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Sulfide Deposits from the
East Pacific Rise Near 21°N

R. Hekinian, M. Fevrier, J. L. Bischoff, P. Picot, W. C. Shanks

The early discoveries of hydrothermal
products at accreting plate boundaries
were sediments rich in iron and manga-
nese (/). More recent findings of strong-
ly fractionated iron-manganese con-
cretions, material rich in silicon-iron

massive sulfide deposits, such as those in
the Troodos complex in Cyprus (/3), Se-
mail in Oman (/4), and Betts Cove and
York Harbor in Newfoundland (/2, 15),
appear to represent ancient oceanic crust
formed at mid-oceanic spreading ridges.

Summary. Massive sulfide deposits were discovered from the diving saucer Cyana
on the accreting plate boundary region of the East Pacific Rise near 21°N. The depos-
its form conical and tubular structures lying on a basaltic basement. Mineralogical and
geochemical analyses showed two main types of intimately associated products: a
polymetallic sulfide-rich material composed of pyrite and marcasite in association,
zinc-rich phases, and copper-rich compounds, and an iron-rich oxide and hydroxide
material (also called gossan) composed largely of goethite and limonite. Silicate
phases such as opaline, silica, iron-silicon clay, and trace amounts of mica and zeolite
are encountered in both types of material. Possible mechanisms for the formation of
the sulfide deposits on the East Pacific Rise are discussed.

clay, and hydrous iron oxides have been
collected from the Galapagos spreading
center (2, 3), from the Mid-Atlantic
Ridge near 26°N (4, 5) and 37°N (6), and
from the Gulf of Aden (7). Direct visual
observations of thermal springs were
made during a submersible study on the
rift valley of the Galdpagos spreading
center (8).

The first discovery of a sizable sub-
marine polymetallic sulfide deposit on a
ridge system was made in the Red Sea
during the international Indian Ocean ex-
pedition (1963 to 1965). In addition,
many ancient massive sulfide deposits
found in ophiolites are thought to have
been formed on the sea floor in large
oceans or marginal basins. These depos-
its consist primarily of pyrite, chalcopy-
rite, and sphalerite (9-/2). The ophiolitic

SCIENCE, VOL. 207, 28 MARCH 1980

A summary of the ophiolite complexes
containing sizable ore deposits around
the world is given by Coleman (/6).

A recently formed massive sulfide de-
posit with similarities to the ophiolitic
deposits was recently discovered by a
manned submersible on the East Pacific
Rise at 21°N during a French-American-
Mexican joint project (project RITA) on
rapidly spreading ridges (/7, 18) (Fig. 1).
The East Pacific Rise deposit occurs at a
spreading ridge at 21°N. The rate of sep-
aration at the site, 3 centimeters a year,
appears to have been constant during the
last 4 million years (/8). As indicated by
deep-tow studies (/9), the ridge crest in
the area is dominated by a central zone
of volcanic hills about 2 to 5 kilometers
wide flanked on either side by a zone of
open fissures.
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More recent dives in the region by the
submersible Alvin have discovered other
massive sulfide mounds and actively dis-
charging hydrothermal vents and solid
particles with fluid temperatures of
375° = 25°C (20, 21). Conical plumes dis-
charging sulfide minerals on the sea floor
were recently predicted by Solomon and
Walshe (22) from experimental studies of
deposits of the Cyrpus and Kuroko type.
We present here the results of mineral-
ogical and geochemical studies of sulfide
deposits during dives of the submersible
Cyana at 21°N (23).

Geologic Setting of the Sulfide Deposit

The deposits were sampled at two
sites (Cy 78-08 and Cy 78-12) located on
the flanks of steep-sided structural de-
pressions about 20 to 30 meters deep and
20 to 30 meters wide, situated 700 to 800
meters west of the axis of the East Pacif-
ic Rise (Fig. 1) (I7). The general area
consists of a 1.5-km-wide band of fis-
sured and faulted terrane associated with
a horst and graben zone (/7, 24). The
massive sulfide deposits form roughly
cylindrical hills ranging up to 10 m high
and averaging 5 m in diameter (23). In an
area visited during dive Cy 78-8, at least
three vertical hills aligned in an approxi-
mately north-south direction (025°) were
seen over a distance of about 50 m. The
hills are about 3 to 4 m apart and the
flanks of two different hills could be seen
from the porthole of the submersible
when it passed between them. The edi-
fices are variegated with ocher, red,
white, and dark gray colors and appear
to be extremely porous. The first sample
(8-14A) was taken on a tall hill (approxi-
mately 10 m high) and consists of a
brownish-red ocher-like material. The
second sample was taken about 10 m
away from the first on the same hill.

The authors’ affiliations are: R. Hekinian, Centre
Océanologique de Bretagne, Brest Cédex 29273,
France; M. Fevrier, Centre Océanologique de Bre-
tagne and Université de Bretagne Occidentale, Brest
Cédex 29200; J. L. Bischoff, U.S. Geological Sur-
vey, Menlo Park, California 94025; P. Picot, Bureau
de Recherche Géologique et Miniére, Orleans Cé-
dex 45018; and W. C. Shanks, Department of Geol-
ogy and Geophysics, University of Wisconsin,
Madison 53706.
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A small circular hole on the summit of
one of these hills was noted and may be
the main vent through which metal-bear-
ing solutions were extruded (7). The
third sample taken during dive Cy 78-08
was recovered from the middle hill and
has a brownish-red surface with green
patches (sample 8-14C).

Other small hills containing reddish
and black material occur farther away on
the top of a faulted wall. These hills have
irregularly domed structures that may be
hydrothermal vents. During another dive
(Cy 78-06) in the same general area, a
conical structure having a scoriaceous
appearance was also observed on a sedi-
mented bottom. The sediment surround-
ing the hills is made up of reddish-brown,
yellowish-red, and dark gray friable ma-
terial, which appears to result from the
degradation of the conical hills. Small,

bright yellow arborescent conelets (10 to
20 cm wide and a few centimeters high)
were also noted in the vicinity of the col-
umnar edifices. Basaltic glass recovered
from the dispersed debris associated
with sulfides shows no trace of second-
ary alteration. The types of structures
and materials encountered in the poly-
metallic deposits are listed in Table 1.

Analytical Techniques

Minerals were identified by polarizing
and metallographic microscopy and x-
ray diffraction techniques. Bulk samples
(Table 2) were chemically analyzed at
the Centre de Recherches Pétrogra-
phiques et Géochimiques (CRPG) in
Nancy and at the U.S. Geological Sur-
vey (USGS) in Menlo Park, California,

by atomic absorption spectroscopy (Fe,

.~ Zn, Cu, As, and Pb), and optical emis-

sion spectroscopy (Si, Fe, Zn, Cu, Ag,
Pb, Co, and Cd). Bulk samples were ana-
lyzed for Au and Pt by shortwave optical
spectroscopy at the USGS.
Computerized electron microprobe
analyses were carried out at the Centre
Qcéanologique de Bretagne (Camebax
de I’Ouest). During the analyses, the ac-
celerating voltage was kept at 15.0 kilo-
volts. The electron beam incidence of
the Camebax has a takeoff angle of about
42° and the limit of detection is about 500
parts per million (ppm). The precision of
the method used is about 1 percent in the
absolute value of concentration. Pure
metals (99.99 percent) were used as stan-
dards to determine the concentrations of
Cu, Ag, Au, and Pt. Samples of FeS,,
FeO, ZnS, and NiO were used to mea-
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Fig. 1. Bathymetric map of the East Pacific Rise axial zone near 21°N (24, 49) showing the track lines of the Cyana dives and the area (blackened)
where the massive sulfide deposits were discovered. (Inset) General map of the East Pacific Rise showing the location of the enlarged area.
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sure the contents of S, Fe, Zn, and Ni,
respectively.

The Ka emission lines were used for
the S, Fe, Cu, Zh, and Ni determina-
tions; the Ma emission lines for Au and
Pt; and the L« emiission lines for Ag. To
avoid contamination, no silver com-
pound was used as a conductor when an-
alyzing for Ag. Other standard mineral
compounds were used to determine the
contents of the common oxides (SiO,,
Al,O;, FeO, MgO, MnO, CaO, Na,O,
and TiO,). The bulk sample analyses
were done by standard quantitative
methods at the CRPG in Nancy and the
USGS in Menlo Park.

Sulfur isotopic compositions were de-
termined on three of the sulfide samples.
Because of its fine-grained collomorphic
nature, the sphalerite was separated
from coexisting pyrite (or marcasite)
by a chemical technique. Bulk samples
were ground (< 100 mesh), homoge-
nized, and reacted with 6N HCI at 60°C
while purging with nitrogen gas. The H,S
liberated by the sphalerite reaction was
precipitated as Ag,S. The extraction was
continued for 1/2 hour to 2 hours until no
further H,S was produced. X-ray dif-
fraction analyses of the residues in-
dicated that only pyrite or marcasite re-
mained.

Pyrite or marcasite was dissolved and
oxidized in aqua regia-bromine solution.
The resulting sulfate was precipitated as
BaSO, and then converted to Ag,S after
reduction with carbon at 1150°C.

Samples of Ag,S from both extractions
were then separately reacted with Cu,O
at 850°C to produce SO, gas. Isotope ra-
tios in SO, were measured by mass spec-
trometer. The 8%*S values are expressed
as per mil relative to Cafion Diablo troi-
lite.

Results

Tubular structures. Most fragments
recovered from the mounds appear to be
circular interconnecting tubes ranging in
diameter from about 0.5 mm to about 3
cm (Figs. 2 and 3). The walls of the tubes
consist of thin concentric lamellae 0.10
to 1 mm thick (Figs. 2 and 3). The tube
walls are composed of alternating la-
mellae of pyrite, hydrous amorphous sili-
ca, hydrous iron oxide, sphalerite, and
wurtzite (samples 8-14A11, 8-14A2, and
12-40Aa). Some tubes contain lamellae
of zinc-bearing phases without pyrite
(12-38A12 and 12-40B). Others contain
only pyrite and marcasite lamellae alter-
nating with amorphous silica (12-38A12
and 12-40Aa). Sphalerite and pyrite la-
mellae line the walls of tubes that are
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close together within the same specimen
(12-4A). However, zinc- and iron-rich
phases within the same tube are segre-
gated from each other and are occasion-
ally separated by a band of amorphous
silica (8-14A2).

The external tube walls also consist of
crystalline pyrite and alternating la-
mellae of amorphous silica and hydrous
iron oxides. The phases characterizing
each lamella are defined by sharp bound-
aries. Small patches of Fe-Si nontronitic
clay often occur at the contact with hy-
drous iron oxide and amorphous silica la-
mellae (8-14A2) (Fig. 3). In the least oxi-
dized specimens, the amorphous silica
phase is in direct contact with lamellae of
pyrite-marcasite or zinc-rich phases. In
moderately oxidized tubular samples,
the amorphous silica bands are in direct
contact with hydrous iron oxide associ-
ated with relics of pyritic material. (8-
18A2 and 12-38A).

The concave side of the tubes (Fig. 3)

is made up of a collomorphic globular
pyrite-marcasite association with a thin
rim of hydrous iron oxide (12-40Aa, 12-
38A12, 8-14C3, and 8-14A2). The inner
part of the tubes within the most hydrat-
ed and oxidized deposits consists of al-
ternating lamellae of globular geothite,
amorphous silica, and' hydrous iron
oxide (8-14A1). Occasionally, a thin dis-
continuous band of Fe-Si clay occurs
within the amorphous silica lamellae (8-
14A1).

These tubes appear to be the result of
two distinct processes. Some represent
conduits through which hydrothermal
fluids have percolated and deposited the
concentric sulfide-oxide lamellaec. The
fluids probably continued to percolate
through the small tubes after the main
frame of the mound was built. Other
tubes seem to be the result of worm bur-
rowing. Worms of the class Vestimenti-
fera found in the Galdpagos hydro-

-thermal area have a chitinous tube rang-

Table 1. General description of the polymetallic sulfides and hydrous iron oxide deposits col-

lected from the East Pacific Rise near 21°N.

Sample  Weight Den- . -
sity Coexisting phases* Type Macroscopic description
Cyp 78 ® 3
(g/cm?®)
8-14Al 12 Fe oxide, Si, clay', Gossan Purple and reddish-brown
py, ma, cu, ba friable material with mas-
sive and tubular appearance
8-14A2 141 2.25 py, gel, Fe oxide, Sulfide  Dark gray massive with tubu-
8-14A3 90.5 sp, wu, Si, clay lar structure
8-14A11 1.2 sp, gel, py
sp, py, clay, Si
8-14B 39.0 Fe oxide, clay Gossan  Yellowish-brown and brown-
ish-red friable material
8-14C3 14.0 Si, Fe oxide Gossan Light reddish-brown with dark
gray streaks, friable materi-
al, traces of tubular struc-
tures
8-14C4 7.0 wu + gel, sp, py, Sulfide = Dark gray with traces of light
Si brown material, tubular
structures with concentric
lamellae
12-38A 7.8 py, Fe oxide Sulfide = Dark gray sand-size fragments
12-38A4 11.3 cp, cu, di, py, sp Sulfide Dark gray fragments with
12-38A6 6.2 py, Si, ma, sp, di green and yellow patches
12-38A7 13.8 cp, cu, di, Cu-py showing massive and tubu-
12-38A12 7.2 py, Cu-py, ma, Si, lar structures
Fe oxide
12-37 11.2 Fe oxide, Si Gossan Light reddish-brown debris of
extremely friable material
12-40Aa 38.7 2.97 py, gel + wu, sp, Sulfide  Dark gray compact sulfide
Si, Fe oxide, fragments with tubular
ma, co structure and reddish-brown
zones
12-40B 90.7 py, sp, Si, Cu-py, Sulfide  Dark gray fragment of a tube,
ma, Fe oxide concave side lined with
crystalline sulfides
12-40C5 4.6 — py, sp, o, ma Sulfide  Debris of dark gray material
12-41D 0.30 py, Cu-py Sulfide  Small debris of ocher material
sedi- and fragment of basaltic
ment glass

*Abbreviations are: Si, amorphous and hydrated silica; py, pyrite; sp, sphalerite; cp, chalcopyrite; cu, cuba-
nite (high temperature); di, digenite; Cu-py, copper-bearing pyrite; ma, marcasite; Fe oxide, hydrated iron
oxide; ba, barite; wu, wurtzite; gel, gel-like material.
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Table 2. Bulk sample analyses of polymetallic sulfides. Analyses were done at the USGS and
the CRPG (Nancy) by atomic absorption spectroscopy (for Fe, Zn, Cu, Ag, and Pb) or optical
emission spectroscopy (for Si, Co, and Cd). Analyses of sulfur were done by gaseous phase
chromatography (LECO). The values for silver shown in parentheses were measured on a sepa-

rate portion of the sample.

Amount of constituent in sample

Constit- - -
uent 8-14A2 8-14A2 12-40Aa 12-38A12 12-40B
(USGS) (CRPQG) (USGS) (USGS) (CRPG)
Percent by weight
S 30.25 30.17 35.16 52.47 45.86
Cu 0.28 0.40 1.16 0.28 1.51
Fe 8.9 1.37 12.6 45.4 1.28
Zn 49.7 22.89 49.7 0.05 N.D.*
SiO, 10.7 N.D. 2.14 0.1 N.D.
Total 99.83 98.62 98.16
Parts per million
Ag 380 480 290 (121) 320 (145) 83
Pb 640 N.D. 330 520 N.D.
Cd 300 N.D. 700 <70 N.D.
Co <10 N.D. 500 500 N.D.

*N.D., not detected.

ing from about 2.5 to 33.8 cm in diameter
(8). The smallest known diameter for
these worms is close to the observed di-
ameter of the tubes in the East Pacific
Rise deposits. Tubes that have contorted
features rather than a more linear struc-
ture may be due to such a biogenic pro-
cess. The fact that all the tubes recover-
ed show concentric compositional ar-
rangements suggests that they all served
as pathways for fluid discharge.
Sulfides. Sulfide phases show well-de-

veloped cubes, tetrahedrons, spheroids,
and triangular bipyramids as well as lath-
like reniforms and globular textures. Py-
rite and marcasite comprise about 50
percent of the bulk material, zinc sulfide
about 34 percent, and copper-rich phases
about 16 percent.

Pyrite occurs everywhere in thé sam-
ples; it is found lining the walls of the
tubular structures, as globular framboid-
al and reniform material, and as well-de-
veloped crystals forming the inner mas-

sive portion of the specimen. Trace con-
stituents of pyrite include copper (0.1 to
0.2 percent) and zinc (0.3 percent) (Table
3 and Fig. 3). - .

Marcasite has strong pleochroisin,
varying from light brown to bluish-green,
and it occurs as radiating laths forming
individual - globular structures (Fig. 4).
The nuclei of those globules occasionally
contain crystals of pyrite (12-A12). Other
marcasite crystals occur in a fanlike ar-
rangement with the tubular structures or
along the inner massive portion of the
sample (12-38A12 and 12-40B). The re-
sults .of chemical analyses of marcasite
are shown in Table 3 and do not differ
from those of pyrite.

Pyrrhotite is a rare constituent of the
sulfides and is difficult to identify be-
cause most of the mineral has been al-
tered. Sometimes the massive pyrite and
the marcasite show gray laths as in-
clusions or surrounding the crystals (12-
38A12 and 12-41D), and these appear to
be a replacement product. The micro-
probe data on these inclusions indicate
about equal amounts of sulfur and iron
(36 percent), copper (4 percent), and
chloride (1.5 percent); other analyses of
similar material (12-40B and 12-38Ab)
show higher iron (> 46 percent) and
lower sulfur (35 to 38 percent). None of
the analyses of these laths add up to 100
percent, probably because of the hydrat-
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: PG
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& -Fe-rich
zone
X
x
Empty

Cyp 78 12 40 A

2cm

3 mm

Fig. 2 (left). Fragment of polymetallic sulfide from the East Pacific Rise showing tubular struc-
ture. Sample Cyp 78-08-14A2 consists of pyrite, sphalerite, amorphous silica, and a moderate
amount of hydrous iron oxide. Sample Cyp 78-12-40A is a fresher sulfide and has the concave
part of the tube lined with massive pyrite. Fig. 3 (right). Sketch of hypothetical tubular
structure in cross section showing different types of lamellae. Composition of the lamellae: 1,

gel-like material having the composition of wurtzite; 2, crystalline pyrite or sphalerite, or both; 3, hydrous iron oxide; 4, amorphous silica; 5,
pockets of Fe, Si-clay-rich material; and 6, massive crystalline interior of the samples, which is formed by sphalerite, pyrite, and chalcopyrite.
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ed nature of the material. Chemical and
mineralogical observations indicate that
the laths are intermediate between a pyr-
rhotite and a mixture of pyrite and mar-
casite (25). Pyrrhotite is replaced by
these intermediate products, and in only
afew instances are small crystal residues
observed as inclusions.

Copper-bearing pyrite is a term used

here to describe metallic phases that are
rich in both sulfur and iron but differ
from normal pyrite in their higher copper
content (2 to 10 percent) (Table 3). Cop-
per-bearing pyrite, always accom-
panying normal pyrite, occurs in bands
alternating with the concentric layers of
pyrite forming botryoidal and framboidal
structures (12-40B). Amorphous silica

often forms the outer rims of these fram-
boids (12-40B and 12-38A12).
Chalcopyrite was found in abundance
in two samples (12-38A4 and 12-38A7)
(Table 1). It occurred as yellowish mas-
sive crystals with abundant exsolution
lamellae of chalcopyrrhotite and as a
guest mineral in pyrite. Microprobe anal-
yses show a composition of 29 to 33 per-

Table 3. Electron microprobe analyses of ‘Fe-, Cu-, and Zn-rich sulfides from polymetallic deposits. Values are percentages by weight. The types
of texture with which the sulfides are associated are shown. Concentrations less than 0.1 percent by weight are considered trace amounts (Tr).

Gel-like material refers to wurtzite.

Marcasite Copper- High-tem- Gel-like material Sphalerite
) . beargng Chal- perature
Constit- Pyrite pyrite . cubanite Digenite
uent Glob- Tube tu_be €XS0- c](\)]p)in;e massive wN=9 Tube Mas- Tube Mas-
ular (N =5) N =20 lution N =17 interior N="7 sive N =7 _Sive
(N = 4)* N =3) N =9) N =17 N =17
S 51.77 52.11 50.35 49.11 33.14 35.77 22.60 33.26 33.33 31.68 33.38
Cu Tr N.D.f 0.46 2.82 35.42 23.43 74.36 0.15 0.19 0.10 0.28
Fe 46.13 46.98 48.49 45.59 30.85 40.56 1.97 4.34 4.58 5.99 10.31
Zn N.D. N.D. 0.23 Tr Tr Tr Tr 61.37 61.26 59.93 54.41
Ni Tr Tr N.D N.D N.D. Tr N.D. N.D. N.D. N.D. N.D.
Ag Tr 0.13 Tr Tr Tr N.D. Tr N.D. Tr Tr Tr
Au 0.79 0.40 Tr Tr Tr N.D. N.D. Tr Tr Tr Tr
Pt 0.55 0.28 N.D. N.D. 0.10 Tr Tr N.D Tr Tr N.D
Total 99.30 99.90 99.53 97.52 99.51 99.82 99.93 99.12 99.36 97.70 98.38

*Number of determinations used to obtain average shown.

N.D., not detected.

Fig. 4. Micrographs of polymetallic sulfides. (A) Framboidal pyrite under polarized light (sample 12-41D, x170). (B) Spherulitic marcasite under
polarized light (12-38A12, x85). (C) Festoon-like structure of gel-like material having the composition of sphalerite. Linear textural features at the
center of the agglomerate consist of crystalline pyrite inclusions (8-14A11, X 170). (D) Petal-like gel material showing variolitic textural features.
Darker zones are made up of the iron-rich phase sphalerite (8-14C4, X 100).
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cent copper, about 34 percent sulfur, and
32 to 36 percent iron (Table 3). Trace
constituents associated with this mineral
are cobalt (about 0.1 percent), zinc (0.1
percent), silver, and platinum. Dark
pinkish areas with a higher copper con-
tent (45 to 68 percent) and lower sulfur
(25 to 27 percent) and iron (7 to 23 per-
cent) contents than chalcopyrite occur as
inclusions in the chalcopyrite crystals.
Sometimes chalcopyrite shows marginal
replacement by digenite and covellite.
The ternary copper-iron-sulfur dia-
gram of Kullerud (26) and Cabri (27) is
used to illustrate the field of composition
covered by chalcopyrite and associated
copper-bearing minerals (Fig. 5). All the
chalcopyrite minerals analyzed show a
narrow range of composition close to
that of cubanite (Fig. 5).
High-temperature cubanite occurs as
small cubic crystals often as exsolution
lamellae in the chalcopyrite (12-3A7). It
was also noticed forming small massive
patches, which were sometimes altered
to a light brown material and included in

the pyrite (12-41D and 12-38A4). X-ray .

powder diffraction of high-temperature
cubanite shows the major intensity peaks
at 3.062 and 1.876 angstroms. Both mi-
croscopic and x-ray diffraction studies
indicate a high-temperature variety cor-
responding to the impure type of cuba-
nite referred to by Ramdohr (28) as
chalcopyrrhotite. High-temperature cu-
banite differs chemically from chalcopy-

rite by its higher iron (35 to 42 percent)
and lower copper (25 to 29 percent) con-
tent (Table 3). Trace amounts of cobalt,
zinc, and selenium were detected.

Digenite is an accessory constituent
occurring as irregular inclusions and as
reaction rims around chalcopyrite (12-
38A7). Microprobe analyses indicate
high copper (71 to 74 percent) and sulfur
(22 to 25 percent) contents, a moderate
amount of iron (2 to 6 percent), and trace
amounts of silver (0.2 percent) and zinc
(0.1 percent) (Table 3).

Small amounts of another copper-rich
mineral intermediate in composition be-
tween chalcopyrite and digenite were de-
tected as inclusions in chalcopyrite. This
type of mineral falls close to the field of
bornite in the ternary Cu-Fe-S diagram
(Fig. 5). Tiny crystals of covellite were
observed as inclusions in sphalerite (8-
14A5) and marcasite (12-410).

Sphalerite is the second most abun-
dant mineral after pyrite. The crystals
are isotropic with reddish-pink internal
reflections. Light and dark isotropic
globular and reniform sphalerites are al-
so common (Fig. 6). Sphalerite is found
as inclusions in pyrite (12-38A12 and 12-
405) and a host mineral for chalcopyrite
((8-14A3 and 12-38A4) (Table 3). The
copper content is about 0.1 to 0.6 per-
cent and the iron content 6 to 1 percent
(Table 3). In some samples crystals of
sphalerite are surrounded by a polygonal
band of hydrous Fe,Si-rich material (8-

14A4 and 8-14A11) which appears to be a
late replacement product (Fig. 7). Chem-
ical analyses show a relatively high zinc
content (= 5 percent) compared to the
other Fe-Si clay and iron-oxide com-
pounds.

Waurtzite is a common constituent of
the sulfide deposits and usually appears
as yellowish-brown to reddish-yellow
‘‘gel-like material.”” Irregular globules,
often agglutinated and showing festoon-
like or petal-like forms, are seen (Fig. 4).
Small pyrite crystals are found forming
nuclei for the petal-like forms (8-14A2)
(Fig. 4). Wurtzite commonly occurs as
either flat hexagonal crystals or spheru-
lites showing a black cross under the mi-
croscope. Incipient crystallization of
sphalerite forms small intergrowths of
radiating fibers in spherulitic wurtzite.
Often, wurtzite is rimmed by late-crys-
tallizing sphalerite.

Results of the microprobe analyses of
wurtzite are fairly consistent with those
of sphalerite, except that wurtzite has
higher zinc (60 to 62 percent) and lower
iron (3 to 5 percent) contents (Table 2).
Often the wurtzite contains darker, more
opaque zones that are enriched in iron
compared to the lighter, yellowish-green
zones. The difference in iron content be-
tween the two zones does not exceed 3
percent.

The distribution of FeS in the zinc-rich
material shows three major peaks corre-
sponding to different textures and assem-

Atomic % 600°C

o4 bn+S / bn+iss/
(liquid)/ i +S

( iquid)! | %=

7 "l .
/ [” x
/ /,iss+py+s /// A\
/ /| Viquid) .~ /po+pyY
~iss+S / N

60 2%

Cu+bn  Cutbn+Fe

Cu T T T T T

T T T Fe

40 50 60
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Fig. 5. Ternary diagram showing copper-rich phases (percent by weight) plotted on a restricted area representing various solid phases. Abbrevi-
ations: di, digenite; cp, chalcopyrite; cu, high-temperature cubanite; and py, pyrite. (Inset, on right) The 600°C isothermal diagram of Cabri (27)
with fields of intermediate solid solution (iss). (#) High-temperature cubanite coexisting with chalcopyrite; (X) composition of chalcopyrite from
this study; bn, bornite; po, pyrrhotite; and #r, troilite.
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Table 4. Selected electron microprobe analyses of noble metal-bearing phases of polymetallic sulfide deposits. Values are percentages by weight.

Gel refers to wurtzitic material.

Silver-bearing phases

Gold-bearing phases

Platinium-bearing phases

Constit- Marca- Pyrite Gel Marca- Chalco-
uent site Gel 12-38A12 8-14A11 site pyrite

12-38A12 p-14A2 (N = 2)* 12-38A12 12-40Aa 12-40Aa 8-14A2 12-38A12 12-38A7

WN=2 WN =2 WN=2 N =2 WN=2

S 50.25 33.20 24.9 22.64 50.65 51.38 32.85 32.18 52.54 34.96
Cu 0.31 N.D.t 4.85 6.93 0.16 0.29 0.10 N.D. N.D. 30.92
Fe 45.80 4.24 25.90 4.82 46.18 47.48 2.35 3.69 46.42 33.84
Zn N.D. 61.77 N.D. 49.95 N.D. N.D. 62.70 61.60 N.D. N.D.
Ag 0.98 1.19 23.75 16.81 N.D. N.D. 0.10 0.10 N.D. 0.20
Au N.D. 0.79 0.40 N.D. 3.15 0.50 0.60 0.96 N.D. N.D.
Pt N.D. 0.68 N.D. N.D. N.D. N.D. N.D. N.D. 1.17 0.32
Total 97.34 101.87 101.15 100.14 99.65 98.70 98.53 100.13 100.24

*Number of determinations.

blages. The average is about 6 mole per-
cent FeS for the gel (wurtzite) (Fig. 8).
Crystalline sphalerite associated with
pyrite and chalcopyrite has an average of
15 mole percent FeS (Fig. 9). Sphalerite
occurring as inclusions in pyrite has an
average FeS content of 21 mole percent
(Fig. 9).

Noble metals. High levels of silver
(290 to 480 ppm) were found in the bulk
sulfide samples (Table 2). These concen-
trations greatly exceed those in the Red
Sea deposits (50 ppm) (29) and in oceanic
basalts (1 to 2 parts per billion) (30). Al-
though high levels of both gold and plati-
num were detected by microprobe, the
contents in the bulk samples were below
the detection limits (0.2 and 5 ppm, re-
spectively). The detection limit for gold
is well below its ore-grade level (5 to 10
ppm) but that for platinum is well above
the ore-grade level (100 ppb), indicating
the desirability of further platinum analy-
ses.

Twelve samples analyzed by micro-
probe contain noble metals (Tables 3 and
4). However, only silver was present as a
discrete mineral. Platy white silver-bear-
ing minerals (10 to 60 micrometers in di-
ameter) were detected by electron scan-
ning microscopy and occur in pyrite (12-
40B), sphalerite (12-40Aa), and copper-
bearing pyrite (12-38A12) lining the tube
walls (Fig. 10). Other silver grains occur
within the massive portion of the sam-
ples set in a matrix of pyrite or chalcopy-
rite. They are surrounded by a rim of
sphalerite, which in turn is included in a
groundmass of pyrite (8-14A11). These
samples contain variable amounts of sil-
ver (up to 36 percent), sulfur (1 to 23 per-
cent), zinc (16 to 50 percent), copper (6
to 10 percent), and iron (4 to 38 percent)
(Table 4). Microprobe analyses of sever-
al silver grains suggest a negative corre-
lation between silver and copper con-
tents (Fig. 11).
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tAnalyzed for but not detected.

Silver was detected in pyrite, sphaler-
ite, copper-bearing pyrite, marcasite,
digenite, and gel-like material (12-40Aa,
12-38A, 12-38A12, 12-38A7, 8-14A2, and
8-14A11) (Table 4).

The concentration of gold in the vari-
ous phases varies from 0.1 to 3 percent
by weight. The highest concentration oc-
curs in sphalerite and pyrite. Platinum
was detected as a dispersed constituent

-

Fig. 6. Scanning electron micrographs of globular structure of sphalerite (sample 12-40Aa,

x225) with a pyrite forming the nucleus (A).

The outer margin of the globule consists of a

copper-rich phase surrounded by amorphous and hydrated silica. (B-F) The x-ray imaging of
sulfur, zinc, copper, iron, and silica. The brighter zones relate with the major concentration of

the element present.
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in most sulfide phases that contain gold
and silver; the platinum content in these
phases varies between 0.1 and 1.4 per-
cent by weight (Table 4).

Sulfates. The sulfates are common mi-
nor constituents of the deposits and are
present as hydrated compounds with
copper, iron, and zinc.

Copperig'ron sulfates occur as laths
that appear gray in reflected light and
reddish-brown in refracted light. This
type of material is found in samples com-
posed primarily of pyrite and may repre-
sent an alteration product of chalcopy-
rite (12-41D and 12-40B). Chemical anal-
yses of several laths show a decrease in
the CuO content (from 14 to 2 percent)
and an increase in the FeO content (from
29 to 71 percent). It appears that during
hydration the iron was oxidized, copper
and sulfur were subsequently lost from
the compound, and a limonitic product
was ultimately formed. Mineral phases
such as copiapite and chalcanthite were
identified by x-ray diffraction and mi-
croscopy (12-38A).

Zinc sulfates were identified in associ-
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ation with the other sulfates. White
translucent fibers of melanterite and dark
green anisotropic aggregates of goslarite
were also detected.

Barite is a late mineral phase that oc-
curs as radiating laths included in goe-
thite and occasionally in marcasite.
Some other sulfate phases identified
were gypsum and jarosite.

Silicates. Siliceous material occurs in
two distinct forms, as a hydrated
amorphous silica and as a crystalline sili-
cate phase.

Hydrated amorphous silica occurs as
grayish-white bands less than 1 millime-
ter thick associated with polycrystalline
sulfides and hydrous iron oxide. The
bands coat the tube walls, form the outer
rim of some pyritic globules (12-40B and
8-14C4), and occur in the massive por-
tion of the samples. Many amorphous
silica bands contain specks (< 10 wm) of
pyrite and copper-bearing pyrite (Fig. 3).
Chemical analyses of amorphous silica
show a high SiO, content (averaging
about 88 percent) and minor amounts of
Al,O; (about 2 percent) (Table 5). Other

Fig. 7. Scanning electron micrographs of
sphalerite crystals surrounded by a polyg-
onal Si,Fe-rich clay-like material (sample
8-14A11, x260) (A). Results of chemical
analyses of these materials are shown in
Tables 4 and 7. (B-E) The x-ray imaging of
sulfur, zinc, iron, and silica concentrations.

constituents of the white bands include
Na, K, Fe, Ca, and traces of Zn, S, Cu,
and Ti (Table 5).

The crystalline silicate phases are
common. Light green and light brown
clay material of nontronitic composition
is the most abundant silicate associated
with amorphous silica bands and hy-
drous iron oxides. Microprobe and bulk
analyses of hand-picked material in-
dicate high silica (SiO,, 17 to 68 percent)
and iron (Fe,O;, 18 to 48 percent) and
very low Al,O; (0.1 to 2 percent) con-
tents (Table 5). Other silicates include
zeolite and muscovite which comprise
less than 0.1 percent by volume of the
bulk material. Muscovite up to 2 mm in
diameter was found in one sample of
massive sulfides (12-38A) and dispersed
in sand- and clay-size material made up
of intermixed sulfides, hydrous oxides,
and basaltic glass. Microprobe analyses
indicate a high K,O content (11 to 12 per-
cent) and low FeO and MgO contents (1
to 3 percent) (Table 5). A detrital origin
of the muscovite flakes appears to be
precluded by their angular shape, well-
preserved outlines, and inclusion in the
sulfides.

Hydrous iron oxides. Hydrated and
highly oxidized material (‘‘gossan’’) ap-
pears to be the low-temperature altera-
tion product of the sulfides. Goethite and
limonite are the most common iron
oxides and have a powdery and friable
appearance (Fig. 2). This material occurs
as tiny globules showing concentric and
radiating features varying in color from
yellowish-red to ocher yellow. Hydrous
iron oxides occur as alteration rims
around crystals of sphalerite and pyrite
(8-14A2) and as concentric bands lining
the walls of the tubular structures (Fig.
3).

Chemical analyses show that the hy-
drous iron oxides consist primarily of
Fe,O; (61 to 72 percent), SiO, (3 to 10
percent), and S (1 to 9 percent), with a
high water content (Table 5). Gradual re-
placement of sulfides by hydrated iron
oxides is observed at the boundaries be-
tween the lamellae forming the tubes.

Sea-Floor Alteration of the Sulfides

The lamellae found lining the tubes are
alternating hydrous iron oxide-rich
phases and sulfide phases. This composi-
tional alternation could be due to the oxi-
dizing conditions prevailing within a por-
tion of the ascending solutions or to epi-
sodic precipitation of sulfide followed by
oxidation.

The bulk altered specimens that form
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Fig. 8 (left). Frequency diagram of the FeS content in sphalerite (A) for all the samples analyzed and (B) for the gel-like material of wurtzitic

composition.
sphalerite coexisting with pyrite.

the gossans which comprise almost half
of the total samples collected represent
late hydrated and oxidized massive sul-
fides. Because of the highly oxygenated
environment of deposition and the ex-
tremely fragile nature of the massive sul-
fides, most of the deposits lying on the
accreting plate boundary of the East Pa-
cific Rise will be altered, deteriorated,
and dispersed in a relatively short period
of geologic time. The sulfide deposits are
likely to be preserved if they are buried
by successive lava flows. However, in
order to evaluate the degree of alteration
of the various sulfide compounds it is im-
portant to make a detailed comparative
study of active and inactive discharge
zones.

Discussion

The sulfide deposits we studied consti-
tute a fairly homogeneous material made
up essentially of iron and zinc minerals
followed by less abundant copper-rich
phases. The possibility is not excluded
that other types of deposits with dif-
ferent mineral proportions than those en-
countered at our sites could coexist with-
in the same geological setting. The para-
genesis of the massive sulfides from the
East Pacific Rise indicates two major
mineral assemblages: the association of
chalcopyrite, high-temperature cubanite
(chalcopyrrhotite), and pyrrhotite and

the association of sphalerite and wurtz-

ite. Pyrite and marcasite appear to be
present with both types of mineral as-
semblages. In general, the chalcopyrite-
cubanite-pyrrhotite association repre-
sents the initial phase of sulfide crystalli-
zation. This is suggested by the presence
of chalcopyrite, sometimes observed as
inclusions in sphalerite. Because of the
poor preservation of the pyrrhotite in our
samples it is difficult to interpret the ge-
netic succession of this mineral. The
28 MARCH 1980

sphalerite-wurtzite association is com-
monly found in the samples studied.
Sometimes the wurtzite shows textural
features rimmed by sphalerite, which
suggest that it was formed before the
sphalerite. Pyrite is often found as late
precipitates surrounding sphalerite. The

Sp inclusion in py
N =38

{8

Sp coexisting with py
N = 29

40 10
FeS (mole %)

30

Fig. 9 (right). Frequency distribution of FeS content in (A) sphalerite (Sp) included in the massive pyrite (py) and (B) crystalline

origins of the ocean floor sulfide deposits
may be inferred by considering the geo-
logic setting and some of the geochemi-
cal characteristics of the deposits.
Sulfur isotopes and source of sulfur.
The sulfide may have originated from (i)
reduction of seawater sulfate (84S =

Fig. 10. Scanning electron micrograph of a silver grain (sample 12-40A, x 500) surrounded by
massive pyrite (A). The time of sample exposition to the secondary electrons is 120 seconds.
(B-F) The x-ray imaging of silver, sulfur, iron, selenium, and lead, respectively.
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+ 20 per mil) during geothermal cir-
culation of seawater, or (ii) mobiliza-
tion of sulfide contained within the basal-
tic source material (8%4S = 0 = 0.5 per
mil). Oceanic basalts have a sulfur con-
tent of 600 to 1800 ppm (3/, 32), and
some or all of this might be mobilized
during interaction with heated seawater
or other hydrothermal fluids. On the oth-
er hand, ferrous iron in basalt has the ca-
pacity to reduce seawater sulfates, pro-
vided the temperature of interaction ex-
ceeds about 300°C (33). Thus, sulfide
could be mobilized from either source,
or more likely a combination of both.
Measured §*S values of +1.9 to +3.3
per mil (Table 6) for the sulfides require
that seawater sulfate is the source of at
least some of the sulfur. A total of nine
other isotopic analyses of pyrite, sphal-
erite, and chalcopyrite gave average §°S
values of +3.45, +2.80, and +2.1 per
mil, respectively (33a). If it is assumed
that sulfate reduction is the exclusive
source of the sulfide deposits, the isotop-
ic fractionation between sulfate and H,S
is about +18 per mil (+20 to +2.4 per
mil). Such a fractionation factor implies
a temperature of 350°C if equilibrium is
maintained (34, 35). At higher temper-
atures the fractionation becomes small-
er, so admixtures of some magmatic sul-
fur would be required to obtain the ob-
served 8%4S (Table 6). Thus, 350°C may
be the lower limit of temperature for the
production or mobilization of the sulfur.
Observed fractionation between coex-
isting pyrite and sphalerite is negligibly
small (< 0.3 per mil; Table 6). This im-
plies either that equilibrium occurred be-
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Fig. 11. Binary diagram of noble metal-bear-
ing sulfide material.

tween these minerals at temperatures in
excess of 600°C (36) or that fractionation
did not occur because the minerals were
deposited episodically at lower temper-
atures. The latter seems more likely,
considering the observed mineral tex-
tures.

Leaching and transport of preexisting
basaltic rocks. Spooner and Fyfe (37),
Parmentier and Spooner (38), and others
have proposed convection systems in-
volving the penetration and transport of
seawater as a main mode of fluid circula-
tion in the oceanic crust. During a sea-
water-basalt reaction, the seawater
changes from a slightly alkaline solution
containing chloride, sulfate, and sodium
to a slightly acid solution containing so-
dium, calcium, and chloride (39, 40).

Mottl et al. (33) indicate that at higher
temperatures (> 400°C) seawater might
transport metals even under rock-domi-

Table 5. Electron microprobe analyses of hydrous silica-bearing and iron oxide phases from
polymetallic deposits. Values are percentages by weight. Total iron was calculated as Fe,O,
except for the muscovite sample and the bulk sample analyses. Concentrations less than 0.1
percent were reported as trace amounts (Tr). The type of textural association is indicated. The
H;O content was not determined. Ign, ignition loss.

Amor-

Mus-

h Clay* . Iron
Con- phous Clay ay covite oxide  Gossan Gossan ~Gossan
stituent  Silica tube rim mas-  yhe  bulk  bulk  bulk
tube (N =5 sive (N = 8)
N = 12) N =2

SiO, 89.43 67.85 39.72 46.49 8.83 3.21 12.56 17.98
AlO3 1.91 N.D.f 0.57 32.80 0.20 0.09 1.06 0.35
Fe,O, 0.40 19.81 28.25 N.S. 72.68 68.20 58.91 42.06
FeO N.S.% N.S. N.S. 2.22 N.S. N.S. 0.71 0.03
MnO Tr Tr N.D. N.D. Tr N.D. N.D. N.D.
MgO N.D. 0.17 0.45 1.45 Tr 0.09 0.79 1.06
CaO 0.20 0.13 0.37 N.D. Tr 0.07 1.19 1.62
Na,O 0.10 N.D. 1.30 0.30 Tr " Tr N.S. N.S.
K.O Tr N.D. 1.07 11.24 N.D. Tr 0.28 0.24
TiO, N.D. N.D. N.D. 0.70 Tr Tr Tr Tr
POy N.D. N.D. N.D. N.D. N.D. N.S 3.25 2.22
S? Tr Tr 0.13 N.S. 1.78 N.S. 2.77 0.76
Cu Tr N.D. Tr N.S. N.D. N.S. N.D. N.S.
Zn N.S. N.D. 5.14 N.S. N.S. N.S. N.S. N.S.
Ign N.S N.S. N.S. N.S. N.S. 16.9 16.71 29.89

*This sample represents average analyses of Si,Fe-rich clay-like material surrounding rim of sphalerite (Fig.

8). tAnalyzed for but not detected.
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$Not sought.

nated conditions. Thus, copper and zinc
are likely to be leached from basaltic
rocks at 300° to 400°C and form the ap-
propriate sulfide phases when the hydro-
thermal fluid is cooled on the ocean
floor.

Data on the mobility of heavy metals
in altered ocean floor basalts showed
that the concentration of zinc and copper
in veins and veinlets is due to leaching
during geothermal circulation /). Mas-
sive sulfide deposits of the type found on
the East Pacific Rise near 21°N might
have been produced by a large volume of
fluid trapped beneath the ridge axis. Al-
so, large amounts of metal-bearing
phases must have been dissolved from
preexisting basaltic formations. For ex-
ample, to produce a 3-m*® mound contain-
ing 50 percent zinc, it would be neces-
sary to leach about 15,000 m® of basalt
with a zinc content of 100 ppm. We spec-
ulate that leaching of basaltic rocks in
the vicinity of a shallow molten zone
(< 2 km deep) could enhance the solubil-
ity of penetrating seawater in zones of
extensive faulting and fissuring away
from the ridge axis, where constructional
features are more prominent. The heated
seawater would leach the solidified ba-
saltic material forming a roof over the
completely or partially molten silicate
(Fig. 12). Field observations (2/) seem to
indicate that sulfide segregation and pre-
cipitation coincide with a period of mag-
matic quiescence.

Hydrothermal fluid and magmatic
segregates. Magmatic segregates includ-
ing sulfur and other residual phases (met-
als and gas) that do not enter into the ma-
jor mineral constituents of the basalt
may be formed while a silicate melt is so-
lidifying under the ridge axis. Several au-
thors 42-45) have suggested that boiling
solutions in vapor-dominated hydro-
thermal systems give rise to ore deposi-
tion at a relatively shallow depth in the
crust. Heated seawater circulating near
the surface (< 2 km), could interact with
magmatic residual phases and facilitate
the extrusion of the metal-rich solution
onto the ocean floor. In this case, reduc-
tion of sulfates from fluid solutions
(evolved seawater) could contribute to
the production of sulfur with the §%4S val-
ues observed (Table 6).

An alternative hypothesis is that of
segregation of a sulfide melt from a pure-
ly magmatic source. The process in-
volved in segregating a sulfide melt may
be analogous to that known as the ‘‘fil-
ter-pressing phenomenon’’ (46) in which
the immiscible or residual melts are ex-
pelled during the crystallization of a sili-
cate magma. After the solidification of
the major mineral phases (such as pyrox-
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ene, plagioclase, and iron and titanium
oxides) from a silicate magma, the solu-
bility of sulfur in the magma would de-
crease and sulfide melts could separate.
Only a small part of the sulfide melt
might be incorporated in the silicate
melt, and similarly the sulfide melt might
trap only small amounts of the low-tem-
perature silicate assemblages. Experi-
mental studies by Mysen and Popp “7)
showed that the solubility of sulfur in
melts of diopsidic and albitic composi-
tion increases with pressure and temper-
ature and suggested that most of the im-
miscible sulfide melt separated before
the silicate melt reached the surface. The
maximum temperature at which stoichio-
metrically pure pyrite and sphalerite will
crystallize from a melt (about 800° to
1000°C) is lower than that of the basaltic
minerals (1050° to 1200°C). Thus, a sul-
fide melt segregating from a silicate melt
could enter cracks and fissures on the
ocean floor or accumulate in pockets
near a magma chamber.

The later hypothesis, that the sulfide
deposits originated in a magmatic segre-
gation process, has to be considered with
reservations. The high content of zinc-
rich phases in these deposits does not
correspond to the composition of natural
sulfides found trapped in ocean floor ba-
salts. Indeed, several sulfide globules
found in basaltic glasses associated with
the deposits completely lack zinc, but
have abundant sulfur (33 to 37 percent),
iron (50 to 56 percent), nickel (6 to 9 per-
cent), and copper (0.1 to 6 percent). Fur-
thermore, ‘it has been shown (48) that
tholeiitic basalts contain sulfides with
534S values of +1.1 to —3.0 per mil, com-
pared to the range of +1.9 to +3.3 per
mil in the East Pacific Rise samples. To
increase 8%'S to the average value of
+2.5 per mil found in the samples stud-
ied, it would be necessary to have an ad-
mixture of sulfide from another source
during the segregation of sulfides. The
process most likely to have given rise to
the sulfides described here is reduction
of seawater sulfates at high temper-
atures.

Whether the massive sulfides and as-
sociated products from the East Pacific
Rise are derived from leaching of pre-
existing basaltic rocks or interaction of
heated seawater and magmatic segre-
gates has not yet been established. The re-
lation between sulfide and silicate melts in
an oceanic environment is poorly de-
fined. Many factors that control the sep-
aration of sulfur and other residual
phases from silicate magmas are un-
known. Also, experimental work on rock
leaching and seawater transport at high
temperatures is needed to provide a bet-
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Table 6. Sulfur isotopic composition of sulfide
minerals. Values are relative to Canon Diablo
troilite.

. %S
Sample Mineral (per mil)
8-14A2 Sphalerite +2.46, +2.91
Pyrite +2.33, +2.52
12-38A Pyrite +3.27
12-40A Sphalerite +1.87
Pyrite +2.01

ter insight into hydrothermal systems
above 350°C. In addition, the tectonic
setting associated with the preferential
accumulation of sulfides in some regions
rather than others is not well under-
stood. Detailed studies of oceanic ac-
creting plate boundaries are limited and
comparative studies are rather specula-
tive.

Conclusions

The massive sulfide deposits found on
the East Pacific Rise near 21°N form
roughly conical and columnar structures
of variable size (3 to 10 m in height)
aligned approximately parallel to the axis
of the accreting plate boundary (/7).
Lack of pelagic intercalated sediment in-
dicates that these structures were built
rapidly by direct discharge onto the
ocean floor. The surrounding sand-sized
material covering the basaltic flows is
made up of polymetallic sulfide debris

and associated assemblages deposited
during discharge. The debris could also
have been formed in part by degradation
of preexisting vents.

Tubular structural features encounter-
ed on the sulfide edifices are small cone-
lets (up to S cm in diameter) resulting
from successive fumarolic exhalations.
Many of the tubular structures are con-
torted and remind one of holes left by
burrowing animals. The alternating com-
position of the lamellae lining the walls
of the tubes suggests fractional precipi-
tation of low-temperature assemblages
(silica, iron oxides, clay-like material)
and higher temperature sulfide phases
(pyrite, sphalerite, chalcopyrite).

The major sulfide constituents are py-
rite, marcasite, zinc-rich material, and
copper-rich phases. The intimate associ-
ation of pyrite and sphalerite suggests
that both phases were formed in the
same temperature range. The high-tem-
perature cubanite and digenite formed as
reaction rims, as exsolution lamellae,
and as patches in chalcopyrite are prob-
ably the result of rapid crystallization.
Assemblages of chalcopyrite and high-
temperature cubanite probably represent
the early phase of crystallization, before
that of sphalerite and pyrite.

A gel-like material having the compo-
sition of wurtzite occurs throughout the
samples. This material is believed to
have been formed by rapid cooling at the
sea floor-seawater interface. Many of
the hydrous iron oxides (gossans) ob-
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deposits Seawater
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0.5 { ’ |
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sulfide —— -
segregation® |
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Fig. 12. Schematic representation of the axial zone of a rapidly spreading ridge system. The
hypothetical zone of molten material has the composition of a basaltic melt capped by a zone of
crystal-liquid segregation of sulfide and high-temperature solutions. Block-faulted areas are
preferential sites for seawater fluid circulation system. Superimposed temperatures curves (T)
are the calculations of Sleep (50) for a ridge spreading at a half-rate of 5 cm/year. Since the rate
of spreading near 21°N is around 3 cm/year, the isotherms will be steeper and the top of the

molten zone 1 to 2 km deeper in the crust than shown. Temperatures: T1, 1185°C; T2, 1000°C

>

13, 800°C; T4, 600°C; and T5, 300°C. The bottom topography shown on the zero-line reference
level is a composite profile made during Cyana dives Cy 78-06 and Cy 78-10 in the general area
of the sulfide deposits. Vertical exaggeration of the bottom profile is two. The zone of molten
silicate representing a magma chamber has no vertical exaggeration.
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served forming large portions of the
specimens collected, or replacing crys-
tals of sulfides, result from low-temper-
ature alteration of preexisting sulfide
phases.

The principal silicates are hydrated
amorphous silica and iron-silicon non-
tronite. Minor amounts of muscovite and
zeolite were scattered throughout the
samples. The sulfates consist mainly of
Cu,Fe- and Zn-bearing phases. Small
amounts of barite were also detected.

The sulfide deposits described here
were probably formed in the axial part of
the East Pacific Rise near 21°N during a
period of magmatic quiescence. The na-
ture of the polymetallic sulfides, the
structural setting of the deposits, and the
sulfur isotopic data suggest that they had
a magmatic source. The massive sulfide
deposits were probably formed by mobi-
lization of sulfide-bearing material and
by some reduction of seawater sulfates
during fluid circulation in the oceanic
crust. Whether the sulfide-bearing mate-
rial was extracted from basaltic rocks or
represents a sulfide melt segregated dur-
ing the solidification of a silicate melt un-
der the axis of the East Pacific Rise is not
yet known.
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Materials Science

On 23 May Science will publish an issue containing 20 articles devoted to Advanced Technology Materials. The issue
will provide a sample of some of the more significant work being conducted in the major industrial research laboratories.
The manuscripts have been prepared by leading industrial scientists who have delivered texts that are not only authorita-
tive but also readable and interesting. Upper-division undergraduates, graduate students, and mature scientists will find
the issue a valuable sample of applications of fundamental knowledge.

The topics covered include: New Polymers; Conductive Polymers; Multipolymer Systems; Fiber Reinforced Com-
posite Materials; Heterogeneous Catalysts; Glassy Metals; High Strength Low Alloy Steels; Superconductors for High
Current, High Fields; New Magnetic Alloys; High Temperature Ceramics; Gas Turbine Materials and Processes; Dia-
mond Technology; New 3-5 Compounds and Alloys; Molecular Beam Epitaxy; New Methods of Processing Semiconduc-
tor Wafers; Materials in Relation to Display Technology; Photovoltaic Materials; Magnetic Bubble Materials; Josephson
Device Materials; and Biomedical Materials.
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