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The role of magma injection in localizing

black-smoker activity

William S. D. Wilcock™, Emilie E. E. Hooft?, Douglas R. Toomey?, Paul R. McGill3,
Andrew H. Barclay'?, Debra S. Stakes®*™ and Tony M. Ramirez3'

Black-smoker hydrothermal systems at mid-ocean ridges are
often driven by heat loss from a crustal magma chamber'3, but
black-smoker systems have not been detected above all magma
chambers*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 magma?®. Extensive seismicity above the magma
chambers”™" has been attributed to stresses from hydro-
thermal cooling®'%'2, The presence of high-temperature hydro-
thermal systems has previously been linked with episodes
of magma chamber inflation>'*', 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 source*®*', 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 axis' (Fig. 1) and are driven by heat from an
axial magma chamber (AMC) that is located 2.1-3.3 km below the
sea floor®. The hydrothermal systems have been studied extensively
since venting was discovered over two decades ago' and previous
microearthquake experiments document high levels of associated
seismicity”®. In 1999, a magmatic intrusion accompanied by a
large earthquake swarm perturbed the hydrothermal systems'®",
leading to a reduction in gradients in fluid temperatures and
chemistry across the Main Endeavour field'® (Fig. 1). Otherwise,
vigorous venting has persisted relatively unchanged for at least
two decades'®!?.

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

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 1o 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 experiments”?.

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

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 the AMC
from the High Rise vent field to south of the Main 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 field'®! are a result
of two sources of upflow'. 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
vents', higher maximum venting temperatures'® and higher heat
fluxes, of several hundred megawatts®'.

We were able to determine well-constrained focal mechanisms
for 170 earthquakes from P-wave first motions®* (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 Hypoinverse®'

(red and pink circles scaled by local magnitude, M|, 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 2.3-3.1km depth (grey shading)?. b, Epicentres for 1,444 earthquakes that were located with the double-difference algorithm HypoDD?°. 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 locations?® lying within 1km 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 motionsZ2. 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. T—light green shading corresponds to the axial valley.

Endeavour and High Rise fields that are confined to a 400-m-thick
layer above the AMC (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 cooling®®. 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 source®'?. 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 focal mechanisms. 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 crack?® of width 0.5 km (bold black line) showing
maximum compressional and extensional normal stress perturbations, o’
(red and blue lines, respectively, with circles indicating stress maxima
perpendicular to the section), and maximum shear stresses, t’ (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 directions®. 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 intrusion?, 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 ~1km across axis with
a vertical thickness of a few tens of metres®. If the AMC is
modelled by a two-dimensional horizontal crack, the distribution
of stresses induced by injecting overpressured magma® 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 to maintain 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 complex*® 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 ~0.5km wide (Fig. 4b). This is smaller than the widths of
0.8-1.0 km reported from nearby multichannel seismic data, but the
widths of reflection profiles are probably overestimated because of
the presence of diffractions®.

The analysis of multichannel reflection data from other 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 sections'®. This observation led to the
inference that enhanced hydrothermal activity is associated with
recent magma supply'®. 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 eruptions®®, 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-term heat fluxes of hundreds of megawatts
require a conductive boundary layer with a thickness of no
more than a few metres®!?. If magma freezes onto the roof of
the magma chamber® or water—rock reactions clog the deepest
cracks®”, 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 year®. 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
compression®, 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.

NATURE GEOSCIENCE poi:10.1038/NGE0550

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
circulation®®'*. 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 Hypoinverse®. Seismic moments and local
magnitudes were calculated from the spectral amplitudes of P and S waveforms
using standard methods®.

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
maximum magnitude 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 HypoDD? 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 29 ms and 7 ms for analyst and cross-correlated times, respectively. Relative
location uncertainties were estimated by relocating groups of ~50 earthquakes
using singular value decomposition®.

To obtain focal mechanisms we used the HASH algorithm?, 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 65 more for which it is less than 45°. An expanded discussion of
the seismic analysis methods 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 by

_ r P 61 +6, ar 0si 3(01+6,)
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where o 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, r; and r, the distances to its two edges,
0 the angular direction from the centre of the crack measured relative to the x axis,
0, and 6, the angular directions from the two crack edges, a the crack half-width
and v 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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