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A model for the formation of transient event plumes above
mid-ocean ridge hydrothermal systems

William S. D. Wilcock

School of Oceanography, University of Washington, Seattle

Abstract. Event plumes (or megaplumes) are ephemeral bodies of anomalously warm water
which form in the water column above mid-ocean ridges as the result of the catastrophic release of
large volumes of hydrothermal fluid. During the formation of the largest event plumes, heat
fluxes increase to at least 100 times those of a typical high-temperature vent field. Recent obser-
vations reveal a strong association between event plumes and diking-eruptive events. It has previ-
ously been suggested that event plumes are the result of increased fluxes throughout hydrothermal
systems following a large increase in the permeability of a critical region. In this paper, analter-
native model is explored whereby the volume of fluid expelled is not balanced by increased down-
flow but rather by the expansion of fluids near the base of the system. For most geologically
plausible patterns of hydrothermal circulation, the fracturing and faulting associated with a diking
event will result in a much larger decrease in the flow resistance of the upflow zone than the down-
flow zone. To balance fluxes, the pressure must decrease throughout the system. There is consid-
erable evidence that the fluids near the base of mid-ocean ridge hydrothermal convection cells lie
near the two-phase boundary for seawater and thus are very compressible. Simple calculations
show that fluid expansion in a depressurized reaction zone can match the observed formation times
and sizes of large event plumes only if the permeability of the upflow zone increases to very high
values (~102-10"10 m2) and if the plume is underlain by a sizable reaction zone containing at least
0.01-0.2 km3 of fluid at temperatures near the two-phase curve. Fluid expansion in a smaller reac-
tion zone is a plausible mechanism to incorporate a component of mature hydrothermal fluid into

event plumes whose heat content comes primarily from cooling lava flows. It may also be re-
sponsible for smaller event plumes or temporal fluctuations in chronic plumes which are not
linked to volcanic eruptions but which follow tectonically or magmatically induced increases in

permeability.

Introduction

The terms megaplume [Baker et al., 1987] and event plume
[Baker, 1994] were coined to describe the results of cata-
strophic releases of large volumes of hydrothermal fluid into
the water column above mid-ocean ridges. The continuous dis-
charge of fluids from high-temperature hydrothermal systems
results in the formation of chronic plumes which typically rise
about 100-300 m above the seafloor [Baker, 1994]. In con-
trast, event plumes are characterized by a rise height of about 1
km and their formation requires heat fluxes several orders of
- magnitude greater than those from steady state vent fields.
Event plumes have been reported from the Juan de Fuca Ridge
[Baker et al., 1987, 1989, 1995; Baker, 1994], the Gorda
Ridge [Baker et al., 1996], and from back arc spreading centers
[Nojiri et al., 1989; Gamo et al., 1993].

The first two event plumes [Baker et al., 1987, 1989] were
discovered in 1986 and 1987 near the Cleft segment of the
Juan de Fuca Ridge (Figure 1). The plumes were disk-shaped
with diameters of about 20 km, thicknesses of 500-700 m, and
maximum potential temperature anomalies exceeding 0.2°C.
After accounting for the entrainment of cold water, Baker et al.
[1989] estimate the heat released to be 1.2 x 1017 and 0.6 x
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1017 J for the 1986 and 1987 events, respectively. The physi-
cal and chemical characteristics of the 1986 plume lead Baker
et al. [1989] to conclude that it formed very shortly before dis-
covery by the release of ~0.1 km® of mature ~350°C hy-
drothermal fluid. By modeling the source as a linear fissure,
Baker et al. [1989] show that the maximum rise height of 1 km
requires a heat flux of 3.5 x 108 J s-! per meter of source. For a
fissure length of 200-2000 m, the 1986 plume would have
formed in 20 to 2 days during which time the total heat flux
would have been 100-1000 times the steady heat flux of 7 x
108 J s estimated for the northern Cleft chronic plume
[Baker, 1994]. Repeat Sea beam surveys and on-bottom cam-
era observations show that a series of volcanic mounds erupted
along a 20-km section of the northern Cleft segment between
1981 and 1987 [Chadwick et al., 1991], lending circumstantial
support to the hypothesis that event plumes are related to rift-
ing events [Baker et al., 1987, 1989]. Two smaller event
plumes were also observed along the Cleft segment in 1987
and 1989 [Baker, 1994].

Irrefutable evidence for an association between large event
plumes and diking was provided by the 1993 eruption on the
CoAxial segment (Figure 2). Over a period of 2 days, epicen-
ters from a seismic swarm on the northern flank of Axial
seamount migrated 40 km to the north where seismicity con-
tinued intermittently for 3 weeks [Dziak et al., 1995; Fox et
al., 1995; Schreiner et al., 1995]. A small eruption was dis-
covered at the end of a 7-km-long fissure, and both the fissure
and the extrusion were venting warm water [Embley et al.,
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Figure 1. Simplified bathymetric map of the Cleft segment,
contoured at 200 m intervals, showing the location of hy-
drothermal plumes and recent eruptions. Labeled contours of
temperature anomalies in degrees Celsius delineate the posi-
tions of the 1986 and 1987 megaplumes [Baker et al., 1989],
the smaller 1989 event plume (EP) [Baker, 1994; Massoth et
al., 1994], and the chronic plumes (light shading) [Baker,
1994; Massoth et al., 1994]. The locations of recent lava
flows (stipled and striated with bold outlines) [Chadwick and
Embley, 1994; Embley and Chadwick, 1994], high-tempera-
ture vents (stars) [Embley et al., 1994], and representative
sites of diffuse venting (triangles) [Embley and Chadwick,
1994] are also shown.

1995; Chadwick et al., 1995]. Over a 3 week period following
the onset of seismicity, water column studies detected at least
three event plumes [Baker et al., 1995] with diameters of 10
km, rise heights of nearly 1 km, and excess heat contents
about one tenth those of the Cleft plumes. Numerical models
suggest that each plume was discharged from a linear source in
a matter of hours [Lavelle, 1995]. A tentative chronology
[Baker et al., 1995, Massoth et al., 1995] requires that the
plumes were emitted intermittently over a period of at least a
week, and Baker et al. [1995] hypothesize that each plume was
associated with a separate pulse of seismic swarm activity
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Chemically, the hydrothermal fluids which form event

plumes are quite distinct from those of adjacent steady state
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chronic plume [Lupton et al, 1989]. The CoAxial event
plumes were not underlain by a high-temperature vent field but
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by extensive diffuse venting [Massoth et al., 1995, Lupton et
al., 1995]. The 3He/heat ratios were on average 5 times lower
in the event plumes than in the underlying plumes [Lupton et
al., 1995]. Thus the concentrations of magmatically derived
volatiles and metals are much higher in the chronic plumes
than the event plumes.
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Figure 2. Simplified bathymetric map of the CoAxial seg-
ment, contoured at 200 m intervals, showing the configuration
of the 1993 diking event. The map shows the location of the
lava flow (solid fill) and a 7-km-long rift extending to the
south (solid line) [Embley et al., 1995], three event plumes
(circles) [Baker et al., 1995], a high-temperature vent field
(star) [Delaney and Embley, 1993], and earthquake locations
obtained from the analysis of tertiary-phase records recorded
by the U.S. Navy Sound Surveillance System (dots) [Dziak et
al., 1995].
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event plumes might form as a result of direct interactions be-
tween a seafloor eruption and seawater but subsequently argue
that the rise heights and chemistry are incompatible with such
a mechanism [Baker et al., 1989]. Baker et al. [1987, 1989]
also hypothesize that rifting events might release areservoir
of hot fluid, although it is difficult to envision how large vol-
umes of fluid could be trapped in an extensional environment
[Cann and Strens, 1989]. On the basis of observations in the
Troodos ophiolite, Cann and Strens [1989] argue that a resis-
tive cap and shell develops around upflow zones because of the
precipitation of hydrothermal minerals in regions where hot
and cold fluids mix. The resistive cap controls the.fluid flux
through the system. When the cap is fractured as the result of
either a rifting event or by the progressive build up of hydro-
static pressure, fluxes through the whole system increase dra-
matically, and high fluxes persist until the system reclogs or
the heat content is exhausted. Cathles [1993] postulates that
the fluid fluxes of mid-ocean ridge hydrothermal systems are
controlled by the permeability of a very thin but areally exten-
sive flow zone located on the sides of the axial intrusion. He
argues that an event plume can result from the collapse of the
thermal boundary layer in the flow zone following an increase
in permeability due to magma withdrawal, thermal contraction,
or a pulse of magmatic volatiles. The thermal energy in the
event plume can be equated to the heat content of the flow
zone. Nehlig [1993, 1994] also suggests that event plumes
may be initiated by the release of magmatic fluids trapped in
the axial magma chamber. Lowell and Germanovich [1995]
argue that the emplacement of a dike increases the average
permeability in upflow zones by several orders of magnitude.
They present a simple model in which event plume formation
over a period of ~10 days is driven by the heat content of the
dike. However, this timescale is significantly longer than the
estimated formation times of the CoAxial event plumes
[Lavelle, 1995] and a 1-m-wide dike may not contain sufficient
heat to generate the Cleft event plumes. Most recently, Butter-
field et al. [1997], citing recent observations on the CoAxial
segment, have revived the idea that event plumes form by di-
rect interactions with a seafloor eruption. They argue that such
a model most simply explains the coincidence of event plumes
and seafloor eruptions, the heat contents and very short forma-
tion times of event plumes, and the presence of a halite coat-
ing on the fresh extrusives.

In this paper, I explore an alternative mechanism first pro-
posed by Wilcock [1994] whereby event plumes are generated
by fluid expansion in a depressurized reaction zone. If the frac-
turing accompanying a diking event reduces the hydraulic re-
sistance of the upflow zone more than the downflow zone, the
pressures throughout the hydrothermal system must decrease.
If the fluids at the base of the system lie near the two-phase
boundary, this pressure reduction results in considerable fluid

" expansion which is balanced by a transient increase in upflow
fluxes.

A Fluid Expansion Mechanism for Event Plumes

In the following sections, I develop a simple quantitative
model for the fluid expansion mechanism. In the first section,
I consider steady state models of hydrothermal circulation to
estimate the likely pressure gradients prior to a diking event.
Second, I estimate the pressure drop that might follow the in-
trusion of a dike. Diking can change the permeability structure
very quickly, but the thermal inertia of the rock matrix will
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preserve the same pattern of flow. Given an estimate of the
new permeability structure, modified quasi-steady state pres-
sure conditions can be determined by matching upflow and
downflow fluxes. In the third section, I consider the increase
in fluid volume in the reaction zone that must occur as the
pressures decrease and the systern evolves between the two
steady state configurations. Finally, I develop a simple tran-
sient model for the ejection of a plume.

Pressure Gradients in Mid-ocean Ridge
Hydrothermal Systems

The pressure gradients which drive hydrothermal circulation
result from the difference in hydrostatic pressures between col-
umns of hot and cold fluid. Atany location in a hydrothermal
system, the total pressure gradient is the sum of the local hy-
drostatic gradient and the gradient driving flow. If the hydrau-
lic resistance of a hydrothermal systern is dominated by the
discharge zone, then to balance fluxes the pressure gradients
driving downflow must be small, and pressures everywhere
must approach cold hydrostatic (Figure 3a). Conversely, in re-
charge-dominated systems the pressures approach hot hydro-
static.

The pressure gradients can be quantified by considering a
pipe model (Figure 4) comprising predefined downflow, reac-
tion (heat uptake), and upflow zones connected into a single-
pass system. For a steady state system, the mass fluxes in the
upflow and downflow zones must balance. Assuming Darcy
flow, this condition requires

L(é&'j =__1(%j 5
R, % u Ry 24 d

where R is the hydraulic resistance per unit depth of circula-
tion, p' is the component of the pressure responsible for driv-
ing fluid flow, z is the vertical coordinate increasing down-

ward, and the subscripts # and d refer to the upflow and down-
flow zones, respectively. The terms R, and R, are defined

—_Hn
“ Aukuph (2)
R, =—He
g =

Adkdpc

where A is the cross-sectional area, k is the permeability, p
and p are the fluid density and viscosity, respectively, and the
subscripts 4 and ¢ refer to properties of hot and cold fluid, re-
spectively. For simplicity, I neglect the pressure drop driving
flow through the reaction zone. Continuity at the base of the
model requires that the vertical gradient of the total pressure p
is the same in the upflow and downflow zones. The pressure
gradients driving flow can be written

(%)u = %"Phg 3)
rN _, P @)
( &)d peg-2

where g is the acceleration of gravity. Substituting (3) and (4)
into (1) and solving for the total pressure gradient yields

P _ _ R, (5)
> (ph+(pc ph)Ru+Rd]8
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Figure 3. Schematic diagram showing the change in hydrostatic pressure following a diking event. (a) Be-
fore the diking event, the hydrostatic resistance of the upflow zone exceeds that of the downflow zone. The to-
tal pressure gradient throughout the system, which is the sum of the pressure gradients driving flow (solid vec-
tors) and the hydrostatic pressure gradients (dashed vectors), is much closer to cold hydrostatic (CH) than hot
hydrostatic (HH). (b) After a dike-induced decrease in the hydraulic resistance of the upflow zone, the total

pressure must move toward hot hydrostatic to balance fluxes.

This pressure reduction will be accompanied by

the expansion of fluids in the reaction zone, a process which results in a temporary imbalance of fluxes and the

expulsion of a transient plume.

The relative values of R; and R, are not constrained by pipe
models because the cross-sectional area and permeability of
the pipe is defined a priori, but some insight into this matter
can be obtained from simple solutions for cellular convection.

2 | @
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Figure 4. Configuration of the pipe flow model used to quan-
tify the pressure gradients in mid-ocean ridge hydrothermal
systems.

Figure 5 shows the configuration of steady convection in an
uncapped porous box heated from below at Rayleigh numbers,
Ra =100 and Ra =1000. The Rayleigh number is a dimen-
sionless number which determines the vigor of convection and
is defined

OtgpchkZAT
= "

where o is the coefficient of thermal expansion for the fluid, ¢
and A are the heat capacity and thermal conductivity of the
saturated porous matrix, respectively, and AT is the vertical
temperature drop across the convecting layer which has thick-
ness Z. The solutions have been obtained with the Boussinesq
approximation (i.e., linear variations in density are considered
only in the buoyancy term), and the permeability and viscos-
ity are constant. The solutions show strong similarities to the
pipe model; the circulation is single pass, and the flow is
nearly vertical within well-developed upflow and downflow
zones. At Ra = 100, the widths of upflow and downflow are
approximately equal which corresponds to R,/R; = 1 in the
pipe model (note that because the Boussinesq approximation
has been used for the cellular convection calculations, it is ap-
propriate to use p, = py, in (2)). Equation (5) predicts a pressure
gradient midway between hot and cold hydrostatic which is
consistent with the average pressure gradient observed in the
convection solution (Figure 5a). As the vigor of convection
increases, the thermal fluxes increase and the thickness of the
basal thermal boundary layer decreases. Since the boundary
layer feeds into the upflow zone, the width of upflow also de-
creases. At Ra = 1000, R,/R,; =2, and the pressure gradients
are consequently higher.

Ra (6)
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Figure 5. Examples of nondimensionalized solutions for porous convection in an uncapped square box
heated from below at Rayleigh numbers of (a) 100 and (b) 1000. For purposes of comparison, the minimum
Rayleigh number required for convection is ~30, while the Rayleigh number for systems feeding large black-
smoker vent fields may reach about 10*-10° [Lister, 1983; Wilcock and McNabb, 1995]. The solutions were
obtained using a finite volume algorithm [Pazankar, 1980] and a uniform 24 by 24 grid. The viscosity and co-
efficient of thermal expansion of the fluid and the permeability of the medium are assumed constant. The di-
mensionless temperature is held at 0 and 1 at the top and bottom boundaries, respectively, and the pressure on
the top boundary is 0. The bottom boundary is impermeable, and the side boundaries enforce periodicity. Vec-
tors show the direction and relative speed of fluid flow; for display purposes, vectors in Figure Sa are scaled by
a factor of 5 relative to Figure 5b. Contours show the dimensionless temperature (solid) and pressure (dashed).
The nondimensional hydrostatic pressures gradient is 0 and 1 in columns at temperatures of 1 and O, respec-
tively. For Ra = 100, the mean temperatures of upwelling and downwelling fluids are 0.6 and 0.2, respectively.
The average pressure gradient in the system is 0.6 which lies midway between the appropriate hot (0.4) and
cold (0.8) hydrostatic gradients. For Ra = 1000, the temperature in the core of the upwelling column is 0.3
which is equivalent to a hydrostatic pressure gradient of 0.7. The temperature of downwelling is close to 0.
The vertical pressure gradient throughout the model is about 0.9, so the pressure gradient driving upflow is

about twice that driving downflow.

The Rayleigh numbers for some black-smoker systems
probably reach 10%-10° [Lister, 1983; Wilcock and McNabb,
1995]. The steady solutions suggest that R,/R; may be large
for such systems. Some caution is warranted when extrapolat-
ing results derived from steady convection models obtained
with the Boussinesq approximation and constant fluid proper-
ties to real hydrothermal systems. The flow in the widest
cracks is almost certainly turbulent and will not obey Darcy’s
law. At sufficiently high Rayleigh numbers, convection will
be unsteady, and the characteristics of such flow have not been
studied in detail for open-top systems. The viscosity of water
is strongly temperature dependent, the buoyancy of hy-
drothermal fluids varies nonlinearly with temperature, and two-
phase flow can be expected near the base of many systems.
However, there is other evidence that the pressures in vigorous
systems approach cold hydrostatic. Relatively shallow meas-
urements of borehole pressures in vigorous liquid-dominated
systems on land, such as Taupo geothermal region, New Zea-
land, reveal pressure gradients approximately midway between
hot and cold hydrostatic [Grant et al., 1982]. Observations of
these systems suggest that the cross-sectional area of the up-
flow region decreases with depth [Elder, 1965, 1981]. Pipe

models which match heat and chemical fluxes require deep
pressure gradients near cold hydrostatic [Elder, 1965, 1981].
The small area of high-temperature vent fields along mid-ocean
ridges suggests that these systems are also discharge domi-
nated [Lowell and Germanovich, 1994; Wilcock and McNabb,
1995].

Pressure Drop Following a Dike Intrusion

The intrusion of a dike is accompanied by considerable
faulting and fracturing as evidenced by the extensive seismic
swarms observed on Krafla volcano in Iceland [Brandsdottir
and Einarsson, 1979; Einarsson and Brandsdéttir, 1980],
Kilavea and Mauna Loa volcanoes in Hawaii [Klein et al.,
1987], and the CoAxial segment [Dziak et al., 1995]. Swarm
earthquakes have local magnitudes up to 3 and are confined to a
narrow zone, which even with hypocentral location errors,
may extend as little as 1 km to either side of the intrusion.
Where dikes do not reach the surface, shallow extension is ac-
commodated by normal faulting above and in front of the later-
ally propagating dike [Rubin, 1992]. Field observations from
several locations show that diking can be accompanied by the
formation of dike parallel joints in a region extending 10-100



12,114

m from the dike [Andrews and Emeleus, 1975; Delaney et al.,
1986; Rogers and Bird, 1987]. Rubin [1993] presents a me-
chanical model for the tensile fracturing accompanying dike
propagation which predicts both tensile fracture and strike-
slip failure on dike-parallel planes extending several meters to
either side of the dike. Boiling of heated hydrothermal fluids
adjacent to the rock may also contribute to crack formation
[Germanovich and Lowell, 1995].

Observations from volcanically active mid-ocean ridge
segments show that hydrothermal vent sites coincide very
closely with the axis of accretion [e.g., Fornari and Embley,
1995]. Faulting and fracturing in a narrow zone surrounding a
dike is likely to produce a large increase in the permeability of
the upflow zone [Lowell and Germanovich, 1995]. The distri-
bution of downflow is poorly known, but unless circulation is
recharge-dominated, downflow zones must extend over a much
larger area because the viscosity of cold seawater is over an or-
der of magnitude higher than hot hydrothermal fluid. For most
geologically plausible patterns of circulation, dike-induced
permeability will have a much smaller effect on the overall hy-
draulic resistance of the downflow zone. Indeed, the hydraulic
resistance to downflow may be unchanged if recharge is con-
fined to inward facing normal faults on the ridge flanks.

If the relative hydraulic resistance of the upflow zone de-
creases, then to balance mass fluxes either the horizontal ex-
tent of upflow must decrease or the pressure gradients driving
flow must change. The configuration of flow can change only
very slowly because the rock matrix provides considerable
thermal inertia. In the short term, the pressure gradients driv-
ing upflow must decrease and those driving downflow must in-
crease, and the total pressure gradient must decrease toward hot
hydrostatic (Figure 3b). If the initial configuration is re-
charge-dominated and the final configuration is discharge-
dominated, the pressure drop at the base of a system is about
3Z MPa, where Z is the depth of circulation below the seafloor
in kilometers (Figure 3b). The pressures cannot drop instanta-
neously following a diking event because hydrothermal fluids
are compressible. Initially, the pressures will be unchanged,
upflow fluxes will greatly exceed downflow fluxes, and the dif-
ference will be balanced by fluid expansion. As the fluids ex-
pand, the pressure will decline progressively until the mass
fluxes through the system are balanced.

Given an estimate of the ratio R, /R, before and after a dik-
ing event, (5) can be used to infer the change in the total pres-
sure gradient. For an initial R, /R, ~ 1, a relatively modest de-
crease in upflow resistance can decrease pressures gradients
substantially. Taking R, = R; and fluid densities given in Ta-
ble 1, the initial pressure gradient is 8.5 MPa km™!. For final
ratios R, /R, of 0.5 and 0.1, the pressure gradients decrease to
7.9 MPa km'! and 7.0 MPa km'!, respectively. When the ini-
tial R, /Ry >> 1, as might be expected in vigorous discharge-
dominated systems, the reduction in pressure is always small
for modest decreases in R,. However, the fluxes required to
form event plumes exceed those of a sizable high-temperature
vent field by up to 3 orders of magnitude. This observation re-
quires that R, decrease by a similar factor if the plumes are to
form from hydrothermal fluids deep within the system. If the
dike only increases permeability in a narrow region and down-
flow extends over a relatively large area, the change in R, will
be much smaller. For example, assuming an initial R,/R; =
10, a uniform permeability, and fluid properties from Table 1,
(2) gives A; = 1004,. If the permeability increases by a very
large factor in a volume which includes all the upflow zone and
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Table 1. Fluid and Rock Properties Used for the Calculations

Symbol Meaning Value

P Density of hot (350°C) hydrothermal fluid 670 kg m™
Pe Density of cold (0°C) seawater 1030 kg m’3
My, Viscosity of hot hydrothermal fluid 7x10°Pas
iy, Viscosity of cold seawater 2x103Pas
Cpr Specific heat capacity of basaltic rock 1x 103 Jkg!
P, Density of basaltic rock 2800 kg m
T,,  Temperatre of fluid released into the

megaplume 350°C
c Mean specific heat capacity of

hydrothermal fluids (0° to 350°C) 4500 J kgt °C’!

Fluid properties are based on Grigull et al. [1984] and Anderko and
Pitzer [1993].

one tenth the downflow zone, R,/R; decreases to 1 and the
pressure gradients will drop from 10.0 MPakm!to 8.5 MPa
km™!. If the diking event does not significantly affect the
downflow zone, R,/R; decreasesto 0.1 and the pressure gradi-
ents will drop to 7.0 MPa km'l. Cumulatively, these consid-
erations suggest that the pressure drop in the reaction zone fol-
lowing a diking event will probably be at least 1.5Z MPa and
may reach 3Z MPa in vigorous systems.

Plume Volumes

The compressibilities of cold seawater (~5 x 10°* MPa'})
[Grigull et al., 1984] and hot hydrothermal fluid at 350°C (~5 x
103 MPa'1) [Anderko and Pitzer, 1993] are sufficient only for
increases in fluid volume of ~0.1% and ~1% in the downflow
and upflow zones, respectively. However, there is extensive
evidence to suggest that the fluids in reaction zones at the base
of systems may be very compressible. The salinity of hy-
drothermal fluids can vary from a small fraction to about twice
that of seawater, an observation that is best explained by two-
phase separation followed by partial remixing and dilution
with seawater [Delaney et al., 1987; Von Damm, 1988; Cowan
and Cann, 1988; Bischoff and Rosenbauer, 1989].  Salinity
variations in hydrothermally derived fluid inclusions from
high-level plutonic intrusions are remarkably similar to those
observed in vent fluids and require two-phase separation at
temperatures of 400°-500°C [Kelley and Robinson, 1990;
Nehlig, 1991; Kelley et al., 1993; Kelley and Malpus, 1996].
Mineral solubility experiments [Seyfried, 1987; Berndt et al.,
1989] and theoretical phase relations [Seyfried et al., 1991]
suggest that reaction zone temperatures of at least 375°-410°C
and pressures of 40 MPa are required to reproduce the chemistry
of hot spring fluids. Alteration assemblages from near the
dike-gabbro transition in both ophiolites and mid-ocean
ridges require temperatures in the range 400°-500°C [Gillis and
Robinson, 1990; Gillis et al., 1993; Nehlig, 1994; Gillis,
1994]. At these temperatures and hydrostatic pressures corre-
sponding to depths of 1-3 km, hydrothermal fluids lie near the
supercritical portion of the two-phase curve for seawater where
compressibilities are high in both the one- and two-phase re-
gion (Figure 6).

The change in fluid volume accompanying a pressure drop is
dependent on the pressure-temperature path followed by the
fluid. If the fluid depressurizes in isolation, it will follow an
adiabatic path [Bischoff and Pitzer, 1985; Cann et al., 1985].
For the sudden pressure drops predicted by this model, the ap-
propriate path may be isoenthalpic rather than isoentropic, al-
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Figure 6. Phase diagram for seawater (3.2 weight percent
NaCl solution) [Anderko and Pitzer, 1993] showing the two-
phase curve (bold), the critical point (circle), labeled contours
of specific volume (1000 X m kg'!) (solid), and isenthalps
(dashed). The isenthalp labeled “Vent Fluids” shows an adia-
batic path for fluids venting at 350°C. Solid vectors show ex-
amples of decompression curves for a pressure drop of 3.0 MPa
km-! calculated by contouring equation (7) with ¢ = 0.05 and €
= 0.5. The fractional changes in volume along these paths are
presented in Figure 7. Squares and triangles at the start of
these paths and arrows at the end facilitate the identification of
the equivalent paths in Figure 7. The shaded region shows the
likely conditions in the reaction zones above mid-ocean ridge
magma chambers inferred from other studies (see text). The
pressure at the seafloor is based on a water depth of 2250 m
which is appropriate for the Juan de Fuca Ridge, and the depths
below seafloor are calculated for a hydrostatic pressure gradient
of 10.0 MPa km™!.

though for seawater the distinction is not important because
the paths are similar. In real hydrothermal systems, the fluid
cannot expand entirely in isolation since it is in contact with
the rock matrix. The volumetric heat capacity of basalt and
water are approximately equal, so for reasonable porosities,
the heat content of the system is dominated by the rock. For a
thermal diffusivity of 10 m2 s'!, event plume formation times
of a few hours to a few days yield a thermal diffusion length
scale of 0.1-0.5 m. Observations in ophiolites [e.g., Nehlig,
1994] and conceptual models of the fracture system feeding
into hydrothermal upflow zones [Goldfarb and Delaney, 1988]
suggest that this length scale is similar to the spacing of
cracks in the reaction zone. The fluids must expand in near
thermal equilibrium with much of the rock along paths that are
more nearly isothermal. If the fluid expands in place, the
paths can be approximated by

H(T,py+ e 28 20 _ ¢ o

)

where H is the enthalpy of the hydrothermal fluid and is a func-
tion of temperature 7 and pressure p, €is the fraction of the
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rock in thermal equilibrium with the fluid, ¢ is the porosity, p,
and ¢, arethe density and specific heat capacity of the rock,
respectively, pg is the density of the hydrothermal fluid before
decompression, and C is a constant.

The solid vectors in Figure 6 show paths obtained from (7)
assuming a porosity of 5%, €= 0.5, and physical properties
givenin Table 1. The paths are appropriate for reaction zone
depths of 1-3 km and a pressure drop of 3 MPa km'! and are
chosen to either end or start on the two-phase curve. Figure 7
shows the fractional volume changes as a function of the pres-
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Figure 7. Fractional increase in seawater volume & observed
for conditions near the two-phase curve when the pressure de-
creases by 3 MPa km'! along pressure-temperature paths de-
rived frpm equation (7). The pressure-temperature paths are
shown in Figure 6. The starting pressures are appropriate for
depths of 1, 2, and 3 km below the seafloor (based on a
seafloor depth of 2250 m and an initial hydrostatic pressure
gradient of 10 MPa km'!). The starting temperatures (labeled)
are chosen so the paths either (a) end or (b) start on the two-
phase curve. Pressures are plotted relative to the pressure at
the intersection of the fluid path and the two-phase curve.
Squares and triangles at the start of these paths and arrows at
the end facilitate the identification of the equivalent paths in
Figure 6.
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Figure 8. Mean fractional increase in seawater volume as a
function of the maximum temperature for a pressure drop of 3
MPa km'! in a 200-m-thick reaction zone at a depth of 2 km
below the seafloor (assuming a seafloor depth of 2250 m and
an initial hydrostatic pressure gradient of 10 MPa km).
Curves are plotted for an isothermal reaction zone (dotied) and
a reaction zone in which the temperature increases linearly
with depth from 0°C to the maximum value. For this latter
configuration, the volume increase is shown assuming the flu-
ids expand either horizontally (solid) or vertically (dashed).

sure drop along these paths. For a 3-MPa km™! pressure reduc-
tion, the volume increases by 10-25% in the one-phase region
and about 50% in the two-phase region. Figure 8 shows the
average volume increase as a function of temperature for a 3-
MPa km'! pressure reduction at 1.8-2 km depth below the
seafloor (the ocean depth is 2250 m). As the reaction zone
temperature increases from 300°C to 450°C, the amount of ex-
pansion increases rapidly from 1% to over 50% and then de-
creases to 15-20% at temperatures above 550°C.

It is clear from Figure 8 that the size of the plume generated
by the fluid expansion mechanism is critically dependent on
the temperature conditions. As I noted above, there is exten-
sive evidence that the temperatures in the reaction zone reach
values well above observed venting temperatures, but the size
and structure of the high-temperature region is hot known.
Observations for continental systems suggest that the reaction
zone is generally overlain by a relatively impermeable region
[White, 1973]. As a result, the reaction zone is nearly iso-
thermal with high-temperature gradients in the overlying cap
rock. Richardson et al. [1987] estimate volumes of several cu-
bic kilometers for the reaction zones beneath the massive sul-
fide deposits of the Troodos ophiolite. If a reaction zone of
similar size were filled with fluids near the two-phase curve,
the decrease in pressure following the emplacement of a dike
might be sufficient to generate a very large plume. For exam-
ple, the 1986 Cleft event plume (~0.1 km?3) could result from a
50% increase in fluid volume in a 4 km3 reaction zone with a
porosity of 5%, while the CoAxial event plumes (~0.005-0.01
km3) could result from a 20% volume increase within a 1 km?
reaction zone with a porosity of 2.5-5%. However, if the reac-
tion zone is filled with fluids at 350°-400°C, which rise
adiabatically to vent sites with little conductive cooling, the
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resulting plumes would be considerably smaller. Moreover,
the geological observations do not require that the entire fos-
silized reaction zone was active at one time. Even if the reac-
tion zone lies near the two-phase boundary, fluid expansion
will generate relatively small plumes if it is confined to a thin
thermal boundary layer which migrates downward behind a
cracking front [Lister, 1974, 1983]. The porosity of the reac-
tion zone may be only <1% if porosity is created primarily by
horizontal thermal contraction [Lister, 1974, 1983].

There are at least reasons to question whether the reaction
zones of mid-ocean ridge systems are isothermal. It is difficult
to reconcile the maximum inferred reaction zone temperatures
of at least 400°-500°C with the observed maximum venting
temperatures of 320°-380°C. Adiabatic gradients for venting
fluids are only a few degrees per kilometer (Figure 6), and up-
welling fluids cool conductively by no more than a few tens of
degrees [Berndt et al., 1989; Seyfried et al., 1991]. This ap-
parent temperature discrepancy can be eliminated if the vent
fluids are a mixture of fluids circulating at different depths
through a reaction zone with a vertical temperature gradient. It
is unclear whether the relatively low permeability cap which is
associated with isothermal reaction zones in continental sys-
tems can form in the ridge environment. When downwelling
seawater heats up to about 150°C, anhydrite precipitation
[Seyfried, 19871 will tend to seal cracks above the reaction
zone and quartz precipitation will actto clog the upflow zone
[Lowell et al., 1993]. However, the extensional tectonics of
the ridge environment will act to keep cracks open at all
depths. In continental systems, chemical processes may in-
crease reaction zone permeability; there is clearly a net trans-
port of minerals out of the system because downwelling mete-
oric water reemerges as the mineral-laden waters of hot
springs. In oceanic systems, the picture is more complex.
The ionic strength is primarily controlled by the chlorinity
which is conserved within the fluid as a whole. While silica is
transported out of the crust, there is a net transport of metal
ions into the crust, not only as a result of anhydrite precipita-
tion above the reaction zone but also because the pH decreases
within the reaction zone [Seyfried, 1987].

An alternative estimate of the volumes of expansion plumes
can be obtained from a simple model based on the cellular con-
vection solutions (Figure 5). The thermal boundary layer is
equated to the reaction zone and is assumed to have a uniform
thickness h. The temperature T varies linearly between a pre-
scribed basal temperature T},,, and 0°C at the top of the bound-
ary layer

Z=Z+h
h

In the limit of no convection, h = Z yields a conductive tem-
perature profile, while for vigorous convection the high heat
flux requires h << Z. Upon decompression, the fluids in the
thermal boundary layer may expand either horizontally or ver-
tically upward. By making the simplifying approximation
that the heat content of the rock matrix maintains the initial
temperature, the mean fractional change in fluid volume &
within the reaction zone can be approximated

T(z) =T (8)

Z 1 p(T@).py +pogz)

1
6h = — L. —
hy P(T(Z),Psf +P18Z)

-11dz 9)

for horizontal expansion and
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z
I[p(T(z),pSf + pogz) - p(T(Z),Psf + Plgz)]
Z-h

8, = dz (10)

>

p(Tmp’pSf)

for vertical expansion, where p is the pressure at the seafloor,
T, is the temperature of fluids discharged into the plume, and
pog and pig are the pressure gradients before and after decom-
pression, respectively.

Figure 8 also shows &), and &, as a function of basal tem-
perature for a 200-m-thick boundary layer, circulation to a
depth of 2 km, and a pressure drop from 10 to 7 MPa km™!. For
a reasonable range of parameters, &), and J, are essentially in-
dependent of the reaction zone thickness and linearly propor-
tional to the pressure drop. For vertical expansion, the fluids
cool because they expand upward into colder rock, and the re-
sulting volume increase is about half that for horizontal ex-
pansion. In a real system, there must be a component of both
vertical and horizontal expansion. To eject a plume, fluids
must be expelled upward, but the fluid volumes increase on av-
erage by only a small fraction, and so most of the fluid remains
in the thermal boundary layer. If the cross-sectional area of
upflow zone is relatively small, most of the thermal boundary
layer underlies downflow, and here the fluids must expand hori-
zontally. The volume increases obtained for the linear bound-
ary layer model are much smaller than those for an isothermal
reaction zone. For a 4-km3 reaction zone with 5% porosity
and a basal temperature of 500°C, the plume volumes estimated
from (9) and (10) are ~0.01 km3. This is about a tenth of the
maximum plume size estimated for an isothermal reaction zone
of the same dimensions. This calculation is compatible with
the observed volume of the CoAxial plumes, but the larger
volume of the Cleft plumes can only be matched if volume, po-
rosity, and basal temperature are relatively large.

The plume volume estimates derived from the isothermal
and linear boundary layer models are most sensibly viewed as
upper and lower bounds. Numerical studies show that at high
Rayleigh numbers unsteady patterns of flow develop because
secondary convective instabilities form within the thermal
boundary layer [e.g., Caltagirone and Fabrie, 1989]. These in-
stabilities would tend to even out the temperature leading to a
mean temperature structure intermediate between the linear
boundary layer and isothermal models.

McNabb and Fenner [1985)] and Bischoff and Rosenbauer
[1989] present an alternative model for the structure of mid-
ocean ridge hydrothermal systems in which two-phase separa-
tion at the base of the system results in double diffusive con-
vection with a single-pass seawater cell underlain by a con-
vecting brine layer. The salinity and temperature in the brine
layer are dependent upon the pressure but increase with depth
to maximum values of ~50 wt % NaCl and 600°-700°C. The
brine lies close to its boiling point throughout its cycle. This
model is compatible with the observations of two-phase sepa-
ration in many systems and may provide an explanation for
venting temperatures [Bischoff and Rosenbauer, 1989]. Tem-
peratures derived from amphibole veins [Nehlig and Juteau,
1988; Gillis et al., 1993; Nehlig, 1994] and oxygen isotopes
[Stakes, 1991] suggest that fluids circulate through gabbros at
>600°C. A brine rich layer near the boiling point could con-
tribute significantly to the volume of plumes. For example, a
pressure drop of 1.5-3 MPa km'! in a 50 wt % NaCl brine on
the boiling curve at 4 km depth results in a volume increase of
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30-60%, and this result is not strongly dependent upon the sa-
linity. Boiling within a 300-m-thick brine layer of 5% poros-
ity could match the volumes of the Cleft event plume if the
layer extended over ~10 kmZ2.

The fracturing accompanying a diking event may also -open
up pathways to fluids under lithostatic pressures. Mid-ocean
ridge hydrothermal circulation is clearly episodic, and while
hydrothermal circulation will certainly cease when the heat
source is exhausted, it will also stop if mineral precipitation
can clog the flow paths. Any fluids trapped below a sealed ho-
rizon will evolve toward lithostatic pressures in response to
matrix deformation and thermal expansion accompanying
conductive reheating. The volume increases following a
change from lithostatic to hydrostatic pressure are strongly
dependent on the temperature of the fluid. At midcrustal hydro-
static pressures, seawater lies within the two-phase region at
temperatures in excess of ~500°C (Figure 6). At 500°C and 3
km depth, the specific volume of seawater will increase about
100% from ~1.8 x 103 m3 kg! to >3.0 x103 m?® kg! (Figure
6) as the pressure changes from lithostatic to hydrostatic,
while at 600°-700°C the volume increases several hundred per-
cent. Similar volume increases would occur in a NaCl-rich
brine. The release of arelatively small volume of high-tem-
perature fluids at lithostatic pressures would contribute signifi-
cantly to the volume of plumes.

Plume Formation Times

In order to model the formation of an event plume, I con-
sider a simple model (Figure 9) comprising expansion in a re-
action zone at depth Z with a fluid volume V;. The event plume
is driven by an excess pressure p’ through a channel of width d,
length /, and permeability k. Because the plume forms quickly
and the pressures can never exceed cold hydrostatic and drive
cold fluids upward, I treat the downflow region as a static re-
gion surrounding the reaction zone. The model is analogous to
lifting the valve off a pressure cooker. Using Darcy's law, the
heat flux can be written

Seafloor  pg

Reaction Zone
VR D'

Figure 9. Configuration used to model the formation of
transient plumes.
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kp
Q = phCPTPdl;E

(n

where ¢, is the heat capacity of hydrothermal fluids averaged
between 0°C and 7, The maximum plume rise heights above
the seafloor place strong constraints on the initial heat flux
Qo- Assuming emission from a line source, Baker et al. [1989]
and Lavelle [1995] estimate Q¢! to be 3.5x 108 W m™! and 1.7
x 108 W m'! for the 1986 Cleft and CoAxial event plumes, re-
spectively. Assuming the initial excess pressure p is given
by p'o/Z = 1.5-3 MPa km'! and values for fluid properties pre-
sented in Table 1, these heat fluxes yield a product kd = 4 x 10
9t0 2 x 10 m3. For reasonable values of d ranging from 10-
100 m, the required permeabilities are ~10°10 to 10 m?.
Unless the flow occurs in very thin cracks, the flow will be
turbulent [Cann and Strens, 1989; Lowell and Germanovich,
1995]. The heat flux carried by turbulent flow through n dike-
parallel rough cracks of width w can be written [Schlichting,
1979; Middleton and Southard, 1984]
4w p’

pfZ

where f is the friction factor which depends on the roughness
of the crack walls. For f = 0.05 and excess pressure gradients
of 1.5-3 MPa km'!, the required flow rates can be supported by
turbulent flow through a single 5-cm-wide crack or about ten 1-
cm-wide cracks. The amount of extension accommodated by
fractures during a diking event is unknown, but the total width
of cracks required is only a small fraction of the typical width
of a dike.

Assuming a constant compressibility fin the reaction zone
and neglecting compressibility in the upflow zone and the
change in effective k with p’ that results from turbulent flow,
the decline in p’ with time ¢ can be approximated

’ ’ t
v =poes| L]
4

where the exponential decay time v is the characteristic forma-
tion time of the event plume and is given by

’}/=£thz_‘/R[3
kdl

Substituting (13) into (11) and integrating over time, the cu-
mulative energy release is

0= ”pthTmplW

(12)

(13)

(14)

E= [} 0dr' =E..[1 - exp(~)] (15)

where

E.. = pyc,ATViBpj (16)

is the total energy released into the plume.

Estimates of the characteristic formation time y from the
event plumes observations do not provide an independent es-
timate of kd since the estimates of formation times are them-
selves derived from the heat fluxes. However, the model can be
usefully compared with the vertical structure of event plumes.
Dimensional analysis shows that the rise height H of a buoy-
ant plume released into a uniformly stratified fluid is only
weakly dependent on the heat flux. For a point source [Turner,
1973], the relationship is

H 0/ an
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while for a line source [Lavelle, 1995], it is
Y4
n=(%)

Although event plumes are best modeled by line sources, the
maximum rise height may be similar to the source length
[Baker et al., 1989; Lavelle, 1995] in which case the power
law relationship between H and Q is presumably intermediate
between (17) and (18). These relationships suggest that about
90% of the plume energy will be injected above half the maxi-
mum plume rise height. If the flow within the upflow zone is
turbulent, this percentage will increase because the heat flux in
(12) is only proportional to the square root of p' These pre-
dictions seem generally compatible with observations of the
youngest event plumes. The 1986 Cleft event plume extended
from 300 to 1000 m above the seafloor with the largest tem-
perature anomalies near the top of the plume [Baker et al.,
1989]. Event plume 93 A on the CoAxial extended from 400 to
900 m above the seafloor with the largest temperature anomaly
at about 800 m [Baker et al., 1995].

The simplified model presented above ignores the flow re-
sistance of the reaction zone itself. Rather than being concen-
trated beneath the upflow zone, the reaction zone fluids will
probably be distributed in a thin thermal boundary layer with
horizontal dimensions similar to the height of the upflow
zone. The expanding fluids may have to flow a significant
horizontal distance before entering the upflow zone. To ac-
count very approximately for this effect, the term kd in (14)
should be replaced by the sum of kd and the product of the
height and horizontal permeability of the reaction zone.

(18)

Discussion and Conclusions

I have presented a model for the formation of transient hy-
drothermal plumes above mid-ocean ridges resulting from fluid
expansion within a depressurized reaction zone. The model
differs from earlier models [Cann and Strens, 1989; Cathles
1993; Lowell and Germanovich, 1993]in two important ways.
First, the resulting plume is composed entirely of mature hy-
drothermal fluids. Second, the model does not require high
permeabilities in the downflow zone since the high fluxes pro-
ducing the event plume occur only in the upflow zone.

The volume of the plume generated by the fluid expansion
mechanism depends not only on the size and porosity of the
reaction zone but also on the temperature structure. Large
plumes are possible only if there is a substantial volume of
hydrothermal fluid at temperatures near the two-phase bound-
ary. For instance, if the temperature of an isothermal reaction
zone 2 km beneath the seafloor is 450°C, the increase in fluid
volume following a pressure drop of 3 MPa km! is 50%
(Figure 8). At such conditions, the Cleft and CoAxial event
plumes can be generated from reaction zones with fluid vol-
umes of 0.01-0.02 km3 and 0.1-0.2 km?3, respectively. If the
temperature is reduced to 350°C, the volume increase is <2%.
At these lower temperatures, the boundary layer collapse
mechanism of Cathles [1993] provides a more viable mecha-
nism to generate large plumes. If the temperatures within the
reaction zone are not isothermal but increase linearly with
depth from 0°C to temperatures near the two-phase boundary,
the change in fluid volume is <10%. The presence of either a
high-temperature brine layer or a significant volume of hy-
drothermal fluids trapped under lithostatic pressures could in-
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crease the volume of the plume significantly. Since the size,
porosity, and thermal structure of the hydrothermal reaction
zones beneath mid-ocean ridge ridges are all poorly known, it
is impossible to state categorically whether or not the fluid
expansion mechanism can generate a plume of sufficient size.

Like earlier models [Cann and Strens, 1989; Cathles 1993;
Lowell and Germanovich, 1993], the fluid expansion mecha-
nism requires very high permeabilities in the upflow zone in
order to support the fluxes required for event plume formation.
If upflow occurs in a 10- to 100-m-wide zone, the effective
permeability must be ~10-10-10° m? which is equivalent to
turbulent flow through about ten 1-cm-wide cracks. Lowell and
Germanovich [1995] argue that fracturing during dike em-
placement will enhance the permeability adjacent to a dike, but
it has not been demonstrated that this mechanism can generate
sufficient permeability. The fluid expansion mechanism also
requires very high permeabilities in the reaction zone since the
expanding fluids must move rapidly from this region into the
plume. Such high permeabilities suggest that the reaction
zone must be well mixed convectively and relatively isother-
mal. This leads to the conclusion that the larger plume volume
estimates obtained for an isothermal reaction zone are more
self-consistent than those obtained assuming a linear vertical
temperature gradient.

Although previous researchers discounted such a mecha-
nism, Butterfield et al. [1997] argue that the CoAxial event
plumes formed by direct interactions between surface extru-
sives and seawater. There is no evidence for hydrothermal dis-
charge at the flow site prior to the eruption, so it is difficult to
invoke the presence of a large reservoir of high-temperature
hydrothermal fluid. Two of the event plumes were found above
the extrusion, while the position of the third was consistent
with southward advection away from this site. The total heat
content of the known event plumes was about two thirds that
of the extrusion. Halite coatings and sulfide minerals precipi-
tated on lava samples recovered by submersible are indicative
of an initial period of high-temperature water-rock interactions
[Butterfield et al., 1997].

The He/heat ratios have been cited as evidence that event
plumes are formed from mature hydrothermal fluids. The
3He/heat ratios are low in event plumes [Lupton et al., 1989,
1995], while chronic plumes along volcanically active ridges
such as the Cleft [Lupton et al., 1989; Baker and Lupton,
1990; Massoth et al., 1994], CoAxial [Lupton et al., 1995],
and EPR near 9°50'N (M. D. Lilley and J. E. Lupton, personal
communication, 1996) are characterized by 3He/heat ratios
that are initially high following an eruption and then decline
toward normal values over several years. Since both 3He and
heat are derived from magma, the observations from chronic
plumes alone suggest that helium is extracted more efficiently
than heat. Helium is soluble in magma although bubbles of
gas will exsolve as the magma decompresses. Once the rock
solidifies and cracks, it appears that helium must diffuse very
rapidly [Baker and Lupton, 1990]. Lowell and Germanovich
[1995] also argue that 3He will degas rapidly from surface lavas
and suggest that 3He release from solidifying intrusions may
be delayed because at higher pressures dissolved 3He will parti-
tion into the molten interior of the intrusion. If event plumes
are formed by lava-seawater interactions, the reason for the
low 3He/heat ratios remains unclear. Perhaps the initial re-
lease of helium from freshly solidified lavas is delayed as he-
lium diffuses slowly through grains and along grain boundaries
toward small cracks in which diffusion rates are much higher.
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Mn/heat ratios in event plumes are about an order of magni-
tude lower than those of high- and low-temperature hydrother-
mal fluid samples at the seafloor and are also substantially
lower than those found in chronic plumes [Massoth et al.,
1994, 1995]. Massoth et al. [1994] note that the source chem-
istry of the Cleft event plumes suggest that they may have
formed by the release of a preexisting reservoir of diffuse vent
fluids. Massoth et al. [1995] also note that low Mn/heat ratios
are compatible with the release of immature hydrothermal flu-
ids. Mn/heat ratios in plumes formed above lava flows enter-
ing the ocean from Kilauea volcano, Hawaii are nearly 2 orders
of magnitude lower than those found in event plumes [Sansone
et al,, 1991]. Sansone et al. [1991] suggest that the Mn is ex-
tracted very inefficiently from seafloor lavas because of the
short reaction time. However, Mn concentrations will also in-
crease substantially with reaction temperature [Seyfried and
Mozttl, 1982]. The reaction temperature for seawater-lava in-
teractions is presumably influenced by the seawater boiling
point which increases from ~100°C in shallow waters to nearly
400°C along mid-ocean ridges. The intermediate Mn/heat ra-
tios in event plumes may be a consequence of short reaction
times at high temperatures.

Although there is now evidence that the heat content of the
largest event plumes may be dominated by surface extrusions
[Butterfield et al., 1997], the current understanding of the
chemical data is insufficient to determine whether the plumes
also include a component of mature hydrothermal fluid. If the
fluid expansion mechanism generates only a small portion of
event plumes, then the constraints on the volume, porosity,
permeability, and temperature structure of the reaction zone
and the permeability of the upflow zone can be relaxed sub-
stantially. In addition to the two large 1986 and 1987 me-
gaplumes, two smaller chemically homogenous event plumes
or enhanced chronic plumes were also detected along the Cleft
segment in 1987 and 1989 [Baker, 1994]. The 1989 plume
was not associated with a surface eruption [Chadwick and Em-
bley, 1994] and was about 5% of the size of the 1986 event
plume. The rise height was 430 m compared with ~300 m for
the normal chronic plumes, suggesting that the heat flux in-
creased by a factor of about 4. Such a plume might have re-
sulted from a relatively modest increase in upflow permeability
resulting from either a tectonic or intrusive event.
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