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Seismic identification of along-axis hydrothermal
flow on the East Pacific Rise

M. Tolstoy', F. Waldhauser', D. R. BohnenstiehllT, R. T. Weekly' & W.-Y. Kim'

Hydrothermal circulation at the axis of mid-ocean ridges affects
the chemistry of the lithosphere and overlying ocean, supports
chemosynthetic biological communities and is responsible for sig-
nificant heat transfer from the lithosphere to the ocean'. It is
commonly thought that flow in these systems is oriented across the
ridge axis, with recharge occurring along off-axis faults*™, but the
structure and scale of hydrothermal systems are usually inferred
from thermal and geochemical models constrained by the geo-
physical setting’™, rather than direct observations. The presence
of microearthquakes may shed light on hydrothermal pathways by
revealing zones of thermal cracking where cold sea water extracts
heat from hot crustal rocks, as well as regions where magmatic and
tectonic stresses create fractures that increase porosity and per-
meability. Here we show that hypocentres beneath a well-studied
hydrothermal vent field on the East Pacific Rise cluster in a vertical
pipe-like zone near a small axial discontinuity, and in a band that
lies directly above the axial magma chamber. The location of the
shallow pipe-like cluster relative to the distribution and temper-
ature of hydrothermal vents along this section of the ridge suggests
that hydrothermal recharge may be concentrated there as a
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Figure 1| Bathymetric site map showing earthquake epicentres. a, Double-
difference epicentre locations (black dots) within the OBS array (blue

circles). Also shown are sites of high- and low-temperature venting, margins
of the AST (S. A. Soule, personal communication) and imaged AMC'®. Data
include only well-located events (~7,000) with azimuthal gaps =180° and
more than five defining phase pairs, excluding more poorly located seismic
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consequence of the permeability generated by tectonic fracturing.
Furthermore, we interpret the band of seismicity above the magma
chamber as a zone of hydrothermal cracking, which suggests that
hydrothermal circulation may be strongly aligned along the ridge
axis. We conclude that models that suggest that hydrothermal cells
are oriented across-axis, with diffuse off-axis recharge zones, may
not apply to the fast-spreading East Pacific Rise.

The mass and energy transfer produced by hydrothermal circu-
lation at the mid-ocean-ridge axis has been studied widely since
deep-sea hydrothermal vent systems were discovered' in 1977.
The location of seawater recharge has been particularly elusive:
although it is most commonly inferred to be along off-axis faults*™,
it also has been proposed that down-flow may occur on-axis®'"'".
One of the best-studied mid-ocean-ridge vent fields is at 9° 50" N on
the East Pacific Rise (EPR), where detailed biological, chemical, geo-
physical and geological studies have monitored and characterized
this site for more than 15years. Indeed, a full volcanic cycle has
now been observed with a 1991-92 eruption'>'* paved over by a
2006 eruption following more than a 2-yr build-up in seismicity
rate'.

b 104° 17/ 30" W 104° 17/ 00" W

9° 49" 30" N

Earthquake depths:| -
» <600 m
& >600m

% Latitude of
Fig. 3b cross-|"
section X

9°49'00" N

T T T T T T T 1
2,850 2,775 2,700 2,625 2,550 2,475
Depth below sea surface (m)

events outside the array. Dashed box outlines area of Fig. 1b. b, Segment end
where shoaling pipe seismicity is centred. Shallowest events (cyan dots) show
a remarkable fit to the kink along the eastern wall of the AST, and form two
distinct groups separated by a gap of a few tens of metres and fanning out at
depth. Black asterisk indicates the latitude of the cross-section shown in
Fig. 3b.
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Between October 2003 and April 2004, nine two-component (ver-
tical and hydrophone) ocean bottom seismometers (OBSs) were
deployed in an array of roughly 4 X 4 km centred at 9°50" N on the
EPR. Seven continuously recording instruments returned hydro-
phone data, and six returned vertical-component seismometer data
(Fig. 1). Here we present high-resolution double-difference locations
for ~7,000 earthquakes that occurred within the array during the
7-month observational period (see Methods Summary). The average
relative location error is ~50 m, and the seismicity is closely corre-
lated with geological features identified using high-resolution sea-
floor imagery and active-source subsurface imaging, implying small
absolute errors.

Local event magnitudes within the array range from M; —1.8 to
1.4, with a magnitude of completeness of roughly M; —0.5. Detection
thresholds were lowest at the southern end of the array near the
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Figure 2 | Along-axis cross-sections of seismicity. a, Events located using
five or more seismic phase pairs observed at common stations. Sites of high-
temperature (red triangles) and low-temperature (yellow stars) vents are
shown. B9 is vent Bio 9; P-vent and Bio 9 are separate but close to each other.
Lack of seismicity below TWP (open triangle) is consistent with observations
that this former high-temperature vent was inactive in 2003 (ref. 22).

b, Density plot showing best-recorded events defined by seven or more
seismic phase pairs (see also Supplementary Fig. 2). Applying this threshold
excludes many of the shallow, small-magnitude events, but reveals a band of
seismicity ~500 m thick that deepens to the north. A distinct ~200-m
horizontal gap in seismicity is apparent at ~9°50.3" N, suggesting a
discontinuity within the AMC.
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highest density of working OBSs, and the minimum magnitude of
detectable earthquakes increases with depth because of attenuation.
Maximum magnitude also increases with depth above the axial
magma chamber (AMC) reflector (~1.43km)'® (see Supplemen-
tary Fig. 3).

A clearly defined zone of seismicity coincides almost directly with
the location and width (~500m) of the AMC (Fig. 1). The most
concentrated band of seismicity, around 200-300m wide, lies
directly underneath the axial summit trough (AST) where the dykes
feeding the 1991-92 and the 2006 eruptions were centred'*'”. This
zone lies to the western side of the AMC, suggesting dyke initiation
near the chamber’s margins where maximum extensional stress
concentrations are predicted for pressurized lens-like cavities'.
The seismic reflection data were collected in 1985, before the 1991—
92 eruption, so the AMC may have changed size or location within
the 18-19years before our study. However, the presence of fairly
consistent AMC depth at a given spreading rate'® suggests that its
position remains stable between eruptions.

Cross-sections of the hypocentre distribution (Figs 2 and 3) reveal
seismicity extending from the upper 100 m to depths of more than
2 km, with a pattern of seismicity that is narrow near the surface and
fans out at depth. Within the southern end of the array, the shallowest
hypocentres track the eastern wall of the AST (Fig. 1b) and concen-
trate near a ~100-m kink in the AST. Earthquakes associated with
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Figure 3 | Across-axis cross-sections of seismicity. Location of the AST is
shown in grey box at zero depth. AMC reflector location is marked by grey
line at 1.43 km depth’®. a, Profile 200 m wide, centred at 9° 50’ N at the same
latitude at which the AMC is imaged in Fig. 1a. b, Profile 200 m wide, centred
at 9°49.3" N across the interpreted down-flow zone (location shown in
Fig. 1b). AMC position is inferred from measurements to the north.
Seismicity lines up along the eastern AST wall, with a clean edge swooping
under the AST with depth, possibly following a bounding fracture surface.
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this fourth-order segment boundary'' form two pipe-like clusters at
shallow depth, with the northern cluster fanning out to the north and
the southern cluster fanning southward. At depth, the northern clus-
ter has a sharply defined vertical edge suggesting a porosity and/or
permeability boundary consistent with crust to the south being
slightly older where the kink offsets the southern crustal section
~100m to the west. We interpret this feature as a hydrothermal
down-flow zone, where cold sea water is being entrained into the
crust and travelling down to the hydrothermal cracking zone.

This shallowest seismicity at the segment end is likely to be tec-
tonically driven, and its distribution is consistent with the stress field
predicted at the tip of a propagating crack'. The location 9°50" N is
the focus of the 1991 and 2006 eruptions, and thus the tips of this
segment are more likely to be actively propagating than adjacent
segments, perhaps accounting for the dominance of the seismicity
on this segment end. This shallow tectonically driven seismicity may
form a zone of permeability down which fluids can reach hotter rock
where hydrothermal cracking could initiate.

Submersible dives along this 9° 49’ N area of the AST have noted a
historic lack of hydrothermal venting and macro-faunal communit-
ies (T. Shank, personal communication), supporting the idea that
water is going into the crust and not out at this location. Previous
studies have suggested that precipitation of anhydrite within the
down-flow zone would rapidly clog hydrothermal pathways, requir-
ing a large recharge zone extending across the near-axis flanks in
order to maintain hydrothermal systems for decades’. The coinci-
dence of this interpreted down-flow zone with an offset in the AST,
however, suggests that a high permeability zone may be maintained
by stress concentrations within the tip zones of spreading segments®
and that recharge can be narrowly focused on-axis.

Temporal snapshots show that despite increasing seismicity, the
basic structure we image is consistent throughout the 7-month
deployment (see Supplementary Fig. 4). Focused down-welling
would result in an along-axis thermal gradient that develops through
time following an eruption. This prediction is supported by the grad-
ual cooling®' and eventual cessation of venting at Tube Worm Pillar
(TWP)*, closest to the interpreted down-flow zone, as well as a
consistent pattern of heating towards the centre of the segment and
cooling towards the ends” (see Supplementary Information).
Earthquakes recorded during the 22 January 2006 eruption, along
with lava effusion rates and plume distribution, suggest that dyking
may have initiated in the area 9°50" to 9°50.5' N (ref. 15). This
implies that dyking started where the AMC was least chilled by proxi-
mity to down-flow.

An along-axis density plot of the best-recorded (that is, larger
magnitude) earthquakes (Fig. 2b) shows a well-defined band of
seismicity, around 500 m thick, directly above the AMC. This band
is interpreted as a zone of hydrothermal cracking®**. Previous
detailed studies of AMC depth on the southern EPR have shown
very consistent AMC depths for profiles within 1-2km of each
other, with deepening of the AMC by ~200 m occurring on a length
scale of ~100 km( ref. 25). Therefore the slightly sloped pattern of the
seismicity cloud is probably due to along-axis thermal trends, or
three-dimensional velocity structure that was unaccounted for,
rather than short-scale deepening of the AMC along-axis.

The along-axis earthquake distribution shows a sustained ~200-m
gap in seismicity around 9° 50.3" N. This latitude has been associated
with differences in the chemistry of diffuse vents at the Bio 9 area
versus the Ty/Io and TWP area® (Ty and lo are separate but very
close chimneys). The gap may thus represent a boundary or tran-
sition in the AMC, suggesting segregation of magma at a scale finer
than fourth-order discontinuities'', and perhaps indicating fine-scale
transitions from mush to melt as observed in reflection data else-
where on the EPR™.

The shoaling of seismicity into a narrower zone underneath the
high-temperature vents at 9° 50’ N (Fig. 3a) suggests that the earth-
quakes in this region may delineate the up-flow area of the circulation
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cell. Because of the configuration of the OBS network, shallow
events are better resolved beneath the down-flow zone than beneath
the active vent area between 9°50' N and 9° 51’ N. Consequently,
better-defined pipes may exist beneath the up-flow zone.

Our results are not consistent with the shoaling heat source pre-
dicted from observations of increasing vent temperatures and
changes in fluid chemistry®”>. More than 10 yr of focused up-flow of
high-temperature water beneath vents in the 9°50'N area may
instead have warmed the upper crust and reduced the conductive
heat loss. Combined with the likely input of melt into the magma
body before the 2006 eruption, this may have helped to fuel the
increasing temperatures®' at the 9°50’ N focused vents.

Seismicity levels and maximum earthquake magnitude begin to
decrease abruptly with increasing depth at ~200 m above the AMC
reflector (Supplementary Fig. 3). This may reflect a transition to
semi-brittle behaviour with increasing temperature, as well as the
potential for greater seismic attenuation along ray paths passing
through or near the AMC. Some hypocentres are observed up to a
kilometre or more beneath the melt lens, but further work is required
to rule out location artefacts.

Notably, we do not detect concentrations of microearthquakes
along the flanking margins of the AMC as expected from tomo-
graphic models® that require significant heat removal on the near-
axis flanks. Although we see no evidence for cross-axis circulation or
hydrothermal cooling on the flanks, we cannot rule out that it may be
happening aseismically or at magnitude levels below our detection
capability.

The fact that the across-axis focus is under 500 m wide means that
the reservoir volume may be relatively small, which when combined
with high heat flow”” implies that residence times for fluids are likely
to be short®, perhaps less than a year (see Methods). The interpreted
hydrothermal cell represents a snapshot in time, and it is likely that
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Figure 4 | Cartoon illustrating proposed hydrothermal cell structure. This
model shows down-flow at fourth-order discontinuities'’, with the northern
vents fed by a down-flow zone at the ~9° 51.5" N fourth-order discontinuity,
and the southern vents fed by the ~9°49.25" N offset. The features of the
best-defined hydrothermal cell are shown with black arrows, and the features
inferred in adjacent cells are shown with grey arrows. Light blue dots
illustrate the area where tectonic stresses are likely to dominate earthquake
generation, creating a zone of permeability. Light grey dots illustrate where
hydrothermal stresses probably dominate. The exact location of this
transition is not well constrained. Changes in source from the northern and
southern cells may occur between the Ty/Io and the Bio 9 (B9)/P-vent. TWP
and Biovent, the closest vents to the inferred down-flow zones, both show
decreases in temperature with time, whereas the central vents have been
steadily increasing in temperature since about 1994 (ref. 21). Prolonged
cooling close to the inferred down-flow zone may lead to a decreasing
percentage melt in the AMC. The seismicity gap at ~9°50.3' N may
represent a break or transition zone (such as melt to mush) within the AMC.
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temporal changes in depth, width and intensity occur, with conse-
quences for fluid temperature, chemistry and associated biology.
However, microearthquake patterns show no indication of temporal
variability in the basic structures they outline, and temperature data
support the idea that focused down-flow may be sustained over a
decadal timescale at locations of increased tectonic stress (Supple-
mentary Figs 4 and 5). Therefore, it is clear that models showing
hydrothermal cells dominantly across-axis may not apply to the
fast-spreading EPR. Instead, we interpret flow as narrowly focused
along-axis (Fig. 4) on the path of recent dyking where cooling stresses
probably result in increased porosity, and heat is most abundant.

METHODS SUMMARY

Analyst-reviewed arrival time picks for P- and S-waves were associated to a total
of 16,079 earthquakes in and outside the array. Initial hypocentre locations for a
total of 13,911 events recorded by at least four stations were computed using the
program Hypoinverse®. Depth-dependent P- and S-wave velocity models were
used to predict travel times and partial derivatives. The velocity models were
computed from 476 well-recorded events using the program Velest”. Velest
minimizes P- and S-wave travel-time residuals by simultaneous inversion for
changes in layer velocities (Vp and V), hypocentral parameters, and station
corrections.

A total of 35,019 P- and 22,005 S-wave picks were used to locate the 7,362
events that occur within the array of seven stations (azimuthal station gap
<180°), and that are presented in this study. On average, the nearest station is
530 m away from each event (horizontally), the farthest station 3 km. Absolute
errors computed by Hypoinverse have a 16 median of 0.47 km horizontally and
1.15km in depth. The root mean square (r.m.s.) of the final travel-time residuals
is 32 ms.

We minimize the bias from remaining model errors in the Hypoinverse loca-
tions by applying the double-difference algorithm hypoDD™ to a total of about
900,000 P- and S-wave differential travel times formed from the phase picks of
pairs of events observed at common stations. The algorithm inverts the differ-
ential time residuals to solve for the vector connecting the hypocentres. The
r.m.s. of the final differential time residuals is 0.010s, and relative location errors
estimated from a bootstrap analysis of the final double-difference vector are 50 m
on average.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Data processing. Velocity information obtained from active source data in our
study area’** is used to build a starting model for the Velest inversions. The
minimum one-dimensional model (Supplementary Fig. 1) fits well with Vera
et al”' Line 7 from ~9°30" N. Although this line is 3.1 km off-axis, Harding
et al.* showed that Layer 2A thickens much more rapidly at 9° 50" N, reaching
similar thickness to Line 7 by ~0.5 km off-axis. Therefore Line 7 is the closest
comparison to our area, where five of the seven OBSs are 0.5-2 km off-axis.

The double-difference algorithm hypoDD*** solves for hypocentral separa-
tions by iteratively minimizing residuals between observed and predicted travel-
time differences for pairs of earthquakes observed at common stations. Thus,
model errors originating from outside the source area are effectively minimized.
Given the density of the earthquake distribution, most events are linked to their
nearest-neighbour event over distances much smaller than the length scale of the
assumed velocity variation sampled by the seismic waves, and thus model errors
between each event pair and the stations that recorded both events are virtually
cancelled.

The small root mean square value (0.010s) for the relocated events indicates
the consistency of the analyst-refined P- and S-phase arrival time picks produced
during the course of this work. The average difference between Hypoinverse and
hypoDD locations is 270 m. We carried out a sensitivity test in which differential
travel times were used to confirm the absolute locations produced by
Hypoinverse. We chose 23 well-recorded events, moved their (Hypoinverse) loca-
tions south by 1 km and up by 0.3 km, and then used these shifted locations as
initial location in a double-difference inversion with P- and S-pick differentials
(see ref. 30 for a similar test with synthetic data). In just a few iterations the 23
events moved back to their original Hypoinverse locations, demonstrating both
the high quality of the phase picks and accuracy of the Hypoinverse locations.

Figures 1-3 show event locations in detail for events with five or more phase
pairs (Figs 1, 2a and 3). Events with seven or more phase pairs are shown as a
density plot in Fig. 2b to highlight the ‘cloud” of seismicity that is observed
directly overlying the AMC. Supplementary Fig. 2 shows the same events from
Fig. 2b as a dot plot.

Supplementary Figs 6 and 7 illustrate how the structure of the interpreted
down-welling pipe is constrained by the waveforms, P-arrival time move-out,
and S-P move-out.

Magnitudes. Local magnitudes (M) were derived using a procedure outlined
previously™ (1984). An empirical distance correction and station correction are
applied to the peak displacement amplitude. Supplementary Fig. 3 shows how
magnitude varies with depth.

Residence times. Recent heat flow measurements from the high- and low-
temperature vent fields at 9° 50" N suggest that heat flow from all the known
vents is ~325 MW (ref. 27). If we assume these vents are fed by two independent
but similar-scale hydrothermal cells, then we can divide this heat flow measure-
ment by two to provide an estimate for the heat flow at the hydrothermal cell
we image between ~9°49.25'N and 9°59.3'N, yielding a heat output of
~162.5 MW (1.6 X 10°W).

The dimensions of the hydrothermal cell are ~0.5 km wide and 1.5 km high
(conservatively assuming the full upper crust counts for volume) and 1.9 km
along-axis. This represents a crustal volume of ~1.42 X 10°m’ and a fluid
reservoir volume (V) of 1.42 X 107 to 1.42 X 10®*m’ for porosities of 1-10%.
Residence time (£,.) of fluid within the reservoir is then estimated as:

_ VpcAT
"TTH
where p (675kg m™) and ¢ (6,400]kg_1 K') are the fluid density and heat
capacity of the fluid, AT is the mean temperature difference between the sea
floor and reaction zone (350 °C), and H is the observed heat flow. Given the
above parameters, t, = 4.2-42 yr, for 1-10% porosity respectively.

If you consider only the ~500-m-thick and ~300-m-wide band of most
concentrated seismicity directly overlying the AMC to represent the reservoir,
then the reservoir volume at 1% porosity is 2.85 X 10°m>. Porosity levels are
likely to be closer to 1% than 10% considering that this is ‘effective porosity’ (that
is, only pores that are well connected)®, and that the reservoir seems to be
primarily in the lower part of the crust. These assumptions yield a residence
time of ~0.8 yr, or about 10 months.
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