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Abstract

Pressure measurements made on the seafloor at depths between 1500 and 1700 m at Axial Seamount, an active submarine
volcano on the Juan de Fuca Ridge in the northeast Pacific Ocean, show evidence that it has been inflating since its 1998
eruption. Data from continuously recording bottom pressure sensors at the center of Axial’s caldera suggest that the rate of
inflation was highest in the months right after the eruption (20 cm/month) and has since declined to a steady rate of ~15 cm/
year. Independent campaign-style pressure measurements made each year since 2000 at an array of seafloor benchmarks with a
mobile pressure recorder mounted on a remotely operated vehicle also indicate uplift is occurring in the caldera at a rate up to
224 1.3 cm/year relative to a point outside the caldera. The repeatability of the campaign-style pressure measurements
progressively improved each year from + 15 cm in 2000 to +0.9 cm in 2004, as errors were eliminated and the technique
was refined. Assuming that the uplift has been continuous since the 1998 eruption, these observations suggest that the center of
the caldera has re-inflated about 1.5 £ 0.1 m, thus recovering almost 50% of the 3.2 m of subsidence that was measured during
the 1998 eruption. This rate of inflation can be used to calculate a magma supply rate of 14 x 10° m*/year. If this rate of inflation
continues, it also suggests a recurrence interval of ~16 years between eruptions at Axial, assuming that it will be ready to erupt
again when it has re-inflated to 1998 levels.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

* Corresponding author. Tel.: +1 541 867 0179; fax: +1 541 867 The purpose of vertical deformation monitoring at
3907. active volcanoes is to detect the effects of under-
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about what is happening inside a volcano leading up
to and during eruptions. On land, uplift or subsidence
of the ground can be measured by leveling surveys,
the Global Positioning System (GPS), or interfero-
metric synthetic aperture radar (InSAR) (Dvorak and
Dzurisin, 1997; Segall and Davis, 1997; Zebker et al.,
2000; Dzurisin, 2003). However, since none of these
methods can be used underwater, new techniques
have been developed to monitor vertical deformation
on submarine volcanoes. To date, the most promising
technique has been the use of bottom pressure recor-
ders (BPRs), instruments that continuously record
ambient pressure, as a proxy for seafloor depth
(Fox, 1999; Fujimoto et al., 2003; Watanabe et al.,
2004). These measurements use sea level as a datum
so that any uplift or subsidence of the seafloor causes
a corresponding decrease or increase in measured
pressure, respectively. Other techniques that have
been developed for making geodetic measurements
on the seafloor include: direct acoustic ranging
between pairs of instruments (Chadwell et al., 1999;
Chadwick et al., 1999; Nagaya et al., 1999; Chadwick
and Stapp, 2002), combined GPS/acoustic positioning
of instruments on the bottom from surface ships
(Chadwell et al., 1995; Fujimoto et al., 1998; Spiess
et al., 1998; Hildebrand et al., 2000; Fujita et al.,
2003; Osada et al., 2003), and seafloor gravity mea-
surements (Eiken et al., 2000; Sasagawa et al., 2003).

The longest monitoring record using BPRs at a
submarine volcano is at Axial Seamount (Fig. 1),
located on the Juan de Fuca Ridge about 270 miles
west of the Oregon coast. Axial Seamount is the site
of the NeMO seafloor observatory operated by the
National Oceanic and Atmospheric Administration
(NOAA) (Embley and Baker, 1999, see also http://
www.pmel.noaa.gov/vents/nemo/). Between 1987 and
1998, BPRs were deployed each year within the
summit caldera of Axial Seamount and on several
occasions small deflation events (10 cm or less in
magnitude) were measured (Fox, 1990, 1993), some
of which were coincident with earthquake swarms
(Dziak and Fox, 1999b). Then in January 1998,
Axial Seamount experienced a major dike intrusion
and eruption (Dziak and Fox, 1999a; Embley et al.,
1999). At that time, two BPR instruments were in
place at Axial when a large volume of magma moved
from the summit reservoir into the south rift zone,
resulting in dramatic deflation of the summit. During
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Fig. 1. Map of Axial caldera showing locations of BPRs (white
dots) and seafloor benchmarks for MPR measurements (black dots)
in relation to the 1998 lava flows (black outlines). Additional
information is provided in Tables 1 and 2. Inset shows location of
Axial Seamount in relation to the Juan de Fuca Ridge. Best fit Mogi
inflation source for MPR measurements between 2000 and 2004 is
located at white star.

the first 5 days of the eruption, the BPR located near
the center of the volcano’s caldera (VSM1, Fig. 1)
measured a subsidence of 3.2 m (Fox, 1999), and the
other BPR located near the 1998 eruption site (VSM2,
Fig. 1) measured a 1.4 m subsidence (Fox et al.,
2001). Mechanical modeling of these and other data
show that the observed surface deformation can be
explained by the removal of 207 x 10° m* of magma
from a reservoir located 3.8 km beneath the center of
the caldera (Chadwick et al., 1999; Fox et al., 2001).
In addition, the VSM2 BPR was actually caught in the
1998 lava and directly measured ~3 m of rapid flow
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inflation and subsequent lava drainout (Fox et al.,
2001; Chadwick, 2003). Since the 1998 eruption,
there has been very little seismic activity recorded at
Axial (Dziak and Fox, 1999a; Sohn et al., 2004, R.
Dziak, personal communication, 2004).

The pressure data collected at Axial Seamount
show that BPRs are very good at measuring sudden
deflation events, because the pressure sensors have
high vertical resolution (~1 mm) over short periods of
time (seconds to days). However, measuring gradual
volcano inflation with BPRs over longer periods of
time (months to years) is potentially problematic,
because they can have an inherent instrumental drift
which can be difficult to distinguish from any real
signal occurring at about the same rate. In an attempt
to overcome this problem an independent method has
been developed using a mobile pressure recorder
(MPR) connected to a remotely operated vehicle
(ROV) to make campaign-style pressure measure-
ments on an array of seafloor benchmarks. The rela-
tive depths of the benchmarks are determined over a
short period of time (hours—days) and these differen-

tial measurements have been repeated annually to see
if stations inside the caldera are moving up relative to
a station outside the caldera that is assumed to be
stable. In this paper, BPR data collected at Axial since
its 1998 eruption and the results from the MPR mea-
surements are presented, both of which suggest that
Axial Seamount has been re-inflating since its 1998
eruption.

2. Field methods and evaluation of results

In this section, the methods used to measure ver-
tical ground deformation at Axial Seamount are
described and the results are evaluated, first for the
continuous BPR instruments and then for the annual
“campaign-style” MPR measurements.

2.1. BPR methods

The continuously recording BPRs used at Axial
Seamount (Fig. 2a) were built by NOAA’s Pacific

Fig. 2. Photographs of instruments used at Axial Seamount to measure vertical deformation. (a) BPR being deployed, (b) MPR mounted on the
front of the remotely operated vehicle ROPOS, (c) MPR held by the ROPOS manipulator arm during a pressure measurement on benchmark
AXO05 in 2003, and (d) MPR released by the ROPOS arm on benchmark AX63 during a pressure measurement in 2004. The minor change in
method in (c) vs. (d) made the orientation of the MPR on the benchmarks more repeatable and significantly reduced the measurement error.
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Marine Environmental Laboratory and were originally
developed to detect tsunami waves in the deep ocean
(Eble et al., 1989; Eble and Gonzalez, 1991; Gonzalez
et al., 1991), but have also been used to model tides
and subtidal pressure fluctuations (Mofjeld et al.,
1995, 1996). The instruments are battery powered,
autonomous, and record every 15 s. They are dep-
loyed as small moorings from a ship, are anchored to
the bottom, and then are recovered 1 to 2 years later
using an acoustic release. The BPRs use Paroscientific
Digiquartz pressure transducers (model 410K), which
apply external pressure to a quartz crystal resonator in
a mechanical apparatus called a Bourdon tube (Eble
and Gonzalez, 1991; Boss and Gonzalez, 1994). Bour-
don tube sensors have a lower drift rate than earlier
bellows-type sensors (Wearn and Larson, 1982; Watts
and Kontoyiannis, 1990). When the data are processed
the measured frequency is converted to psi using
temperature and clock corrections, and the pressure
in psi can then be converted to depth in meters. The
sensors measure absolute pressure and so the con-
verted depths include the contribution from atmo-
spheric pressure. The ocean tidal signal is removed
by low-pass filtering in either the time or frequency
domains (Eble and Gonzalez, 1991).

In the signal that remains, there can be a long-term
instrumental drift at a rate of up to 150 ppm, equal to
23 cm/year at 1530 m, the depth of Axial Seamount’s
caldera floor (Watts and Kontoyiannis, 1990; Fuji-
moto et al., 2003, C. Meinig, personal communica-
tion, 2003). Therefore, large and/or sudden vertical
deformation of the seafloor is obvious in BPR records,
but if the deformation is slow, gradual, and within the
range of potential instrument drift, it is more difficult
to identify unambiguously. The exact rate of drift is
specific to each sensor. Drift is typically most acute

Table 1
BPRs deployed at Axial Seamount since the 1998 eruption

during the first days or weeks of a deployment while
the sensor equilibrates, and then it stabilizes to a lower
rate (Eble et al., 1989; Fox, 1990). In addition, the
drift rate is less if the measured pressure is a small
percentage of their full dynamic range (Wearn and
Larson, 1982; Watts and Kontoyiannis, 1990, C. Mei-
nig, personal communication, 2003). For example,
Fujimoto et al. (2003) estimated the drift rate of the
Paroscientific pressure sensors they used on the south-
ern East Pacific Rise to be 6-12 cm/year based on
previous field tests. The long deployment times (1-2
years) and ambient pressures of only a quarter of the
full dynamic range of the sensors (mostly 10000 psi or
~6800 m, Table 1) should help to minimize the rate of
drift in the BPRs used at Axial.

2.2. BPR results

Since the 1998 eruption, a series of BPRs have
recorded pressure data at Axial Seamount (Fig. 1,
Table 1). Two instruments were in place during the
1998 eruption, VSM1 located near the center of the
caldera which recorded for 10 months, and VSM2
located about 3 km southeast of the center which
recorded for 20 months. Unfortunately, between
May 1999 and July 2000, no BPR data were recorded
at Axial because the instruments that had been pre-
viously used there were phased out and it took time
for them to be replaced. BPR monitoring resumed in
July 2000 with new instruments capable of recording
for 2 years (NeM02000 and NeM 02002, Fig. 1). The
NeMO02002 BPR was equipped with an acoustic
modem and sent data back to shore hourly via a
buoy-based communication system called NeMO
Net (Stalin et al., 2001; Chadwick et al., 2002, see
also http://www.pmel.noaa.gov/vents/nemo/realtime/).

Name (and alternates) Dates of deployment Location of deployment® Depth of Sensor serial
deployment numbers/dynamic
(m) range (psi)
VSM1 (WC81) Oct 3, 1997-Aug 7, 1998 Caldera center 45°57.4'N 130°00.0'W 1535 40,992/10,000
VSM2 (WC82) Oct 3, 1997-May 5, 1999° 1998 lava flow 45°55.81'N 129°59.04'W 1524 57,429/10,000
NeM02000 Jul 6, 2000-Jul 19, 2002 Caldera center 45°57.31'N 130°00.60'W 1530 73,461/10,000
NeM02002 Jul 22, 2002-Jul 18, 2004 Caldera center 45°57.15'N 130°00.61'W 1535 87,619/3000

? See Fig. 1 for map of deployment locations.

® VSM2 ran out of memory on May 5, 1999, and was recovered on July 6, 1999.
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The VSM1 BPR that was in place at the center of
the caldera during the 1998 eruption recorded a dra-
matic subsidence of 3.2 m between 25 and 30 January
(Fox, 1999). However, immediately after the eruption-
related deflation, a signal consistent with long-term
inflation began and continued until the instrument was
recovered on 7 Aug 1998 (Fig. 3a). Between 30
January and 7 August 1998 the BPR measured 50
cm of apparent uplift in 180 days (an average rate of
101 cm/year), a signal clearly larger than the potential
rate of instrumental drift. Another indication that this
signal is real is that the rate of inflation was initially
high and decreased with time; it was 20 cm/month
(240 cm/year) in the first month after the eruption, 10
cm/month (120 cm/year) in the second month, and
then 5 cm/month (60 cm/year) over the next 4 months
until it was recovered (Fig. 3a). This pattern of quasi-
exponentially decreasing rates is consistent with the
character of volcanic inflation observed immediately
after eruptions on land, apparently reflecting declining
hydraulic pressure and recharge rate into the summit
magma reservoir with time (Dvorak and Okamura,
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1987; Dvorak and Dzurisin, 1993; Lu et al., 2003;
Sturkell et al., 2003).

The VSM2 BPR that became stuck in the 1998
lava flow in the SE part of the caldera (Fig. 1)
recorded a rapid subsidence of 1.4 m associated
with the eruption (Fox et al, 2001). The VSM2
BPR experienced only 40% of the subsidence
recorded by the VSMI1 BPR because the VSM2
instrument was located 3.5 km from the center of
the caldera and the presumed locus of maximum
vertical displacement (Fig. 4a). Likewise, immediately
after the eruption when deflation abruptly changed to
inflation, VSM2 recorded a more modest rate of 22
cm/year of apparent uplift. This rate is near the max-
imum range of potential instrumental drift. However,
the pattern of an initially high rate of inflation that
declines with time that was seen in the VSM1 data is
also evident in the VSM2 record (Fig. 3b), suggesting
that it too is probably real. In addition, the apparent
inflation recorded by VSM2 is more or less consistent
with the same deformation model that fit the displace-
ments during the eruption (Fig. 4b). The VSM2 BPR
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Fig. 3. Plots of BPR data at Axial Seamount showing evidence of inflation (decreasing seafloor depth with time). All plots are shown at the
same scale (0.5 m along the y-axis and 2 years along the x-axis). Data from (a) VSM1 and (b) VSM2 are shown immediately after the abrupt
subsidence during the January 1998 eruption. Data from (c) NeMO2000 and (d) NeMO2002 BPRs begin after a 14-month gap in monitoring.
Note BPRs in (a), (c), and (d) were all located at or near the center of the caldera, whereas the BPR in (b) was located in the SE part of the

caldera (see Fig. 1).
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Fig. 4. Plots of BPR and MPR data compared to the Mogi deformation model. (a) The large deflation observed during the 1998 eruption (25-30
January) closely matched displacements predicted by the model located beneath the center of the caldera. (b) Uplift observed by the VSM1 and
VSM2 BPRs in the first 6 months after the 1998 eruption (February—August). (c) Comparison of MPR data with a Mogi source located at the
center of the caldera (AX63 in Fig. 1). Average rates of inflation from 2000-2004 are shown relative to benchmark AX66, which is assumed to
be stable. (d) 2000-2004 MPR data plotted with a Mogi source that minimizes the misfit between the data and the model. In this case, the source
location is between AX63 and AXO01 (white star in Fig. 1). All Mogi sources are at a depth of 3.8 km. No extensometer data are available after
the 1998 eruption to compare with the models in (b—d). Locations of instruments and benchmarks are shown in Fig. 1.

continued to record until May 1999 (9 months longer
than VSM1).

Unfortunately, after VSM2 stopped recording,
there was a gap in BPR monitoring at Axial Seamount
until July 2000 when a new instrument was deployed
at the center of the caldera. The NeMO2000 BPR was
in place for 2 years until July 2002 and recorded 15
cm/year of apparent uplift during that time period
(Fig. 3c). The NeM02002 BPR was deployed from
July 2002 to July 2004 and recorded the same 15 cm/
year rate of apparent uplift (Fig. 3d). These rates since
2000 are low enough in magnitude that there is ambi-
guity as to whether part or all of the signal could be
instrumental drift instead of real seafloor uplift. How-
ever, the fact that the BPR records from 2000-2004
follow real inflation between 1998 and 1999 and both
BPRs show a similar rate of uplift despite having
different pressure sensors (which would not be
expected to have the exact same rate of drift) suggests
that these signals may also represent real vertical
deformation.

In summary, a clear inflation signal was recorded
by BPRs in the first 6 months after the 1998 eruption,
apparently with a locus of maximum uplift near the
center of the caldera. The observed rate of uplift
immediately after the eruption began at about 10
times the expected rate of instrument drift, and
decreased with time in a manner similar to documen-
ted volcanic inflation observed on land. After a gap in
monitoring, inflationary signals have continued to be
recorded at the center of Axial caldera at a lower and
relatively constant rate that is within the range of
possible instrumental drift, and so is more ambiguous.
On the other hand, it is clear that there have been no
abrupt deflation events while BPRs were deployed
since the 1998 eruption, consistent with the lack of
detected seismicity.

2.3. MPR methods

Since 2000, we have been developing an indepen-
dent method to measure gradual volcanic inflation on
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Table 2
MPR benchmark names and locations at Axial Seamount

Name Location Position Depth (m) Radial distance (m)
from caldera center

AX63 Caldera center 45°57.309'N 130°00.603' W 1530 0

AXO01 Magnesia 45°56.773'N 129°59.094'W 1524 2199

AXO05 Marker 33 45°55.995'N 129°58.947 W 1523 3245

AX04 Bag City 45°54.971'N 129°59.367W 1534 4638

AX66 Pillow mound 45°51.789'N 130°00.223' W 1723 10,243

the seafloor that is analogous to optical leveling or
repeated microgravity surveys on land. The method
involves making campaign-style measurements at an
array of seafloor benchmarks with a mobile pressure
recorder (MPR) carried by an ROV to determine the
relative depths of the benchmarks. At Axial, the depths
of four benchmarks inside the caldera were determined
each year to see if they were moving up or down rela-
tive to a benchmark located ~10 km from the center of
the caldera, and assumed to be stable (AX66 in Fig. 1).

The MPR instrument consists of two Paroscientific
pressure gauges, along with a microcontroller and
support electronics. Having multiple pressure sensors
allows their output to be compared and averaged to
statistically reduce measurement error. The instrument
is small enough to be carried and manipulated by an
ROV (Fig. 2b), and a direct electrical connection
allows data to be evaluated on the ship in real-time.
These campaign-style pressure measurements were
begun at Axial in 2000 and have been repeated each
year through 2004.

The seafloor benchmarks used at Axial consist of
triangular flat plates made out of galvanized steel, 46
cm on a side, with three 25-cm-high legs, and weigh-
ing 20 pounds in water (Fig. 2¢c and d). These bench-
marks were positioned in flat stable areas on the
seafloor using an ROV. Although they are not physi-

cally attached to the bottom, they provide adequate
vertical stability for the MPR measurements. Lateral
movement of the benchmarks is unlikely due to their
weight, the benign environment of the deep ocean,
and the care taken to not disturb them during mea-
surements. The benchmarks are located at a range of
radial distances from the caldera center (Fig. 1 and
Table 2) in order to help compare any observed dis-
placements with deformation models.

Each pressure measurement involves simply pla-
cing the MPR on the benchmark with the ROV’s
manipulator arm (Fig. 2c¢ and d) and recording for
20-30 min (enough time to let the pressure sensors
stabilize). Making measurements at all 5 benchmarks
over a short period of time (hours—days) eliminates
the ambiguity of long-term sensor drift. However,
short-term drift must still be accounted for and can
be quantified by making repeated measurements at
benchmarks in a closed-loop survey. The number of
repeat measurements has not been the same each year
and generally increased with time as the method was
refined to reduce measurement errors (Table 3).

This technique was modeled after another study
that used repeated pressure and gravity measurements
on the seafloor to document seafloor subsidence over
an oil and gas reservoir in the North Sea (Eiken et al.,
2000; Sasagawa et al., 2003). In that study, a repeat-

Table 3

Characteristics of MPR surveys in different years and residual errors

Year Sensor serial numbers Number of ~ Number of repeat measurements at each benchmark Computed error (cm)
(gaugel/gauge2) transects AX63 AXO01 AXO05 AX04 AX66 (standard deviation of residuals)

2000 43,886/53,344° 1 1° 1 1 1 2° 15.0

2001 43,526/43,535 2 2° 1 1 2 1 5.6

2002 62,201/43,535 3 2 3 3 2 2° 5.1

2003 62,201/43,535 3 2 3 3 3 2° 32

2004 62,201/43,535 3 2 3 3 3 2 0.9

# Pressure gauge SN 53344 did not give reliable results in the 2000 survey.
® During the first measurement, pressure gauges probably were not thermally equilibrated.



320 W.W. Chadwick Jr. et al. / Journal of Volcanology and Geothermal Research 150 (2006) 313-327

ability of about 1 cm was achieved in determining the
relative heights between 77 seafloor benchmarks at
~320 m depth. This value was obtained by computing
the standard deviations of repeated stations and then
averaging them (Eiken et al., 2000; Sasagawa et al.,
2003).

2.4. MPR data processing

After the MPR data are converted to depth in
meters, corrections are made by subtracting the com-
bined effect of ocean surface tide and air pressure
variation measured by a local BPR (although the
2004 data were corrected with a tide model because
BPR data are not yet available). A depth from each of
the two pressure gauges is picked from each bench-
mark occupation. Next, the average depth at each
benchmark (from all occupations) is calculated and
subtracted from each depth measurement at that
benchmark and a common drift is fit simultaneously
for all the sites with repeated measurements (Fig. 5).
The calculated short-term drift rates each year ranged
from 1 to 8 cm/day. As expected, these rates are much
higher than for the BPRs because the sensors in the
MPR are subjected to highly variable conditions dur-
ing ROV motions and manipulator handling. The final
depth for each benchmark occupation is the average of
the drift-corrected depths from both gauges.

After correcting for drift, the average depth values
at all repeated benchmarks (in that year’s survey) are
subtracted from the individual measurements. The
deviation from zero of these residual values indicates
the level of noise in that year’s survey. The standard
deviation of the residual depths is adopted as the error
for a given survey, since this is the best estimate of the
repeatability of the measurements (Table 3).

2.5. MPR error analysis

The repeatability of the MPR measurements has
improved as sources of error have been progressively
identified and eliminated each year. The standard
deviations of the residuals were 15 c¢cm in 2000, 5.6
cm in 2001, 5.1 cm in 2002, 3.2 ¢cm in 2003, and 0.9
cm in 2004. The errors in 2000 were much higher
because only one of the two pressure gauges worked
reliably that year and repeat measurements were made
at only 1 of the 5 benchmarks (whereas they have
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Fig. 5. (a) Plot of the depth values from repeated stations used to
calculate a drift rate during the 2004 MPR survey. For each bench-
mark, the mean is subtracted from the depths at that station on the y-
axis, and the median is subtracted from the measurement times at that
station on the x-axis. This puts all the measurements at different
stations in the same reference frame so they can be readily compared.
Filled and unfilled symbols are from the two different pressure
gauges inside the MPR instrument. The calculated drift rates are
4.5 cm/day for gauge 1 and 2.3 cm/day for gauge 2. (b) Same plot
after the short-term drift has been removed. This figure shows the
level of repeatability at each benchmark during the 2004 survey.

been made at all benchmarks since 2002; Table 3).
The error budget for the MPR measurements is out-
lined in Table 4. The known sources of error include
the inherent depth resolution of the pressure gauges,
calibration uncertainty, and background noise. In
2000-2003, there is also uncertainty in the recorded
start times for the benchmark occupations of up to 2
min, which could cause a phase offset in the tidal
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Table 4
Error budget for the 2003 MPR measurements
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Error source Depth uncertainty

Depth uncertainty

Depth uncertainty Depth uncertainty

2000 (cm) 20012002 (cm) 2003 (cm) 2004 (cm)
Inherent precision of the gauges 0.1 0.1 0.1 0.1
Background noise 0.6 0.6 0.6 0.4
Calibration uncertainty 0.5 0.5 0.5 0.5
Tide correction uncertainty 2.0 2.0 2.0 1.2
Drift correction 5.0 0.7 0.7 0.3
Depth conversion uncertainty 0.5 0.5 0.5 0.5
Rotational uncertainty 5.0 5.0 1.5 0.1
RMS sum of errors 7.4 5.5 2.8 1.5
Observed repeatability 15.0 5.6, 5.1 3.2 0.9

@ Errors reduced by rotation corrections applied based on laboratory test results.

corrections. Since the maximum tidal rate of change is
about 1 cm/min, this could lead to an error of at most
2 cm. Benchmark instability is not likely to be a
significant source of error, because at each site the
benchmarks are sitting on solid and relatively flat
seafloor lavas (Fig. 2¢ and d).

Between the 2003 and 2004 field seasons, labora-
tory tests were conducted with the MPR instrument
under pressure. These tests identified two other key
sources of error that had been previously overlooked.
First, the output of the Paroscientific pressure gauges
was found to depend strongly on their orientation
relative to the Earth’s gravitational field (Fig. 6),
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Fig. 6. The results of a laboratory test of the MPR instrument under
pressure showing the variation of the output from the two Paros-
cientific pressure gauges (converted to psi) as a function of rotation
of the instrument about its long axis. The pressure was held constant
(3041.64 psi) with a dead-weight calibrator while the sensor was
rotated.

and therefore small rotations of the pressure sensor
from one measurement to another were a major source
of error in our 2000-2003 measurements (Table 4).
Before 2004, when the MPR was placed on a seafloor
benchmark, it was oriented by eye so that the ROV
handle appeared to be vertical, the long-axis of the
MPR was flush with the flat surface of each bench-
mark, and the endcap was near the center of the
benchmark (Fig. 2c). The MPR handle is estimated
to have been placed within 10° of vertical during each
benchmark occupation, which translates to an error of
+5 cm (Fig. 6 and Table 4).

As a solution to this problem, the following steps
were taken in 2004 to minimize tilt changes between
measurements and to make the exact position of the
instrument more repeatable at each benchmark: 1) a
flat plate was attached to the bottom of the MPR so
that it was self-righting and the ROV could release it
during measurements, 2) the MPR was positioned in
the same orientation during each occupation at a given
site, parallel with one of the sides of the triangular
benchmarks (Fig. 2d), 3) tilt sensors were added to the
MPR instrument and both tilt and pressure readings
were displayed on the ship in real-time during mea-
surements, and 4) the pressure sensors were oriented
inside the MPR in such a way that their response to
rotation was minimized (near the peaks of the sinusoid
in Fig. 6).

The second source of error discovered during the
lab test was that the pressure sensors do not become
thermally equilibrated until about 2 h at ambient
seafloor temperature (~3 °C). This means that the
first pressure measurement during previous years’
dives was usually made before the gauges had
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thermally equilibrated, contributing an additional
error that is difficult to quantify. The solution to
this problem (implemented in 2004) is simply to
wait for 2 h before making the first pressure mea-
surement during a dive or to thermally equilibrate
the pressure sensor in an ice bath on deck before
deployment.

Compounding this problem, our first measurements
in 2000-2003 were often made at our reference station
outside the caldera (Table 3), meaning this error con-
taminated all the other measurements during that year
(since the pressure at stations inside the caldera is
measured relative to the reference station). Addition-
ally, the reference benchmark was never measured
more than twice per survey. Since both measurements
were also affected by an unknown gauge rotation (as
discussed above), the second measurement provided
little constraint on the uncertainty of that benchmark.
Together, these two factors made the possible error in
the reference benchmark larger than the survey repeat-
ability would suggest. This is the most likely source of
the systematic year-to-year depth variations that are
correlated between sites during 2000-2003. For exam-
ple, in Fig. 7 all the points in 2002 are significantly
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above the average rate lines, and the points in 2001 and
2003 are all below the lines. This problem illustrates
the importance of measurements at the reference
benchmark.

The 2004 results show that the changes implemen-
ted to reduce the errors identified during the labora-
tory tests improved our repeatability dramatically to
less that 1 cm (Table 4, Fig. 7), and indicate that the
MPR method has finally matured. The laboratory tests
also showed that the two pressure gauges used in the
MPR instrument have slightly different response
amplitudes to rotation (Fig. 6). This allowed us to
back-calculate rotation corrections for the 2003 MPR
measurements (Fig. 7 and Table 4), since the orienta-
tion of the gauges inside the instrument in 2003 was
the same as during the lab test.

2.6. MPR results

The year-to-year results from the MPR measure-
ments show apparent inflation at all four bench-
marks inside the caldera relative to the benchmark
outside the caldera, which is assumed to be stable.
The MPR measurements, weighted by their uncer-
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Fig. 7. MPR results between 2000 and 2004 showing the depth of the four benchmarks in Axial caldera vs. time relative to benchmark AX66
located outside the caldera, which is assumed fixed at a relative depth of zero (its actual depth is — 1723 m). The average rates (lines) are least
squares fits inversely weighted by the errors (see Tables 4 and 5). Note the error bars are smaller than the symbol size in 2004. Locations of the

benchmarks are shown in Fig. 1.
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tainties, are fit to a linear trend at each site in Fig.
7. The average rate of uplift of the center of the
caldera (AX63) is 19+ 1.3 cm/year. This formal
uncertainty in the slope, based on the individual
error bars and the observation time, is consistent
with the standard deviation of the residuals to the fit
(9.0 cm) and the 4 year time span of the MPR
experiment (Table 5). The slope compares favorably
with the apparent uplift rate of ~15 cm/year as
measured by the BPR instruments deployed at the
caldera center during that time. This agreement
between two independent methodologies gives us
more confidence in the reliability of each.

The average rates of uplift at the other three bench-
marks (Fig. 7 and Table 5) are either somewhat higher
(AX01) or lower (AX05 and AX04). The dramatic
subsidence observed in Axial caldera by the two
BPRs during the 1998 eruption fit a simple deforma-
tion model (Fig. 4a) with a Mogi point-source at 3.8
km depth beneath the center of the caldera (Mogi,
1958; Chadwick et al., 1999; Fox et al., 2001). The fit
of the pattern of uplift rates from the MPR measure-
ments since 2000 to the Mogi model (with the same
source depth and location) is not as good, however
(Fig. 4c). The fact that the average rate of inflation is
greater at AX01 than at AX63 suggests the possibility
that the location of maximum uplift during 2000-
2004 was not at the center of the caldera, but instead
was closer to AXO01. The Mogi solution which mini-
mizes the misfit between the data and the model has a
source located 1.8 km SSE of the caldera center (Figs.
1 and 4d). The previously determined source depth of

Table 5
MPR results (average rates of vertical displacement)

Benchmark 2000-2004 (weighted as a function of error)
Average rate (cm/year) Standard deviation of
residuals (cm)
AX63 185+1.3 9.0
AX01 224+13 28.4
AXO05 169+1.3 24.0
AX04 149+13 17.9

These rates are the best fit lines presented in Fig. 7. Note all
displacements are relative to benchmark AX66, which is assumed
to be fixed (zero vertical displacement). The third column shows
the standard deviation of the residuals after subtracting the best
fitting line and is a measure of how well a linear model fits the
data.

3.8 km is still consistent with the data, although it is
not tightly constrained.

Note that the standard deviations of the residuals in
Table 5 (other than for AX63) are not consistent with
the formal slope uncertainty (they should be about 4
times greater for the 4 year time period). The two sites
most inconsistent with a linear inflation rate (AXO01
and AX05) are also the two within the area of 1998
lava (Fig. 1). This may suggest that deformation on the
1998 lava flow has been more complex. However, if
the 2000 data are not included, the standard deviation
of the residuals drops to ~13 cm for AX01 and AXO05.
This plus the uncertainty in the reference benchmark
prior to 2004 indicates that the imperfect fit to the
linear trend probably reflects unaccounted for noise
in the earlier measurements. The data from the caldera
center (AX63) seems to have the best signal-to-noise
ratio (Fig. 7 and Table 5), but there is no reason to have
less confidence in the measurements made at the other
benchmarks. In any case, more confidence can be
placed in the long-term average trends than in the
specific changes from year-to-year.

3. Discussion

The BPR results confirm that continuously record-
ing pressure sensors are excellent tools for measuring
vertical displacements of the seafloor. Low or gradual
deformation rates that are within the range of possible
instrumental drift are difficult to identify unambigu-
ously, but can potentially be verified by others meth-
ods. The MPR results show that campaign-style
pressure measurements are a viable method to inde-
pendently measure gradual volcano inflation on the
seafloor.

Together, the BPR and MPR monitoring data from
Axial Seamount suggest that inflation has been occur-
ring since its 1998 eruption at a rate that was initially
high and gradually decreased to a more steady rate.
This interpretation is strongest immediately after the
eruption when uplift rates (>100 cm/year) were well
above potential BPR drift rates (<23 cm/year), but
becomes less certain as the rates decrease to lower
levels (15-20 cm/year). However, it appears that
these lower rates are caused by uplift, rather than
instrument drift, for the following reasons: 1) they
are consistent with an expected decreasing uplift rate,
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2) the same rate of uplift was observed by two
independent BPR instruments (which should not
necessarily have the same drift characteristics), 3)
the drift rate of the BPRs at Axial is probably well
below the expected maximum because of their long
deployment times and low pressure exposure relative
to their dynamic range, and 4) the BPR results gen-
erally agree with the rate of uplift observed by the
independent MPR measurements.

If one accepts the pressure data as showing real
uplift, a long-term view of inflation at Axial Seamount
can be assembled. Fig. 8 combines all the BPR and
MPR results from the center of Axial caldera in one
plot by making a few key assumptions. First, the
depth values of the NeMO2000 and NeMO2002
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Fig. 8. Interpretive plot of BPR and MPR data showing inflation at
the center of the caldera since the 1998 eruption (BPR data
include VSMI1, NeM02000, and NeMO2002; MPR data are
from benchmark AX63). This plot is speculative because the
individual BPRs do not share a common datum or location and
the MPR measurements are relative (see text for discussion).
Nevertheless, the BPR and MPR results appear to be consistent
with each other and suggest that the caldera center has been
uplifted by 1.5+0.1 m since the 1998 eruption. The plot was
assembled by assuming that the same rate of inflation observed by
the NeMO2000 BPR in 2000-2002 had been occurring during the
data gap since August 1998 (dashed line). The MPR data were
overlain on the BPR data by co-registering the two in 2001 when
they were co-located (the AX63 benchmark was within a few
meters of the NeMO2000 BPR). The straight solid line is the
average uplift rate from the MPR data, as in Fig. 7. The MPR
error bar for 2004 is smaller than the symbol size.

BPR data were shifted so that, 1) the rate of uplift
observed in 2000-2004 (15 cm/year) extends back to
August 1998 when VSMI1 was recovered, 2) the
NeMO2002 data start at the same depth at which
the NeMO2000 data end, and 3) the MPR data are
overlain on the BPR data by aligning the 2001 MPR
measurement with the underlying NeMO2000 BPR
data (which is reasonable because they were co-
located at the time).

The combined results in Fig. 8 indicate that since
the 1998 eruption, the center of Axial caldera has
been uplifted 1.5+ 0.1 m in 6.7 years (as of Sep-
tember 2004). In other words, almost 50% of the 3.2
m of subsidence that occurred during the 1998 erup-
tion has been recovered to date. If inflation continues
at the current rate of 19 cm/year at the caldera center,
it will take another 9 years (16 years total) for the
caldera to fully re-inflate to its January 1998 level
(or in about 2014). If one assumes that Axial would
then be poised to erupt again, such a recurrence
interval (~16 years), although admittedly speculative,
would not be unreasonable since it is also the time
necessary to accumulate ~1 m of extensional strain
(the mean thickness of dikes seen in ophiolites
(Kidd, 1977) and tectonic windows (Karson, 2002))
at the Juan de Fuca Ridge’s spreading rate of 6 cm/
year (Riddihough, 1984).

The change in volume of the magma reservoir
beneath Axial caldera required to cause 1.5 m of uplift
can be estimated as 91 X 10® m?, assuming the reser-
voir is spherical (Johnson, 1992; Delaney and McTi-
gue, 1994) and ignoring any compression of stored
magma (Johnson et al., 2000). This volume change
over 6.7 years suggests an average magma supply rate
at Axial Seamount of 14 x 10® m*/year. For compar-
ison, this rate is 3—6 times lower than the long-term
average magma supply rate of 50-90 x 10° m*/year
estimated for Kilauea Volcano, Hawaii (Dzurisin et
al., 1984; Dvorak and Dzurisin, 1993).

Long-term deformation monitoring from basaltic
volcanoes on land, like Kilauea, Hawaii, or Krafla,
Iceland, show that brief periods of sudden deflation
associated with intrusions or eruptions are often sepa-
rated by longer periods of gradual inflation during
which magma is stored in centralized reservoirs
(Bjornsson et al., 1979; Decker, 1987; Tilling and
Dvorak, 1993). During these periods of inflation, the
center of uplift can migrate laterally as much as
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several kilometers, apparently due to non-ideal geo-
metry and complex refilling within the magma reser-
voir (Fiske and Kinoshita, 1969; Ewart et al., 1991).
Recent tomographic and multichannel seismic data
show that a large magma reservoir exists beneath
the summit caldera of Axial Seamount (West et al.,
2001; Kent et al., 2003). The deflation observed in the
caldera during the 1998 eruption (Fox, 1999; Fox et
al., 2001) and the apparent re-inflation observed since
then suggest the possibility of an eruption cycle at
Axial with a deformation signature similar to those
documented on land. Such a cycle has also been
suggested by seismo-acoustic monitoring of earth-
quakes at Axial, which began in 1991 (Dziak and
Fox, 1999b). During the 7 years leading up to the
1998 eruption, the frequency and size of small earth-
quake swarms increased, but since the eruption very
few earthquakes have been detected. Therefore, it
might be expected that as re-inflation continues and
the summit magma reservoir re-pressurizes, that earth-
quake swarms will once again herald Axial’s next
eruption. The potential value of vertical deformation
monitoring for estimating magma supply rates, fore-
casting eruptions, and quantifying displacements dur-
ing eruptions is strong motivation to continue these
efforts at Axial Seamount and other active submarine
volcanoes.
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