peridotite formed under vapor-present conditions will be critically 
undersaturated (nepheline normative) if the CC^/CCC^ + 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 are reported only
on quenched partial melts formed at pressures of 10 kbar or more. The 
outcome of My sen and Boettcher's (1975b) experiments seem to be accounted 
for in terms of the fundamentally different mechanisms by which water and 
carbon dioxide dissolve in silicate melts (Burnham and 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 oxygens in Si-0 polymers. In contrast, CO^ apparently dis
solves in basic silicate melts as two distinct species, molecular €©2 

2—and CO3 (Mysen et al., 1976). Formation of the latter species in a 
silicate melt apparently has a polymerizing effect, involving the 
reaction
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2(SiO^)^ (melt) + CO2 (vapor) = (SigOy)^ melt + CO^ (melt).

Increased activity of CO2 in the melt (a™^6) drives this reaction to the 
right producing.. (S±2Qj)^~ which increases polymerization (Mysen et al. , 
1976). More polymerized crystalline phases (e.g., enstatite instead of 
olivine) would precipitate from more polymerized melts. In fact, Eggler 
(1974) observed a change from an olivine primary phase field to an ortho
pyroxene primary phase field by essentially saturating 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 the ag§^ alone can exert significant influence 
on the phase relationships of basic magmas. In other words, all other 
variables held constant, the more CC^-rich a peridotite-melt 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 Mysen and Boettcher (1975b), but pre
sumably their conclusions hold for as much as 30% partial melting provided 
vapor saturation obtains throughout.

The C02/(C02 + HgO) mole ratio in the source mass of the basalts 
in this study must have been very close to 1.0, because of the virtual
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 of the compositional consistency of all samples and the 
high nickel content of samples 10C1 and 10C4 (for discussion see 
Ringwood, 1975, p. 160).

2) Formed at pressures lower than 10 kb, and probably lower than
7.5 kbar, such that a pressure-dependent reduction in activity of 
CO2 in the melt nullifies the polymerizing effect of the high 
COg/(CO2 + HgO) ratio in the source.

The lack of specific data on this low pressure COg effect precludes rul
ing this option out, although the limited freezing point depression ef
fect (<25°C) of excess COg on a diopside melt system at 7 kb (Rosenhauer 
and Eggler, 1975) implies that the effects of COg in this range would not 
be important. The obvious alternative to the vapor-present mode, and the 
preferred interpretation, is that the magmas formed under vapor-deficient 
conditions, meaning insufficient volatiles were available to saturate the 
magma at the depth of segregation from the source mass. Again, this pos
sibility points to a relatively low Sqq^, implying that an anhydrous 
model of magma generation accounts for the relationships observed in 
these basalts. If so, it seems that volatiles did not play an important 
part in their genesis, and that the depth of magma generation and sepa
ration must be relatively shallow (<30 km) (Ringwood, 1975).

Briefly summarizing, if a^^lt £g not a significant petrogenetic 
variable, the virtually anhydrous CO^-dominant character of the porphy- 
ritic basalts in this study restricts the depth of vapor-present partial 
melting to pressures less than 10 kb or a depth of about 30 km. If there 
was no vapor phase during most of the partial melting, then the anhydrous
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models of Green and Ringwood (1967) and Ringwood (1975) argue 
cogently for shallow (less than 35 km) partial melting of peridotite to 
produce at least the nickel-rich, nearly silica-saturated, olivine tho- 
eiites. In either case, shallow melting and magma segregation are indi
cated for these sea-floor basalts.

These conclusions are compatible with work of previous investi- ' 
gators who have arrived at similar conclusions by quite different lines 
of reasoning. Kay, Hubbard, and Gast (1970) pointed out the widespread 
"depleted” nature of sea-floor basalts with regard to trace elements and 
strontium isotopes. Following the hypothesis of Gast (1968), which calls 
for at least one previous 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 that most 
magmas erupting at mid-ocean ridges are the result of shallow melting. 
Hodges and Bender (1976) have shown that a primitive olivine tholeiite 
from the FAMOUS area could have been in equilibrium with an olivine and 
two. pyroxenes at about 9 to 10 kbar and they comment (p. 920) that "This 
multiple phase saturation is consistent with separation of the basaltic 
liquid from a clinopyroxene bearing residuum at depths of V30 km beneath 
the Mid-Atlantic Ridge." DePaolo and Wasserburg (1976a, 1976b) and 
Richard, Shimazu, and Allegre (1976), using 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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anhydrous. One or more previous episodes of partial melting could have 
effectively withdrawn all water from the source material while leaving 
behind some of the original carbon dioxide, perhaps as carbonate or as 
fluid inclusions in solid phases, since GO2 is much less soluble than 
water in a silicate melt at comparable pressures (Mysen, 1976; Holloway 
and Eggler, 1976).

If magmas in this study are found to be representative of oceanic 
volcanism in general, several additional points may follow logically. 
First, apparently much less "juvenile" water is being transferred to the 
surface environment from the mantle per unit time by the single most 
voluminous type of volcanism on earth than was previously assumed (cf. 
Anderson, 1975). This suggests that Rubey's (1951) hypothesis of contin
ual degassing of the earth through geologic time to account for "excess 
volatiles" may require re-examination. Studies of similar, but older 
assemblages (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, quite tentative, but if there is truly no water in many of the 
magmas 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 access of surface water to the upper mantle beneath spreading 
centers.
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The contrast between the water-poor glass-vapor inclusions and 

the water-bearing matrix glass seems.to require that practically all of 
the water present in the matrix glass enter the magma after inclusion 
entrapment. Several objections exist to this hypothetical influx of HgO 
into the magma:

1) Matrix glasses which have been analyzed in other studies (Friedman 
cited in Moore, 1970, p. 276; Craig and Lupton, 1976) give values
of 6D (= sample— — (D/H)$tandard x 1000) which are about -50

(D/H)standard
to -80%. These values are quite different from Standard Mean 
Ocean Water (SMOW) for which SD - 0.0% , and apparently preclude 
direct influx of unfractionated seawater into the melt at the 
ocean floor, because an initially anhydrous melt would instantly 
take on the hydrogen isotopic "signature" of whatever water enters 
the magma. Furthermore, the 6D 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

*| O 'linked with 6 0 values between +2 to +8% and labeled "magmatic
water", although Taylor (1974) cautions against uncritical, usage 
of such a term. Wenner and Taylor (1973) have shown that some 
hydroxyl minerals from oceanic crustal rocks have 6D values in 
the range -25 to about.-70%. Should blocks of hydrothermally 
metamorphosed, oceanic crust-bearing amphiboles or antigorite 
with 5D values similar to those bound by Wenner and Taylor 
(1973) be assimilated by a basaltic magma beneath a spreading
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center, the magma would rapidly take on the hydrogen isotopic 
character of the water-bearing minerals. At this time too little 
is known about the details of magma-host rock interaction in 
and around a shallow sub-oceanic magma chamber to rule out such 
a possibility.

O A2) 'The second objection is that He/ He ratios in the matrix glasses
of many pillow basalt rims in other studies (Lupton and Craig,
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 (0.01 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.

3) Diffusion of water in static silicate melts is slow and self- 
arresting (Burnham, 1967) and entry, of significant amounts of 
water at a shallow level into a magma is generally considered 
unlikely. However, Shaw (1974) demonstrated that a dynamic con- 
vecting magma could incorporate and homogenize modest amounts
of water under special conditions. It is highly unlikely that a 
low-viseosity basaltic magma, in a shallow sub-oceanic crustal 
environment with a high thermal gradient, which probably pro
duces layered gabbros commonly observed in opholite complexes, 
would be static. Therefore, diffusional arguments against water 
influx and/or homogenization are not considered serious.
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Clearly, the precise location or mechanism by which water might 

enter the magma cannot be established with data available, but assimila
tion of previously solidified, hydro thermally metamorphosed blocks of 
oceanic crust appears to be a reasonable working hypothesis. . The prin
cipal new component added to the magma could be water, as the bulk chenv- 
istry of such blocks should be very similar to the magma. The apparent 
influx of water at some time after inclusion formation raises an impor
tant point. The absence of water in a set of glass-vapor inclusions 
within phenocrysts places a much more powerful 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 
magma before phenocryst formation. This water could later be incor
porated in the inclusions. Consequently, the presence of water in in
clusions of the Marianas sample permits, but does not require, 
involvement of in the genesis of those basalts.

Furthermore, as noted by Anderson (1975),H^O probably is the 
dominant gas released when a volcano erupts at the surface. But at least 
in part, this 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 
water” label is assigned on the basis of SD values. A dynamic, severely 
EgO-undersaturated magma will almost certainly incorporate some water
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upon moving upward in the crust, and it is possible that there are no 
igneous rocks reaching the earth’s surface which have not been at least 
partly contaminated with water after separation from their source 
material.

The implications of this study as regards current concepts of 
basaltic magmatic gases will hinge partly upon the degree to which these 
samples may be considered representative of a significant volume of 
volcanic activity. However, it seems likely that much of the water col
lected in gas analyses from erupting volcanoes was not originally dis
solved in the melt. Moreover, the possibility exists, that significantly 
more CO^ was dissolved in the magmas now erupting along zones of current 
volcanism, although in view of Mysen and Boettcher's (1975b) work, the 
nearly silica-saturated nature of many of these rocks may constrain the 
maximum amount of CO^ which could originally have been .dissolved in the 
magma. The sulfur content of magmas seems well explained in terms of its 
iron sulfide solubility, although its pressure-dependent behavior in 
silicate melts is unexplored experimentally. It seems, therefore, that 
basaltic magmatic gases of the C-O-H-S system are probably much poorer 
in water, possibly richer in GO^, and not much different in terms of sul
fur gases than has been suggested by previous workers (see Introduction).

It is noteworthy that the dominant: controlling parameter on the 
amounts of each major gas species 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 sulfide solubility control on sul
fur in many basic magmas. The dominant control, on COg content of a melt 
and vesiculation of the magma may well be solubility of COg 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 the abun
dance of water may reflect the length of time available for contamination 
during the history of the melt. No indication of a relationship between 
degree of fractionation (e.g., Ni content or Mg/Fe ratio) was found in 
the limited number samples in this study. However, it is interesting 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 % water (Hodges and 
Bender, 1976; F. Hodges, personal communication, 1977). If differenti
ation of MOR basalts takes place in a crustal, sub-oceanic magma chamber, 
this would provide an 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 of eight submarine tholeiitic pillow basalts from a variety of lo
cations in the open oceans contain less than 0.01 wt % H^O, about 0.2 to 
0.4 wt % CO29 and about 0.1 wt % S. The enclosing vesiculated matrix 
glasses contain about 0.2 wt % 0.04 to 0.1 wt % CO29 and about the
same amount of sulfur as the inclusions. One tholeiitic basalt sample
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from the Marianas Interarc Basin contains inclusions with abundant water, 
in contrast to otherwise identical inclusions from open-ocean basins.

The glass-vapor inclusions in the samples from the open-ocean 
basins strongly resemble major and minor (TiO^, sulfur) elements of the 
matrix glass, the principal differences being a depletion in the inclusion 
glass of components which have entered the host phenocryst. These data 
indicate that the inclusions are samples of matrix magma at an earlier 
stage in its history. The slight enrichment of COg in the inclusions 
may reflect either a previously higher CO2 content in the magma or diffu- 
sional accumulation of a rejected component at the crystal-magma inter
face during crystal growth which was rapid compared to diffusion away 
from the interface. The water-poor character of 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 nearly 
anhydrous when the inclusions were formed. Although the depth of inclu
sion entrapment is now known, the consistent occurrence of dry inclusions 
strongly implies that the peridotite source diapirs for each of these ba
salts were equally dry. The presence, of water in the enclosing matrix 
glass seems to 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 constraints upon the source than does 
the presence of water in inclusions (e.g., Marianas sample). The data 
indicate that either an anhydrous or very shallow, vapor-present genetic 
model for the basalts must apply to these samples. .
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If the basalts in this study represent a much larger population 

of oceanic tholeiitic basalts erupting along spreading centers and at 
oceanic islands, then very little water is currently being transferred 
from the mentie to crustal environments by one of the most voluminous 
magma types on eartho .Estimates of juvenile water input to the surface 
reservoir may therefore require revision. Incipient hydrous melting as 
an explanation for the low-velocity zone may have to be re-evaluated if 
the anhydrous character of the inclusions is found to be widespread on 
oceanic islands and at spreading centers. The 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 its source. Consequently, a true "uncontaminated" 
basaltic magmatic gas, at least for the samples in this study, would con
sist almost totally of carbon and sulfur as major components.



APPENDIX A

WHOLE ROCK ANALYSES OE GLASSY PILLOW RIMS

Atomic Absorption Analyses 
Fragments of the pillow rims were removed from the samples and 

cleaned in the manner described in the main text under Sample Preparation 
(p. 38). Sample preparation for atomic absorption analyses employed the 
lithium metaborate fusion technique similar to that described by Med1in, 
Suhf, and Bodkin (1969). A Perkin-Elmer model 403 atomic absorption 
spectrophotometer was used in the analyses. The details of the method 
used are described in exhaustive detail by Fouts (1974). The compilation 
of replicate 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. Replicate Analyses of BCR-1.
Number 

of Analyses
Standard

Deviation Mean
Literature
Value^

Si09.... 14 .315 54.44 54.50
Ti02 12 .043 2.18 2.20
AI2O3 15 .155 13.47 13.61
Fe90o-T 15 .133 13.38 13.40
MnO 4 .008 0.18 0.18
MgO 13 .037 3.51 3.46
CaO 14 .197 6.98 6.92
Na?0 14 .051 3.28 3.27
K2O 13 .030 1.69 1.70
^Flanagan (1973).
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Ferrous Iron Analyses 

The technique of determining ferrous iron 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 
K^MnC^ solution. Five replicate analyses of W-l had a standard deviation 
of 0.24 about a mean 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 (0) AND PLAGIOCLASE (P) PHENOCRYSTS
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2A-1 2A-1* 2A-1 161 2A-1 162
(MAT) (MAT)________(0)________  (0)

Si02 50.86 (.28)
Ti02 1.43 (1.22)

A12°3 15.94 (.62)

Cr2°3 .05 --

FeO 9.13 (1.03)
MnO .17 (3,97)
MgO 8.26 (.75)
CaO 11.27 (.44)
Na^O 2.60 (3.31)

K2° .12 (1.96)

P2°5 .14 (1.95)
S .11 (2.84)
NiO .02 (27.63)
TOTAL 100.10
Mg/Fe 1.60 
(mole ratio)

52.42 52.20
1.53 1.55
17.64 16.93

.06 .05
8.55 8.95
.16 .18

3.79 4.26
12.85 12.96
2.67 2.58
.11 .11
.14 .14
.12 .12
.02 .01

100.06 100.04
.79 .85

2A-1 163 2A-1 164 2A-1 165 2A-1 166(0) (0) (0)  (0)
51.61 51.99 52.54 52.28
1.63 1.64 1.76 1.59
16.81 16.71 17.77 17.28

.06 .06 .05 .06
9.07 8.93 8.29 8.67
.19 .17 .16 .17

4.55 5.00 3.23 3.92
12.91 12.54 13.15 13.11
2.08 2.68 2.47 2.64
.11 .12 .12 .11
.14 .17 .16 .15
.12 .11 .12 .12
.02 .01 .01 .03

99.30 100.13 99.83 100.13
.89 .99 .69 .81
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4Cl 4C1 G1 4C1 G2 4C1 G3 4C1 G4 6A4 6A4 G1 6A4 G2 6A4 G3
(MAT) (P)_______(P)_______(0) (0)_________(MAT) (0) (0) (0)

Si02 50.86 51.15 50.82 51.29

Ti02 1.86 .105 1.90 1.94
AI2O3 14.76 15.11 14.74 15.66
Cr203 .03 .07 .02 .04
FeO 10.46 8.25 10.55 10.10
MnO ,19 .18 .21 .18
MgO 7.14 . 9.97 7.39 4.62

CaO 10.78 10.72 10.61 11.74
Na20 3.05 2.73 2.74 3.05
K20 .oO .06 .09 .10

P2°5 .16 .07 .16 .17
S .13 ,11 .13 .14
NiO .02 .01 .02 .02
TOTAL 99.54 99.48 99.38 99.38
Mg/Fe 1.22 
(mole ratio)

2.15 1.25 .81

51.62 50.82 51.22 50.74 50.96
1.94 1.66 1.78 1.68 1.68
15.66 14.90 15.60 15.10 15.66

.04 .04 .04 .04 .05
10.10 9.97 10.08 10.19 10.16

.18 .18 .19 .18 .19
4.62 7.99 4.77 6.69 , 5.54
11.74 10.61 12.02 11.30 12.01
3.05 3.01 2.87 2.82 2.85
.10 .13 .12 .12 .12
.17 .15 .17 .17 .17
.14 .12 .12 .12 .12
.02 .01 ,02 .01 .01

99.38 99.59 99.00 99.16 99.52
.81 1.43 . .84 1.17 ,97



lOCl
(MAT)

10G1 IG1 
(0)

lOCl IG2 
(0)

10C1 IG3 
(0)

10C1 IG4 
(0)

10C1 IG5 
(P)

10C1 IG6 
(P)

10C1 IG7 
____(PL

Si02 47.88 50.05 50.59 49.31 49.19 50.05 49.88 49.38
Ti02 1.03 1.11 1.24 1.09 .81 .57 .62 .78

A1203 (17.70) 15.69 16.58 17.77 15.41 17.02 16.94 16.99

Cr2°3 .06 .07 .08 .05 ------- -- ------- ---- —

FeO 8.98 9.25 8.61 9.34 9.11 8.35 8.32 8.48
MnO .16 .18 .17 .18 .19 .16 .16 .18

MgO 9.20 7.91 . 5.14 6.02 8.15 8.27 8.21 8.23
CaO 11.10 12.80 13.38 12.90 11.52 11.46 11.41 11.43

Na20 2.66 2.33 2.61 2.64 2.47 3.00 2.98 2.87
k2o .11 .06 .06 .08 .05 .05 .05 .05

P2°5 .08 .08 .08 .11 .13 .05 .06 .11
S .10 .11 .12 .10 .12 .108 .112 .116
NiO .05 .02 .01 .02 we mmmmrnmmm W» WWW*

TOTAL 99.11 99.66 98.67 99.61 97.16 99.25 98.85 98.50
Mg/Fe
(mole

1.75
ratio)

1.53 1.06 1.09 1.59 1.76 1.76 1.73



10C1 IG8 10C1 IG9 10C1 IGIO 10C1 IG11 
(P)_______ (P)________(P) (P)

Si02 48.83 49.73 49.52 49.58
tio2- .82 .87 CO .93

A12°3 17.32 16.86 17.52 16.99

Cr2°3 -- — — -- -

FeO 8.50 8.59 8.56 8.54
MnO .16 .15 .16 .15
MgO 8.20 8.04 8.02 8.10
CaO 11.39 11.19 11.32 11.30
Na20 2.87 2.93 2.97 2.91
k2o .05 .05 .05 .05

P2°5 .08 .08 .09 .08
S .112 .116 .108 .112
N10
TOTAL 98.98 98.78 98.87 98.90
Mg/Fe 1.72 
(mole ratio)

1.67 1.67 1.69

10C1 IG12 
(P)

Rl-24
(MAT)

Rl-24 IG1 
(P)

49.78
.87

17.34

8.65
.16

7.99
11.13
2.90
.05
.09
.116

99.24
1.65

51.18
.81

14.68

.03
9.42
.19

8.53
13.31
1.78
.06
.06
.11
.01

100.17
1.62

51.25
.81

14.49
.03

9.47
.17

8.80
13.27
1.76
.06
.06
.11
.00

100.28
1.66

VO00



Rl-24 IG2 Rl-24 IG3 Rl-24 IG4 Rl-24 IG5 Rl-24 IG6 Rl-24 IG7 Rl-24 IG8 
(P)________ (P)________ (P)________ (P)________ (P)________ (P) (P)

Si02 50.39 51.44 ' 51.02
Ti02 .80 .77 .79
ai2o3 14.65 14.73 14.68

Cr2°3 .03 .03 .03
FeO 9.48 8.42 8.48
MnO .18 .17 .o7
MgO 8.99 . 9.32 9.43
CaO 13.13 13.51 13.33
Na20 1.76 1.74 1.72

K2° .06 .06 .06

P2°5 .06 .05 .06
S .12 ,11 .11
NiO oo .00 .00
TOTAL 99.65 100.35 99.88
Mg/Fe 1.69 . 
(mole ratio)

1.97 1.98

51.04 50.90 52.56 52.14
.96 .75 .61 .63

14.52 14.57 14.41 14.69
.04 .02 .03 .03

8.64 9.39 7.81 7.89
.17 .20 .15 .14

9.45 8.89 9.08 9.08
13.43 13.36 13.41 13.35
1.71 1.80 1.89 1.91
.07 .06 .06 .06
.07 .07 .05 .04
.11 .12 .08 .08
.00 .02 .00 .00

100.21 100.15 100.14 100.04
1.95 1.69 2.07 2.05

VO
VO



Rl-24 IG9 
(P)

Rl-24 IG10 
(P)

Rl-24 IG11 
(P)

Rl-24 IG12 
(P)

Rl-24 IG13 
(P)

■ Rl-8 
(MAT)

Rl-8 G1 
(0)

Si02 52.53 51.96 51.99 52.34 51.98 48.30 48.13
Ti02 .70 .61 .62 8 .56 1.15 1.14

A12°3 13.67 14.36 14.38 14.65 14.03 17.24 ' 17.44

Gr2°3 .04 .03 .05 .04 ,05 .05 .05
FeO 8.63 8.85 8.51 7.98 8.82 9.77 9.63
MnO .15 .19 .17 .16 .19 .19 .19
MgO 9.94 9.21 9.42 9.39 9.44 9.52 8.73
CaO ... 13.23 12.91 13.21 13.06 13.15 11.77 12.02

Na2° 1.69 1.83 1.81 1.81 .79 2.54 2.50
k2o .07 .07 .07 .07 .07 .05 .06

P2°5 .05 ,04 .04 .03 .03 .06 .06
S .09 .09 .09 .07 .08 .12 .13
NiO .00 .00 .00 .01 .03 .01 .02
TOTAL 100.79 100.15 100.36 100.09 99.22 100.77 100.10
Mg/Fe 2.05 
(mole ratio)

1.86 1.97 2.10 1.91 .97 .91



Rl-8 G2 
(0)

Rl-8 G3 
(0)

Rl-8 G4 
(9)

Rl-8 G5 
(0)

Rl-8 G6 
(0)

Rl-8 G7 
(0)

Rl-8 G8 
(0)

Rl-8 G9 
(0)

S102 49.83 47.78 48.73 48.64 48.92 47.73 48.65 48.91

Ti02 1.19 1.19 1.24 1.16 1.13 1.15 1.10 1.14
ai2o3 19.67 18.01 18.14 17.60 17.37 17.12 . 17.56 17.83

Cr2°3 .06 .05 .05 .03 .05 .04 .04 .06
FeO 8.48 9.60 8.85 9.66 9.64 - 10.13 10.13 9.61
MnO .19 ,16 .17 .18 .17 .16 .19 .16
MgO 5.27 8.06 7.87 8.91 8.89 8.61 8.06 7.35
CaO 12.22 12.66 12.44 11.79 11.97 12.16 12.48 12.75
Na20 2.46 2.46 2.87 2.56 2.59 2.43 2.39 2.54
k2o .05 .05 .05 .05 .05 .05 .05 .05

P2°5 .06 .06 .05 .07 .06 .07 .06 .07
S .13 .12 .12 .13 .13 .13 .13 .14
NiO .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 
(mole ratio)

.84 .89 .92 .92 .85 .80 .76

TO
T



Rl-lO
(MAT)

Rl-10 G1 
(0)

Rl-10 G2 
(0)

Rl-10 G3 
(0)

Rl-10 G4 
(0)

46D10
(MAT)

46D10 G1 46D10 G2
Si02 50. oO 49.60 49.86 49.89 49.85 52.30 52.43 51.57
Ti02 2.33 2.35 2.33 2.26 2.40 1.92 1.99 1.91

A12°3 13.73 13.93 13.79 13.74 13.40 15.68 15.34 15.74

Cr2°3 .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
MgO 5.99 5.88 5.52 6.38 6.06 5.47 5.34 4.53
CaO 10.81 10.76 10.82 11.00 10.85 9.78 9.65 10.03

Na2° 3.14 3.09 3.10 2.95 3.09 2,87 2.26 2.63
k2o .32 .33 .32 .31 .34 .55 .44 .58

P205 .24 .24 .25 .24 .25 .29 .32 .30
S .17 .17 .17 .17 .18 .11 .12 .11
NiO .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
MgO/FeO .46 .45 .43 .52 .48 .57 .56 .49



46D10 G3 Rl-11
(MAT)

Rl-11 G1 
(0)

Rl-11 G3 
(0)

Rl-11 G4 
(0)

El-15-1
(MAT)

15-1 G1 
(0)

Si02 52.74 49.72 50.42 49.77 49.74 49.92 52.63
T102 2.00 1.80 1.91 1.95 1.82 2.59 2.96

A1203 15.42 13.98 15.56 14.43 14.16 16.42 18.86

Cr203 .01 .02 .30 .01 .01 .02 .03
FeO 9.76 12.02 10.90 12.03 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
CaO 9.79 11.48 13.53 12.62 12.55 9,35 9.88
Na20 2.70 3.00 2.94 3.01 2.88 2.99 2.25
k 2o .56 .24 .24 .28 .22 1,09 .92

P2°5 .29 .17 .17 .19 .17 .54 .60
S .12 .17 .17 .18 .18 .12 .14
NiO .01 .02 .01 .02 .00 .00 .00
TOTAL 99.19 99.53 99.96 99.55 99.90 99.90 99.43
FeO/MgO 1.40 3.21
MgO/FeO .57 .56 .33 .40 .46 .71 .31 103



15-1 G2 15-1 G3 15-1 G4 15-1 G5 Rl-18-2 18-2 Gl 18-2 G2 18-2 G3
(0) (0) (0)________(0)________  (MAT)_______(0) (0) (0)

Si02 50.03 50.78 49.65 51.17 48.40 48.80 48.32 49.29

Ti02 2.73 2,87 2.74 2.74 1.56 1.72 1.56 1.54

A12°3 17.04 17.58 16.84 17.27 17.15 17.43 17.39 18.56

er2°3 .04 .02 .03 .03 .03 .03 .04 .04
FeO 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 4.41 3.09 4.70 4.14 8.76 8.46 8.07 6.02
CaO 10.59 11.29 10.64 10.73 11.50 11.73 11.89 12.21
Na20 2.97 2.52 2.43 2.30 2.89 2.96 2.13 2.92
k 2o 1.03 1.03 1.02 1.07 .09 .09 .09 .08

P2°5 .58 .60 .56 .61 .14 .15 .17 .14
S .13 .14 .13 .14 .13 .14 .13 .13
NiO .00 .00 .03 .01 .01 .01 .03 .02

TOTAL 99.54 99.61 98,97 99.76 100.42 10o.l2 99.83 100.13
FeO/MgO 2.23 3.08 2.13 2.26

MgO/FeO .45 .32 .47 .44 .91 .90 .82 .66



Rl-19-2
(MAT)

19-2 G1 
(0)

19-2 G2 
(0)

19-2 G3 
(0)

19-2 G4
..... (o)Si02 47.99 48.07 48.14 48.66 47.38

Ti02 1.36 1,38 1.38 1.44 1.45

A12°3 17,55 18.14 17.98 18.16 17.44

Cr2°3 .04 .03 .32 .03 .02
FeO 9.99 9.69 9.60 10,13 9.87
MnO H 00 .17 .18 .18 .19
MgO 8.69 8.53 7.78 6.81 8.39
CaO 11.48 11.42 12.19 12.21 10.93
Na20 2.80 2.72 2.72 2.77 2.76
k 2o .17 .17 .16 .17 .17

P2°5 .13 .15 .14 .15 .14
S * .13 .12 .13 .13 .13
NiO .01 .04 .01 .01 .01
TOTAL 100,52 100.63 100.73 100.85 98.88
MgO/FeO .87 .88 .81 .67 .85
^Relative standard deviation of 10 randomly chosen 30vtm diameter 
spots in clear matrix glass. These values are for 2A1 but are 
typical of all matrix glasses.
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APPENDIX C

VOLATILE ANALYSES

The samples for all volatile analyses were prepared in a manner 
which is similar to that described in the text under the section on Sam
ple Preparation (p. 38) for mass spectrometric analysis. Only clean, 
virtually crystal-free fragments of matrix glass were analyzed and the 
values are considered to represent concentrations which existed in the 
magma at the time of quenching.

Sulfur
During this study sulfur was analyzed using three distinctly dif

ferent techniques— mass spectrometry, low total-sulfur inducation furnace, 
and electron microprobe. The results are listed in Table VI. The mass 
spectrometric method is described in detail by Killingley and Muenow 
(1975a). They estimate a relative standard deviation of 7% for the 
technique.

The Leco method is described by Moore et al. (1972) and uses sam
ples ranging up to 100 mg. Analyses were performed using 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 producing SO2- The combustion products are carried to an 
automatic titration vessel containing dilute.HC1, KI, and a starch indi
cator. Titration with KlOg solution with an automatic buret is to a 
preselected blue end point. A silicate matrix Sulfur standard is used
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Table VI. Comparison of 

Techniques.
Sulfur Values for Three Analytical

Sample . Leco M.S. MICROPROBE
No. (ppm) (ppm) Wt % Std. Dev.'

2A1 1170 1295 .14 1.98
3A3 ' —-— 1200 .11 15.77
4G1 1310,

1390
1386,
1470

.14 3.20

6A4 1280,
1390,
1380

974 .12 3.01

7A4 1420 1455
10C1 970 1700

920
.10 6,73

10C4 1380 1550,
1350

10C18 1340 .13 3.5
Rl-24 ’ 1210 1000 .11 4.2
^Standard deviation of 10 randomly chosen spot analyses in the ma
trix glass.
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for control of the end point. The precision of the method ranges 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 described in the body of the 
text in the section on Sample Description and Analysis (p. 8). The agree
ment of the three techniques implies an approach to 'truth'. Although the 
glasses seem quite homogeneous by the criterion of multiple microprobe 
analyses, there is still the sampling 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 as vapor driven off the
sample below 110°C or 150°C (see Moore and Schilling, 1973). Water which
leaves the sample above this low temperature is assigned to As
demonstrated in Figure 8, the standard method of water analysis does not
adequately extract "low temperature" water and may produce values of
which are artificially high. Moore and Schilling (1973) Confronted this
problem and found that (water released avove 110oC) was commonly

150"*"30 to 70% higher than HgO . Reference to Figure 8 indicates why this
might have been. Degassing of the crystalline interior of a pillow pro-

oduces a broad large water peak which reaches a maximum at about 210 C 
then tapers gradually to a minimum at about 1200 to 1400°Co 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 analysis should give 
good values for water if only pure glass is used. It is this high tem
perature water which is reported here and the mass spectrometer method 
is the most effective method of extracting this water.

Killingley and Muenow (1975a) observed similar patterns of water 
release for submarine basaltic glasses from Hawaii which had initially 
been studied by Moore (1965). Agreement between Moore's published anal
yses for Ĥ O"̂ " using the Penfield Method and those by Killingley and 
Muenow (1975a) are within 15% with results of the mass spectrometrie 
method being slightly higher. A detailed comparison is given in Table I 
of Killingley and Muenow (1975a) for multiple analyses of H^O.

A gas chromatographic 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 HgO Analyses by Mass Spectrom- 
_____ eter and Gas Chromatograph._____________ __

Sample No. Wt % (M.S.) Wt % (G.C.)
2A1 0.23 0.25, 0.20, 0.18
3 A3 0. 26 0.22, 0.19
4C1 0.23, 0.29 0.16
6A4 0.19 0.13
7A4 0.26 0.28, 0.20
10C1 0.34, Q.24 0.21
10C 4 0.21, 0.20 0.27
10C18 — » 0.18



• n o

The gas chromatographic method employed a Hewlett-Packard 9100A 
Research Gas Chromatograph with a cryogenic capability. A thermal con
ductivity detector and dual 12 ft5 \ in columns of Poropak ’Q* were em
ployed for water and CO2 analyses. One gram samples of pure glass were
heated in a static originally evacuated system to about 1250 C. The

' - ■ ' evolved gases were collected in a calibrated volume glass bulb in which
pressure was monitored using a tiny integrated circuit pressure trans
ducer made by National Semi-Conductor Corporation. The bulb, was main
tained at a constant temperature; pressures never exceeded 150 mm Hg.
The total number of moles of gas collected was calculated using the ideal 
gas law. Aliquots of the gas were then injected into the chromatographic 
column. Percentages of gas aliquots, were applied to the total number of 
moles of gas calculated to give the amount of each gas evolved. The 
method did not work well for SO2 and HgS and sulfur was quantitatively 
removed before the collection bulb. The dominant gases were CC>2 and 
^ 0  with minor N2 C<1.0%). The system was standardized using known mix
tures of CO2 and B2O. Adequate sample standards were not found and the 
accuracy is not well known. The precision is estimated at + 20% for both 
gases; ^ 0  values are believed to be low due to differential adsorption 
on walls of tubing9 which would produce CO2 values which are equally high.

The mass spectrometer values for water are considered to be su
perior to those by gas chromatograph and -these are the numbers presented 
in Table IV.



Carbon Dioxide
For determination of total carbon, samples were burned in a flow

ing oxygen atmosphere to form Foilawing purification and trapping
stages of the effluent gases, CO^ is detected using a Leco 589-400 gas 
chromatographic low-carbon analyzer• A differential thermal conductivity 
detector was utilized. National Bureau of Standards low-carbon steel 
(lOle) was used to construct standard and analytical curves. The 
coinbustion-gas chromatographic detection technique cannot distinguish the 
chemical state of carbon in the sample. The precision of each analysis 
is taken from the 90 percent confidence level on the regression line for 
the reference standards and is always less than + 10% of the value 
quoted (Moore et al., 1971).

Carbon values from the gas chromatographic technique described 
under Water Analyses generally agreed with the values from Leco analyses. 
However, the CO^ values determined on matrix glasses by the mass spectro- 
metric method were consistently higher, by a factor, of 2 to 3, than the 
Leco values. The discrepancy has 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 complicated correction 
procedures and fewer problems of interference. The CO^/H^O values com
puted in the pyrogram (Figure 7; Table IV) for matrix glasses have used 
Leco carbon values. Differences of 2 to 3 times between 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., saturation of the magma, p. 73), 2) the dif
ference in COg/H^O ratios for matrix glass ('v-0.1/1.0) and inclusions 
(>30/1) is so large that relatively small changes in the absolute amount 
of COg will not significantly influence the difference.
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