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Cataclysmic hydrothermal venting on the
Juan de Fuca Ridge

Edward T. Baker, Gary J. Massoth & Richard A. Feely

Pacific Marine Environmental Laboratory, National Oceanic and
Atmospheric Administration, 7600 Sand Point Way NE, Seattle,
Washington 98115-0070, USA

Serial observations of individual submarine hydrothermal vents'
and the mapping of dilute hydrothermal plumes extending far
downcurrent from vent fields>™ indicate a stability of vent field
fluid composition and mass flux on at least decadal time scales.
The inherent episodicity of ridge-crest tectonic activity, however,
suggests that discontinuous emissions of hydrothermal fluids also
occurs. In support of this hypothesis we report here the discovery
of a 700-m-thick, 20-km-diameter eddy-like ‘megaplume’ created
by a brief but massive release of high-temperature hydrothermal
fiuids near 44°49' N, 130°14’ W on the Juan de Fuca Ridge. The
megaplume had a mean temperature anomaly of 0.12°C and
overlay compositionally distinct plumes emanating from an
apparently steady-state vent field at the same location. The mega-
plume was formed in a few days yet equalled the annual output
of between 200 and 2,000 high-temperature chimneys.

The plume features described here arose from a vent field
discovered at the extreme northern end of the Southern Sym-
metrical Segment (SSS) of the Juan de Fuca Ridge during a
systematic survey of hydrothermal activity along the ridge crest
(ref. 5, E.-T.B.et al and G.J.M. et al, in preparation). Detailed
water column surveys during 17-23 1986 August using a deep-
tow conductivity-temperature-depth (CTD)/transmissometer
package® mapped and sampled two plumes occupying the bot-
tom 1,000 m of the water column and separated by a 50-m-layer
of nearly ambient seawater (Fig. 1). The deep plume, with a
maximum temperature anomaly (AT) of 0.06 °C, apparently
originated in the axial valley of the ridge crest and extended
off-axis to the southeast and along-axis to the north on the 27.68
potential density surface. Based on its asymmetrical distribution
and its detection by a follow-up cast on 18 October the deep
plume appears to be a steady-state feature typical of plumes
emanating from other vent fields along the Juan de Fuca
Ridge**-%,

The upper plume is unique among published reports of
neutrally-buoyant hydrothermal plumes. Rather than exhibiting
the typically asymmetrical shape created by buoyant fluids con-
tinually injected into a laterally-flowing current®®, the mega-
plume geometry approximated a radially symmetric oblate
spheroid indicative of a brief massive injection that created a
130-km® plume of diluted hydrothermal fluids (Fig. 1). The
temperature anomaly reached an extraordinary 0.28 °C at the
megaplume centre, 700 m above the seafloor. The megaplume
total excess heat

H= pcpzﬁi V|

where specific heat pC,=4.2x10°Jm™> (°C) " and AT; and V;
are the mean temperature anomaly and the volume between
each AT contour. The heat anomaly thus calculated, 6.7 x 10'¢ J,
is a conservative estimate that includes only those fluids within
the 0.04 °C AT contour.
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Fig. 1 a, North-south cross-section of temperature anomaly (°C)
at the megaplume site. The temperature anomaly is the deviation
along the potential temperature axis from the normally linear
relationship between potential density and potential temperature®.
It therefore represents the temperature elevation of plume water
relative to ambient water at the same potential density. The 0.04 °C
contour roughly defines the megaplume and the lower plume.
Several cross-sections at different orientations showed the mega-
plume to be radially symmetric. Horizontal dashed lines connect
surfaces of equal potential density (kg m™>). Vertical line marks
the position of CTD22 in the axial valley; stars mark the location
of water samples filtered for mineralogic examination by scanning
electron microscope and x-ray fluorescence. b, Location of the
Southern Symmetrical Segment. ¢, CTD tow path used to construct
the cross-section. Vertical and horizontal dimensions identical to a.

Mineralogic and hydrographic evidence support the
geometric inference that the megaplume formed during a brief
venting event. Large (5-130 pm) grains of the hydrothermal
minerals anhydrite, chalcopyrite and amorphous silica were
common in two filtered samples from the centre and edge of
the megaplume at a depth of ~1,600 m (E.T.B. et al, in prepar-
ation). Because the large anhydrite grains could settle 70-
200 m d*, the megaplume must have been no more than several
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Fig. 2 Vertical profiles of selected hydrothermal constituents. a,
Constituents enriched in the megaplume; b, constituents enriched
in the lower plume. Samples collected by CTD22 (~0100 urc, 20
August). Particulate chemistry was determined by energy dispersive
X-ray fluorescence spectrometry using thin-film procedures (G.J.M.
et al, in preparation). Dissolved Mn was determined by flameless
atomic absorption spectrometry after Klinkhammer'®, Silicate was
determined spectrophotometrically on-board'®. The silicate
anomaly is the raw value minus the regional silicate profile. Note
that Fe is plotted at 10X its true value (maximum Fe concentra-
tion = 0.69 wmol kg™!) to facilitate comparison with other profiles.

days old when the particles were collected (~17:00-24:00 uTC
21 August). Anhydrite grains at the megaplume edge were con-
sistently in a more advanced stage of dissolution than those at
the centre, implying that radial expansion took place over a
period of several days rather than instantly. The vertical and
horizontal dimensions of the megaplume remained constant
during our survey, so expansion, and presumably venting, had
diminished or ceased at the time of its discovery. No trace of
the megaplume was found on 18 October, when we reoccupied
the station at 44°49' N, 130°14' W.

Vertical profiles of conservative and nonconservative con-
stituents alike describe two plumes with distinctly different
compositions. The megaplume was enriched in heat, dissolved
SiO, and Fe (98% particulate, 2% dissolved); the lower plume
in Mn (98% dissolved, 2% particulate) and particulate S (Fig.
2). Particulate Fe, primarily in the form of sub-micrometre-sized
amorphous oxide precipitates, constituted about 40% by weight
of the megaplume solids, compared with only about 25% or
less in the lower plume and other deep plumes on the Juan de
Fuca Ridge (ref. 4 and G.J.M. et al. in preparation). The extra-
ordinarily high Fe concentration resulted in an Fe/Mn molar
ratio of 9.7, about four times higher than in either the lower
plume or the plume from the vent fields near 44°40' N on this
ridge segment®, where vent fluids with exceptionally high Fe
concentrations (and Fe/Mn ratios of 4.0-5.2) have been
sampled®.

What kind of tectonic process could release such an enormous
quantity of heat and chemicals from the crust in only a few
days? Several points argue against an explosive event. The
momentum and buoyancy inputs likely associated with an
explosion would have driven the megaplume much higher in
the water column than was observed. Cross-plume differences
in anhydrite dissolution, and the absence of recognizable pyro-
clastic fragments in the filtered water samples, also support a
non-explosive origin.

If we reject an explosive event, then we must postulate the
sudden liberation of a vast quantity of crustal hydrothermal
fluid, or the sudden seawater flooding of an extensive surface
of very hot rock. About 0.065 km® of 350 °C fluid must mix with
ambient near-bottom seawater (T = 1.8 °C) to produce the mean
temperature anomaly (0.12 °C) of the megaplume. This volume
represents fluid from 0.65 to 0.16km> of crust, based on
porosities of 10-40%'°'2, Alternatively, the excess heat con-
tained in the vented fluids may have been extracted from the
sudden cooling of a basalt extrusion. Lava flood plains and
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Fig. 3 Plots of temperature anomaly against SiO, (a) and dis-
solved Mn (b) in the megaplume (O) and the lower plume (@).
Mass/heat correlations are 42.9 pmol cal™! (r*>=0.79) for Si0, and
0.37 nmol cal™* (r*=0.68) for Mn in the megaplume (line 1), and
3.5 nmol cal™! (r? =0.90) for Mn in the lower plume (line 2). These
correlations are compared with the mass/heat correlations for SiO,
and Mn in the neutrally-buoyant plume emanating from the
44°40' N site® (line 3) and to back-extrapolations for the range of
vent fluids at 21 °N on the East Pacific Rise'® (exit temperature
350°C) (line 4) and near 44°40' N on the SSS° (exit temperature
285°C) (line 5). All regressions have been forced through an
intercept representing ambient seawater.

constructional volcanic features are common on this ridge seg-
ment'®. The heat extracted from a given mass of molten basalt
is the volume specific heat lost during cooling (3.8 J cm ™ deg™")
and the latent heat lost during crystallization (10*°Jcm™); a
1,200 °C cooling of basalt liberates 5.6 x 10° J em ™. The mega-
plume excess heat thus represents a 1,200 °C cooling of 0.012 km®
of basalt, or a proportionally greater volume cooled less. This
rock volume roughly equals the long-term annual average of
crustal accretion to the 55-km-long SSS based on a full-rate
spreading of 6 cm yr™* and an axial crustal thickness of 2.5 km
(ref. 14).

The importance of instantaneous heating is conjectural, but
the high Fe/Mn ratio in the megaplume is consistent with
formation by a seawater-dominated hydrothermal system.
Experimental alteration of basalt at high temperatures and press-
ures'® shows that the Fe/Mn ratio of hydrothermal fluids
increases sharply as the water/rock ratio increases.

An intriguing hypothesis that incorporates some features of
both fluid release and instantaneous heating is that the mega-
plume was the hydrothermal expression of an incremental sea-
floor-spreading event. A fissuring of the axial valley floor by a
dike intrusion and subsequent surface lava flows might release
a large volume of fluid from the hydrothermal plumbing system
as well as provide an extensive surface of molten rock for heating
seawater. Baker ef al. (in preparation) examined the likelihood
of fissure vents giving rise to the observed plume by devising
an enthalpy-conserving plume model in which the source was
linearly distributed. Assuming an exit temperature of 350 °C and
an ambient seawater salinity, the observed rise height of the
megaplume requires a source heat flux of about 3.6 x 108 Js7!
per metre of fissure length. Dividing this heat flux into the heat
anomaly of the megaplume yields a source strength of 2,200 m-
days. Thus a 0.5 km-long fissure could create the megaplume in
about four days. The fissure width depends on the fluid exit
velocitly, and would be <0.25m if exit velocities exceeded
1ms .

Mass/heat correlations in the megaplume indicate a variable
extraction efficiency for different constituents with respect to
heat (Fig. 3). For SiO,, the megaplume correlation falls at the
low end of vent fluid data from 21° NS or the vent field near
44°40’ N on the SSS°, about 25 km south of the megaplume site.
The lower plume correlation appears to differ, but the line is
not well constrained. For Mn, the megaplume correlation is
substantially below that found for vent fluids®'¢, the plume from
the 44°40' N vent field®, or the lower plume, suggesting that Mn
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was much less efficiently extracted from the crust than SiO,
during the megaplume formation. Extrapolations from the
mass/heat correlations and knowledge of the total excess heat
in the megaplume allow comparison of the megaplume flux with
that of a 350 °C black smoker compositionally similar to those
at 21 °N'® and with a mass flux of 0.5-10kgs™' (ref. 17). The
megaplume load of SiO, (5.6x 10° mol) and Fe (5.7 x 107 mol)
represents the annual output of about 2,000-200 chimneys, the
same as for heat. The Mn load (7 x 10° mol) represents only
one-tenth as many chimneys.

The importance of massive, sporadic hydrothermal events
ultimately depends on their frequency and their link to ridge-
crest tectonic processes. If a basaltic intrusion of only 0.01 km?
is sufficient to create a megaplume, hundreds to thousands of
such plumes may be blossoming each year along the global ridge
system. In addition to adding a new dimension to ideas about
the exchange of heat and chemicals between the crust and
seawater, sporadic plumes may serve as indicators of contem-
porary axial tectonic events and as natural tracers of the
Lagrangian velocity field in the deep ocean. These observations
thus demonstrate the need for ridge-crest observational
strategies that will integrate time-dependent measurements of
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both the tectonic causes and the hydrothermal-fluid effects of
seafloor spreading.
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Inhibition of the firing of vasopressin
neurons by atriopeptin
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Atriopeptin, the atrial natriuretic peptide, is a circulating hormone
that is released from the atria of mammalian hearts in response
to volume expansion and acts upon the kidneys, adrenal glands
and vasculature to regulate fluid and electrolyte homeostasis'.
Atriopeptin is also present in the brain of the rat*. Atriopeptin
immunoreactive cell bodies and fibres are found in many areas
known to be involved in the central regulation of the cardiovascular
system, suggesting that it may be a neuromediator in the central
control of fluid and electrolyte balance®™>, The paraventricular
nucleus of the hypothalamus, which contains the cell bodies of
neurons that secrete vasopressin from the posterior pituitary gland,
receives a dense innervation from atriopeptin-like immunoreactive
fibres®*!!, We have studied the effect of atriopeptin on the elec-
trical activity of single neurons in the paraventricular nucleus of
anaesthetized rats and found that atriopeptin is a potent inhibitor
of putative vasopressin neurons. Atriopeptin, which has systemic
actions that oppose those of vasopressin, may act as a neuromodu-
lator in the brain to prevent vasopressin secretion.

Atriopeptin immunoreactive fibres innervate the entire para-
ventricular nucleus. The parvocellular parts of the nucleus,
concerned with control of the anterior pituitary gland and the
autonomic nervous system, are most densely innervated''~!*,
However, there are many immunoreactive fibres and terminals
found in the posterior magnocellular portion of the nucleus,
which contains cell bodies of neurons that secrete vasopressin
and oxytocin from their terminals in the posterior pituitary
gland'"">'*. A large component of the atriopeptin-immunoreac-
tive innervation of the paraventricular nucleus arises from a
cluster of neurons near the anteroventral tip of the third ventricle,
in the ‘AV3V’ region that is thought to be important in the

+ To whom correspondence should be addressed.

regulation of electrolyte homeostasis and vasopressin
secretion”!®. As recent studies have reported that application
of atriopeptin can alter the firing of hypothalamic and septal
neurons'®!’, we sought to determine its effects on the firing of
vasopressin neurons.

Multibarrel micropipettes were used to record the activity of
paraventricular neurons and to inject peptide solutions. The
barrels of the injection pipette were filled with solutions of
synthetic atriopeptin III (residues 103-126 of the prohormone)
and des-[Gly 18 Leu 17] atriopeptin III-amide, an analogue
that has no detectable activity in smooth-muscle bioassays,
dissolved in 0.9% saline at concentrations of 10 ugml™>
(3.7 oM, n=20) or 100 ug mi~' (37 wM, n =3). The region of
the paraventricular nucleus was explored in urethane anaesthet-
ized rats that had been deprived of water for 24-48 h before
surgery. We categorized neurons with periods of 10-20 Hz
activity alternating with periods of silence as phasic, an activity
pattern that has been closely associated with vasopressin
neurons'®-?°, As an additional criterion, we tested for rapid and
reversible inhibition of firing during increases in blood pressure
produced by infusion of pressor agents, another well-established
property of vasopressin neurons'®. Peptide solutions were
applied using short pulses of air pressure, adjusted so that each
pulse delivered 30-500 pl of solution. Changes in spontaneous
neural activity produced by the peptides were assessed by com-
paring the mean firing rates and, for phasic neurons, the inter-
burst intervals of the units; both of these properties are closely
correlated with the secretion of vasopressin from the posterior
pituitary gland.

A total of 23 spontaneously active units in the region of the
paraventricular nucleus were examined for alterations in activity
produced by atriopeptin. Thirteen of these units had a typical
phasic pattern of activity. Nine of these phasic units were tested
for their response to increased blood pressure; all of them were
inhibited by the intravenous injection of phenylephrine, a
vasoconstrictor that elevates arterial blood pressure. The inactive
analogue of atriopeptin, applied in quantities of 1.5-840 fmol
before the active peptide, had no effect on the activity of any
of the units tested.

Two types of responses were observed following the applica-
tion of atriopeptin to phasic units. Four phasic units, tested with
1.3-78 fmol of atriopeptin, showed a pronounced prolongation
of the interval between phasic bursts with little change in mean
activity during the bursts. This effect was gradual in onset,
occurring over several minutes, and persisted for 240-3,200s.
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