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The role of magma injection in localizing
black-smoker activity
William S. D. Wilcock1*, Emilie E. E. Hooft2, Douglas R. Toomey2, Paul R. McGill3,
Andrew H. Barclay1†, Debra S. Stakes3† and Tony M. Ramirez3†

Black-smoker hydrothermal systems at mid-ocean ridges are
often driven by heat loss from a crustal magma chamber1–3, but
black-smoker systems have not been detected above all magma
chambers4,5. The high fluxes of heat recorded at black-smoker
systems require a thin, metre-scale conductive boundary layer
at the top of the magma chamber, separating hydrothermal
fluids from magma2,6. Extensive seismicity above the magma
chambers7–11 has been attributed to stresses from hydro-
thermal cooling8–10,12. The presence of high-temperature hydro-
thermal systems has previously been linked with episodes
of magma chamber inflation2,6,13,14, but the exact mechanism
remained to be clarified. Here we analyse seismic data for
the Endeavour segment of the Juan de Fuca ridge—a site of
long-lived hydrothermal activity—recorded by seismometers
located beneath the sea floor. Earthquake focal mechanisms
derived from the data reveal a transition from normal faulting
above the mid-crustal magma chamber to reverse faulting on
either flank. This pattern of faulting is consistent with stress
perturbations resulting from the emplacement of pressurized
magma that forms a thin sill. We suggest that the ongo-
ing recharge of magma into a crustal magma chamber not
only replenishes the heat source2,6,14, but also helps main-
tain a thin conductive boundary layer that would otherwise
thicken owing to water–rock interactions and crystallization
at the chamber roof.

The site of our study is the Endeavour segment of the Juan
de Fuca ridge. The central portion of this segment hosts five
high-temperature hydrothermal fields that are spaced 2–3 km apart
along the ridge axis15 (Fig. 1) and are driven by heat from an
axial magma chamber (AMC) that is located 2.1–3.3 km below the
sea floor3. The hydrothermal systems have been studied extensively
since venting was discovered over two decades ago15 and previous
microearthquake experiments document high levels of associated
seismicity7,8. In 1999, a magmatic intrusion accompanied by a
large earthquake swarm perturbed the hydrothermal systems16,17,
leading to a reduction in gradients in fluid temperatures and
chemistry across the Main Endeavour field18 (Fig. 1). Otherwise,
vigorous venting has persisted relatively unchanged for at least
two decades18,19.

The Keck seismic network (Fig. 1) was deployed in 2003
and comprised eight seismometers arrayed along a 10-km-long
section of the ridge that includes the vent fields. Unlike previous
microearthquake experiments, which used freefall ocean-bottom
seismometers resting on the sea floor, all the seismometers were

1University of Washington, School of Oceanography, Box 357940, Seattle, Washington 98195, USA, 2University of Oregon, Department of Geological
Sciences, Eugene, Oregon 97403, USA, 3Monterey Bay Aquarium Research Institute, 7700 Sandholdt Road, Moss Landing, California 95039, USA.
†Present addresses: Lamont-Doherty Earth Observatory, 61 Route 9W, Palisades, New York 10964, USA (A.H.B.); Cuesta College, Division of Physical
Sciences, San Luis Obispo, California 93403, USA (D.S.S.); Triton Imaging, 125 Westridge Drive, Watsonville, California 95076, USA (T.M.R.).
*e-mail: wilcock@u.washington.edu.

deployed below the sea floor by a remotely operated vehicle
to ensure good coupling and minimize ocean-current-generated
noise (details of the seismic instrumentation are provided in the
Supplementary Methods).

Over the first year of operation, we located ∼2,900 earthquakes
within or near the network (Fig. 1a) with a minimum of five analyst
picks and median 1σ location uncertainties of 0.3 km and 0.6 km
in horizontal and vertical directions, respectively. Local magnitudes
vary from 0.5 to 2.5, with a high b-value of 2.0 that is typical
of earthquakes in volcanic and hydrothermal regions. The rate
of on-axis seismicity and its spatial and magnitude distribution
is broadly similar to that observed during earlier short-duration
microearthquake experiments7,8.

We combined precise relative arrival time picks obtained using
cross-correlationwith conventional analyst picks to relocate∼1,400
earthquakes using the double-difference technique20, with each
earthquake linked to at least one other with a minimum of eight
analyst and four cross-correlated travel time differences. Estimated,
1σ relative location uncertainties for tightly grouped earthquakes
within individual clusters can be as small as 10m horizontally and
20m vertically, whereas the relative location uncertainty between
adjacent clusters is about five times this. Absolute 1σ uncertainties
for earthquake clusters are several hundredmetres.

Most of the earthquakes lie within a few-hundred-metre-thick
region overlying or to the sides of the AMC, and most of the
relocated earthquakes lie within tightly grouped clusters (Figs 1b
and 2). There are clusters beneath the Mothra and Salty Dawg vent
fields, and numerous clusters form an almost continuous arcuate
band of earthquakes that follows the apparent curvature of theAMC
from theHighRise vent field to south of theMain Endeavour. South
of the Main Endeavour field, the earthquakes extend to shallower
depths than elsewhere (Fig. 2). The presence of earthquakes on
either side of the Main Endeavour field is consistent with the idea
that chemical and thermal gradients across the field18,19 are a result
of two sources of upflow15. There is also a correlation between the
density of earthquakes and the intensity of hydrothermal venting.
Most of the earthquakes occur between the Main Endeavour and
High Rise fields, which in comparison with the other vent fields on
this segment are characterized by a larger number of black smoker
vents15, higher maximum venting temperatures15 and higher heat
fluxes, of several hundred megawatts21.

We were able to determine well-constrained focal mechanisms
for 170 earthquakes from P-wave first motions22 (Fig. 3). Most
of the focal mechanisms are for earthquakes between the Main
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Figure 1 | Bathymetric maps showing the seismic network and earthquake epicentres. a, Epicentres for earthquakes obtained with Hypoinverse31

(red and pink circles scaled by local magnitude, ML, where red symbols distinguish the subset of earthquakes shown in b). The seismic network comprised
eight seismometers (blue triangles). Also shown are the high-temperature vent fields (labelled green stars) and the approximate footprint of the AMC
reflector at 2.3–3.1 km depth (grey shading)3. b, Epicentres for 1,444 earthquakes that were located with the double-difference algorithm HypoDD20. A
solid black line shows the profile for the cross-section shown in Fig. 2 and a black box shows the area covered by Fig. 3. The seismic stations are labelled
with their names.
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Figure 2 | Along-axis vertical cross-section showing hypocentres. Hypocentres for double-difference locations20 lying within 1 km of the profile shown in
Fig. 1b. Also shown are vent-field locations (green stars) and the position of the AMC reflector for along- (light-grey shading) and across-axis (dark-grey
shading) multichannel reflection profiles3. A vertical black line shows the location of the across-axis cross-section of Fig. 4a, with dashed lines enclosing
the earthquakes that are included on that section. The earthquakes beneath the Salty Dawg and Sasquatch vent fields that plot below the AMC have
absolute location uncertainties consistent with locations above or to the side of the AMC.
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Figure 3 | Bathymetric map showing focal mechanisms. Detailed map of
the region shown by a black box in Fig. 1b plotted using the same
conventions with the addition of lower-hemisphere double-couple focal
mechanisms determined from P-wave first motions22. Focal mechanisms
are colour coded, with red for normal faulting, blue for thrust faulting and
black for intermediate and strike-slip mechanisms. Lighter shading shows
mechanisms with higher uncertainties. A solid black line and dashed lines
to either side show the location and limits of earthquake projection for the
cross-section shown in Fig. 4a. The bathymetry colour scale is the same as
in Fig. 1—light green shading corresponds to the axial valley.

Endeavour and High Rise fields that are confined to a 400-m-thick
layer above theAMC (Fig. 4a). There are nearly 100 normal-faulting
mechanisms in a region that extends∼1 km along the axis from just
south of High Rise to midway between the fields. The hypocentres
and focal mechanisms are consistent with two ridge-parallel normal
faults that dip towards each other (Fig. 4a). This region of normal
faulting is flanked to the east and southwest by groups of ∼15
reverse-faulting mechanisms. On the west flank, most of the
reverse-faulting earthquakes are offset to the south, but on the
east flank the transition from normal to reverse faulting occurs
in a ridge-perpendicular direction over no more than 100m.
Both reverse- and normal-faulting earthquakes occur throughout
the deployment.

Normal-faulting earthquakes above the reaction zone have
previously been interpreted in terms of thermal stresses from
hydrothermal cooling8–10. In the simplest model, extensional
earthquakes should be concentrated in the region of most intense
cooling around a thin thermal boundary layer that would extend
only a few metres away from the heat source2,12. This prediction
is inconsistent with the observed vertical distribution of normal-
faulting earthquakes. If adjacent volumes of rock are undergoing
heating and cooling as a result of the upflow and downflow of cold
and hot fluids, respectively, then thermal stresses could account for
the observed focalmechanisms. However, we think this explanation
is unlikely because it predicts variable fault strikes as the thermal
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Figure 4 | Cross-section of the focal mechanisms and stress
perturbations from a pressurized crack. a, Vertical cross-section along the
profile in Fig. 3 showing hypocentres and focal mechanisms for earthquakes
within 0.3 km of the profile. Also shown are the inferred normal faults (solid
black lines), the position of the axial magma chamber (dark-grey shading)
and the predicted stress perturbations above a pressurized crack plotted
using the conventions of Fig. 4b. b, Stress perturbations above one side of a
pressurized horizontal crack25 of width 0.5 km (bold black line) showing
maximum compressional and extensional normal stress perturbations, σ ′

(red and blue lines, respectively, with circles indicating stress maxima
perpendicular to the section), and maximum shear stresses, τ ′ (shaded
contours), all normalized to the overpressure in the crack. A dashed line
shows the predicted transition from normal to reverse faulting on a
ridge-parallel fault dipping at 45◦.

stresses would be similar in all horizontal directions8. Furthermore,
reverse-faulting mechanisms resulting from thermal expansion
due to heating by hot rising fluids would be expected above the
magmatic heat source rather than on both sides.

The earthquake mechanisms are better explained by the stress
perturbations resulting from the injection of magma into a sill.
The presence of two inward facing normal faults above the AMC
is consistent with the formation of a graben over a region being
extended by a magma intrusion23, but this model does not explain
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the presence of reverse faults on both sides of the normal faults.
Seismic reflection data show that AMCs are thin horizontal or
subhorizontal sills that typically extend ∼1 km across axis with
a vertical thickness of a few tens of metres24. If the AMC is
modelled by a two-dimensional horizontal crack, the distribution
of stresses induced by injecting overpressured magma25 favours
normal faulting above the crack and reverse faulting to either side,
with the fault planes striking along axis (Fig. 4b). The predicted
stress perturbations decrease over a characteristic vertical length
scale of about half the crack width, and the region where significant
stresses favour normal faulting is substantially larger than that
favouring reverse faulting. Because magma overpressures would be
relieved by any escape of volatiles, we envisage that ongoing magma
injection is required tomaintain the stress perturbations.

Our model has limitations. First, in most locations (Fig. 3)
reverse faults are limited to one side of the ridge axis, which
suggests either that the stress field has an asymmetric component
that is not explained by the model or that the distribution of
faults that are prone to failure is not uniform. Second, we do not
account for the total stress field because background stresses are
incompletely known and probably complex26 and we know neither
the absolute magma overpressure nor the Coulomb failure criteria
for the small fault patches associated with the microearthquakes.
Nevertheless, the simple model fits the data fairly well if the magma
sill is ∼0.5 km wide (Fig. 4b). This is smaller than the widths of
0.8–1.0 km reported fromnearbymultichannel seismic data, but the
widths of reflection profiles are probably overestimated because of
the presence of diffractions24.

The analysis ofmultichannel reflection data fromother locations
shows that the composition of the AMC varies from pure
melt to crystal mush and that hydrothermal vents seem to
coincide with fully molten sections13. This observation led to the
inference that enhanced hydrothermal activity is associated with
recent magma supply13. At the Endeavour, we document strong
evidence for ongoing magma injection beneath the two vent fields
with highest maximum temperatures, heat fluxes and rates of
seismicity. Geodetic observations from Axial volcano, another site
of sustained high-temperature hydrothermal venting, also show
that the volcano has been undergoing steady inflation since it
erupted in 1998 (ref. 27). At 9◦ 50′N on the East Pacific Rise,
vigorous hydrothermal circulation persisted for 15 years between
two eruptions28, and it seems plausible that the magma chamber
was re-inflating throughout this interval. On the basis of these
observations we postulate that long-lived black smoker venting
above mid-crustal magma chambers may coincide with the sites of
ongoing magma recharge.

On the basis of the earthquake distribution and the style of
faulting observed beneath the Endeavour vent field, we further
suggest that seismogenic cracking associated with magma recharge
provides a key mechanism that localizes high-temperature black-
smoker vent fields. Long-termheat fluxes of hundreds ofmegawatts
require a conductive boundary layer with a thickness of no
more than a few metres2,12. If magma freezes onto the roof of
the magma chamber2,6 or water–rock reactions clog the deepest
cracks29, the conductive boundary layer will thicken. Models
suggest that this former process will lead to a significant decline
in heat fluxes and/or vent temperatures on timescales of about
a year2,6. Furthermore, theoretical considerations also suggest
that any thickening of the conductive boundary layer will lead
to differential thermal stresses that put its upper portions into
compression30, inhibiting the growth of cracks and potentially
further thickening the thermal boundary layer by closing existing
cracks in the overlying rock. We argue that cracking induced by
magma injection may provide a critical mechanism to counteract
the processes that would otherwise thicken the thermal boundary
layer and decrease heat fluxes.

Previous work has shown that the heat flux from black-
smoker fields is compatible with reasonable estimates of magma
recharge rates and has led to the inference that magma recharge
may be a requirement for vigorous long-term hydrothermal
circulation2,6,14. This interpretation can also explain why high-
temperature vent sites are absent on some ridge sections that
are underlain by an AMC (refs 4, 5) if they are not undergoing
recharge. Furthermore, it suggests that knowledge of the global
distribution and longevity of hydrothermal venting may provide
direct constraints on spatial and temporal patterns of magma
recharge to mid-crustal magma chambers.

Methods
Seismic analysis. Student analysts obtained preliminary phase picks and locations
for 12,792 local and regional earthquakes recorded by the seismic network between
8 August 2003 and 1 August 2004. Earthquakes with epicentres within 3 km of the
nearest station were repicked, and 2,862 proximal earthquakes with a minimum
of five good-quality arrival time picks including at least one P and one S wave
were relocated using the algorithm Hypoinverse31. Seismic moments and local
magnitudes were calculated from the spectral amplitudes of P and S waveforms
using standard methods8.

We then cross-correlated P and S waves from each station to identify
groups of arrivals with similar waveforms and picked the relative arrival times.
We allowed for reversed polarities by aligning waveforms on the basis of the
maximummagnitude of the cross-correlation coefficient. All correlated waveforms
were inspected visually to eliminate suspect alignments and to pick P-wave first
motions. We applied the double-difference algorithm HypoDD20 to relocate
1,444 earthquakes, each of which is connected to at least one other earthquake
with a minimum of eight analyst and four cross-correlated difference times.
The relocation used 296,000 P-wave and 230,000 S-wave differential times from
analyst picks and 55,000 P-wave and 61,000 S-wave differential times from
cross-correlation. The root mean squared residuals for the differential travel times
are 29ms and 7ms for analyst and cross-correlated times, respectively. Relative
location uncertainties were estimated by relocating groups of ∼50 earthquakes
using singular value decomposition20.

To obtain focal mechanisms we used the HASH algorithm22, which uses
multiple realizations of a grid search to find solutions that fit the polarity data
given the uncertainties in the hypocentre. Of the 242 earthquakes with at least
six unambiguous first motions, we obtained 105 solutions for which the r.m.s.
difference between the acceptable fault planes and the preferred focal mechanism is
less than 35◦, and 65more for which it is less than 45◦. An expanded discussion of
the seismic analysismethods is included in the Supplementary Information.

Stress-perturbation calculations. The stress perturbations above the magma
lens were approximated using the analytical plane-strain solution for the stresses
surrounding a thin pressurized two-dimensional crack, which are given by25

σxx = p
(

r
(r1r2)1/2

cos
(
θ−

θ1+θ2

2

)
−1−

a2r
(r1r2)3/2

sinθ sin
3(θ1+θ2)

2

)

σyy = p
(

r
(r1r2)1/2

cos
(
θ−

θ1+θ2

2

)
−1+

a2r
(r1r2)3/2

sinθ sin
3(θ1+θ2)

2

)

σzz = ν
(
σxx+σyy

)
σxy = p

a2r
(r1r2)3/2

sinθ cos
3(θ1+θ2)

2

σxz = σyz = 0

where σ is stress, subscripts x and y refer to directions parallel to and across the
crack, respectively, z is the direction of invariance, p is the overpressure in the crack,
r is the distance from the centre of the crack, r1 and r2 the distances to its two edges,
θ the angular direction from the centre of the crack measured relative to the x axis,
θ1 and θ2 the angular directions from the two crack edges, a the crack half-width
and ν Poisson’s ratio, which we take to be 0.245.

At each point on a 0.01 km grid, we compute the direction and magnitude of
the principal stresses after removing the isotropic component from the solution. In
Fig. 4b we plot vectors of the maximum compressional and extensional principal
(normal) stresses on a 0.1 km grid and contours of the maximum resolved shear
stresses. All stresses are normalized to the overpressure in the crack.We also plot the
curve along which there is no resolved shear stress on a fault oriented at 45◦ relative
to the crack. For a horizontal pressurized crack, this curve separates the regions
where the stress perturbations favour normal and reverse faulting.
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ancient depletion events as well. Their 
results indicate that the Hg2+ species was 
an important component of the total 
mercury during these deposition periods. 
They suggest that during the coldest 
phases of past glacial periods, increased 
fallout of sea salts over Antarctica9 and 
subsequent photochemical reactions led 

to an increased production of bromine 
radicals. Under cold enough conditions, the 
bromine–mercury reaction produces a stable 
intermediate, HgBr2. This intermediate 
molecule should be efficiently scavenged by 
the dust (also higher relative to interglacial 
periods), which would then carry the 
mercury to the Antarctic snow cover. Jitaru 

and colleagues present a simple model that 
shows that the increased scavenging of 
mercury during the dustiest periods explains 
the high glacial mercury deposition during 
cold episodes, relative to the Holocene 
(~10,000 years ago to present day).

However, it is not yet possible to verify 
the operation of these processes over glacial 
Antarctica, as the reactive bromine species 
are not preserved in the glacial ice. Thus, 
although this is an elegant theory, the ice-
core results alone are unable to provide a 
complete picture of ancient mercury-cycling 
in the atmosphere.

Nevertheless, Jitaru and colleagues2 
provide interesting insights into the 
interplay between bromine–mercury 
chemistry and elevated mineral-dust load, 
which seems to favour polar regions as a 
global sink for atmospheric mercury, at least 
during glacial periods. ❐

Rolf Weller is at the Alfred Wegener Institute, Am 
Handelshafen 12, D‑27570 Bremerhaven, Germany. 
e‑mail: Rolf.Weller@awi.de
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Black-smoker hydrothermal venting, 
which occurs along mid-ocean 
ridges in the world’s oceans, results 

in significant heat and chemical exchange 
between Earth’s crust and the overlying 
water. Black-smoker vents provide 
nutrients for extraordinary chemosynthetic 
biological communities, expanding our 
knowledge about how life may exist on 
Earth and elsewhere. Black smokers are 
generally associated with loss of heat from 
a magma body within the oceanic crust: 
as sea water percolating through the crust 
approaches the magma, it is heated and 

laden with minerals, and subsequently 
returns to the sea floor. Venting sites are 
common along the global chain of seafloor 
volcanoes, but the factors influencing 
their location remain elusive. On page 509 
of this issue, Wilcock and colleagues1 
suggest that black smokers may occur at 
sites where the magma chamber is being 
actively recharged.

The discovery of high-temperature 
hydrothermal vents in 1977 (ref. 2) opened 
a new chapter in deep-sea exploration and 
sparked a search for more black smokers. 
So far, only about 20% of the global mid-

ocean-ridge system has been surveyed 
for indications of venting3, and only a 
fraction of these sites have been visually 
imaged. Global water-column mapping of 
hydrothermal plumes reveals a pattern of 
increased density of vent sites with increased 
rates of seafloor spreading at mid-ocean 
ridges3,4. Because magma supply varies in 
proportion with spreading rates, this pattern 
contributes to a growing body of evidence 
for the ‘magmatic budget hypothesis’ (for 
example, refs 5, 6), which proposes that 
magma supply is the primary control of 
global vent distribution. 

mArine geophysics

Where there’s smoke there’s fire
Seafloor vents spewing mineral-rich plumes of hydrothermal fluid — termed black smokers — can persist at 
mid-ocean ridges for decades or longer. Earthquake data indicate that ongoing magma injection may determine 
their locations.

maya tolstoy

Figure 1 | Where ice and water meet. Reconstructions of atmospheric mercury deposition over Antarctica 
during the past 670,000 years show episodes of enhanced deposition during the coldest periods of 
glacial climate. Jitaru and colleagues suggest that an increased production of bromine radicals triggered a 
series of reactions that led to mineral dust scavenging mercury from the atmosphere2. 
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Seismic imaging has shown that 
black-smoker vents are likely to be 
preferentially situated above magma bodies 
that have recently received a fresh supply of 
melt7. Thermal modelling has also indicated 
that magmatic recharge may be critical 
for maintaining long-term hydrothermal 
venting8,9. The idea that continued heat 
input is necessary to prevent the magma 
body from freezing is compelling, but the 
mechanism by which this might lead to 
sustained venting has been less well defined.

Seeking to better understand the 
processes involved in hydrothermal venting, 
Wilcock and colleagues1 analysed micro-
earthquake data from the Endeavour 
segment of the Juan de Fuca ridge in the 
Pacific Ocean, a site that has experienced 
long-term hydrothermal activity. 
Earthquake focal mechanisms, which 
provide information about the nature of 
motion during an earthquake, can be used 
to understand the local stress field. Based 
on data for 170 earthquakes, the researchers 
documented linear patterns of compression 
and extension parallel to the mid-ocean 
ridge. Their calculations suggest that these 
patterns are consistent with deformation 
above a magma lens that would result from 
magma injection. 

Because of the small magnitude 
of the earthquakes and instrumental 
challenges — usually, seismometers are 

simply dropped over the side of a ship to a 
rocky seafloor — good focal mechanism data 
have been rare. This study used data acquired 
by a new array of ‘corehole’ seismometers 
(see online Backstory10) developed at the 
Monterey Bay Aquarium Research Institute. 
The sensors were inserted into holes drilled 
into seafloor lava, which resulted in excellent 
seafloor coupling and reduced noise from 
ocean currents11.

The conductive boundary layer separating 
the magma from the circulating fluids needs 
to be relatively thin, on the order of a few 
to tens of metres, to maintain the high heat 
fluxes observed at black-smoker vents9. 
However, as the magma chamber lid freezes 
owing to cooling and crystallization, and 
cracks above the chamber get clogged from 
mineralization, the boundary layer thickens. 
This process has long plagued modellers 
trying to understand how the high heat 
fluxes can be maintained through time. 
Wilcock and colleagues1 propose that stresses 
due to the continuing supply of new magma 
push the lid of the magma chamber up, 
allowing new cracks to form in the lid and 
preventing the thickening of the boundary 
layer (Fig. 1). Magmatic recharge can thus 
help sustain the vent field beyond simply 
supplying more heat. 

Of course, ongoing magma injection does 
not explain the presence of sustained venting 
in the absence of a crustal magma body, or 

eruptions where no venting is observed. 
Also, high-temperature venting is sometimes 
absent from areas where melt-rich magma 
chambers are known to exist, but is observed 
in regions where seismic data reveal melt-
poor4 chambers. It is possible that imaging 
techniques have been unable to detect 
deeper magma bodies or that the fraction of 
melt in a magma chamber is not necessarily 
reflective of whether magma injection 
is presently occurring. Nevertheless, it 
seems likely that there are other factors 
contributing to the location and longevity of 
hydrothermal vent fields.

For example, tectonic stresses associated 
with seafloor spreading and/or segmentation 
may have a significant role in determining 
zones of high permeability where fluids are 
able to enter or leave the crust6,12,13. Perhaps 
sustained venting requires both ongoing 
replenishment of magma and close proximity 
to a tectonically induced zone of high 
permeability. Wilcock and colleagues address 
how hydrothermal processes are sustained 
once the fluid is at mid-crustal level, but not 
how it gets there or how it leaves.

Nevertheless, the explanation provided by 
Wilcock and colleagues1 for the long-term 
stability of vent sites, as well as for the 
unusual distribution of focal mechanisms 
observed, is elegant. If their theory is 
correct, the presence and duration of 
hydrothermal venting may act as a guide to 
locations of ongoing magma replenishment. 
The results highlight the importance of 
continued long-term monitoring at mid-
ocean ridges to understand these complex 
and dynamic processes. ❐
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Figure 1 | Spewing smoke. a, The photograph depicts a chimney called Sully, which vents fluids at 
360 °C and is located in the Main Endeavour field of the Juan de Fuca ridge in the Pacific Ocean. 
b, Schematic sketch (not to scale) showing how cracking induced by ongoing magma injection may 
help maintain a thin conductive boundary layer at the top of the magma chamber, thereby facilitating 
hydrothermal venting.
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What was the objective of the project? ■■
We wanted to test the hypothesis that 
vigorous hydrothermal venting in the ocean 
floor is linked to the injection of magma 
into magma chambers situated below 
the vents. Our work was part of a larger 
project aimed at understanding the links 
between ocean venting, rock deformation 
and biological activity. We carried out our 
research at the Endeavour hydrothermal 
vent system in the northeastern 
Pacific Ocean.

Why did you choose this particular ■■
location for the fieldwork?
Hydrothermal venting at the Endeavour 
segment of the Juan de Fuca Ridge is 
particularly vigorous and persistent, 
making it one of the most intensively 
studied hydrothermal vent systems 
in the world, and an excellent site for 
investigating links between magmatic 
activity and venting. What’s more, scientific 
interest in the Endeavour segment is sure to 
continue because it is one of the sites being 
developed for a new cabled underwater 
observatory.

What sorts of data were you after?■■
We wanted a continuous record of seismic 
events at the Endeavour segment. We used 
seismometers to record the frequency and 
precise location of earthquakes, which in 
turn provided information on the movement 
of magma within the chambers. 

Did you encounter any difficulties?■■
Deploying the corehole seismometers 
beneath the sea floor proved challenging. 
To do this we had to use remotely operated 
vehicles (ROVs) to drill small horizontal 
holes into vertical basaltic pillows — a 

type of magmatic 
rock. These 

operations were 
incredibly time 
consuming, 
particularly at 
the start, when 
scientists 
and ROV 

pilots were 
learning the best 

approaches. The first borehole took over a 
day to drill! We spent hours searching the 
rugged sea floor for a good site where the 
ROV could drill, and when we did find a 
suitable location, we struggled to keep the 
ROV in one place. 

Did you have any animal encounters?■■
Within a day of deploying the seismometers, 
octopuses discovered that they provided 
a nice hard surface to attach their eggs 
to! We also encountered a very angry 
Humboldt squid that got stuck on the ROV.

any low points, close misses?■■
We had a near disaster when deploying the 
one broadband seismometer. After using the 
ROV’s manipulator arm to gently place the 
150 lb spherical sensor on the sea floor, we 
let go of it to do other work. In one terrible 
instant our $100,000 instrument rolled 
away down a slope into a crevice, throwing 
up clouds of fine sediment as it went. After 
what seemed like an eternity the water 
cleared, and we located the instrument, 
which — amazingly — we were able to 
retrieve unharmed.

What was the highlight of ■■
the experiment?
When we recovered the instruments after 
their first year below the sea floor, we 
were ecstatic to find that the clocks were 
still running and that the hard drive of 
every instrument was full of excellent 
data. We worked around the clock to back 
up the data and prepare the instruments 
for redeployment.

Did the trip give you any ideas for ■■
future projects?
We are really excited that five of our seismic 
sensors will become part of a new cabled 
underwater observatory in 2010. Data 
from these instruments will allow us to 
understand how earthquakes and magma 
injections affect deep-sea hydrothermal 
venting. We also discovered that the 
seismometers recorded the calls of fin and 
blue whales present in the area during 
the winter — we are now studying these.

This is the Backstory to the work by 
William Wilcock and colleagues, published 
on page 509 of this issue. 

Sensing the sea bed
William Wilcock and a team of scientists and engineers drilled holes in the sea floor, and 
inadvertently provided a breeding ground for octopuses, in their attempt to understand deep-ocean 
hydrothermal venting.

A seismometer inserted in a basaltic pillow, with the logger package (enclosed in a yellow plastic shell) 
floating in the background. For additional information see http://tinyurl.com/mtblno.

©
 2

00
4 

M
BA

RI

© 2009 Macmillan Publishers Limited. All rights reserved


	ngeo550.pdf
	The role of magma injection in localizing black-smoker activity
	Methods
	Seismic analysis.
	Stress-perturbation calculations.

	Figure 1 Bathymetric maps showing the seismic network and earthquake epicentres. 
	Figure 2 Along-axis vertical cross-section showing hypocentres. 
	Figure 3 Bathymetric map showing focal mechanisms. 
	Figure 4 Cross-section of the focal mechanisms and stress perturbations from a pressurized crack.
	References
	Acknowledgements
	Author contributions
	Additional information

	ngeo550_NewViews
	ngeo550_backstory



