provide information on the extent of
earlier ice sheets, since it can be as-
sumed that no substantial meltwaters
would have entered the Gulf unless the
southward extent of the ice sheet was
greater than the latest Wisconsin limit
about 11,200 years ago (Fig. 1). Such
an approach will be of particular value
since little is known about earlier epi-
sodes of deglaciation, because succeed-
ing glacial advances have redistributed
the older deposits.
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Submarine Barite-Opal Rocks of Hydrothermal Origin

Abstract. Unusual submarine rocks consisting of barite, opal, and volcanic
detritus were recovered from the Lau Basin northeast of Australia. It is pro-
posed that these rocks were formed when hydrothermal solutions emanating
from a fracture zone offsetting the active spreading center in the Lau Basin came

into contact with cooler ocean waters.

Submarine barite-opal volcanic rocks
were recovered from the Lau Basin, a
marginal basin located northeast of
Australia. The rocks were obtained by
dredge from atop the Peggy Ridge, pres-
ently believed to be a fracture zone off-
setting the active spreading center in
the Lau Basin. The spreading center
generally trends northeast-southwest
dividing the Lau and Tonga ridges (1).
The whole basin is less than 10 to 15
million years old, and the sediment
cover is sparse, occurring in linear,
probably fault-controlled troughs (2).
Barite-opal rocks of this young age are
not common in the marine environ-
ment and their origin is considered in
this report.

Dredge hauls from the Peggy Ridge
in the Lau Basin consist of ocean ridge
type tholeiitic basalts exhibiting various
degrees of weathering, together with
pumice from the Tonga and Lau
ridges. In only one dredge, 7 TOW-
86D (16°55.4’S, 176°49.5'W; water
depth 1990 to 1664 m), unusual barite-
opal rocks were sampled. They are
opal-cemented hyaloclastites containing
fragments of tholeiitic basalt as glass,
palagonite, plagioclase, and rare augite
in addition to authigenic montmoril-
lonite, phillipsite, and barite crystals.

There is considerable variation in the
percentages of opal, hyaloclastite, and
particularly barite in the total rocks (3).
The relative abundances obtained by
point counts on thin sections generally,
compare favorably with those obtained
by other methods, except in rock K,
where the discrepancy is probably due
to the irregular opal distribution in lay-
ers and veins.

The euhedral barite crystals average

200 pum in length, with some crystals
as large as 500 pm. The crystals are
larger than those generally found in
deep-sea sediments. Church (4) usually
found barites smaller than 5 pm and
only rarely in the size range 30 to 100
pm. In two rocks (A and B) barite is
uniformly distributed, whereas in rock
K it occurs only as a vein lining. The
opal lines the intergranular cavities
and cements the clasts. It has a botryoi-
dal or colloform texture, with individ-
ual hemispheres 10 to 25 pm in
diameter. This texture is well illustrated
in Fig. 1, A and B. The occurrence of
an opal vein cutting both a volcanic
clast and the opal cement in rock K
indicates at least two periods of opal
deposition. In Fig. 1B the opal lines a
cavity and surrounds a euhedral barite
crystal. Optically, the opal is isotropic
and has a refractive index varying be-
tween 1.440 and 1.444. X-ray diffrac-
tion of the opal gives a low broad peak
between 19° and 26° with a maximum
of 22° (values are 20 for CuKa radia-
tion, where § is the Bragg angle); this
classifies it as opal-A according to the
scheme of Jones and Segnit (5). Opal-A
commonly occurs in sediments from
the deep sea, but only as radiolarians,
diatoms, silicoflagellates, and sponge
remains. Inorganic opal-A is not ob-
served, probably because silica concen-
trations in pore waters rarely approach
the equilibrium solubility value for
amorphous opal, but possibly also be-
cause it is difficult to distinguish from
organic opal. Organic opal-A, opal-CT
(disordered cristobalite-tridymite), and
quartz are the forms of silica found in
deep-sea sediments (6). Opal-CT, in
such sediments, characteristically ex-

SCIENCE, VOL. 188



hibits a bladed and spherulitic growth
habit (7) and does not resemble the
opal-A shown in Fig. 1B. Opal-CT is
also found as the diagenetic alteration
product of volcanic detritus (8). No
opal-CT was detected in the rocks we
examined; however, Griffin et al. (9)
found opal-CT in sediments from the
Lau Basin.

Possible sources for the silica to
form inorganic opal precipitates in the
marine environment include (i) dissolu-
tion of biogenous opal and subsequent
precipitation; (ii) devitrification and dia-
genesis of volcanic debris, followed by
precipitation at normal deepwater tem-
peratures; and (iii) precipitation from
hydrothermal solutions which have
leached silica out of volcanic material.

Sediment cover in the Lau Basin is
sparse and its opal content is low,
ranging from O to 9 percent, with an
average value of 5 percent (10). The
barite-opal rocks were dredged from the
Peggy Ridge, which lies about 750 m
above the basin floor and, according to
seismic data, is essentially free of sedi-
ments (2). Therefore, it is unlikely that
biogenous opal is the source of the
cement in these rocks. Opal rocks were
not sampled in other dredge hauls from
the area.

Precipitation of amorphous silica
(opal-A) at normal seawater tempera-
tures is an unlikely source of these
rocks. From his studies of chert in some
cores obtained by the Deep Sea Drill-
ing Project (DSDP), Heath (/1) showed
that, during the normal diagenetic pro-
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cesses, empty foraminiferal chambers
are first infilled with chalcedony, and
this is followed by replacement of the
micritic matrix with cristobalite. The
foraminiferal shell is then replaced by
chalcedony. However, in the Lau Basin
opal rocks, foraminifera occur in the
cavities surrounded by the opal and
have not undergone any infilling or al-
teration. Clearly, the diagenetic se-
quence of chert formation observed in
the DSDP cores has not been followed
here.

Heath (/1) explained the finding of
chert in relatively young sediments
(Miocene age in the Panama Basin) by
suggesting that high thermal gradients
could speed up the process of chert
formation. The Lau Basin is undergoing
active spreading, and the Peggy Ridge is
considered to be a leaky fracture zone
in an area with variable but generally
high heat flow (12). For example, the
nearest heat flow value, obtained ap-
proximately 28 km away, is 4.22 pcal
cm—2 sec—l. In such areas seawater
could be circulating through fractures
in the rocks. During its passage it could
be warmed and could dissolve such con-
stituents of the rocks as silica (13). On
percolating into normal seawater it
would be cooled and would become
supersaturated, precipitating opal-A.
The opal-A from the Lau Basin silicifies
young rocks and morphologically re-
sembles the hydrothermal deposits of
opal found in the upper portions of a
borehole in Yellowstone National Park
in the western United States [compare

Fig. 1B with figure 4 in (14)]. The
opal at Yellowstone is thought to have
formed bzlow 104°C since it was found
only in the upper portions, where the
temperature was less than 104°C (14).

A temperature of formation of about
41°C for the opal-A in rock K was ob-
tained from oxygen isotopic measure-
ments on the opal [8Sil80, of +31.1
per mil SMOW (15)], using Labeyrie’s
equation t = 5 — 4.1(8Si'%0, — §H,180
— 40) (16) and assuming §H,'80 equals
zero. This temperature must be inter-
preted with extreme care since con-
tamination with volcanic detritus and
the presence of water in the opal-A
structure could have affected the oxy-
gen isotopic value (/7). Still, a temper-
ature considerably higher than that of
normal deep ocean water is indicated.

Barite concretions are rare in the
marine environment but have been
found in the Japan Sea; off the coast of
California; from Kaipara Harbour, New
Zealand: off the borderland of southern
India; and now in the Lau Basin (18-
20). The Lau Basin samples are the
only ones that do not occur in relatively
shallow water. In addition, barite is
commonly dispersed in marine sedi-
ments and can reach concentrations of
up to 10 percent by weight on a car-
bonate-free basis on the East Pacific
Rise (21, 22). The origins of these bar-
ites have been variously considered to
be biologic activity (4), continental
weathering (19), hydrothermal solutions
(21), and combinations of these (18).
Both hydrothermal and sedimentary

Fig. 1. (A) Scanning electron micrograph of a fracture surface
of rock K. Colloform opal-A lines a void and cements the rock.
The opal has conchoidal fracture and a smooth surface. (B)
Photomicrograph (plane polarized light) of barite-opal rock A
showing colloform habit of opal-A (0O) lining a void and ce-
menting barite crystal (B) and volcanic clasts (V).
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processes have been used to explain
continental deposits of barite (23).
Barite is undersaturated in normal
oceanic waters (4). Most theories re-
quire an additional source for barium—
either hydrothermal solutions or bio-
logical activity—to bring about the pre-
cipitation of barite.

Both isotopic and chemical analyses
have been used to determine the origins
of marine barites. The sulfur and oxy-
gen isotopic ratios for barites A and B
(24) are compared to those for other
continental and marine barites in Fig. 2.
Bacterial sulfate reduction is indicated
by the arrows. The sulfur isotopic com-
positions of the two barites are similar
to each other and to the value of pres-
ent-day seawater sulfate (+20.3 =0.5
per mil). Thus the barites could not
have formed from meteoritic waters or
in areas with high bacterial reduction
of sulfate, both of which would have
changed the sulfur isotopic composi-
tion. The oxygen isotopes are from 4 to
6 per mil heavier than those in present-
day seawater sulfate (49.7 per mil),
which are not in isotopic equilibrium
with seawater (25). Exchange of oxy-
gen isotopes between dissolved sulfate
and water proceeds very slowly at neu-
tral pH and Earth surface temperatures,
but is considerably accelerated at higher
temperatures and in acidic solutions
(25). The two barites reported here
are showing such a shift toward the
equilibrium seawater sulfate value of
+38 per mil. Church (4) showed that
freshly precipitated barite had the same
oxygen isotopic composition as the sea-
water sulfate it was precipitated from.
Hence, if one assumes that the shifts
toward equilibrium result solely from
temperature changes, a temperature of
formation can be calculated. Using
Lloyd’s (25) formula, In « = (3251/
T2) — 0.0056, we calculate the tempera-
ture of the seawater from which the
barites precipitated as 117°C for barite
A and 134°C for barite B. These tem-
peratures are slightly higher than that
indicated for the opal. This is not in-
consistent since the opal was de-
posited after the barite.

The chemical compositions of barites
A and B, respectively, are: Sr, 2.0 and
1.4 percent; Fe, 460 and 710 parts per
million (ppm); Co, 150 and 110 ppm;
Ni, 90 and 90 ppm; Cu, 100 and 130
ppm; Zn, 125 and 95 ppm; and As,
190 and 130 ppm. The Sr contents of
the two barites are indistinguishable
from those of other marine or con-
tinental barites, whereas the minor
elements are generally higher than those
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Fig. 2. Comparison of 0 and S for
barites A and B with values for other
marine and continental barites. Isotopic
changes during sulfate reduction are
shown by the arrow. Data sources: sedi-
mentary marine barites and San Diego
bank, from Church (4); concretions from
Japanese banks and evaporites, from
Sakai (18); Kaipara Harbour, New Zea-
land, from Rafter and Mizutani (20).

reported by Church (26) and probably
reflect their deposition in an area of
high ferromanganese deposition (10).
Both the opal and the barite show
evidence of having been deposited un-
der higher temperatures than that of
normal seawater. It is therefore sug-
gested that the barite and opal were
precipitated inorganically when hydro-
thermal solutions came into contact
with cooler ocean waters. The hydro-
thermal solutions are related to the
presence of an active spreading center
in the Lau Basin.
K. K. BERTINE
San Diego State University,
San Diego, California 92115
J. B. KEENE
Scripps Institution of Oceanography,
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