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Explosive Deep Water Basalt in the

Sumisu Backarc Rift

J. GiLL, P. TOrRSSANDER, H. LAPIERRE, R. TAYLOR, K. KAIHO,
M. Kovama, M. KUSARABE, J. AITCHISON, S. C1sowsKl, K. DADEY,
K. Fujioka, A. Kraus, M. LoveLL, K. MARSAGLIA, P. PEZARD,

B. TavLoR, K. TAzAKI

Eruption of 1-million-year-old tholeiitic basalt >1800 meters below sea level (>18
megapascals) in a backarc rift behind the Bonin arc produced a scoriaceous breccia
similar in some respects to that formed during subaerial eruptions. Explosion of the
magma is thought to have produced frothy agglutinate which welded either on the sea
floor or in a submarine eruption column. The resulting 135-meter-thick pyroclastic
deposit has paleomagnetic inclinations that are random at a scale of <2.5 meters. High
magmatic water content, which is about 1.3 percent by weight after vesiculation,

contributed to the explosivity.

EEP WATER EXPLOSIVE VOLCAN-
D ism is an unwitnessed phenome-

non that frequently is appealed to
as an explanation of marine volcaniclastic
rocks (1). Unlike subaerial volcanoes, sub-
marine ones vent to pressure greater than
atmospheric and erupt into a medium that
has higher density, heat capacity, and con-
ductivity than air. Consequently, higher
magmatic gas contents are necessary for
internally driven explosions, exsolved gas
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differs in composition, clasts quench faster,
and eruption dynamics differ. This contrast
also applies to volcanism into denser atmos-
pheres on other planetary bodies such as
Venus.

Before magma explodes it vesiculates.
Tholeiitic basalt lavas with more than 10%
vesicles by volume generally erupt in water

shallower than 500 to 800 m below sea level
(mbsl) and outgas mostly CO, (2). More
highly vesicular tholeiite lavas associated
with deep water sediments are most com-
mon in backarc basins (3). Submarine pyro-
clastic rocks are also common in the geolog-
ic record but most are sufficiently old that
their geologic setting at the time of eruption
is uncertain and their volcanologically diag-
nostic characteristics have degraded. There
is disagreement whether the responsible ex-
plosions occurred in deep water (1) and
were internally or externally driven. Explosi-
vity due to exsolution of magmatic gas is
thought to require gas/melt ratios of about 3
(4), whereas externally driven steam explosi-
vity merely requires vigorous dynamic con-
tact between magma and water (5). The
maximum pressure for either kind of explo-
sivity is unknown, but has been thought to
be 10 to 30 MPa (6). In this report we
describe a late Pleistocene scoriaceous tho-
leiitic basalt breccia that apparently erupted
explosively at >1800 mbs] (18 MPa) during
the initial rifting stage of a.backarc basin.
Eruption resulted in thorough fragmenta-
tion of the magma into frothy shards that
then welded into agglutinate in the eruption
column or on the sea floor. Consequently,
all the traits described below that conven-
tionally are associated with subaerial erup-
tion—high vesicularity, explosivity, hot de-
position, and thin cooling units—also can
form at moderate pressure, for example, in
deep water.

The breccia was discovered at Site 791 of
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Fig. 2. MgO versus TiO, for basalts from Sites
790 and 791, including the breccia. Comparative
data for the younger Sumisu Rift sea floor basalts
are from (11); data for the Bonin Arc are from
(14) and (19).

Ocean Drilling Program (ODP) Leg 126 in
the Sumisu Rift, which is forming behind
the Izu-Bonin island arc (7) (Fig. 1). Qua-
ternary volcanism occurs in the rift and
along both the active and remnant arcs that
flank it (8). The arc volcanoes rise from a
ridge about 1200 mbsl; the rift floor is
about 2200 mbsl. Site 791 is 5 km west of
the master boundary fault of the rift in an
east-dipping half-graben. About 1 km of
sediment overlies the basaltic basement. The
upper half of the sediment is mostly arc-
derived clastic material. The lower sedi-
ments are nannofossil-rich clays, thin ash
beds, and scattered pumice and scoria clasts.
The basal sediment was deposited 1.05 to
1.10 million years ago (Ma) (7).

The stratigraphy of the cores implies that
the volcanic basement was erupted and de-
posited deeper than 1800 mbsl. Benthic
foraminifers in the clay immediately and
conformably above the basement (9) indi-
cate deep water depths (>2000 mbsl). This
inference is based on a comparison with
Quaternary foraminifers collected during
Leg 126 and offshore of Shikoku, Japan
(10). Because the rift formed quickly, how-
ever, water depth might have been shallower
during volcanism than during subsequent
sedimentation. Basalts of similar age and

ition were collected with ALVIN at
1832 to 2075 mbsl from the adjacent rift wall
(11). However, as shown below, the volcanic
rocks that erupted at shallower depth on the
arc are quite different in composition (Fig. 2).
Thus, the volcanic rocks forming the base-
ment of Site 791, which is now >3000 mbsl,
are thought to have both erupted and accu-
mulated on the rift floor or lower rift wall
between 1800 and 2500 mbsl.

About half of the basement at Site 791 is
scoriaceous basalt breccia. It forms a strati-
graphic unit 135 m thick in which core
recovery was 13%. Neither bedding, lami-
nation, or grading, nor pelagic sediment
interbeds were recognized in the breccia.
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Fig. 3. (A) Representative core of breccia, 6.5 cm
long. One large clast (2.3 cm in diameter, light
gray, with larger vesicles) and several smaller
clasts occur within matrix. Scale bar =1 cm.
Sample 791B-68R-1, piece 10. (B) Photomicro-
graph of representative breccia in transmitted
light showing the boundary between clast (dark,
upper left) and matrix (light, lower right). The
euhedral plagioclase phenocrysts of the clast are
clearly visible as are its 0.2-mm vesicles lined with
1- to 2-pm-thick smectite. The black groundmass
consists of devitrified glass, plagioclase microlites,
and submicroscopic crystals. Euhedral plagioclase
and olivine crystals are visible in the matrix where

the size and linings of vesicles are the same as in the clast. The matrix is lighter in color because its glass
is fresh. The contact between matrix and clast exhibits complex 0.05-mm-wide zones of alteration in the
lower left and upper right of the figure. Note the broken plagioclase phenocryst of the clast at the
contact. Sample 791-B-62R, piece 5b; x40 magnification; the field of view is 3 mm in the long
dimension. (C) Photomicrograph of matrix showing an annealed contact between scoriaceous domains,
one more plastically deformed than the other. Sample 791B-67R-1, piece 5, for which a complete

analysis is given in Table 1. Magnification as in (B).

The breccia was not recovered in basement
cores at Site 790 located only 2.4 km to the
west.

Macroscopically the scoriaceous breccia
consists of gray clasts up to 6 crh in diameter
in a green-gray matrix (Fig. 3A). The clasts
and matrix are similar and consist primarily
of highly expanded sideromelane. Both are
sparsely phyric with 1 to 4% by volume of
olivine and plagioclase. The minerals are
euhedral, 0.5 to 1.0 mm in diameter, and
fresh near the top of the section. Olivines
(Fosg,) contain spinel inclusions (12). Plagio-
clases have Ang; g7 cores and Arqg go rims
(12); some crystals are oscillatorally zoned.

The clasts appear to be monomictic. Their
groundmass is intersertal and microvesicu-
lar. The vesicles have an average diameter of
0.1 to 0.2 mm and form a honeycomb
texture; vesicle walls are 0.05 to 0.2 mm
thick. These vesicles are an order of magni-
tude smaller and more abundant than is
typical of mid-ocean ridge basalt (MORB)
(2). The vesicle volume in the clasts was
estimated visually to be 30 to 40%, in
agreement with porosities calculated from
wet and dry weights for four clasts. This
contrasts with estimated vesicularities and
calculated porosities of 20 to 30% in overly-
ing lava. The largest glass shards in the
matrix lie under these clasts and appear to
have broken from them or been annealed to
them. Most large clasts have angular and
irregular shapes due to burst vesicles, but

some exterior vesicle walls as thin as 0.1 mm
have remained intact. Some phenocrysts are
broken at clast margins (Fig. 3B).

The matrix of the breccia consists of glass
and crystals of plagioclase and olivine. Some
glass shards are nonvesicular over areas up
to 25 mm?, but most are highly vesicular
throughout and have diffuse boundaries.
Domains of variably vesiculated and de-
formed scoria can be recognized, welded
together as in subaerial agglutinate (Fig.

- 3C). The material between crystals and rec-

ognizable shards is everywhere microvesicu-
lar. The vesicle volume in the matrix was
estimated visually to be 40 to 50%. Porosi-
ties calculated from wet and dry weights of
the matrix are 36 + 9% (1o, 16 samples).

Both clasts and matrix become more al-
tered with depth. In the top 30 m, vesicles
are open with thin smectite linings. Deeper,
smectite also occurs along cracks in olivine,
and some vesicles are filled with smectite,
calcite, or zeolite (Fig. 3A). Still deeper, all
olivine is replaced by iddingsite, calcite, and
magnetite.  Plagioclase remains fresh
throughout the section. Glass becomes more
devitrified, but is consistently fresher in the
matrix than in the clasts. This difference
preserves a color contrast in hand specimen.
Vesicles are more consistently flattened in
the bottom third of the section.

In order to investigate the cooling history
of the breccia, the paleomagnetism of 21
minicores (10 cm®) of matrix and 6 of clasts
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was studied. Seven samples were cut into
three or four small disks of about 3 cm? and
measured separately to evaluate the scale of
homogeneity. The median destructive fields
and mean blocking temperatures ranged
from 30 to 46 mT and 300° to 400°C,
respectively. Intensities of the matrix were
0.1 to 5 A/m; intensities of the clasts were 7
to 20 A/m. Most specimens have a single
component of thermoremanent magnetiza-
tion, 90% of which was acquired between
300° and 550°C. The remanence directions
are stable and changed less than 5° through
the stepwise thermal and alternating field
demagnetizations. The high intensities and
stable remanence, together with the petro-
graphic evidence of welded and plastically
deformed volcanic glass, indicate that the
remanent magnetization is thermal in ori-
gin. Both the clasts and matrix have the rock
magnetic properties of subaerial lava.

Both clasts and matrix are mafic tholeiitic
basalt (Table 1). Matrix-rich samples typi-
cally have higher K,O and LOI, and lower
P,0s, Y, and Sr contents than clasts. Both
clasts and matrix, together with lavas and
diabases from elsewhere in the core, are
compositionally distinct from island arc ba-
salts and MORBs (Fig. 2). Chemically as
well as geographically, they are backarc ba-
sin basalts (13). They are broadly similar in
composition to basalts from adjacent sea
floor outcrops of pillow lava 5 to 15 km
from the drill sites, which are 50 thousand
to 250 thousand years old (11). Also, Ba/Zr
ratios are <1 and Ti/V ratios are'~20 in the
rift basalts versus 1.5 to 2.5 and 10, respec-
tively, in nearby Izu-Bonin arc basalts (11,
14). This difference precludes eruption of
breccia components on the shallower arc. It
also shows that basalt compositions lack arc-
like geochemical characteristics even at the
carliest stage of backarc basin development.

The matrix glass is approximately saturat-
ed in pure water for 2000 mbsl, but is
undersaturated in pure CO, and S (Table
1). Similar data for nearby sea floor lava
have been interpreted as indicating that the
basalts were saturated with a mixed-volatile
gas phase and had high pre-eruption
H,0/CO, and H,O/S ratios (11).

Although the clasts are compositionally
similar, their texture, paleomagnetism, and
stable isotopes indicate that they have a
separate history and probably are accidental.
Texturally, the clasts are more crystalline and
more devitrified than the glassy matrix (Fig.
3B) and thus cooled more slowly. Some
clasts have chilled margins. Reaction zones
between clasts and matrix suggest that the
clasts were water-saturated when entrained.
One clast has a low-temperature magnetic
overprint, and the two that were separated
from their surrounding matrix differ from it
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in paleoinclination. The H, C, and S isotope
ratios of the clasts, and their relatively high
C and SO, contents, indicate that they
interacted at low temperature with seawater
(Table 1). Whether the clasts represent sea
floor scoria incorporated during eruption or
xenoliths entrained from conduit walls is
unknown. In any case, the clasts cooled
separately and interacted more with seawa-
ter than did the matrix.

The texture and paleomagnetic character-
istics of the matrix suggest that the unit is
the product of an explosive eruption, the
frothy pyroclasts of which welded within a
steam envelope surrounding a small sea
floor cinder cone. Explosive eruption is in-
ferred because the breccia is fragmental at all
scales (Fig. 3) and pillow lava fragments are
absent. We interpret the domains in the
matrix as spatter resulting from submarine
fountaining of gas-rich magma. The do-
mains differ from subaerial spatter because
they vented at 20 MPa and chilled quickly.

. However, the absence of abundant shards

with >70% vesicles may imply that mag-
matic volatiles were not the sole cause of
explosivity (15), although the lack of such
shards may also reflect the high-pressure
eruption environment. Probably, the explo-
sions were combinations of fountaining or
Strombolian discharge on the one hand,
plus contact-surface explosivity on the other.
At a minimum, high pre-eruption gas con-
tents contributed to’ the explosiveness by
making the eruption more turbulent, and
the high bubble content would have in-
creased the surface area and viscosity.

The nature of the exsolved gas phase is
poorly constrained by the available H-C-S
data (Table 1). The high H,O/(CO, + S)
ratio of the clasts and matrix is shared by
glassy rims of the younger pillow lavas of the
Sumisu Rift (17). These ratios are inferred
to be pre-éruption features, so that the
magmatic gas, even at 20 MPa, may have
been rich in H,O. The phenocryst composi-
tions also imply that water pressure was
high: the olivines are too Fe-rich and the
plagioclases too Ca-rich for equilibrium
with the bulk sample at 1 bar (16). A 25%
porosity is equivalent to exsolving about
0.4% H,O (by weight) at 20 MPa if ideal
gas behavior at 1200°C is assumed. Differ-
ences between the highly vesicular pyro-
clasts in the Sumisu Rift and the nonvesicu-
lar hyaloclastites attributed to deep-water
fire-fountaining at similar depths on intra-
plate seamounts (17) are related to higher
magmatic water content in the backarc envi-
ronment.

Three observations indicate that the ma-
trix was assembled while hot despite accu-
mulation in deep water. First, its texture is
similar to that of subaerial agglutinate and

appears welded (Fig. 3). Variations in the
percent and deformation of vesicles occur in
the matrix, but it is difficult to determine
domain boundaries because of the welding.
Second, the clasts show no evidence of
mechanical abrasion, and there are no epi-
clastic interbeds in the 135-m-thick unit.
Third, the high intensities, high tempera-
tures, and stability of magnetic remanence in
the matrix indicate hot deposition. Welding
requires thermal isolation from surrounding
seawater. Nevertheless, the vesicular sidero-

Table 1. Representative chemical analyses of
breccia matrix and clast from ODP Core 791B.
Analyses were obtained by x-ray fluorescence on
the JOIDES Resolution; precision and accuracy are
1 to 5%; oxides are in weight percent; trace
elements in parts per million. In addition, <10
ppm Ce and <30 ppm Ba are present; “Sum” is
the total of the oxides in an ignited powder and
does not include LOI (loss on ignition). The clast
is sample 62R-1, piece 5; the matrix is sample
67R-1, piece 5. Concentrations and isotopic com-
positions of volatile elements were analyzed at
Okayama University, Misasa, Japan (11); S and C
were extracted with the use of the Ueda-Sakai
method (19). Two samples each of bulk matrix
and clast were analyzed for volatiles: clasts, 62R-
1, 29 to 31 cm, and 62R-1, piece 5; matrix, 62R-
1,51 to 53 cm, and 67R-1, piece 5. Both samples
for which results are tabulated above were ana-
lyzed for all elements. In addition, hand-picked
glass from matrix sample 63R-1, 93 to 100 cm,
was analyzed. It contained 1.35 weight percent
H,O with 8D = —53. Isotopic ratios are ex-
pressed as per mil deviations from those in a
standard.

Component Clast Matrix
SiO, 48.59 49.76
TiO, 0.96 1.04
AL O, 16.99 17.58
Fe,04 10.67 12.02
MnO 0.15 0.18
MgO 8.25 8.72
CaO 12.11 8.43
Na,O 2.28 2.41
K,0 0.15 0.54
P,0s 0.48 0.07
(LOI) 1.49 6.32
Sum 100.63 100.75
Rb © 2 . 438
Sr 260 172
Zr 47 46
Nb 0.9 1.1
Y 29 16
Ni 43 52
Cr 186 181
v 353 355
Cu 55 54
H,0* 1.15 2.24
3D (SMOW) -70.7 —61.3
C (ppm) 220 to 328 19 to 10
3'*C (PDB) +0.2
Sulfide (ppm) 6 28
3%S (CDT) +11.0 +0.8 to 1.6
Sulfate (ppm) 38 to 88 +0:6 to 1.0
3%S (CDT) +11.0 to 19.6

*In weight percent
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melane glass implies that rapid quenching
occurred, perhaps within steam clouds
above the vent on the sea floor.

A final surprising implication of the pa-
leomagnetic results is that the cooling units
of the breccia are at most a few meters thick.
Paleoinclinations of the matrix are random
between pieces of core rather than uniform
as they should be had the deposit welded as
a single cooling unit. If the samples had
been uniformly magnetized upon deposition
at 31°N during the Matuyama reversed ep-
och, then they all would be inclined
—50° + 5°. Paleoinclinations are not expect-
ed to be affected by drilling rotation. In
contrast, no two adjacent pieces of core have
the same inclination, and many pieces are
overturned. Inclinations of the matrix do
agree within one 20-cm-long core and with-
in five of seven minicores (10 cm®); these
data indicate that samples at these scales
belong to the same cooling unit. The maxi-
mum distance between adjacent randomly
oriented cores is 2.5 m, so that cooling units
are at least that thin.

The paleomagnetic heterogeneity shown
by the matrix may have been caused by
welding within the eruption column, or on
the steep slopes of a small sea floor cinder
cone. Welding may be more likely in a
submarine than subaerial eruption column
because dispersal is less rapid and fragments
can be convectively reentrained while hot,
even though they are quenched (18). In this
interpretation, matrix domains acquired
their remanent magnetism in the eruption
column and landed randomly. Alternatively,
rapid mass wasting of agglutinated cinders
during the eruption could result in the
random orientations encountered. In this
interpretation, welding occurred during de-
position on the sea floor and the random-
ness reflects subsequent slope instability.
The absence of similar breccia at Site 790
only 2.4 km away is consistent with the
inference of a small steep-sided edifice, but
the available evidence is inconclusive about
where welding occurred.

In summary, the matrix of this scoria-
ceous basaltic breccia suggests explosive
eruption, hot deposition, and thin cooling
units despite eruption at >18 MPa. The
obvious clasts appear to be accidental. The
occurrence in deep water of these phenome-
na, which usually are associated with subaer-
ial eruptions, result from the high water
content of backarc tholeiitic basalt magma.
Although H,O is much more soluble than
CO; in magma and has a smaller work
function at these pressures, the recycling of
much more H,O than CO, at subduction
zones creates the potential for deep explo-
sive eruptions. Terrestrially, the association
of high magmatic water with eruption at
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confining pressures >18 MPa is characteris-
tic of backarc basins.
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A Comparison of the Contribution of Various
Gases to the Greenhouse Effect

HeNNING RODHE

The current concern about an anthropogenic impact on global climate has made it of
interest to compare the potential effect of various human activities. A case in point is
the comparison between the emission of greenhouse gases from the use of natural gas
and that from other fossil fuels. This comparison requires an evaluation of the effect of
methane emissions relative to that of carbon dioxide emissions. A rough analysis based
on the use of currently accepted values shows that natural gas is preferable to other
fossil fuels in consideration of the greenhouse effect as long as its leakage can be limited

to 3 to 6 percent.

HE GREENHOUSE EFFECT OF A CER-

tain amount of a greenhouse gas in

the atmosphere can be estimated
with radiative transfer calculations. Even
though considerable uncertainty is associat-
ed with calculations of an expected increase
in temperature, the relative contribution of
various gases can be determined more accu-
rately (see Table 1).

The effect of 1 mol (or 1 kg) of CO; in
the atmosphere depends to some extent on
the prevailing concentration of CO,. At
present, high atmospheric concentrations of
CO; already prevail and the effect of addi-
tional CO; is less. No corresponding satura-
tion effect has yet occurred with the other

Department of Meteorology, Stockholm University, S-
106 91 Stockholm, Sweden.

greenhouse gases. The values in Table 1 are
based on current CO; levels; consequently,
future comparison values for the various
gases will be somewhat greater.

When these relative values are scaled ac-
cording to the currently observed increase in
concentrations in the atmosphere, the rela-
tive contributions of the gases to the green-
house effect are obtained (Table 2). The
percentage contributions are uncertain be-
cause of uncertainties in both the values in
Table 1 and the observed rate of increase.
The latter uncertainty is particularly true for
ozone (O;) in the troposphere. The total
effect is expected to cause an increase in the
average global temperature of 1.5 to 4.5 K
sometime around the middle of the 21st
century (1). Although CO; is the least effi-
cient gas on a per mole basis, it is responsi-
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