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Our understanding of submarine volcanic eruptions has
improved substantially in the past decade owing to the recent
ability to remotely detect such events1 and to then respond rapidly
with synoptic surveys and sampling at the eruption site. But these
data are necessarily limited to observations after the event2. In
contrast, the 1998 eruption of Axial volcano on the Juan de Fuca
ridge3,4 was monitored by in situ sea-¯oor instruments5±7. One of
these instruments, which measured bottom pressure as a proxy
for vertical deformation of the sea ¯oor, was overrun and
entrapped by the 1998 lava ¯ow. The instrument survivedÐ
being insulated from the molten lava by the solidi®ed crustÐ
and was later recovered. The data serendipitously recorded by this
instrument reveal the duration, character and effusion rate of a
sheet ¯ow eruption on a mid-ocean ridge, and document over
three metres of lava-¯ow in¯ation and subsequent drain-back.
After the brief two-hour eruption, the instrument also measured
gradual subsidence of 1.4 metres over the next several days,
re¯ecting de¯ation of the entire volcano summit as magma
moved into the adjacent rift zone. These ®ndings are consistent
with our understanding of submarine lava effusion, as previously
inferred from sea¯oor observations, terrestrial analogues, and
laboratory simulations8±11.

Two Volcanic System Monitor (VSM) instruments were deployed
at Axial volcano in October 1997, one near the centre of the caldera5

and one on the upper south rift zone, hereafter referred to as VSM1
and VSM2, respectively (Figs 1 and 2). The VSM instruments
measure ambient pressure on the sea ¯oor every 15 s with a
Paroscienti®c digiquartz pressure sensor. The data processing
methods are described in detail elsewhere5,12, but include ®ltering
to remove oceanographic phenomena and a correction for tem-
perature. In August 1998, VSM2 was found to be trapped in the new
lava ¯ow (Fig. 1), but it was pulled free the following summer.

The rescued instrument was in surprisingly good condition. The

maximum temperature recorded inside VSM2 during the eruption
was only 7.5 8C (Fig. 3)Ðremarkably low, considering that the
instrument was sitting atop basaltic lava that was probably erupted
at ,1,190 8C (M. Per®t, personal communication). This was
apparently due to the thermal insulation provided by the surface
crust that forms (and quickly thickens) when submarine lava ¯ows
come into contact with frigid sea water13.

The northern end of the 1998 lava ¯ow where VSM2 was located
(Fig. 2) is a long, narrow sheet ¯ow4. Submarine sheet ¯ows are
thought to form by brief, relatively high-effusion-rate eruptions8,9.
Recent models10,11 suggest that such ¯ows initially advance as thin
lobate ¯ows (20±30 cm thick), spreading at a rate that is rapid
enough for the interior of the ¯ow to remain a single ¯uid core
beneath a solid upper crust. The ¯ow spreads until it becomes
laterally con®ned, and then `in¯ates' upward. During in¯ation, the
upper crust is uplifted (sometimes . 5 m) by hydraulic pressure
within the ¯ow interiorÐand lava pillars grow upward, connecting
the upper and lower crusts10. Lava in¯ation continues until the
eruption rate wanes or stops, at which point lava begins to drain
back and the upper crust founders where it is left unsupported,
leaving extensive areas of collapse within the ¯ow.

Geologic mapping of the 1998 lava ¯ow shows that VSM2 was
located in the collapsed interior of the 1998 lava ¯ow, ,3 m below
nearby remnants of the uncollapsed upper crust and ,160 m west of
the eruptive ®ssure (Fig. 2). The instrument had not been buried by
lava, even though the lava level had been 3 m higher before collapse.
This observation implies that lava initially ¯owed under the
instrument, which became embedded in the upper crust of the
¯ow when the ¯ow subsequently in¯ated. During in¯ation, VSM2
was uplifted along with the upper crust (because of its table-like
design) and then was set back down within the collapse area during
the drain-back stage.

The dataset recovered from the VSM2 instrument directly
recorded this sequence of events (Fig. 3). Uplift of the instrument
began slowly at 14:55 on 25 January 1998 (all times GMT), after the
onset of the earthquake swarm at 11:33 (ref. 3) and subsidence
began at VSM1 at 14:51 (ref. 5). Rapid in¯ation abruptly started at
15:16 when VSM2 was uplifted 168 cm in the next 5 minutes, an
average rate of 32 cm min-1 (although instantaneous rates were as
high as 73 cm min-1). After a pause of 4 minutes, during which the
instrument subsided 13 cm, in¯ation resumed for another 21 min-
utes which uplifted the instrument another 113 cm at a decreased
rate of 5.5 cm min-1. At 15:46, in¯ation dramatically slowed, prob-
ably owing to a sudden reduction in the effusion rate at the vent, and
the instrument was only uplifted another 7 cm over the next
21 minutes. During this period the lava ¯ow remained at or near
its fully in¯ated thickness, and the recorded temperature reached its
peak of 7.5 8C at 15:49 (Fig. 3).

At this point, lava in¯ation ended and lava drain-back began,
presumably re¯ecting the end of lava effusion at the vent. Our

a b

Figure 1 Views of the VSM2 instrument. a, At the surface during deployment (legs are

46 cm long), and b, on the sea ¯oor, stuck in the 1998 lava ¯ow at Axial volcano. Virtual

animations and video clips of VSM2 (referred to as a `rumbleometer') on the sea ¯oor are

available at http://www.pmel. noaa.gov/vents/nemo/explorer/rumble.html
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interpretation is that the lava then drained directly back down into
the vent, because the 1998 ¯ow is relatively narrow here and because
the slope direction within the collapse area is directly toward the
eruptive ®ssure (Fig. 2). During lava drain-back, VSM2 subsided
281 cm, at a nearly uniform rate of 3.5 cm min-1 (Fig. 3). The
recorded temperature also declined during drain-back, reaching
5.2 8C at 17:16. When drain-back ended at 17:28, the instrument was
only 24 cm higher than when it started, but over the next several
hours it regained about 30 cm of lost elevation, perhaps during the
waning stages of the eruption. A second peak in temperature
(7.3 8C) was recorded at 18:12, following the end of drain-back,
after which the temperature steadily declined. In the end, only 1 m
of lava remained in the ¯oor of the collapse area where the ¯ow had
previously in¯ated to a thickness of 3.5 m. The entire in¯ation/
de¯ation cycle lasted only 2 hours and 33 minutes, but the duration
of active lava effusion from the eruptive vent was probably only
72 minutes (the in¯ation phase).

The 1998 lava ¯ow is ,350 m wide in the east±west direction at
the latitude of the position of VSM2 (Fig. 2). The eruptive ®ssure is
linear and roughly oriented north±south, as are the east and west
edges of the lava ¯ow. This simple ¯ow geometry allows us to
calculate volumetric rates of both eruption and drain-back in the
vicinity of the VSM2 instrument, based on the pressure data. To
make these estimates we assume that the lava ¯ow is two-dimen-
sional, exactly 300 m wide with vertical sides, and that the VSM2
data represent the lava level within the entire width of the ¯ow. This
approximation is reasonable as the ¯ow is actually wider than
300 m, but tapers near its edges.

All the rates discussed below are expressed as a volumetric rate per
1-m length of eruptive ®ssure, as the eruption was from a line-
source rather than a point-source. We have no way of estimating the
initial effusion rate while lava spread out from the vent as a thin
sheet before VSM2 began to record in¯ation. Once in¯ation began,
a volumetric effusion rate of 2.7 m3 s-1 is associated with the time
period of the highest rate of lava in¯ation. The effusion rate then

decreased by an order of magnitude to 0.27 m3 s-1 during the slower
second half of the in¯ation phase, and then dropped another order
of magnitude to 0.016 m3 s-1 during the interval when the ¯ow was
fully in¯ated. During drain-back, the rate that lava was ¯owing back
into the vent was 0.17 m3 s-1. This pattern of a brief burst at a high
effusion rate followed by a longer period of waning rates is common
at basaltic volcanoes14.

Laboratory analogue experiments have previously been used to
associate the morphology of submarine lava ¯ows with the effusion
rates that may have produced them8,9. The work we report here
provides, we believe for the ®rst time, a means to estimate directly
the effusion rate for a submarine eruptionÐand we can compare
these results with those predicted by the experimental models. The
1998 lava developed a lobate ¯ow morphology as it spread out from
the vent near VSM2. Geochemical analyses of the 1998 lava suggest
that its viscosity at eruption was ,30 Pa s (M. Per®t, personal
communication). If we assume that the effusion rate during this
initial stage was the same as during the beginning of ¯ow in¯ation
(,3 m3 s-1 per unit length of the vent), then Axial's 1998 ¯ow would
be consistent with the predictions from previous laboratory
results8,9, because it plots within the `lobate' ®eld, between the
`pillowed' and `folded' domains (where the value of the dimension-
less physical parameter, ª, is 3±13).

It is dif®cult to extrapolate these volumetric effusion rates per
unit length of eruptive ®ssure to total eruption rates; this is because
the VSM2 data only constrain the rates in the vicinity of the
instrument, the eruptive ®ssure for the northern portion of the
1998 Axial eruption was probably ,2.6 km long, and the discharge
rate and duration may have varied along its length. Nevertheless, if
we assume the eruptive conditions were uniform along the entire
eruptive ®ssure, the instantaneous total eruption rate would have
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Figure 2 Location of the VSM2 instrument. a, Map of the caldera at Axial volcano,

showing locations of the VSM1 and VSM2 instruments and the outline of the 1998 lava

¯ow. Location of b is indicated. b, Detailed geologic map showing the location of VSM2

within the 1998 lava ¯ow, based on scanning sonar bathymetry and bottom observations.

Areas shown light grey and dark grey are respectively uncollapsed and collapsed parts of

the 1998 ¯ow; areas shown white and black are respectively older surrounding sheet

¯ows and high-standing pillow ¯ows. Hatched line is the 1998 eruptive ®ssure. X±X9 is

location of cross-section in c. c, Cross-section showing location of VSM2 within the

collapsed interior of the 1998 lava ¯ow, ,3 m below remnants of the ¯ow's upper crust,

and yet unburied by lava. Depth is shown as metres below the sea surface. EF, 1998

eruptive ®ssure. Dashed lines show probable upper and lower extent of 1998 lava ¯ow

before collapse. Shading as in b.
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been as high as 7,000 m3 s-1 early in the eruption, or ,550 m3 s-1 if
averaged over the 72 minutes of ¯ow in¯ation. These numbers are at
the upper end of discharge rates reported for basaltic volcanoes on
land14±18.

After the in¯ation/drain-back signal in the VSM2 pressure
record, the instrument also recorded a further gradual subsidence
of the sea ¯oor by 1.4 m over the next 5 days (Fig. 3). This part of the
signal is due to the de¯ation of the summit of Axial volcano as
magma moved from the reservoir beneath the caldera and into the
south rift zone. This de¯ation signal was also observed by two other
sea-¯oor instruments during the same time period: VSM1,
deployed near the centre of the caldera, recorded a subsidence of
3.2 m (ref. 5), and an array of extensometers on Axial's north rift
zone measured a 4-cm decrease of a 405-m-long horizontal
baseline6. This distance decrease can be explained if the baseline
endpoints moved 68 cm radially inward toward the centre of the
caldera during de¯ation6. These are, to our knowledge, the ®rst in
situ ground deformation measurements made during a submarine
volcanic eruption. The VSM1 and extensometer data were usedÐ
before the data were recovered from VSM2Ðto calculate6 the depth
of the magma reservoir (3.8 km) and the volume of magma removed
from the reservoir beneath the caldera (207 ´ 106 m3), on the basis of
a point-source elastic deformation model19. We note that the third
data point from VSM2 ®ts exactly on the same subsidence curve
predicted by this deformation model (Fig. 3c). This agreement gives
increased con®dence in the model results, which are also consistent
with estimates of the depth of Axial's magma reservoir based on
seismic tomography20.

Little is known about deep-sea eruptions, because we have only
been able to detect them for about a decade and none have ever been
witnessed. The data we report here, recorded by the VSM2 instru-
ment caught in the 1998 lava ¯ow at Axial volcano, were obtained by
fortuitous circumstance. The instrument was simply in the right
place at the right time, with the right sensors, and happened to have
the right physical design to survive the eruption. M
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The ¯ow structure that is largely responsible for the good
performance of insect wings has recently been identi®ed as a
leading-edge vortex1,2. But because such vortices become detached
from a wing in two-dimensional ¯ow1, an unknown mechanism
must keep them attached to (three-dimensional) ¯apping wings.
The current explanation, analogous to a mechanism operating on
delta-wing aircraft, is that spanwise ¯ow through a spiral vortex
drains energy from the vortex core3. We have tested this hypoth-
esis by systematically mapping the ¯ow generated by a dynami-
cally scaled model insect while simultaneously measuring the
resulting aerodynamic forces. Here we report that, at the Reynolds
numbers matching the ¯ows relevant for most insects, ¯apping
wings do not generate a spiral vortex akin to that produced by
delta-wing aircraft. We also ®nd that limiting spanwise ¯ow with
fences and edge baf¯es does not cause detachment of the leading-
edge vortex. The data support an alternative hypothesisÐthat
downward ¯ow induced by tip vortices limits the growth of the
leading-edge vortex.

The failure of conventional theory to explain the hovering ¯ight
of insects prompted the search for unsteady aerodynamic mechan-
isms that could account for the good performance of ¯apping
wings. One such mechanism, dynamic stall, is manifest by the
formation of a leading-edge vortex (LEV) on the top surface of the
wing at high angles of attack1±5. However, in both experimental and
computational studies of two-dimensional (2D) wings started from
rest, the LEV builds in strength until it detaches from the wing and is
shed into the wake, being replaced by a trailing-edge vortex of the
opposite sign6,7. This pattern of vortex growth and shedding repeats,
giving rise to a trail of counter-rotating vortices known as a KaÂrmaÂn
street. In three-dimensional (3D) models of both hawkmoths
(Manduca sexta) and fruit¯ies (Drosophila melanogaster), the LEV
is not quickly shed, but rather remains attached to the wing
throughout the stroke3,8,9. There are currently two hypotheses to
explain this prolonged attachment of the LEV in 3D ¯ows. One
possibility, analogous to a mechanism thought to stabilize an
attached vortex on delta-wing aircraft such as Concorde10, is that
base-to-tip spanwise ¯ow in the form of a spiral vortex limits the
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