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PERSPECTIVES: HYDROTHERMAL SYSTEMS

Stirring the Oceanic Incubator

Robert P. Dziak and H. Paul Johnson

the porous and permeable rocks of
the uppermost 600 m of oceanic
crust. Fluid is constantly transferred be-
tween this reservoir and seawater, with resi-
dence times in the crust
of only a few thousand

H ydrothermal fluid circulates through

volcanic rocks, strongly
influencing the elemental composition of
seawater, and the porous upper crustal rocks
provide an incubator for a microbial bio-
sphere of as yet unknown proportions.
Pressure variations due to tides and atmo-
spheric storms can modulate
fluid circulation in oceanic
crust at the ridge and on its
flanks. Earthquakes also ap-
pear to influence this normal-
ly quiescent environment. In
the eastern Pacific Ocean,

Current models suggest that earth-
quakes induce these hydrologic changes in
land-based systems by rapidly changing
the pore-fluid pressure and geometry of
the rock matrix that hosts the hydrother-
mal circulation. The shaking of passing
seismic surface waves caused by distant
earthquakes (100 to >1000 km) can re-
move obstructions to fluid flow (e.g., bub-
bles, chemical precipitates, and biofilms),
allowing rapid readjustment of pore pres-
sure (7, 8). Earthquakes nearer the hy-
drothermal system (about 10 to 100 km)
can produce rapid adjustments in crustal
pore pressure due to induced regional tec-
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temperature by 7°C at a hydrothermal vent
located directly above the swarm—but on-
ly after a delay of 4 days (/). Vertical cracks
propagated into a previously isolated high-
temperature region of lower crust, and it
took days to transfer this heat upward to
the seafloor.

In June 1999, an off-axis earthquake
swarm near the Juan de Fuca Ridge in the
northeast Pacific increased fluid tempera-
ture and flow rate at several on-axis vents
15 km from the center of the swarm. The
temperature increases by 2° to 12°C were
delayed by 4 to 11 days (2). The pore pres-
sure increased instantaneously at drill
holes 25 to 100 km distant (4), and after an
8-hour delay, temperature and fluid flow
rates increased at vents 220 km away (3).

Substantially delayed earthquake-in-
duced hydrologic changes seem to be
unique to marine hydrothermal systems.
Oceanic earthquakes do not, however, uni-
formly increase vent fluid temperatures. A

magnitude 6.2 earthquake
on the Blanco Fracture Zone
on the Juan de Fuca Ridge
caused both instantaneous
and delayed (by 7 days) tem-
perature decreases at vents
located 42 km away on the

earthquakes directly below (Z, idge Hydmmermdl ridge axis (12).
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In contrast, the impact of
earthquakes on terrestrial
hydrothermal systems is
well established. The effects
are usually instantaneous
and widespread (5, 6). With-
in a few minutes of the 1992
magnitude 7.3 earthquake in
Landers, California, hydro-
logical changes occurred at
-subaerial geothermal sites
throughout the western United States, in-
cluding changes in reservoir level, fluid
temperature, and discharge rate (6). Earth-
quake-induced hydrologic changes to ter-
restrial systems may also occur hours to
months before the earthquake (9).
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Ocean crust fault

Shaking the seafloor. Microearthquakes result from cracks propagating into a
previously isolated region of lower crust, causing release of high-temperature flu-
id (1). Shaking and crustal stress changes from nearby earthquake(s) remove pre-
cipitates that block the vent nozzle (2) or alter precipitates that block flow path-
ways/conduits (3); both can induce changes in crust pore pressure and increase
fluid flow. Changes to pore pressure and fluid levels in drill holes and hydrother-
mal vents may be due to crustal stress changes or seismic wave shaking from re-
gional (4) or distant earthquakes.

tonic stress (8, 9). Earthquake rupture less
than 10 km from the hydrothermal sys-
tems produces strong ground shaking,
changing local rock permeability and di-
rectly altering fluid circulation and reser-
voir capacity. All of these effects have
been observed after large earthquakes in
Iceland (9), Japan (10), and Turkey (11).
In marine systems, the impact of earth-
quakes appears to be very different (see
the figure). A swarm of microearthquakes
on the East Pacific Rise increased fluid

ment. This enhanced heat
output changes the size and
temperature of the thermal
boundary layer, a region
just above the axial valley
floor that supports an abun-
dant and diverse macrofau-
na. Any change in the ther-
mal flux strongly affects the
biota. After the June 1999
Juan de Fuca Ridge earth-
quake swarm, observations of dramatically
increased biological activity were the first
indication that something unusual had oc-
curred. Evidence included the recent for-
mation of large bacterial mats, abundant
water-suspended bacterial floc and parti-
cles, and vent-specific animal communi-
ties that were visibly expanded in size
since the previous year (2).

The microorganisms that reside in the
porous upper crustal rocks are also affect-
ed by earthquakes. This subseafloor mi-
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crobial community is extremely sensitive
to temperature, oxygen content, pH, and
other environmental variables. It thrives in
subsurface zones where the hot hydrother-
mal fluid mixes with entrained seawater
(13). Changes in crustal fluid temperatures
of only a few degrees, or a minor alter-
ation of crustal permeability, can cause the
prevailing microbial species to weaken
and encourage new species to thrive and
become dominant (/4). In crustal fluids,
the temperature elevation due to seismic
activity can last for months or even years,
implying that the species distribution in
the oceanic crustal biosphere can shift
substantially with every large earthquake
or earthquake swarm.

The impact of earthquakes on biologi-
cal communities associated with terrestrial
hydrothermal systems is largely unexam-
ined. However, most terrestrial microbial
populations rely on photosynthetic energy,
and the impact of changes in fluid temper-
ature and flow rate may hence be greatly
reduced. In contrast, ocean-crust hy-
drothermal fluid provides the primary
thermal and chemical energy that fuels the
microbial subsurface biosphere and most
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of the vent-specific macrofauna. Earth-
quake-induced changes in this circulation,
which can occur over areas much wider
than previously expected (3), will strongly
affect these communities.

The dissimilarity in oceanic and terres-
trial responses probably results from dif-
ferences in crustal architecture. On land,
where geological structure and fluid reser-
voir geometries are diverse, the primary
response of hydrothermal systems appears
to be immediate as temperature and vol-
ume changes coincide with the passage of
seismic waves that compress or dilate the
pore space of the reservoir (6). In contrast,
hydrothermal fluid circulation in the
porous ocean floor is a thermally driven
process within an aquifer that is more uni-
form and can be continuous over thou-
sands of kilometers (15, 16).

The response of marine systems to
earthquakes can be complex, even oscilla-
tory (3), with delay times of days or weeks
before a reaction is observed, and a far
wider spatial impact than expected from
the amount of seismic energy involved. We
do not yet understand the physical pro-
cesses that link crustal strain, earthquakes,

and hydrothermal circulation in the
oceans, but we can predict with some cer-
tainty that seismic activity has a major im-
pact on the biological communities that in-
habit the seafloor.
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PERSPECTIVES: GENETICS

Wild by Nature

Michael Wigler and Bud Mishra

uch of modern biology has cen-
Mtered on dissecting the series of

molecular events that we call sig-
nal transduction. Typically, the response to
a singular event—such as the binding of a
hormone, growth factor, neurotransmitter,
or some other small chemical moiety to its
receptor—is depicted in a wiring diagram
of molecules that in temporal order be-
come altered, some acting to propagate the
signal, others acting to inhibit it. As these
pathways ramify, interconnect, and incor-
porate components such as feedback inhi-
bition, we begin to speak of regulatory net-
works. And as the diagrams grow, they
reach their apotheosis as office wall deco-

rations, ever-present reminders of the com- -

plexity of living things.

But do we really need complex diagrams
to generate biological complexity? Can we
achieve the imponderable by simpler means?
What if we studied cellular responses not to
a single signal, but to two signals, which may
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not necessarily even arrive at the same time?
The study by Guet et al. (1) on page 1466 of
this issue describes the creation of very sim-
ple pathways that respond to two inputs with
a range of unpredictable behaviors.

Guet et al., using DNA fragments as
cassettes, constructed a library of plasmids.
Every plasmid contained three genes en-
coding transcription regulators (Lacl, TetR,
and lambda CI) of the bacterium Es-
cherichia coli, and each gene was driven by
one of five promoters. The promoters were
chosen so that each was controlled by one

of the three regulators. In this way, a total of
125 possible combinatorial “circuits” are
contained within this plasmid library. The
Lacl and TetR gene products are responsive
to the small molecule inducers isopropyl B-
D-thiogalactopyranoside (IPTG) and anhy-
drotetracycline (aTc), respectively. The two
inducers act as the two “inputs.” The entire
circuit reads out through green fluorescent
protein (GFP)—the “output”—which is un-
der the control of a promoter inhibited by
lambda CI. Each combinatorial network re-
sembles a binary logic circuit with two in-
puts and one output. Guet et al. introduce
these plasmids into two different E. coli
hosts and then monitor the response of the
bacteria to different concentrations of IPTG
and aTc. Plasmids that induce interesting
behaviors in the bacterial hosts are rescued

A simple metastable biological circuit. The com-
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binatorial genetic network depicted consists of two
mutually inhibiting repressor genes, A and B, which

are modulated by two small molecule inducers, X,
and X,. The gene products encode the state of the
system, and the inducers act as inputs to the net-

work. The state of B encodes the output (Y). This

network has two stable states (output is “high” or
“low"), but also a metastable state (output as-
sumes an intermediate state between "high” and

“low") that is achieved by withdrawing both inputs
simultaneously. For these reasons, the network is

also extremely sensitive to the relative order in
which the inputs arrive and, thus, is unpredictable.



