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Crustal Processes of the 
Mid-Ocean Ridge 

East Pacific Rise Study Group 

In 1854, Matthew Fontaine Maury 
published the first bathymetric chart of 
the North Atlantic Ocean, revealing the 
presence of a great ridge running down 
its central axis (1). Thought at that time 
to be a geosynclinal structure, the Mid- 
Ocean Ridge (MOR) has proved to be the 
largest single geological feature on the 
surface of the earth. Stretching for a 
distance of 72,000 kilometers and cir- 
cling the globe, it covers over 28 percent 
of the planet's surface. 

During the last quarter century, the 
MOR has assumed considerable impor- 
tance in geological thought, particularly 
in the development of modern concepts 
of global tectonics. We now understand 
it as a site of mantle upwelling along 

which the lithospheric plates of the 
oceans develop. Until recently, the 
study of this great geologic province 
took place along several parallel but sep- 
arate lines of inquiry, each focusing on 
different aspects of the ridge system: its 
surficial volcanism, heat budget, mag- 
netic character, isostatic response, hy- 
drothermal activity, crustal structure, 
suspected composition, and subbottom 
crustal processes. Within the last few 
years, however, these parallel studies 
have begun to converge on a central 
question: What is the nature of the mag- 
ma chamber system that underlies the 
MOR and is thought to be responsible for 
the observed processes? What follows is 
a summary of these separate lines of 
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Department, Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 02543; Harmon Craig, 
Scripps Institution of Oceanography, La Jolla, California 92093; John Edmond, Department of Earth and 
Planetary Sciences,, Massachusetts Institute of Technology, Cambridge 02139; Marco Einaudi, Department 
of Applied Earth Sc~ences, Stanford University, Stanford, California 94305; Robin Holcomb, U.S. Geological 
Survey, Vancouver, Washmgton 98663; Heinrich D. Holland, Department of Geological Sciences, Harvard 
University, Cambridge, Massachusetts 02138; Clifford A. Hopson and Bruce P. Luyendyk, Geology 
Department, University of California, Santa Barbara 93106; Kenneth Macdonald, Department of Geological 
Sciences, Marine Science Institute, University of California at Santa Barbara, Goleta 93106; Janet Morton, 
Geophysics Department, Stanford University; John Orcutt, Scripps Institution of Oceanography; and 
Norman Sleep, Geophys~cs Department, Stanford University. 

evidence and a synthesis that attempts to 
present a unified model of the magma 
chamber system and its related crustal 
processes, the chemistry of the ocean 
itself, and the occurrence of massive 
sulfide deposits in the rifted central axis. 

Gravity Structure and Seismology 

of the Mid-Ocean Ridge 

A decade ago Dorman and Lewis sug- 
gested that the relationship between 
gravity and topography could be com- 
puted as a function of spatial wavelength 
(2). This technique was subsequently ap- 
plied to investigations of ocean basins. 
Cochran (3) applied it to various seg- 
ments of the MOR and concluded that (i) 
an elastic plate model which supports the 
topograpic load partly through flexural 
strength is required; and (ii) the plate 
thickness of the East Pacific Rise (EPR) 
is 2 to 6 km and that of the Mid-Atlantic 
Ridge (MAR) is substantially larger, 7 to 
13 km. There are, however, some ques- 
tions about whether on the basis of gravi- 
tational field data it may be possible to 
resolve this difference. In spite of these 
questions, the results are consistent with 
the idea that the lithospheric plates cool 
and thicken with time as they move 
laterally away from the spreading center. 

Theoretical models of the temperature 
distribution near the ridge axis are in 
general agreement with the conclusions 
from gravity data. One can calculate the 
temperature in the region of the ridge 
axis by solving the vertical heat flow 
equation for steady-state emplacement 
and horizontal displacement away from 
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the ridge axis, using energy-conserving 
boundary conditions (4, 5). It is found 
from these calculations that the lateral 
conduction of heat causes a cool lid of 
crust to exist at the ridge axis. A steady- 
state magma chamber may exist in the 
hot crust beneath this lid close to the 
plate boundaries. The thickness of the lid 
is inversely proportional to the spreading 
rate beyond a minimum thickness of 2 
km or so because of hydrothermal cool- 
ing. For intermediate spreading rates (6 

potentially corresponding to a magma 
chamber, was first published in 1975 (6) 
for the EPR at 8"N. This work was co- 
incidental with theoretical work which 
broke substantially with earlier ap- 
proaches to treating explosion data. In 
the older studies, models consisting of 
thick homogeneous layers were con- 
structed to fit the travel time data (11). 
With the new techniques it was possible 
for the vertical variation to be quite 
arbitrary, and, even more important, the 

Summary. Independent geological and geophysical investigations of the Mid- 
Ocean Ridge system have begun to focus on the nature of the magma chamber 
system underlying its central axis. Thermal models predict the existence of a steady- 
state chamber beneath a thin crustal lid ranging in thickness from 2 to 13 kilometers. 
The only aspect of the system that these models fail to account for is the extremely 
slow spreading rates. Seismological studies reveal the existence of a low-velocity 
zone beneath segments of the East Pacific Rise, which is thought to correspond to a 
chamber system having a half-width of approximately 5 to 10 kilometers. These 
estimates compare favorably with those derived separately through petrological 
investigations of deep-sea drilling results, various sampling programs, and field and 
laboratory studies of ophiolites. The chamber is thought to be wing-shaped and to 
remain continuously open; it is thought to be fed from the center while simultaneously 
solidifying at the sides as spreading carries the two halves apart. Progressive 
fractionation occurs by crystal settling coupled with repeated replenishment and 
magma mixing in an open steady-state system. Near-bottom studies reveal that the 
zone of extrusion above the chamber is narrow, but its eruptive history is cyclic in 
nature, in conflict with the predictions of a steady-state model. On-bottom gravity data 
at 21 ON on the East Pacific Rise reveal a negative gravity anomaly that may be related 
to the uppermost part of the chamber. The anomaly is only 2 kilometers wide and 1 
kilometer below the sea floor. This feature may be associated with a short-term upper 
magma reservoir. The cyclic volcanic activity is directly related to the active phase of 
hydrothermal circulation responsible for the observed negative thermal anomaly. The 
volume of water associated with this circulation is equal to the entire ocean volume 
passing through the accretion zone approximately every 8 million years. This is about 
0.5 percent of the world's rivers, but the effective transport rates of elements are 
comparable to those of rivers in that anomalies for individual elements are frequently 
between 100 and 1000 times the average river composition. The degree of subsur- 
face dilution determines the final exit temperature and composition of the hydrother- 
mal fluids, ranging from manganese domination at extreme dilution to iron at 
intermediate levels to sulfide deposition when low dilution occurs. The discovery of 
massive sulfide deposits on the East Pacific Rise is destined to have a profound 
impact on our understanding of ore-forming processes. Whether it will have any 
economic significance remains to be seen. 

centimeters per year), a lid at least one 
additional kilometer thick is required. 

Marine, seismologists have also pro- 
duced several independent arguments 
supporting the existence of a localized 
shallow magma chamber beneath the 
EPR (Fig. 1). Experiments beginning in 
1975 have revealed at several places on 
the EPR a low-velocity zone interpreted 
as representing a magma chamber (6-8). 
A second series of experiments, which 
obtained profiles on mature oceanic 
crust, revealed a seismic stratigraphy 
consistent with rock types encountered 
in various ophiolite suites (9, 10). 

Evidence for the existence of a crustal 
low-velocity zone on the ridge crest, 

32 

resultant errors could be quantitatively 
estimated (12). In addition, the applica- 
tion of synthetic seismograms to the 
analysis of seismic profiles begun by 
Helmberger (13) was developed to the 
point that accurate and complete syn- 
thetic seismograms could be inexpen- 
sively computed in complicated attenua- 
tive media containing low-velocity zones 
(14). The primary evidence for the exis- 
tence of a low-velocity zone was the 
presence of a broad shadow zone begin- 
ning at ranges of approximately 15 km 
where the wave amplitudes, consisting 
largely of diffracted and tunneled energy, 
dropped off dramatically and the travel 
times were substantially delayed (7, 15). 

Research at 8"N on the EPR (with a total 
opening rate of 12 cmlyear) based on 
sonobuoy refraction data (8) and near- 
vertical reflection profiling (16) further 
supported the existence of a shallow 
seismic shadow zone. In a similar fash- 
ion, Reid et al .  (15) reported evidence 
suggesting the occurrence of a shallow 
magma chamber at 21°N (6 cmlyear). 
Additional support for the attenuative 
nature of the crustal structure of the rise 
in this general area was provided by the 
anomalous damping of high-frequency 
shear waves propagating along the axis; 
this finding suggested the presence of a 
shallow chamber less than 10 km wide 
(17). 

Rosendahl et a l .  (18), Bibee (19), Rus- 
sell (20), Mueller (21), and Scarlett (22) 
reported the presence of pronounced 
low-velocity zones beneath the EPR at 
10"s (16 cmlyear) and the Galapagos Rift 
at 86"W (6 cmlyear). Although Bibee and 
Rosendahl et al .  disagree on the depth of 
the magma chamber, the appearance of 
the shadow zones at 12 to 15 km argues 
that the overlying lid must be thin. 

The width, as well as the vertical ex- 
tent and position of the chamber, are 
also important. On the basis of sonobuoy 
lines parallel to the ridge, Rosendahl et 
al .  (8) demonstrated that the width is at 
least 10 km. This value is consistent with 
that estimated by McClain and Lewis 
(17) and Reid et a l .  (15), although the 
width may be even greater as the cham- 
ber pinches out in both directions of 
plate motion. 

Petrological Constraints on the 

Magma Chamber 

Petrological studies within the last few 
years have also produced strong inde- 
pendent evidence for a shallow magma 
chamber, the character of oceanic crust 
formed beneath the ridge being con- 
trolled by the differentiation and mixing 
of mantle-derived magma in a steady- 
state chamber near the surface. The evi- 
dence comes from fresh MOR basalts 
and glasses obtained from submersible 
studies, from the Deep Sea Drilling Pro- 
ject (DSDP) and dredging studies, and 
from field and laboratory studies of 
ophiolites. Well-preserved ophiolites 
provide exposed cross sections of former 
oceanic crust and upper mantle (Fig. 2a). 
The stratigraphic thickness of the vol- 
canic and sheeted dike zones, which lie 
above the plutonic part of the ophiolite, 
gives the depth to the top of the magma 
chamber, and the transition from pluton- 
ic (chiefly gabbroic) igneous rocks to 
underlying peridotite tectonites shows 
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details of the Mohorovicic seismic dis- 
continuity (23, 24). The plutonic se- 
quence itself offers a direct view of the 
former magma chamber, revealing its 
vertical dimension and the stratigraphy, 
structure, and compositional variation of 
its differentiation products. Cumulates 
generally comprise the major part of the 
plutonic section. Here the cumulus se- 
quence, especially its cryptic and cumu- 
lus-phase variation, reveal in detail how 
the fractionating magma evolved along 
the crystal line of descent. The overlying 
volcanic rocks and sheeted dikes repre- 
sent the complementary melts (plus their 
intratelluric crystals) which fractionated 
along the liquid line of descent. 

Petrologic and geochemical studies of 
fresh basaltic glasses and coexisting 
crystals in young unaltered lavas collect- 
ed from modern oceanic spreading cen- 
ters provide the best information on the 
compositional variation of the derivative 
melts tapped from the magma chamber. 
This compositional variation reveals 
how the differentiated magma evolved 
along the liquid line of descent and how 
fractionation has been retarded by re- 
plenishment and magma mixing (25). The 
compositional variation of young lavas 
along the central rift axis of spreading 
ridges, mapped in submersible studies 
and acoustically positioned dredging, re- 
veals how the composition of the under- 
lying magma varies spatially (26, 27), 
whereas the compositional variation of 
eruptive sequences at a single site, ob- 
tained from submersible studies and 
deep-sea drilling, shows how the frac- 
tionating magma varies with time (28). 
The range of compositional variation is a 
measure of the extent to which magma 
has fractionated beneath the site of erup- 
tion, and it is significant that the fraction- 
ation range of these lavas does not begin 
to approach that of the underlying plu- 
tonic sequence, displayed in ophiolites. 

Petrologic constraints on the size and 
shape of the magma chamber come 
chiefly from the igneous stratigraphy of 
ophiolites. Igneous cumulates that lie 
above peridotite tectonite are clearly 
crystallizing phases that have built up 
from the floor of the chamber by gravita- 
tional settling (Fig. 2a). The cumulates 
grade up into nonlayered isotropic gab- 
bros formed by the simultaneous settling 
of crystals in clouds so dense that layer- 
ing and planar lamination were no longer 
possible; gravitational differentiation 
within this zone is like that within the 
lower half or two-thirds of thick differen- 
tiated diabase sills on land (29). These 
isotropic "quasi-cumulates" grade up- 
ward into quartz-bearing hornblende 
gabbros, diorites, and small bodies of 
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plagiogranite-an assemblage represent- 
ing the most fractionated rocks of the 
entire ophiolite suite (Fig. 2a). These 
rocks grade back up into an uppermost 
zone of less fractioned gabbro and dia- 
basic gabbro that have intrusive contacts 
against the overlying sheeted dikes but 
that are themselves cut by late-stage 
dikes and small plagiogranite intrusions 
which rise from the underlying fraction- 
ated zone (Fig. 2a). This uppermost zone 
of isotropic gabbros has crystallized 
downward from the roof of the magma 
chamber, which is represented by the 
sheeted dike zone; these are the "plated 
gabbros" of Dewey and Kidd (30). Thus, 
during solidification of the magma 
chamber, isotropic gabbros crystallized 
("plated") downward from the roof 
while ultramafic and gabbroic cumulates 
and isotropic gabbro "quasi-cumulates" 
accumulated progressively upward from 
the floor. The parts of the magma cham- 
ber solidifying downward and upward 
meet in a "sandwich zone" where the 
progressively fractionating magma 
reached its most evolved composition. 
The quartz-bearing gabbros, diorites, 

and minor plagiogranites are included in 
this sandwich zone. 

Spudich and Orcutt (9) have examined 
a suite of seismic refraction profiles with 
very-high-quality shear waves to derive 
models of V,IV, or Poisson's ratio (the 
ratio of the fractional transverse contrac- 
tion to the fractional longitudinal exten- 
sion of a body under tensile stress) ver- 
sus depth. These models have been com- 
pared with the physical properties of 
ophiolite suites (31) to reveal a pattern 
identical to the observed ophiolite stra- 
tigraphy. That is, the "oceanic layer" is 
clearly formed in a basalt differentiation 
sequence. Quite surprisingly, Poisson's 
ratio in a depth range of 1.5 to 2.5 km 
drops to less than 0.24, indicating the 
possible presence of substantial quartz. 
This observation is consistent with the 
presence of late-stage differentiates such 
as plagiogranite and quartz-bearing dio- 
rite in the sandwich zone. The presence 
of these diorites and plagiogranites may 
also provide a realistic model for the high 
magnetization necessary to make the 
oceanic layer a viable source for much of 
the amplitude of the observed marine 
magnetic anomalies. 

The stratigraphic position of the sand- 
wich zone (Fig. 2a) is the critical factor 
that determines the cross-sectional 
shape of the magma chamber (Fig. 2b) 
(32). This assumes a sea-floor spreading 
model in which the chamber remains 
open in the center and the two halves 
spread apart, as solidification ("plat- 
ing") downward from the roof and accu- 
mulation upward from the base take 
place. The sandwich horizon marks the 
level at which the last most fractionated 
portion of magma was entrapped at the 
far side of each chamber half. The sand- 
wich zone invariably occurs at high 
stratigraphic levels in ophiolite plutonic 
sequences that are reasonably well pre- 
served and well studied petrologically 
(24, 32-35). In other words, each half- 
chamber solidified mainly by the accu- 
mulation of settled crystals upward from 
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the floor, with only minor plating down- 
ward, as sea-floor spreading carried the 

through magnetite-rich diorite (FeOt/ 
MgO = 4) to plagiogranite (SO2 up to 76 
percent) (24, 39, 40). A likely explana- 
tion for why a full range of differentiated 
magma compositions develops within 

Least-squares mixing calculations show 
that these fractionated melts are derived 

two halves apart. This process results in from the melts of more primitive compo- 
sition by removal of varying proportions 
of olivine, plagioclase, and clinopyrox- 

a magma chamber with a nearly triangu- 
lar or funnel-shaped cross section that 
widens upward (32, 33, 36). Models of the chamber while the magma extruded 

as lava within the rift valley has a much 
more limited compositional range is that 
fractionation within the magma chamber 

ene, the phases that crystallize early 
from MOR magmas at low pressures (26, 
49). These are also the most common 

spreading-axis magma chambers that 
widen downward (26, 30, 37) imply more 
downward plating than upward accumu- 
lation, which would result in a very thick 

cumulus phases in ophiolite plutonic se- 
produces highly evolved intermediate to 
siliceous residual melts only after 
spreading has carried away the chamber 

quences, regarded as fossil magma 
chambers. Thus, most of the magma 
erupted as lava along the spreading 

noncumulus upper section and a sand- 
wich zone located at a relatively low 
stratigraphic level within the plutonic halves well beyond the main zone of ocean ridges appears not to have come 

straight from the mantle but to have 
fractionated in shallow crustal reservoirs 

sequence. We know of no well-docu- 
mented examples of an ophiolite se- 
quence with this kind of stratigraphy. 

rifting and extrusion. In Fig. 2b extreme 
fractionation occurs only far out in the 
wings of the steady-state chamber (32, 
36). In contrast, models in which the 
entire width of the magma chamber lies 
beneath the zone of extrusion (26, 41) do 

en route to the surface. 
Therefore, a magma chamber model with 
the general features of Fig. 2b (32, 36) is 
tentatively adopted as a working hypoth- 
esis for moderate- to fast-spreading ridge 
segments of the MOR. 

The width of the magma chamber de- 
pends on its vertical height at the spread- 
ing axis and on the surface slope of the 

Much progress has recently been 
made in understanding the processes 
that take place within the axial magma 

not satisfactorily account for the great 
compositional difference between the in- 
trusive and extrusive suites. 

A question then arises whether such 

chambers and the control they exert on 
the composition and structure of the 
oceanic crust. Especially important is 
the accumulating evidence that these 

magma chambers exist at all beneath the 
slow-spreading ridges (42). Below 
spreading rates of about 2 cmlyear, later- 
al heat conduction might prevent a 

magma chambers fractionate as open 
systems, dominated by repeated replen- 
ishment and magma mixing. The evi- 

pile of cumulates that build up on each 
side. Plutonic sequences up to 5 or 6 km 
thick are known for some ophiolite com- 
plexes (32, 36, 38), and this may ap- 
proach the upper limit for the vertical 
dimension of magma chambers at fast- 

dence for magma mixing seen in the 
lavas includes phenocryst compositions 
and melt inclusions that are not in equi- 
librium with their enclosing melt (glass) 

steady-state crustal magma chamber 
from existing (4). The greater thick- 
nesses (7 to 13 km) predicted for the 
plate at the axis of the MAR ( 3 ,  the 
failure of seismic experiments to detect 
broad crustal low-velocity zones, and 
the reported substantial depths of earth- 

spreading ridges. The slope angle at and also chemical data which show that 
lava suites lie along straight-line mixing 
trends between more primitive and more 

which cumulates will stand without 
slumping extensively is less easily esti- 
mated but may exceed that of wet sedi- evolved compositions rather than along 

the curved fractionation trends (28). In 
ophiolite cumulus sequences a cyclic 
pattern of cumulus phases reflects re- 

ments, because the adcumulus crystalli- quakes (approximately 8 km) within the 
axial valley (43) argue for substantial 
differences between magma body geom- 

zation mechanism that accompanied the 
solidification of most of these layers 
would give added cohesion (32, 36). A etries for slow- and fast-spreading sys- plenishment of melts that were fraction- 

ating down the olivine-plagioclase-clino- 
pyroxene cotectic by repeated addition 

cumulus slope angle of approximately 
20" has been estimated for part of the 
Somali ophiolite (Oman), from the ver- 

tems. 
Critical evidence for the existence of 

magma chambers also comes from the of more primitive melts that lay in the 
olivine liquidus field (32, 34, 36). The 
cryptic variation pattern shows that the 

gence angle of gabbroic cumulates onto 
the peridotite floor. Pallister and Hopson 
(36) estimate that the half-width of the 
Somali ophiolite magma chamber (Ibra 
section) is on the order of 10 to 15 km; 
their estimate is based on a 20" slope 
angle and a 5-km thickness for the cumu- 

compositional variation of basaltic glass- 
es (melts) from ocean-ridge lavas and the 
composition of their coexisting olivines. magma composition alternated from pro- 

gressive fractionation trends leading to- 
ward more evolved compositions to mix- 
ing trends that moved the melt back 

Melts coming directly from the upper 
oceanic mantle have primitive composi- 
tions, estimated by some workers to be 
tholeiitic picrite (44) and by others to toward more primitive compositions (36, 

46). The sum of evidence from the vol- 
canic and plutonic rocks for progressive 

lus sequence at this point. The seismic 
data of Rosendahl et al. (18) and Bibee 
(19) support a model with this type of 
geometry. 

correspond to the least fractionated tho- 
leiitic MOR basalt recovered from the 
oceans (45). These melts have liquidus fractionating by crystal settling, coupled 

with repeated replenishment and magma 
mixing, harmonizes with the concept of 

olivine of composition 90 to 91 mole 
percent forsterite, in equilibrium with 
the olivine of upper-mantle peridotite, 

A comparison of the compositional 
variation of ocean-ridge lavas with that 
of plutonic sequences in ophiolites 

an open-system, steady-state magma 
chamber that remains continuously open 
and is fed from the center while simulta- 

and they deposit a basal zone of cumulus 
dunite with olivine (90 mole percent for- 
sterite) where they first enter the magma 

shows that the spectrum of ocean-ridge 
lavas is rather restricted [the silicon di- 
oxide (SO2) range is chiefly within 48.5 

neously solidifying at the sides as 
spreading carries the two halves apart. 

An on-bottom gravity survey across 
the EPR crest at 21°N (Fig. 3) (50) re- 

chamber, as revealed in ophiolites (36, 
40, 46). Ocean-ridge lavas having these 
and other primitive geochemical charac- 

to 52 percent, and the ratio of ferrous 
oxide to magnesium oxide (FeOt/MgO) is 
about 0.7 to 1.9, rarely 3.21, whereas teristics (47) are scarce. The spectrum of vealed a negative gravity anomaly of 

about 1.5 milligals, which may be related 
to a crustal magma chamber. However, 

rocks that evolved along the liquid line of basaltic glass compositions from the vast 
majority of ocean-ridge lavas are frac- 
tionated to varying degrees (48), and 

descent in the magma chamber, seen in 
the upper noncumulus parts of ophiolite 
plutonic sections, exhibit a broad spec- 

the fact that the anomaly is only about 2 
km wide suggests that it may be due to 
the shape of the topmost part of the 

coexisting olivine is typically in the 
range 75 to 85 mole percent forsterite. trum from olivine gabbro and diabase 
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chamber closest to the axis rather than to 
the entire wedge structure. If the anoma- 
ly is modeled as due to a horizontal 
cylinder, then the body could have a 
negative density contrast of 0.21 gram 
per cubic centimeter and a diameter of 
750 meters with its center about 1 km 
below the sea floor. The gravity anomaly 
mapped over the EPR at 21°N indicates a 
total mass deficiency of 9 x lo7 kilo- 
grams per meter of ridge length (50). If 
this deficiency is due to the top edge of a 
magma chamber, it could be isostatically 
balanced locally by 50 to 60 m of uplift of 
a topographic block 1 km wide at the 
crest. It can be argued that tectonic zone 
1 (Fig. 3) is somewhat elevated above its 
surroundings, by about 20 to 30 m. How- 
ever, it does not appear clear that the 
residual anomaly at the crest is com- 
pletely compensated at this location by 
topography. Either friction or fault 
planes are maintaining disequilibrium, or 
compensation is by a broader scale pro- 
cess. 

The composition of ocean-ridge mag- 
mas is determined by (i) partial melt- 
ing processes at one or more mantle 
sources, (ii) crystal fractionation and re- 
action of the melt with enclosing perido- 
tite as it rises through (or with) upwelling 
upper mantle, (iii) crystal fractionation in 
shallow magma chambers, combined 
with (iv) replenishment and magma mix- 
ing, and (v) possible further modification 
of the derivative melt as it rises from the 
magma chamber to the surface. 

Geochemical studies of the minor ele- 
ments of basalts from the slow-spreading 
MAR have led some workers to con- 
clude that magma batches with differ- 
ences determined in the mantle can still 
be recognized in the lavas, even those 
from single DSDP drill holes (51) or from 
local areas within the rift valley (52). 
Very small or transitory magma cham- 
bers are implied, if processes (iii), (iv), 
and (v) are insufficient to erase the mag- 
ma chemistry inherited from the mantle. 
Chemical and petrologic characteristics 
attributed to mantle processes should 
lessen and disappear, however, in lavas 
at progressively faster spreading ridges, 
where mantle melts would be more ex- 
tensively mixed and homogenized in a 
larger magma chamber. If these charac- 
teristics remain, however, one would 
look to shallow crustal processes (v) as 
an alternative to mantle explanations. In 
this regard, little attention has as yet 
been paid to the possibility that magma 
rising to the surface from ridge-axis mag- 
ma chambers might move haltingly and 
be temporarily stored in dike systems, 
where it could come in contact and inter- 
act with hot hydrothermal fluids circulat- 

-3 -2  - 1 0 1 2 3 
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Fig. 3.  A bathymetric profile across the EPR crest at 21°N taken with deep tow along with the 
simple Bouguer anomaly and free water anomaly measured at on-bottom gravity stations. The 
solid line is a three-point running mean, excepting the station at -2.4 km. The very low value at 
-2.4 km is due to the topographic effect of a hill which has been only partially corrected. The 
broad negative value centered about 0 km may be due to a shallow magma chamber (50). 

ing through the highly fissured upper 
crust. Such interactions would doubtless 
not change the major element chemistry 
of the melt, but they could have a signifi- 
cant effect on the minor elements. 
Phrased differently, can small volumes 
of magma pass through fissure systems 
in crust undergoing active hydrothermal 
metamorphism and emerge without any 
chemical imprint of that process? 

Volcanism, Structure, and Magnetics 

of the Rift Valley 

Detailed studies of the surficial geolo- 
gy of the rift valley in the MAR and EPR 
reveal that the spreading processes are 
highly variable through time and space 
along the narrow rift (Fig. 4). The zone 
of active extrusive volcanism is general- 
ly less than 1 to 2 km in width and is 
flanked by a zone of extension dominat- 
ed by faulted blocks. 

The narrowness of the extrusive zone 
is also reflected in the nature of magnetic 
reversal boundaries. The sharpness of 
the magnetic polarity transition provides 
a measure of the width of formation for 
the upper oceanic crust (53). The sharp- 
ness of the magnetic transition imposes 
an upper limit for the width of formation 
of 1 to 5 km for the EPR (54, 55). 
Macdonald et al. (55) conducted a three- 
dimensional Fourier inversion treatment 
of deep-towed magnetic data over the 
Bruhnes-Matuyama reversal boundary 
on the EPR at 21°N. The reversal bound- 
ary in map view is remarkably linear, 
and the transition is only 1.0 to 1.4 km 
wide, an indication that the zone of 

crustal emplacement is only 0.6 to 1.0 
km wide. Magnetic gradiometer mea- 
surements obtained by submersibles 
show that the reversal boundary in the 
exposed pillows and sheet flows occur 
500 m farther away from the axis than 
the reversal boundary located by the 
inverted potential-field measurements. 
This 500-m overlap is an indirect mea- 
sure of the "spillover" of volcanic flows 
away from the central axis at the same 
time that the crust is formed. In this area 
lava flows were observed to extend 500 
m past the integrated transition (56), but 
in other areas of the EPR sheet flows 
appear to have traveled several kilome- 
ters off-axis (57) while in segments of the 
Galfipagos Rift the young lava flows oc- 
cupy the entire 4-km width of the rift 
valley (Fig. 4) (58). Even more remark- 
able than the sharpness of the polarity 
transition is the uniformity of polarities 
found on either side of the boundary. 
Even on long traverses (total of 4 km) to 
either side of the polarity boundary, ev- 
ery magnetic target had the correct po- 
larity, that is, a polarity that agreed with 
the underlying regional magnetic stripe. 
This is not too surprising for the young 
side of the reversal boundary, since 
newer polarity crust should overlie the 
older. However, it is quite surprising 
that there were no outliers of new (+) 
polarity crust on the older (-) side of the 
boundary. The boundary is actually ex- 
posed along some of its length as a 
geologic contact between positive vol- 
canic flows butting up against axially 
dipping fault scarps and as positive sheet 
flows lapping up to negative pillow 
flows. 
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Fig. 4. Slmpl~fied geologic map of the Galttpagos Rift showing the variation in the cyclic volcanic pattern along strike, as well as the location of ac- 
tive hydrothermal vents within the narrow zone of most recent extrusive volcanism (98). 

How can this extraordinarily neat pic- 
ture be reconciled with the complex 
magnetic stratigraphy found in deep-sea 
drilling holes? Holes that penetrate deep- 
er than 500 m occur in the Atlantic, 
characterized by slow spreading rates. 
Statistical studies (59) show that at such 
slow rates a zone of crustal formation 
wider than a few kilometers will generate 
a crustal section with a potpourri of 
magnetic polarities. At faster rates with a 
narrow zone of crustal formation (EPR), 
boundaries will slope because of the 
overlap of newer polarity crust onto old- 
er, but the stripes will have a greater 
tendency toward magnetic homogeneity 
and magnetic anomalies will be sharper. 
Thus the formation of magnetic anoma- 
lies may be profoundly influenced by 
spreading rate and plate boundary width. 

The nature of the volcanic activity can 
be inferred from analogies with subaeri- 
a1 landforms (57). Various morphologic 
flow types have been observed, and they 
are classified in two main groups, pillow 
lavas (60) and sheet flows (57). These 
types appear to be analogous to two 
kinds of subaerial pahoehoe, tube-fed 
(61) and surface-fed (62), respectively. 
Like their subaerial counterparts, pillow 
lavas and sheet flows seem to arise from 
differences in the duration of the flow, 
which, in turn, reflect variation in the 
behavior of eruptions and processes 
within the magma chamber. It is there- 
fore possible to use lava-flow morpholo- 
gy to infer the character of the eruptions. 
By analogy with subaerial basalts, the 
sheet flows characterize brief eruptions 
with comparatively high effusion rates 
whereas pillow lavas tend to result from 
sustained eruptions with lower effusion 
rates. Eruption sequences along a sub- 
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aerial rift zone commonly begin with 
brief eruptions that are dispersed in time 
and space and are followed by sustained 
eruptions from restricted localities along 
the rift zone. The net result of such a 
sequence is a complex assemblage of 
lava flows in which early surface-fed 
flows tend to be overlain by later tube- 
fed flows (62), and a stratigraphic section 
comprised of several such sequences 
consists of units dominated bv the differ- 
ent flow types in alternation. Such alter- 
nating layers characterize cores obtained 
in DSDP holes (63) and have been ob- 
served in the walls of the MAR rift valley 
(64). If the subaerial analogy is correct, 
the layers should comprise pairs of simi- 
lar age, the sheet flows being the lower 
member and pillowed flows the upper 
member of the pair. Despite much local 
complexity, with intertonguing of differ- 
ent flow types, the youngest flows tend 
to be highly channeled pillow lavas over- 
lying sheet flows of similar age (57). In a 
typical cross section of the rift valley, an 
axial volcano composed of channeled 
lava flows is built upon a foundation of 
sheet flows ponded between marginal 
highs that are the faulted remains of 
former axial volcanoes (65). Volcanism 
at each locality along the rift is cyclic; 
variations in sediment cover indicate 
that the duration of each cycle is on the 
order of several thousand years. The 
cycles of volcanism are inferred to corre- 
spond to the cycles of magma mixing, 
and the petrology of the different erup- 
tive phases in the total cycle should 
reflect the differentiation occurring in the 
magma chamber and observed in ophio- 
lites. 

Dike emplacement at depth is proba- 
bly a more continuous process in space 

and time than surface volcanism. The 
change in stress, v,  due to the intrusion 
of a dike is given by 

v = SEWIL 

where S is the shape factor of order 1, E 
is Young's modulus, W is the dike width, 
and L is the shorter length scale in the 
plane of the dike. If segments of the ridge 
crest that are free of recent eruptions did 
not have dikes at depth, excessive stress 
would built up in a short period of time. 
For W = 1 m (typical dike width in 
ophiolites), E = 0.5 megabar, L (the 
thickness of the lid) = 2 km, and at a 
spreading rate of 6 cmlyear a stress of 1 
kilobar would be reached in only 70 
years (L in this example is the spreading 
rate multiplied by time). This stress is 
most likely relieved by dikes that do not 
reach the surface, leading to surficial 
volcanism. 

Figure 4 also reveals that the active 
hydrothermal vent fields discovered thus 
far are located within the narrow zone of 
most recent volcanism and that they 
exhibit a cyclic pattern directly associat- 
ed with the volcanic cycle (50, 66). It is 
possible that magma rising to the surface 
from ridge-axis magma chambers might 
move haltingly and be temporarily stored 
in the dike system, where it could come 
in contact and interact with hydrother- 
mal fluids circulating through the highly 
fissured upper crust. 

Substantial ambiguity currently exists 
concerning the degree of fracturing of the 
oceanic crust and the depth to which the 
cracking penetrates. Lister (67) has ar- 
gued that water may penetrate to the 
base of the oceanic crust, and McClain 
and Lewis (17) have pointed out that the 
subsequent hydration of olivine to ser- 
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pentine could explain the vast variability 
reported for the velocities at the base of 
"layer 3." Nichols et al. (68) and others 

provided independent confirmation of 
the interaction of seawater with crustal 
material at high temperatures and to 

ment with the geophysical estimates. 
This result implies that the GalBpagos 
hot springs have a general compositional 
significance and allows estimates of the 
fluxes of the other elements. These flux- 
es are large and in agreement with what 
is known about the source and sink 
terms of the global geochemical mass 
balance (81). Thus the fluxes of magne- 
sium and sulfate into the ridge are equal 
to the fluvial input and accommodate the 
hitherto disturbing absence of currently 
active sedimentary sinks (82). The flux 
of calcium out of the ridge is about equal 
to that of "new" noncarbonate calcium 
from the continents: the observed two- 
fold "excess" of calcium in the geologic 
column over what would be expected 
from the weathering of average continen- 
tal igneous rock (79) is thus explained. 
The fluxes of lithium and rubidium are 
several times those from rivers and de- 
termine the observed enrichment of 
these elements in marine shales over 
other rock types. Hydrothermal trans- 
port of manganese is adequate to ac- 
count for the entire accumulation of this 
element in contemporary marine sedi- 
ments. The total effect of the hydrother- 
mal cycle is to "back-titrate" over half 
of the bicarbonate fixed in continental 
weathering of igneous rock (83). 

These initial speculations based upon 
the vent fields discovered in the Galapa- 
gos Rift were further reinforced by the 
subsequent discovery in 1979 of much 
hotter vents on the EPR at 21°N (50). In 
this case, the water exits as clear solu- 
tions at 350°C from constructional fea- 

have sought to demonstrate that a highly 
serpentinized lower crust such as that 
seen in the Point Sal ophiolite (assumed 

great depths. Measurements of the iso- 
topic composition of "unaltered" pri- 
mary minerals and of the fractionation 

by him to be preemplacement hydration) 
would form a substantial low-velocity 
layer at the base of the crust. The result- 

between coexisting secondary phases 
gave estimated temperatures of about 
300°C (76) ahd penetration depths of 
more than 5 km (77). ant structure would act to produce seis- 

mic sections that would be classically 
interpreted as "normal oceanic crust. " 
However, the work of Spudich and Or- 

Experimental investigations of basalt- 
seawater reactions at high temperatures 
and sea-floor pressures demonstrated 

cutt (9) precludes any substantial serpen- 
tinization at the base of the crust. 

Several investigators have shown that 

that the fluid compositions were pro- 
foundly influenced in this process (78). If 
hydrothermal convection is responsible 
for the anomaly in the conductive heat the porosity in the shallow oceanic crust 

may range from 15 to 20 (9, 69, 70). In 
fact, the EPR 20°N on-bottom gravity 
data may be interpreted as a 10 percent 

flow and if the operating temperature of 
the system is indeed about 300°C, then a 
volume of water equivalent to the entire 

decrease in crustal density (due to frac- ocean must circulate throught he accre- 
turing) rather than as indicative of a 
shallow magma chamber (50). Neverthe- 
less, effective pressure (lithostatic pres- 

tion zone approximately every 8 million 
years. This flow rate is equal to about 0.5 
percent of that of the world's rivers (79). 

sure-pore fluid pressure) appears to be 
effective in raising the in situ velocity to 
the matrix or uncracked velocity of sur- 
face samples within the first 600 m (66). 
Furthermore, the presumption of exten- 
sive cracking of the young, upper crust 
has led Hyndman and Drury (69) to 

The experimental data show that the 
compositional changes imposed on the 
circulating seawater by reaction with the 
basalt result in effective transvort rates 
comparable to those of rivers in that 
anomalies for individual elements are 
frequently between 100 and 1000 times 

predict that the resistivity of the shallow 
crust would be on the order of 10 ohm-m. 
Nevertheless, the only active electrical 

the average river composition. There is 
the prospect, therefore, that the compo- 
sition of seawater is subject to a substan- 

experiment conducted thus far (50) pro- 
vides convincing evidence that the resis- 
tivity is ten times larger than this. 

tial volcanogenic control. 
The first vent fields discovered in the 

GalBpagos Rift at 86"W (80) have exiting 
temperatures less than 20°C above ambi- 
ent. However, the magnitude and char- 
acter of the measured chemical anoma- 
lies provided clear indications that their 

Chemical Constraints on the tures of complex mineralogy formed by 
the precipitation attendant on the mix- Hydrothermal Circulation System 

temperature of origin was very high, 
with the exit temperature being an arti- 
fact of extensive subsurface entrainment 
of ambient "ground water" (81). Thus 

ing of the hydrothermal fluids with the 
ambient waters. The spectacular black 
plumes so apparent in the photographs 
obtained by Alvin (50) are produced by 
the same process. The composition of 
the waters is remarkably consistent with 
the Galapagos data. The magnesium and 
sulfate concentrations go to zero within a 
few degrees of the exit temperature, the 
3He/heat ratio is identical, and the major 
element enrichments are within the 
bounds of the Gal6pagos extrapolations. 

Field measurements of exiting tem- 
peratures of 350°C also provided an op- 
portunity to estimate the reaction ratios 
of seawater to rock. Geothermal waters 
exchange oxygen isotopes with the rocks 
and tend to approach an isotopic equilib- 
rium in which the '801'60 ratio of the 
water undergoes an oxygen shift to high- 
er "0 values while the isotopic ratio in 
the rock is decreased relative to its initial 
value. In oceanic basalts the principal 
mineral that can exchange oxygen iso- 
topes with water at moderate tempera- 
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The earliest evidence for extensive 
hydrothermal activity at ridge axes came 
from the discovery of metal-enriched 
sediments overlying the young crust on 
the EPR (71). Subsequent exploration 
has shown these sediments to be com- 

the magnesium-to-temperature gradient 
can be extrapolated to zero concentra- 
tion near 350°C as can that for sulfate. 

monly associated with intermediate and 
fast-spreading ridges and to form the 
basal section in many DSDP cores (72). 

The solutions are strongly enriched in 
lithium, potassium, and rubidium, as 
well as in calcium and barium. The usual 

Subsequent global synthesis of the 
data for conductive heat flow from the 
oceanic crust demonstrated unequivo- 

sulfide-forming metals are depleted (82), 
an indication that mineralization pro- 
cesses are going on in the crust as the hot 

cally that there is a major negative ther- 
mal anomaly on young crust equivalent 
to at least half the heat loss required by 

acid waters are being neutralized by cold 
alkaline ground waters. The manganese 
concentration is also very high. 

The anomaly of mantle-derived 3He the thermal models of the plate-forming 
processes (64). This finding indicated 
that hydrothermal convection could be 

increases linearly with temperature (83). 
The average 3He flux through the ocean 
floor is estimated at 4 atoms per square 
centimeter per second (77). If all this is in 
fact injected at the ridge axis in the same 
ratio to heat as observed at the Galapa- 
gos Rift, then the calculated heat flux is 
5 x 1019 caliyear, in surprising agree- 

responsible for the transport of about 
5 x loi9 calories per year out of the 
intrusive zone (73). 

Investigations of the oxygen isotopic 
systematics of basaltic rocks from the 
sea floor (74) and from ophiolites (75) 
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tures is plagioclase feldspar, and this 
exchange equilibrium constant has been 
measured as a function of temperature 
(84). In natural systems such as the 
ridge-crest basalts, both the water and 
plagioclase feldspar must be analyzed 
isotopically, and, since the initial isotop- 
ic ratios for seawater and unaltered ba- 
salts are known, the equilibrium tem- 
perature and the mass ratio of water to 
rock are then determined. The 180 con- 
tent of vent waters exiting at 21°N plot- 
ted against the magnesium concentration 
show that the extrapolated value at 
Mg = 0, assumed to characterize the 
high-temperature fluid end-member, 
gives an oxygen isotope shift (6180) of 
1.6 relative to the original seawater (Fig. 
5). If we assume a very low ratio of water 
to rock so that the plagioclase isotopic 
ratio has not been altered, the tempera- 
ture corresponding to an isotopic equilib- 
rium difference of 4.3 per mil (rock mi- 
nus water) is 240°C, which represents a 
lower limit for the reservoir waters. Such 
a temperature is clearly not the case, 
since the fluid emerges at 350°C. If we 
assume this to be the approximate tem- 
perature at which the plagioclase-seawa- 
ter isotopic equilibrium was achieved, 
we can then calculate the seawaterlpla- 
gioclase ratio from the equilibrium differ- 
ence at 350°C of 1.6 per mil (84). The 
result is a water/plagioclase ratio of 1.7, 
corresponding to a ratio of water to rock 
of about unity. 

The effect of ridge-crest hydrothermal 
activity on the major ion chemistry of the 
ocean and the ultimate composition of 
the oceanic crust is profound. Pro- 
nounced variations in the crustal produc- 
tion rate appear to have occurred in the 
geologic past (85). There should be paral- 
lel effects on the relative composition of 
seawater. There is the possibility of a 
highly dynamic nonsteady-state balance 
between (i) the input-determining pro- 
cesses on the continents (primarily oro- 
genic activity), (ii) the spreading rate, 
which affects both sources and sinks in 
the new crust, and (iii) oceanic sediment 
compositions. All are linked through the 
coupling of spreading rate with mountain 
building in both continental and, more 
directly, island-arc environments. 

The transport of trace metals sensitive 
to oxidation-reduction processes is obvi- 
ously more complex since it is critically 
dependent on the subsurface "plumb- 
ing" (82). The admixture of ground wa- 
ter of closely similar composition to the 
overlying water column moves the min- 
eralization zone from the sea floor, as at 
21°N, into the crust itself, as is suspected 
in the GalBpagos Rift. The details of the 

process should depend critically on the 
ratio of iron to sulfide in the end-member 
solutions. If all the seawater sulfide is 
reduced by ferrous silicates in the hot 
basalt, then the possibility exists for high 
ratios (> 2) in systems where the domi- 
nant source of the iron is hydrogen meta- 
somatism of silicates. Such solutions on 
progressive dilution with ground water 
would evolve toward extreme depletion 
in sulfide, the oxidation-reduction chem- 
istry being eventually dominated by fer- 
rous iron (82). At the other extreme a 
predominantly pyrite origin for the 
iron-dissolution of primary igneous sul- 
fides (86)-would yield low ratios (< 1) 
and final solution compositions very low 
in iron and high in sulfide. The other 
sulfide-forming cations, copper, nickel, 
cadmium, and zinc, would mimic iron. 
There are indications in the GalBpagos 
data that such a progression is taking 
place (82). 

It is clear that the degree of subsurface 
dilution is a major determinant of the 
final exit composition of the hot springs 
and hence of their associated chemical 
precipitates. Low dilution leads to sul- 
fide deposition on the sea floor. Interme- 
diate dilutions lead to iron- or sulfide- 
dominated systems, depending on the 
considerations outlined above. Manga- 
nese, because of its very slow oxidation 
kinetics, is unaffected. Hence a very 
wide range of ironlmanganese ratios is to 
be expected. The vents are too diffuse to 
dominate the oxidation regime at the sea 
floor. The oxidized metal-rich sediments 
will result. At extreme dilutions all re- 
duced species with the exception of man- 
ganese will be oxidized below the sea 
bottom, the hydrogen sulfide to sulfur 
and eventually sulfate and the ferrous 
iron to ferric hydroxide. A manganese- 
dominated system will result, leading to 
the formation of very pure manganese 
dioxide crusts unique to the ridge axes. 

The duration of venting is also impor- 
tant. The resulting heat loss, for exam- 
ple, from a single 350°C vent is approxi- 
mately 6 (k 2) x lo7 cal per second (87). 
This is equivalent to the expected hydro- 
thermal heat loss for a segment of the 
spreading ridge 4 to 7 km along strike 
and out to crust 1 million years old to 
either side if venting is a steady-state 
process. It is equivalent to the total 
theoretical heat loss for a segment 3 to 6 
km long (87). This result is even more 
remarkable since there are several vent 
fields along a 7-km distance containing at 
least six to ten discrete 350°C vents. 
Since it is unlikely that a single hydro- 
thermal vent cools such a large segment 
of the ridge crest, these features must be 

short-lived. The short duration of vent- 
ing activity is further supported by the 
small volume of associated sulfide depo- 
sition (50), the age and composition of 
the large clam communities surrounding 
the hot vents (66), and the direct rela- 
tionship between the hydrothermal ac- 
tivity and the cyclic volcanism (66). 

For intermediate to fast spreading 
rates where large axial rifts are not pres- 
ent, the topography at the ridge crest can 
be used to estimate the long-term hydro- 
thermal flux. Theoretical conductive 
cooling models predict that the subsi- 
dence away from the ridge axis is pro- 
portional to the square root of the age of 
the crust (88). The observed topography 
matches the predicted topography away 
from the ridge axis. However, topogra- 
phy at the axis deviates from a square- 
root-of-time dependence. Near the axis, 
the density difference between the mag- 
ma chamber and solid crust produces 
additional elevation. Rapid cooling by 
hydrothermal circulation would decrease 
the elevation at the ridge. Approximately 
60 m of contraction corresponds to a 
heat flux of lo8 cal/cm2. If the heat 
anomaly for crust less than 1 million 
years old, about 7 x 10' cal/cm2, is due 
to cooling of the crust by hydrothermal 
circulation, the effect on the topography 
should be resolvable. If seismic and 
gravity data are available to constrain 
the structure of the magma chamber, 
then the difference between observed 
and predicted topography can be used to 
estimate the average amount of heat re- 
moved by hydrothermal circulation. 

Massive Sulfide Deposition 

The discovery of the massive sulfide 
mounds forming at the 350°C vents on 
the EPR (50) is destined to have a pro- 
found effect on our understanding of ore- 
forming processes. For the first time, we 
have the opportunity to acquire direct 
information on the composition and tem- 
perature of fluids that are forming ore- 
grade deposits. As these data are com- 
bined with analytical data on the hydro- 
thermal precipitates and wall-rock alter- 
ation products and considered in the 
context of the volcanic-tectonic cycle, a 
general scheme for the evolution of EPR 
massive sulfide deposits will evolve. Al- 
though the chemical systematics remain 
to be worked out, the EPR discoveries, 
combined with other pieces of evidence 
bearing on the environment of metal-rich 
deposits in modern oceanic crust, allow 
certain generalizations to be made which 
shed new hght on the genesis of ancient 

SCIENCE, VOL. 213 



massive sulfide deposits exposed in 
ophiolite terrains on the continents. 

It is clear that the EPR deposits are 
not strictly equivalent to ophiolite mas- 
sive sulfide (OMS) deposits on land, as 
pointed out by Francheteau et al. (89) 
and Edmond et al. (81, 82). Yet, the 
many similarities invite comparison. 
Both types of deposits form on the sea 
floor in zones of active faulting associat- 
ed with spreading centers. Sulfide depo- 
sition occurs during an early and specific 
stage of the volcanic cycle. It is known 
that OMS deposits form during a period 
of volcanic quiescence and block faulting 
after the termination of an early stage of 
pillow-basalt extrusion and within 300 m 
of the underlying sheeted dike complex 
and microgabbro (90, 91). The EPR de- 
posits appear to form after termination of 
rapid extension and outpouring of sheet 
flows and during a period of slow exten- 
sion and formation of fractured, pillowed 
axial volcanoes (65). The analogies here 
are fairly striking and suggest that the 
development of hydrothermal conditions 
appropriate to the formation of massive 
sulfides on the sea floor is closely linked 
to the development of a hot, relatively 
impermeable volcanic cap, which is not 
saturated with cold, ambient seawater 
but which locally is breached by faults 
capable of focusing the upward flow of 
heated solutions. 

Sulfides are not stable in the low- 
temperature oxidizing environment of 
the sea floor at the EPR; the deposits are 
oxidizing as they form and consist in part 
of pulverulent iron oxides. The impor- 
tance of submarine oxidation in the his- 
tory of OMS deposits was first pointed 
out by Constantinou and Govett (92) in 
their study of Cyprus. The original de- 
posits, consisting of pyrite with trace 
amounts of chalcopyrite (0.2 to 0.6 per- 
cent copper) and sphalerite (0.08 to 0.2 
percent zinc), underwent leaching, be- 
fore burial, to form an overlying iron 
oxide gossan (Ochre) and an underlying 
zone of enriched ore containing second- 
ary sulfides such as covellite, digenite, 
and bornite. Data on the metal grades of 
low-grade (primary) and high-grade (sec- 
ondary) deposits at Cyprus (93) suggest 
that the copperlzinc ratios increase with 
increasing copper grade, a trend that is 
compatible with the expected partition- 
ing of copper and zinc during supergene 
processes. Thus, the high copperlzinc 
ratios of ores mined at Cyprus probably 
are not representative of the primary 
deposits, which would have displayed 
ratios closer to unity and hence closer to 
those determined so far from EPR sam- 
ples. That the EPR samples represent 
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Fig. 5. Magnesium concentration and ''0 of 
water samples at the EPR (21°N). The line is 
fitted by eye and gives a sl'O value of +1.6 
per mil for the 350°C hydrothermal fluid. 

primary ratios remains to be demonstrat- 
ed, but it is doubtful that a supergene 
enrichment process is possible because 
the highly porous nature of these depos- 
its would inhibit development of the low 
oxidation states required. Rather, cop- 
per and zinc are released to seawater 
during the formation of iron oxides and 
native sulfur 

In addition to the analogies discussed 
above, there exist fundamental differ- 
ences that are perhaps more important in 
understanding the processes that lead to 
the formation of large and economically 
attractive metalliferous deposits; these 
differences relate to both metal grade 
and scale. Individual EPR deposits con- 
tain a, few tons of sulfide (although the 
volume of sulfides in the underlying fis- 
sure complex is not known), and the 
majority probably are oxidized and de- 
stroyed before they are transported off- 
axis. In contrast, the OMS deposits con- 
tain a few hundred thousand to a few 
million tons of sulfide; their thickness, 
combined with burial by younger flows, 
ensured their preservation. 

The composition and temperature of 
hydrothermal fluids of seawater origin 
approaching the sea floor on the last leg 
of their convective trip may largely be a 
function of spreading rate. Relatively 
slow spreading rates are characterized 
by relatively intense tectonic activity, 
increased permeability of ridge-crest ar- 
eas, and hence extensive seawater circu- 
lation and low exit temperatures. Also, 
high ratios of crystal to glass in the 
basalts would lower reactivities. The re- 
sult would be low-temperature hydro- 
thermal springs containing low ironlman- 
ganese ratios and low amounts of sulfur. 
In contrast, relatively fast spreading 

rates are characterized by less intense 
tectonic activity and shallow magma 
chambers, resulting in less extensive 
seawater circulation and higher exit tem- 
peratures. In addition, lower ratios of 
crystal to glass would enhance the extent 
of reaction between seawater and basalt. 
The result would be high-temperature 
springs with high ironlmanganese ratios 
and high concentrations of sulfur. 

The correlation of metal-rich OMS de- 
posits with fast spreading rates is an 
important hypothesis. All the OMS de- 
posits are Phanerozoic in age, but such 
deposits do not occur exclusively in 
ophiolite terrains. They first appear in 
Ordovician rocks in Newfoundland (94), 
reach a peak in the Mesozoic ophiolites 
of Cyprus (90), Turkey (91), and the 
North American cordillera (937, and in 
the Tertiary ophiolites of Turkey (96) 
and the Philippines (97). Do these age 
groups represent periods of fast spread- 
ing, and, if so, what can one expect to 
find at lSOS on the EPR where the open- 
ing rate is 17 cmlyear? 

Conclusions 

This article is an initial attempt to 
integrate several separate lines of evi- 
dence presently being developed to de- 
fine the complex structure and dynamic 
processes associated with the magma 
chamber system underlying the MOR. It 
is far from perfect. The varied approach- 
es and the terminology of the disciplines 
represented by the authors makes rigor- 
ous comparisons difficult. Some of the 
authors draw their conclusions from an- 
cient ophiolite complexes on land of un- 
known spreading rates and other conclu- 
sions are heavily based upon drilling 
efforts in slow-spreading segments of the 
MOR, while the geophysical observa- 
tions come largely from moderate- to 
fast-spreading segments of the EPR. Ow- 
ing to the sparsity of comparable data 
sets collected in spreading segments of 
the MOR having similar rates of accre- 
tion, a gross generalization was made in 
the preparation of this article that a sin- 
gle model of the underlying magma 
chamber could be constructed. This as- 
sumption probably will prove to be un- 
founded, particularly for slow-spreading 
segments. We do, however, believe that 
the writing of this article has provided a 
valuable service to those who participat- 
ed in its preparation, as it exposed each 
of us to several lines of inquiry we under- 
stood poorly. Perhaps the reader will 
share a similar experience and overlook 
our sudden changes in vocabularies, as 
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