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A survey of hydrothermal activity along the superfast-spreading (approximately 150
millimeters per year) East Pacific Rise shows that hydrothermal plumes overlay approx-
imately 60 percent of the ridge crest between 13°50' and 18°40'S, a plume abundance
nearly twice that known from any other ridge portion of comparable length. Plumes were
most abundant where the axial cross section is inflated and an axial magma chamber is
present. Plumes with high ratios of volatile (*He, CH,,, and H,S) to nonvolatile (Mn and Fe)
species marked where hydrothermal circulation has been perturbed by recent magmatic
activity. The high proportion of volatile-rich plumes observed implies that such episodes
are more frequent here than on slower spreading ridges.

The circulation of seawater through the
geothermally heated rocks of oceanic
spreading ridges is the principal agent for
the transfer of energy and mass between the
oceanic crust and its overlying waters. This
hydrothermal circulation is most concen-
trated at ridge axes, where episodic intru-
sions of magma create new ocean crust.
Discharging fluids, at temperatures up to
~400°C, carry sufficient quantities of gases
(for example, *He, H,S, and CH,), trace
metals (for example, Fe and Mn), and other
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species to significantly alter oceanic geo-
chemical budgets in many cases (1). These
fluids rise buoyantly from the sea floor for
tens to hundreds of meters, eventually form-
ing dilute, neutrally buoyant plumes that
are spread laterally by local currents (2, 3).
Although the distribution and composition
of hydrothermal discharge have been stud-
ied on slow-, intermediate-, and fast-spread-
ing ridge segments, we have little informa-
tion from superfast-spreading (>150 mm
year™! at the full rate) ridge segments,
which are found only between ~13° and
35°S on the East Pacific Rise (EPR). Two
observations in particular suggest the im-
portance of this superfast-spreading region
to the global hydrothermal budget. In 1981,
Lupton and Craig (4) reported that an
ocean-basin—scale plume of mantle-derived
SHe extended westward from the EPR at
15°S. Continued sampling of *He in the
south Pacific has demonstrated that this
plume consists of a jetlike structure with its
core centered near 14°S, and that this area
of the EPR provides a major fraction of the
hydrothermal input to the Pacific Ocean
(3, 5) (Fig. 1). In 1991, Detrick et al. (6)
conducted the first along-axis seismic re-
flection survey of a superfast-spreading ridge
section. This study, in conjunction with
earlier seismic surveys at fast- (~120 mm
year™!) and intermediate- (~60 mm
year™!) spreading ridge sections (7), sug-
gests that as the spreading rate increases,
the minimum depth of the axial magma
chamber (AMC) rises closer to the sea
floor, presumably increasing the frequency
of magmatic intrusions.

In November and December 1993, we
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Fig. 1. Map of 3(®He) percent at mid-depth
(~2500 m) in the south Pacific Ocean. Data are
from (3-5).

mapped the distribution and composition of
hydrothermal plumes along the EPR axis
from the Garrett transform fault to ~19°S
(Fig. 2). Our primary data-gathering tech-
nique was a series of seven tow-yos: contin-
ual winching of an instrument package up
and down through the lowest several hun-
dred meters of the water column as the
research vessel Melville steamed ahead at
~3 to 4 km hour™!. The package included
a Sea Bird 911 conductivity-temperature-
depth sensor to transmit continuous hydro-
graphic data, a Sea Tech transmissometer
and nephelometer to transmit continuous
optical data, an in situ chemical sensor, and
a rosette of 20 polyvinyl chloride sampling
bottles for collecting discrete samples of
various dissolved and particulate hydrother-
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Fig. 2. Sample locations in the study area. Five
continuous tow-yos (T1, T2, T4, T5, and T 7) were
conducted along the ridge crest and two (T3 and
T6) across the crest. Twenty discrete samples
were collected along each tow-yo (dots) and at
each of 30 vertical cast locations (open circles).
GTF, Garrett transform fault.
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mal species. We conducted shipboard mea-
surements of dissolved Mn, Al, and CH,,
and did x-ray fluorescence analysis of sus-
pended particles (8). Samples were also col-
lected for shore-based analysis of He iso-
topes, trace metals, nutrients, suspended
particles, and microbial biomass (8). In ad-
dition to the plume survey, we collected
rock samples, swath bathymetry, and under-
way geomagnetic vector data.

The 540-km-long survey area is distin-
guished by an unusually consistent axial
depth of ~2650 m (Fig. 3D). The Garrett
transform fault bounds the area to the
north, and several second-, third-, and
fourth-order discontinuities (9) tectonically
and magmatically segment the axis. We use
the segmentation nomenclature of Sinton
et al. (10) for this region, with the addition
of a subdivision of segment K. The cross-
sectional width of the axis varies systemat-
ically with latitude (Fig. 3A), which sug-

gests significant along-axis variations in the
magma supply (11). The cross-sectional
width is moderate near 14°S, steadily de-
creases to a minimum around the large,
overlapping spreading center (OSC) at
15°55'S, and then increases to a maximum
between 17° and 18°S. The continuity of
the seismic reflector at the top of the AMC
shows a similar latitudinal trend (6). The
AMC is shallow and continuous from
13°40" to 15°20'S, is apparently absent
from 15°20' to 16°30’S, and is mostly con-
tinuous but more variable in depth from
16°30' to 18°50'S (Fig. 3C). Crustal mag-
netization was strongest at major OSCs at
15°55', 16°30’, 17°05', and 17°55’'S (Fig.
3B). The weakest magnetization occurred at
the fourth-order discontinuity at 15°S,
which suggests extensive hydrothermal al-
teration or a high crustal temperature at
that site.

Hydrothermal plumes were most readily

identified by near-bottom increases in light
scattering (measured by the nephelometer)
and attenuation (measured by the transmis-
someter) produced by hydrothermally de-
rived mineral precipitates, microbial cells,
and organic debris (Fig. 3E). The trend of
anomalies in the temperature field is closely
congruent with that of the optical anomalies
(12). Analytical transmission electron mi-
croscopy of filtered particles found abundant
aggregates of iron oxyhydroxide composed
of individual precipitates <0.01 pm in di-
ameter. A plot of along-axis nephelometer
intensity shows frequent maxima with an
along-axis length scale of ~1 to 10 km,
presumably corresponding to discrete patch-
es of seafloor hydrothermal discharge (Fig.
3E). Mass concentration of particles in the
plumes reached unusually high maxima of
>100 pg liter . Hydrothermal plumes were
virtually continuous along the ridge axis
between 17°30 and 18°40’S, which is a larg-
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Fig. 3. Along-axis geological features and optical-chemical-biological plume
indicators. (A) False-color rendition of ridge-crest bathymetry from a Sea- =
Beam 2000 swath survey. Red and yellow colors indicate depths <2900 m = c “g
and illustrate latitudinal changes in axial width. Cross-axis scale has been é g %Q
expanded X2 for clarity. (B) Relative vertical-component (Z) anomaly of the 38 $E
geomagnetic vector. Negative spikes in the southem hemisphere indicate CE ® b
strong magnetization (low crustal temperature or little hydrothermal alter- i=
ation); positive spikes indicate weak magnetization (high crustal temperature
or extensive alteration). (C) Depth (two-way travel time in seconds) to the 3 =
seismic reflector at the top of the AMC (6). The median depth of the reflector g s E
is ~1200 m, with a minimum of <900 m at 17°26'S. (D) Depth of the ridge g % 2
along the axis. Vertical lines above the bathymetry mark second- (long dash- > 8 8
es), third- (short dashes), and fourth-order (dots) tectonic boundaries, as 3 g

defined by (9) and identified here by (70). Vertical lines below the bathymetry
give the position of high- and low-temperature discharge sites discovered by
the submersible Nautile (14) in November to December 1993 and by Shinkai
6500 in September to November 1994 (75). Bars beneath the discharge sites show the extent of the Nautile and Shinkai 6500 surveys. (E) Relative nephelometer
intensity (volts) from 15-s averages of all along-axis tow-yo data. About 60% of the axis produces plumes with light-scattering intensity exceeding the background
value of ~0.022 V. Scale: 0.02 V = 0.01 m~" beam attenuation units. (F) Molar ratios of CH,/Mn from tow-yo samples (dots) and plume maximum values from
vertical casts (open circles). The 3He/Mn [10~4 cm?3 mol~(STP)] mean values and range are from selected vertical casts (crosses in squares). (G) Molar ratios of
S/Fe from tow-yo samples (dots) and plume maximum values from vertical casts (open circles). Maximum values of bacterial counts per milllliter (crosses in
squares) are from vertical casts. Ambient seawater value = 0.3 X 10* cells ml~".

Latitude (degrees)
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er active area than observed on any other
oceanic spreading center (13).

Coincident with our cruise, the French
submersible Nautile conducted 23 dives in
three areas: 17°08’ to 17°12, 17°22' to
17°28’, and 18°10’ to 18°37'S (14). The
Japanese submersible Shinkai 6500 complet-
ed 25 dives in the same region, plus 5 dives
farther north, in September to November
1994 (15). Observations in the areas around
17°25" and 18°34’S describe clear evidence
of recent eruptions. Shimmering water rose
from unsedimented lavas not yet colonized
by hydrothermal fauna. Temperatures in a
crack in sheetlike lava approached 150°C.
Between these areas lies a more tectonic
regime, with abundant faults and fissures
and a continuous graben several hundred
meters wide and 50 m deep. A light dusting
of sediment was common in this regime.
Sites of high- and low-temperature dis-
charge discovered by the Nautile and Shinkai
6500 agree closely with sites of plume max-
ima (Fig. 3D).

Comparison of the plume distribution
with axial bathymetry and the AMC pat-
tern reveals a first-order relation between
hydrothermal activity and ridge structure.
We divided the study area into three con-
trasting zones. Between about 13°50’ and
15°20'S, plume maxima were common, the
2900-m contours were moderately wide
apart, and the AMC was continuous at a
nearly uniform depth of ~0.5 s (two-way
travel time). Between 15°20" and 16°20'S,
only two small plume maxima were present,
the ridge width shrank to a minimum at the
15°55" OSC, and an AMC was unobserved.
South of 16°20’S, plume maxima increased
in frequency and intensity, ridge width
swelled to a maximum, and the AMC was
distinguished by a series of shallow spikes
and discontinuities [depth increases near
tectonic boundaries are likely artifacts of
acoustic diffraction at the edges of melt
lenses (6)]. The AMC rose to within 800 m
of the sea floor at 17°26'S (Fig. 3C), where
anomalous trends in its width and depth
indicate a current magmatic intrusion and
the creation of new oceanic crust (16).

The concentration of microbial cells in
the plumes was greatest in the southern half
of the study area (Fig. 3G). High concen-
trations of CH, and H,S likely fertilize the
hydrothermal microbial population; in-
creasing the plume optical anomaly, as ob-
served at the seafloor eruption site near
9°50'N on the EPR (17-21). Observations
with a fluorescent microscope indicated
that the bacteria were mostly free-living,
small rod-cocci cells rather than microbe-
rich, large amorphous particles (22).

We characterized the hydrothermal com-
position of the plumes by three tracers: CH,/
dissolved Mn, *He/dissolved Mn, and partic-
ulate S/particulate Fe (Fig. 3, F and G). Each
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ratio compares a particular volatile species
[CH,, *He, and S (23)] with that of a non-
volatile species (Mn and Fe). In general,
CH,/Mn, S/Fe, and *He/Mn ratios varied in
concert, which is in agreement with results
from (17). Investigations at eruption sites on
other ridges indicate that a shallow magmat-
ic intrusion immediately produces hydro-
thermal discharge with elevated concentra-
tions of volatiles derived from magma degas-
sing or phase separation of hydrothermal
fluids (24, 25). These enrichments may last
months or years, eventually evolving to a
more mature circulation system with a lower
concentration of volatiles (24-26).

These ratios describe a coherent along-
axis pattern that differed significantly from
the intensity pattern of the plumes them-
selves (Fig. 3). Throughout the survey re-
gion, high ratios arose from increases in
volatile species rather than decreases in
trace metal concentration. High ratios were
clustered only near 17°30" to 17°50" and
18°30’S. A narrow zone of intermediate ra-
tios occurred near 16°10’S. Maximum ratios
in these areas ranged from 2 to 4 for CH,/
Mn and S/Fe, and from 10 X 107% cm?
mol™! to 16 X 107* cm?® mol ™! [at standard
temperature and pressure (STP)] for *He/
Mn. These ratios are 3 to 10 times higher
than ratios typical of vent fields not recently
perturbed by magmatic activity (17, 20, 21,
27). Everywhere else in our survey, nonvol-
atile species dominated the plumes. The ra-
tios thus define a two-component plume
population: those with compositions reflect-
ing recent magmatic activity and those with
more evolved compositions.

Our study shows that magmatic activity
affects the distribution and composition of
hydrothermal discharge over spatial scales
ranging from a few to hundreds of kilome-
ters. At the broadest scale, regions of en-
hanced hydrothermal activity correspond to
regions of inflated ridge cross-section and a
shallow AMC. This trend confirms a simi-
lar conclusion based on a hydrothermal
plume survey over the northern EPR be-
tween 8°40’" and 11°50’N (17, 19). On a
finer scale, volatile-rich plumes in segments
K, and I overlay sites of recent magmatic
activity as indicated by the anomalously
shallow AMC reflector at 17°26'S (16) and
by lava flows from apparently recent sea-
floor eruptions (14, 15). The chemistry of
plumes overlaying adjacent segments re-
flected evolved hydrothermal circulation
with a low volatile concentration. The ob-
servations describe hydrothermal discharge
that has been compositionally altered by
the addition of volatiles from magma degas-
sing and phase separation. The distribution
of volatile-rich plumes suggests that sea-
floor-spreading episodes are segment specif-
ic and most recently occurred within seg-
ments K; and 1. Although the peak CH,/
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Mn, S/Fe, and *He/Mn ratios in segments
K, and I were significantly elevated relative
to those of other nearby segments, they
were ~50% less than maxima measured in
the plume over the 9°50'N EPR site 6
months after a seafloor lava eruption (17,
19-21). By comparison, H,S concentra-
tions in vent fluids at the 9°50'N EPR site
declined ~70% in the first year after erup-
tion (25). On the basis of the consistent
level of enrichment in all three ratios, we
speculate that either magmatic intrusions in
these areas occurred at least several months
before our survey or that any very recent
intrusion was small and unable to sustain a
prolonged period of volatile-enriched dis-
charge.

Surveys of the AMC here (6) and on the
northern EPR (28) reveal that neither axial
structure, the size of crustal magma bodies,
nor the volume of extrusive lava varies sig-
nificantly with spreading rate. However, the
average depth of the AMC was found to
decrease with increasing spreading rate. This
observation agrees with the crustal thermal
model of Phipps Morgan and Chen (29),
which uses a dynamic balance between heat
supply from magma injection and heat loss
by hydrothermal cooling to control the melt
distribution within the crust. The results of
our survey suggest that the relatively shallow
depth of the AMC along the superfast-
spreading EPR strongly affects the hydro-
thermal environment. Hydrothermal plumes
cover about 60% of the surveyed ridge crest,
almost twice the coverage found during a
survey of similar extent on the fast-spreading
northern EPR (19). Furthermore, the rela-
tively high proportion of volatile-rich
plumes we observed implies that magmatic
intrusions and eruptions on a superfast-
spreading ridge are more frequent, and thus
perhaps smaller volumetrically, than those
on more slowly spreading ridges. The calcu-
lation of credible budgets for many hydro-
thermal species will require an accurate
global estimate of the extent and duration of
hydrothermal discharge alteration by shal-
low magmatic intrusions.
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Catalysis of the Olivine to Spinel Transformation
by High Clinoenstatite

T. G. Sharp* and D. C. Rubie

Although enstatite is a major constituent of the Earth’s upper mantle and subducting
lithosphere, most kinetic studies of olivine phase transformations have typically involved
single-phase polycrystalline aggregates. Transmission electron microscopy investiga-
tions of olivine to spinel and modified spinel (8 phase) reactions in the (Mg,Fe),SiO,-
(Mg,Fe)SiO, system show that transformation of olivine in the stability field of spinel plus
B phase begins with coherent nucleation of spinel on high-clinoenstatite grains. These
observations demonstrate that high clinoenstatite can catalyze the transformation by
enhancing nucleation kinetics and therefore imply that secondary phases can influence
reaction kinetics during high-pressure mineral transformations.

Seismic discontinuities in the Earth’s man-
tle are generally believed to be caused by
high-pressure phase transformations, with a
possible additional contribution from com-
positional stratification (1-3). The 410-km
and 660-km discontinuities, for example, de-
fine the Earth’s transition zone and are cor-
related with, respectively, the transforma-
tion of (Mg,Fe),SiO, olivine to (Mg,Fe),SiO,
B phase and of (Mg,Fe),SiO, spinel to
(Mg,Fe)SiO; perovskite + (Mg,Fe)O mag-
nesiowlistite. Recent seismic data suggest
that these mantle discontinuities are thin-
ner than predicted from the equilibrium
phase diagrams for adiabatic geotherms (4).
Solomatov and Stevenson (5) have recent-
ly argued that the sharpness of the 410-km
and 660-km discontinuities may be a result
of sluggish reaction kinetics and nonequi-
librium phase transformations as material
convects across the phase boundary. The
key parameter in their kinetic model is the
nucleation rate and, in particular, the depth
(that is, pressure) to which an equilibrium
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phase boundary can be overstepped before
nucleation occurs. Similarly, in subduction
zones, the depth to which olivine can be
transported before it transforms into its
more dense polymorphs is also controlled by
reaction kinetics (6, 7). In this case, nucle-
ation kinetics are especially important in
relatively warm subduction zones and the
warmer regions of cold subducting slabs (7).
Nucleation can be the rate-controlling step
during metamorphic reactions in the
Earth’s crust (8) and can result in the crys-
tallization of nonequilibrium mineral as-
semblages (9).

Theoretically, nucleation kinetics are
sensitive to both the strain energy and in-
terfacial energy that accompany nucleation
(5, 10, 11). Both of these parameters are
poorly constrained for mineralogical reac-
tions largely because of the limited number
of experimental studies of nucleation kinet-
ics (11, 12). For simplicity, nucleation dur-
ing high-pressure polymorphic mineral
transformations has generally been studied
experimentally in single-phase polycrystal-
line aggregates (11-13). We demonstrate
here, however, that in the case of the oli-
vine-spinel transformation, the presence of
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clinoenstatite has a strong effect on the
kinetics of spinel nucleation.

We performed experiments at high pres-
sure and temperature using a multianvil
apparatus (14) with a starting material con-
sisting of powdered San Carlos olivine
(Mg, gFe;,Si0,) plus a few percent of Mg-
rich orthopyroxene. Each experiment con-
sisted of two stages: (i) hot pressing in the
stability field of olivine + high clinoensta-
tite at 1523 K and 10 to 11 GPa for 2.5 to
3.0 hours and (ii) reaction to high-pressure
phases at 1173 to 1273 K and 14 to 15 GPa
for up to 12 hours. For the olivine compo-
nent, these latter conditions lie in the sta-
bility field (Fig. 1) of either B phase or B
phase + spinel (15). Between the hot-press-
ing and transformation stages, the tempera-
ture was reduced to 873 K to prevent trans-
formation during the second compression.

20 || L I LI >
Y
—~ 15
a
()
g
3
[7]
(7]
£ 10
o Hot press
5 1 1 1 1 1
800 1200 1600 2000
Temperature (K)

Fig. 1. Phase diagram for the (Mg, gFeg )-S50,
system (75) showing the experimental run condi-
tions. The open circle represents the hot-pressing
conditions and the solid circles show the transfor-
mation conditions. The arrows represent the
paths followed from hot pressing to the transfor-
mation conditions. The stability fields are labeled -
as a (olivine), B (B phase), or vy (spinel).
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