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Axial volcano, which is located near the intersection of the Juan de
Fuca ridge and the Cobb—Eickelberg seamount chain beneath the
northeast Pacific Ocean, is a locus of volcanic activity thought to
be associated with the Cobb hotspot'. The volcano rises
700 metres above the ridge, has substantial rift zones extending
about 50 kilometres to the north and south, and has erupted as
recently as 1998 (ref. 2). Here we present seismological data that
constrain the three-dimensional velocity structure beneath the
volcano. We image a large low-velocity zone in the crust, consist-
ing of a shallow magma chamber and a more diffuse reservoir in
the lower crust, and estimate the total magma volume in the
system to be between 5 and 21 km®. This volume is two orders of
magnitude larger than the amount of melt emplaced during the
most recent eruption>* (0.1-0.2 km®). We therefore infer that such
volcanic events remove only a small portion of the reservoir that
they tap, which must accordingly be long-lived compared to the
eruption cycle. On the basis of magma flux estimates, we estimate
the crustal residence time of melt in the volcanic system to be a
few hundred to a few thousand years.

Axial volcano is formed by excess magmatism associated with
mantle melting at the Cobb hotspot and the Juan de Fuca ridge’.
Shoaling bathymetry, inferred crustal thickening®, frequent seismic
swarms”® and deformation events® are consistent with a robust
magma supply system. Lateral dyke injection, observed during a
1998 eruption’, originated from a source under the caldera and
carried magma up to 50 km along the volcano’s rift zones, which are
substantial constructional features. Such events suggest that magma
supply is strongly focused beneath the volcano. The existence of the
3 x 8 km caldera, its 3 m subsidence during the 1998 eruption'’, and
evidence for low-density rock beneath the summit'', suggest a large
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magma body a few kilometres beneath the volcano. What has not
been understood is how much melt exists, how long it spends in the
crust, and how eruptions along the rifts and adjacent ridge segments
are related to the magma reservoir. These questions have remained
unanswered, not just at Axial volcano, but at basaltic shield
volcanoes worldwide.

The compressional-velocity image of the volcano presented here
is based on data collected during a 1999 active-source seismic
experiment (Fig. 1). 5,025 shots from the airgun array (20 guns
totalling 142 litres) of the RV Maurice Ewing were recorded on six
ocean-bottom seismometers'” deployed on the volcano’s flanks.
Water wave travel times and global positioning system (GPS)-
determined shot locations were used to precisely locate the seismo-
meters on the sea floor (error < 20 m) and to determine clock drifts
(error < 0.02s). Travel times from 16,400 Pg phases, which turn
within the crust, are used in this study.

To characterize the regional structure, a bathymetry-draped one-
dimensional (1D) velocity model was assembled from previous
studies'" on the Juan de Fuca ridge. Predicted travel-time errors
through this model were inverted to determine the best-fit 1D
velocity structure (see Methods). Seismic ray-paths crossing the
caldera were excluded from the inversion, so the resulting model
represents average crustal structure away from the volcano. In the
final 1D model (not shown), velocity contours 4—6kms ™" are up to
1 km deeper than on other parts of the Juan de Fuca' ridge. The
additional 0.5-1.0km of volcanic extrusives implied by these
depressed velocities is not surprising, considering the shallow
bathymetry and crustal thickening’.

Seismic travel-time prediction was accomplished through a fast
ray shooting method performed on a three-dimensional tetrahedral
velocity grid. Predicted travel times through the 1D model deviate
from real data with an r.m.s. error of 0.181 s. Much of this misfit is
contributed by a small number of caldera-crossing rays which are
systematically delayed by up to 0.5s (Fig. 2). A three-dimensional

46.1°
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Latitude

45.9° 2

45.8° A
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Figure 1 Bathymetry of Axial volcano. Summit caldera, in centre of figure, is at ~1,460 m
depth, surrounding sea floor is at ~2,800 m depth, contour interval is 200 m. Thin black
lines mark airgun shot lines, crossed circles with central dot show ocean-bottom
seismometers used in analysis. Two dashed lines mark cross-sections in Fig. 4. The two
crossing thick black lines, one of which ends in a seismometer, display source—receiver
geometry for Fig. 2. Scale bar, 10 km. Inset, location of experiment on the Juan de Fuca
(JdF) ridge, and the seamounts in the Cobb—Eickelberg (CE) chain.

833




letters to nature

(3D) tomographic inversion of the travel-time data, starting with
the 1D model, was performed to determine a more realistic crustal
structure. The final structure derived from the full set of Pg travel
times reduced the travel-time misfit to 0.089s. Chequerboard
resolution tests demonstrate that this method and ray geometry
are sufficient to resolve the features discussed here (Fig. 3).

A prominent low-velocity zone is centred directly beneath the
caldera. It is oval in map view (8x 12km elongated northwest—
southeast), and has a compressional velocity that is more than
2kms™ (34%) slower than its surroundings (Fig. 4). The strongest
anomaly (>15%) is confined to depths of 2.25-3.5km below the
sea floor. Perturbations of 0.5—1.0kms™ extend to 5-6 km depth,
beyond which the structure is not constrained. The low-velocity
feature does not extend under the imaged portion of the rift zones
or towards the nearby Vance or CoAxial segments of the Juan de
Fuca ridge. The low-velocity anomaly is comparable in depth, twice
the width and much larger in amplitude than a similar feature under
the Kilauea caldera in Hawaii®.

Sub-solidus temperature differences can explain some of the low-
velocity anomaly under the caldera. We determine the largest
possible effect that temperature could have, using an approach
similar to that of refs 16 and 17. We assume that the crust beneath
the caldera is heated to the 1,150 °C basalt solidus' (the highest
temperature without the presence of melt); we also assume that the
surrounding area has the cooler thermal structure given in Fig. 7f of

South

Time (s) [= range (km) / 7 km s77]

Table 1 Parameters used in melt estimates

Parameter Value Description

-8.1x10°%K"™"
—16x10°% K™’

dlnve/aT at T < 800 °C*
alnve/dT at T > 800°C

Anharmonic effect only®
Anharmonic+anelastic effects®' at
1,150°C solidus™, Q = 100 (ref. 22)
Unrelaxed tubule-shaped inclusions®”
Relaxed random cuspate films above
F=1% (ref. 27)

alnve/oF (max. melt)
alnve/oF (min. melt)

-1.0%
-4.8%

vp, P-wave velocity; T, temperature; F, melt fraction.
* Anelastic effects are considered for T > 800 °C. Above this temperature Qgaporo drops below 500
(ref. 28), where 1/Q is the seismic attenuation. Used in Karato® equation (6).

ref. 19, for 10km off the axis of an intermediate-rate spreading
ridge. The temperature difference as a function of depth is con-
verted to a velocity perturbation using derivatives of compres-
sional-wave velocity with respect to temperature” (Table 1). The
effect of anelasticity is incorporated for temperatures > 800 °C (refs
21, 22). Up to 0.7kms™" of the low-velocity anomaly can be
explained by thermal effects below the solidus. Errors associated
with the thermal assumptions are minimal. Shifting the solidus or
the temperature profile by 100°C changes the velocity effect by
< 0.1kms™. Microearthquakes in the caldera region, which con-
strain the depth of the brittle—plastic transition in crustal
rheology”*, do not extend deeper than 2 km, indicating that the
magma chamber is overlain by a hot, conductive lid approximately
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Time (s) [= range (km) / 7 km s77]
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20 25 30 35 40

Distance along shot line (km)

Figure 2 Example record sections showing the low-velocity zone. Shot—receiver
geometries are marked on Fig. 1. A bandpass filter and a static topography correction
have been applied to each record for display purposes. a, Straight line receiver gather.
The first-arrival Pg phase is abruptly terminated at a range of 13 km from the receiver. At
greater distances, the first significant arrival is delayed by 0.5s. This phase corresponds
to energy refracting through the deeper parts of the low-velocity zone. A similar shadow
zone is observed on numerous shot—receiver geometries which cross the caldera. Rays
with ranges > 13km pass unaffected above the low-velocity zone. This record
demonstrates that the low-velocity zone begins at depth beneath the caldera, and does
not extend into the shallowest crust. b, Fan shot receiver gather. Shot—receiver ranges
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are 20—29 km (too close for P,P Moho reflection in the region). Times have been adjusted
for range. The effect of the low-velocity anomaly is evident in the centre of the record.
First-arrival Pg phases are clear for rays which pass to either side of the caldera region:
shots at 0—13 km and 23—40km on this plot. Between 13 and 26 km, this phase
becomes delayed and quickly falls below the noise level. A strong second arrival is visible
with a delay of ~0.5s. This large-amplitude phase is the same one found on record a at
ranges > 13 km. This record reveals the lateral extent of the low-velocity zone. Thick
black lines indicate modelled traveltimes. Time axes are reduced by 7 kms™ for display
pUrposes.
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0.5-1.0 km thick. Thus the crust is probably hotter than our model,
and our treatment of the effect of temperature on seismic velocity is
conservative (that is, an overestimate).

After removing thermal effects from the velocity-anomaly model,
the remaining low velocity is attributed to melt (Fig. 4d). The
influence of melt content on velocity depends on the distribution of
the melt and assumptions about the principal mechanics. Estimates
of velocity as a function of melt fraction have been obtained from
numerical®™ and laboratory® experiments. We use the recent
relations of ref. 27, which generally find smaller melt contents
than other models. Our minimum estimates of magma content
assume that melt occurs in thin cuspate films under relaxed
conditions (that is, melt ‘squirt’ equalizes pressure between con-
nected inclusions) (Table 1). Maximum melt estimates assume
spherical melt inclusions.

Significant concentrations of melt beneath Axial delineate a
magma reservoir. The greatest melt concentrations of 5-25%,
depending on the model, occur 2.5-3.5km below the caldera,
consistent with the centre of deformation during the 1998
eruption®, At this depth the width of the reservoir is 8 x 12km,

0

Figure 3 Results of chequerboard resolution tests in a 25 x 25 km box. The synthetic
input model (left panels) was created by adding a grid of alternating negative and positive
gaussian-shaped anomalies (5%) to the 1D starting model. Travel times were forward-
modelled by ray-tracing through this structure using a geometry identical to the one in the
real tomographic inversion and assuming similar errors. The same inversion strategy was
then applied to the synthetic data set to see how well the input structure could be
recovered (right panels). Three depth sections are shown here. The shallow resolution
(0.7 km below sea floor) is noisy, though general features are recovered. At depths of the
low-velocity zone (3.0 km) the anomalies are well-located. Peak amplitudes are somewhat
less than in the input model as a result of smearing. Deeper in the crust (4.6 km) the
overall geometry is recovered though smearing is more evident. In the middle and lower
crust under the caldera, this test demonstrates our ability to resolve features similar to the
observed magma chamber.
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elongated similarly to the caldera. We consider these minimum
melt contents, as a thin lens of near-pure melt could go undetected
owing to intrinsic diffraction effects”. Small amounts of melt,
which extend to the bottom of image resolution at 6km below
the sea floor, contribute significantly to the total melt content. The
presence of melt in the deep crust suggests either that replenishment
of the magma chamber is continuing, or that the crust has yet to
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Figure 4 Cross-sectional views of Axial volcano, showing velocity structure and
interpretation. a, East—west and b, northwest—southeast profiles through caldera, as
marked in Fig. 1. Compressional-wave velocity is contoured in intervals of 0.5 kms™". The
caldera width is indicated above each panel. Depths are relative to the caldera floor, which
is 1.46 km below sea level. The low-velocity zone directly beneath the caldera is the result
of a partially molten magma body. These panels show roughly radial symmetry beneath
Axial volcano, with features being somewhat elongated along the caldera. The low-
velocity zone is not seen to extend away from the caldera in any direction. It does not
extend along the rifts or towards the adjacent ridge segments. ¢, Velocity anomaly plot of
the northwest—southeast profile. Contours show the difference between the final 3D
velocity structure and the 1D bathymetry-draped starting model that characterizes the
structure away from the caldera. d, After removing the velocity anomaly that could be due
to thermal differences, the remaining anomaly is attributed to melt. The different shape of
the melt region in d and the velocity anomaly in ¢ is due to the removal of thermal effects.
Comparison with the modelled geothermal gradient removes more of the velocity anomaly
at shallower depths.
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cool below the solidus following the last replenishment from the
mantle.

Even conservative models predict several cubic kilometres of
magma beneath Axial volcano. The total melt volume is found by
summing the partial melt in the reservoir. The end-member models
discussed above yield total magma contents of 5-21km’ spread
throughout a 250-km” reservoir. Because the bottom of this reser-
voir is not imaged here, the total volume may be larger still. The
amount of magma can best be understood by comparing it to the
volume emplaced during eruptions. The magma currently stored
beneath Axial volcano is 25-200 times larger than the 0.1-0.2 km’
total estimated volume of the 1998 eruption™. There is far more
magma than can be removed by several eruptions, implying that
stored magma is a long-lived feature at Axial even between eruptive
cycles. Individual eruptions do not empty, or even significantly
deplete, the reservoir. The small observed melt fractions probably
rule out large-scale convective overturn in the magma chamber.
However, Axial erupts remarkably homogeneous basalts compared
to nearby segments of the Juan de Fuca ridge®, suggesting that some
mixing does occur. If mixing occurs in even a portion of the magma
reservoir, the smoothing effect on chemical variations could be
significant because the melt content is so much larger than the
typical eruption size. In light of the lengthy implied residence time,
some degree of mixing seems possible.

The residence time in the crust depends on the total magma
content and the flux. The observation of large amounts of melt
under Axial volcano bolsters previous observations that the volcano
provides much of the magma required to accommodate spreading
across its rift zones to the north and south. The dimensions of the
rift zones can be used to estimate the flux of magma through the
Axial system. Assuming that Axial’s 100-km rift system is fed
primarily from this central magma chamber, and that the rifts are
opening at 5-6 cm yr ' as is the rest of the ridge, an event similar to
the one in 1998 is needed on the order of every ten years. If either of
these assumptions is incorrect, the flux will decrease accordingly.
Combining the flux with the reservoir estimates suggests an average
storage time for magma in the crust of a few hundred to a few
thousand years, and possibly much longer. The long residence time
for melt beneath the discrete volcanic centre at Axial volcano
demonstrates that eruptions are a small perturbation to a much
larger semi-permanent magma storage system, which is uncon-
nected to nearby segments of the Juan de Fuca ridge. O

Methods
Tomographic inversion

The velocity field is parametrized on an irregular tetrahedral grid, with horizontal node
spacing of 2 x 2 km near the caldera and greater spacing in poorly constrained areas of the
model. The grid is vertically sheared to conform to the bathymetry. Average vertical node
spacing is 0.4 km in the upper crust, increasing to 1.0 km in the lower part of the model.
The water layer and bathymetry, as derived from multibeam sonar, are explicitly
prescribed in the model. No water path ‘corrections’ are required. Velocity within each
tetrahedron is a linear gradient of the values specified at the four vertices. Travel times and
their Frechét derivatives as a function of node velocities are calculated by summing the
analytic ray-path solutions in each tetrahedron. A linearized damped least-squares
inversion, parametrized on the same grid, is used to update the velocity field. As the
inversion is parametrized in velocity (as opposed to slowness), which increases from

< 4kms™ at the top of the model to > 7kms™ at the bottom, the damped least-squares
approach preferentially accommodates model variation at shallow depths. This counters
the tendency of shallow and mid-crustal features to be smeared into deeper crust.

The bathymetrically draped 1D model was improved by applying a 1D constraint to the
inversion. Travel times for rays that cross the caldera region were excluded, so the velocity
structure represents average crust away from the active volcanic edifice. This was the
starting model for 3D inversions and the reference model against which anomalies are
assessed.

The shadow zones illustrated in Fig. 2 provide much of the 0.181-s r.m.s. error in the 1D
travel-time predictions. Three iterations of the inversion using the full set of Pg travel
times reduced this misfit to 0.089 s. An empirically derived inversion damping of
0.1IG"GlL., where G is the matrix of Frechét derivatives, G' is its matrix transpose, and ...l
is the L., matrix norm, achieved the greatest misfit reduction while introducing the least
model complexity (as measured by the variance of the difference between the final and
starting models). Although further reductions could be achieved with decreased inversion
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damping and more iterations, the small improvements did not warrant the greater model
complexity.

The model resolution was assessed by inverting travel times from synthetic input
models using an identical ray geometry and the same inversion strategy as above. Synthetic
models contained a grid of 3D gaussian-shaped anomalies of alternating sign. These tests
demonstrate our ability to resolve features 5-10 km in diameter to depths of 5-6 km
below the sea floor in the vicinity of the caldera (Fig. 3).
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