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Abstract. Long-term monitoring of seismicity and deformation has provided 
constraints on the eruptive behavior and internal structure and dynamics of 
subaerial volcanoes, but until recently, such monitoring of submarine volcanoes has 
not been feasible. Little is known about the formation of oceanic crust or seamounts, 
and we have therefore developed a stand-alone long-baseline tiltmeter to record 
deformation on active seafloor volcanoes. The instrument is a differential pressure, 
two-fluid sensor adapted for use on the seafloor, combined with an autonomous 
data logger and acoustic navigation/release system. The tiltmeter can be installed 
without use of remotely operated vehicles or manned submersibles and, to first order, 
is insensitive to noise driven by temperature or pressure gradients. We recorded 
65 days of continuous data from one of these tiltmeters on Axial Seamount on the 
Juan de Fuca Ridge during a multidisciplinary experiment that included ocean 
bottom seismographs, magnetotelluric instruments, and short-baseline tiltmeters. 
After instrument equilibration the 100-m-ionõ tiltmeter provided a record with 
long-term drift rates of 0.5-5 /•rad day -• and higher frequency variations of the 
order of 5-10/•rad. Comparison with records of subaerial volcanic tilt shows that 
this instrument can discriminate volcanic deflation events, though none occurred 
during our deployment, a conclusion supported by nearby short-baseline tilt and 
bottom pressure recordings. The short- and long-baseline data constrain volcanic 
inflation of Axial Seamount to be below 0.5-1/•rad day -1 during mid-1994. Analysis 
of the long-baseline tilt data in conjunction with electric field, temperature, and 
short-baseline tiltmeter data shows that high-frequency signals are largely driven 
by ocean currents. Improved coupling between the tiltmeter and seafloor should 
reduce this noise, improve stability and drift, and further enhance our ability to 
record tilt related to active submarine volcanism. 

Introduction 

Monitoring of subaerial volcanoes relies heavily on 
two complementary techniques: seismology and sur- 
face deformation. Each of these has its own distinct 

strengths, and the success of volcano monitoring de- 
creases significantly if either technique is used in iso- 
lation. Seismology is unmatched in early detection of 
intrusive activity and accuracy in locating brittle defor- 
mation events. During volcanic crises, harmonic tremor 
is crucial for pinpointing major magma flow. How- 
ever, magma flow itself does not cause earthquakes, 
and other techniques must be used to detect aseismic 
magma redistribution within a volcano. Surface de- 
formation measurements are unique in providing con- 
straints on the temporal evolution of melt accumula- 
tion, the behavior of magma redistribution through vol- 
canic feeder systems, and the fraction of available melt 

Copyright 1997 by the American Geophysical Union. 

Paper number 97JB01586. 
0148-0227/97/97JB-01586509.00 

that has been erupted at the surface versus emplaced 
in shallow dike systems. Continuous surface deforma- 
tion measurements, however, are limited in their abil- 
ity to pinpoint the location of intrusions or the force 
of magmatic injection because of the small size of the 
signals, the existence of environmental noise, and the 
difficulty of uniquely inferring the source of the signal. 
Thus complementary monitoring techniques and verifi- 
cation of measurements through redundancy are key in 
volcano monitoring. 

Use of such combined techniques on major subaerial 
volcanoes has provided key details on the geometry of 
magma feeder systems, temporal and spatial behavior of 
magma influx from depth into shallow reservoirs, redis- 
tribution of melt within a volcano, and eruptive behav- 
ior of volcanoes [e.g., Klein, 1984; Decker, 1987; Klein et 
al., 1987]. These techniques have thus been extremely 
successful in improving our understanding of how vol- 
canic systems work and in predicting the timing and 
types of eruptions, but all major advances in this field 
have come from studies on a few very well-instrumented 
volcanoes [e.g., Decker, 1987]. Until recently, technical 
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difficulties have precluded meaningful long-term moni- 
toring of the most abundant types of volcanoes exposed 
in the submarine environment, so there is much still 
to be learned about how ocean crust or seamounts are 

formed. 

Significant effort has been expended to fill this gap in 
our understanding of volcanoes, focusing on seismology 
and surface deformation. Marine seismology has long 
been an established discipline [e.g., Bradnat at al., 1965; 
Johnson at al., 1977; Willoughby at al., 1993], but the 
development of seafloor deformation measurements has 
begun only recently [e.g., Staudigal at al., 1990; Chad- 
wall at al., 1995; Wyatt at al., 1996]. In this paper we 
shall discuss the development of a seafloor long-baseline 
tiltmeter, including the results of a successful test de- 
ployment at the Juan de Fuca Ridge. 

Tiltmeters for Submarine Volcano 

Monitoring 

Surface deformation can be measured in many dif- 
ferent ways, including tilt, strain, and geodetic tech- 
niques; of these, tilt is used most frequently for volcano 
monitoring. The Westphal short-baseline instrument 
[Wastphal at al., 1983] is the most commonly used tilt- 
meter, but long-baseline designs have also played a ma- 
jor role at some subaerial observatories [e.g., Wyatt at 
al., 1984; Davis at al., 1987]. Short-baseline tiltmeters 
(SBTs), that is, with baseline of the order of _<1 m, have 
the main advantage of being relatively inexpensive and 
easy to install. However, SBTs are sensitive primarily 
to short-wavelength tilt and noise, which we expect to 
be highly heterogeneous in fragmented volcanic envi- 
ronments. Also, SBTs are subject to creep instability 
in the instrument itself and can be strongly influenced 
by very localized fluctuations in temperature, rain, and 
other such effects. 

Long-baseline tiltmeters (LBTs), with baseline of the 
order of _> 10 m, have several potential advantages over 
the SBT design. By virtue of their greater baseline 
length they are less sensitive to short-wavelength noise 
masking the broader-scale deformation field. They are 
also inherently much less susceptible than SBTs to the 
effects of creep instability in the instrument components 
or ground coupling. However, LBTs typically are more 
expensive and much more difficult to install than SBTs 
and are susceptible to different sources of noise. 

Seafloor environmental conditions present both major 
advantages over subaerial conditions and serious chal- 
lenges to the successful use of tiltmeters for subma- 
rine volcanic monitoring. The primary advantage of 
the seafloor is that environmental conditions such as 

temperature are much more stable than those on land; 
for example, typical seafloor diurnal temperature fluc- 
tuations are +0.1øC in comparison with about +15øC 
experienced by the LBT on land at Pition Flat Geo- 
physical Observatory [Wyatt and Bargat, 1980]. How- 
ever, while fluctuations in these conditions are low, the 

average conditions themselves are extreme. Cold tem- 
peratures (near 0øC) and high confining pressures (1 
MPa per 100 m depth) can cause creep of instrument 
parts, contact with seawater will cause corrosion if care 
is not taken in selecting materials for use in a seafloor 
tiltmeter, and coupling instabilities can result in noise 
driven by seafloor currents. Furthermore, the condition 
of a candidate site on the seafloor is barely known in 
comparison with a subaerial site, and it is often impos- 
sible to determine before deployment whether or not a 
particular area is primarily mud, rubble, or relatively 
stable bedrock. For these and other reasons it is quite 
difficult to achieve the same level of performance with 
a seafloor instrument as with subaerial instruments. 

Is it feasible to build a tiltmeter capable of recording 
geophysically relevant signals on the seafloor given the 
extreme conditions there? Tilt driven by relative plate 
motion on continents typically shows rates of 0.1-0.3 
/•rad yr -1 [Wyatt at al., 1988], well below the mini- 
mum tilt rates that can be detected by current seafloor 
tiltmeters. However, tilt driven by eruptive or intrusive 
volcanic events can have much higher rates [e.g., Dvorak 
at al., 1986], which may be within the reach of current 
technology. Simple models of volcanic deflation provide 
bounds on tilt rates that might be observed during a 
volcanic event. 

Eruptions of Kilauea Volcano on Hawaii give some 
constraints on the rates and volumes of magma injec- 
tion during intrusive events at a hotspot volcano. In- 
jection rates during Kilauean volcanic crises are often 
greater than 106 m 3 day -1 and can be as much as 108 
m 3 day -1 [e.g., Pollard at al., 1983; Dvorak at al., 1986]. 
When we compute the surface displacements and tilts 
produced by deflating a 2-km-radius Mogi source [Mogi, 
1958] centered 5 km below the surface at rates of 106, 
107, and 108 m • day -1, we find tilt rates of about 1, 10, 
and 100 /•rad day -1 over a distance of 2-10 km from 
the volcano (Figure la). 

Measurements of dike dimensions in ophiolites [e.g., 
Baragar at al., 1987; Rothary, 1983] and data from erup- 
tions on Iceland [e.g., Sigurdsson, 1987] and along the 
CoAxial segment of the Juan de Fuca Ridge [Dziak at 
al., 1995] can be combined to estimate magma injection 
rates that might occur during dike formation along an 
active segment of the mid-ocean ridge (MOR); a reason- 
able range is 106-108 m 3 day -1. On the basis of the ax- 
ial magma chamber (AMC) observations of Sinha at al. 
[1997] we model an AMC along a segment of the MOR 
as a prolate spheroid with a 20-km semimajor axis, a 
2-km semiminor axis, and a 4-km centroid depth. We 
then use the method of Yang at al. [1988] to compute 
the surface displacements and tilts produced by deflat- 
ing our model AMC at rates of 106, 107, and 108 m 3 
day -1 and find tilt rates of about 1, 10, and 100/•rad 
day -1 over a distance of 2-10 km from the ridge axis 
across strike and about 0.5, 5, and 50/•rad day -1 over 
a distance of 10-20 km along strike from the center of 
the AMC (Figures lb and lc). 
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Figure 1. (a) Estimated tilt for models of a deflating 
Mogi source 2 km in radius, centered 5 km below the 
surface in an elastic half-space with Lam• constants • - 
/• -- 30 GPa. Solid curve is tilt rate that would result 

6 3 1 from removing 10 m day- of magma from the source, 
the short-dashed curve is for 107 m a z day-, and the 
long-dashed line is for 10 s m a day -z. (b) Estimated 
along-ridge tilt for models of a deflating Yang source 
with a semimajor axis of 20 km, a semiminor axis of 
2 km, and a centroid depth of 4 km. Curve notation 
as in Figure la. (c) Estimated across-ridge tilt for the 
same Yang source as in Figure lb. Curve notation as 
in Figures la and lb. 

We do not wish to imply that a particular volcano 
or ridge segment would behave as shown, but merely 
that these models give a reasonable order-of-magnitude 
bound on tilt rates that might be observed in situ. It is 
also important to remember that such intrusive events 
might occur only episodically on an annual to decadal 
scale on any given seamount or MOR segment. Given 
these caveats, however, it is clear that tilt rates during 
volcanic crises are 3-5 orders of magnitude higher than 
tilt rates related to relative plate motions on continents. 
Thus, however unlikely it is that seafloor tiltmeters can 
be constructed to make meaningful measurements of 
slow tectonic tilt, constructing instruments with per- 
formance good enough to make them useful for our 
understanding of submarine volcanoes is a much more 
tractable problem. 

A Seafloor Long-Baseline Tiltmeter 

Most of the techniques used in installing high-quality 
land instruments [Agnew, 1986] either cannot be ap- 
plied to, or are prohibitively expensive in, the seafloor 
environment. For example, even installing a level in- 
strument, a requirement for nearly all of the better 
tiltmeter designs, is extremely difficult without the use 
of remotely operated vehicles or manned submersibles, 
and free fluid surfaces, such as those in highly accurate 
Michelson-Gale LBTs [Wyatt et al., 1984], are imprac- 
tical under seafloor conditions. However, LBT designs 
that measure the pressure in fluid-filled tubes [e.g., Bea- 
van and Bilham, 1977; Agnew, 1986] are feasible on the 
seafloor, and this is the approach we have chosen to 
pursue. Our development work has resulted in the de- 
sign illustrated in Figure 2. It is a center-pressure in- 
strument folded back on itself, with a sensor that mea- 
sures the differential pressure between two tubes (arms) 
filled with fluids of differing densities, which terminate 
with fluid reservoirs (pots) that are sealed by compli- 
ant membranes. This design has several advantages. 
First, because the fluid reservoirs open to environmen- 
tal pressure are side by side, the potentially significant 
seafloor lateral pressure gradients need be neither com- 
pensated for nor measured. Also, we require only one 
pressure sensor, which makes for simplicity and relia- 
bility in both the design and deployment of the instru- 
ment. Additionally, with an appropriate choice of fluid 
properties this LBT design can be made temperature 
compensating to first order, as discussed below. 

The confining pressure of the seafloor environment 
presents a significant challenge in measuring tilt with 
this type of instrument. If the relative heights of the 
fluid reservoirs and the pressure sensor change by Ah, 
the corresponding pressure change is 

Ap = (pz - p•)gAh (1) 

where px and p• are the fluid densities in the two 
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tiltmeter arms. Our current instrument uses ethylene 
glycol and isopropanol; the density difference between 
these fluids under seafloor conditions is approximately 
1131- 811 - 320 kg m -3. To measure a 1-prad tilt, 
corresponding to a relative elevation change of 0.1 mm 
over an instrument baseline of 100 m, we must there- 
fore be able to measure differential pressure to better 
than 0.3 Pa. At a deployment depth of 1000-4000 m our 
instrument has to measure differential pressures while 
subjected to a common mode pressure 107-108 times 
larger. Also, since we intend the instrument to be use- 
ful on sloping terrain, we require an operating range 
sufficient to handle these slopes; our design currently 
has a dynamic range of about +40 kPa, which corre- 
sponds to 11 m height difference over a 100-m base- 
line. One commercial pressure sensor that fulfills our 
requirements is a variable reluctance gauge manufac- 
tured by Validyne (Validyne model DP215-36-N1S4A). 
Although this transducer will tolerate large internal 
common mode pressures, we operate it in a pressure- 
compensated oil bath to avoid creep of the component 
materials, which would otherwise tend to introduce drift 
into the measurements. 

Thermal Noise 

On land, thermal fluctuations are the largest sources 
of noise for tiltmeters, and although seafloor temper- 
ature variations are much lower, their effects are still 
important. Beavan and Bilham [1977] have detailed the 
effect of thermal noise on fluid tube tiltmeters; here we 
give only a brief review. If a fluid tube tiltmeter is 
perturbed by a change in temperature along its length, 
AT(s), there will be a corresponding pressure change 
given by 

•0 $ AP[AT(8)] -- K1 AT(8) sin O(s) ds 

+ K2 AT(s) ds 

+ K3 AT(y) dy (2) 

where 

K1 

K2 

K3 

-- --(Pl/•1 -- p2/•2)g (3) 
At 

-- [P1(/•1 -- 3/•t) -- p2(/•2 -- 3/•t)] •pp g (4) 
= --(Pl -- P2)g•p (5) 

and /91, p2, /•1, and /•2 are the densities and thermal 
expansivities of the two fluids; At, Ap,/•t, and/•p are the 
cross-sectional areas and thermal expansivities of the 
tubing and fluid reservoirs respectively; $ is the length 
of the tiltmeter; O(s) is the angle from the horizontal 
of the tube element ds; and Y is the depth of fluid in 
the fluid reservoir. The first term in (2) is usually the 
largest, whereas the other terms are second-order effects 
related to thermal expansion of the tiltmeter tubing and 

fluid reservoirs, respectively. However, if the two fluids 
are chosen such that the product of density and thermal 
expansivity (p/•) is the same or nearly so for each arm, 
the first term in (2) is greatly reduced, and the entire 
instrument is temperature compensating. 

Our seafloor instrument has arms 100 m long, made 
of 0.22-inch ID soft alloy copper tubing with 6-inch 
ID aluminum end reservoirs (a permanent observatory 
installation would use all stainless steel or titanium 

construction). One arm is filled with ethylene gly- 
col, and the other is filled with isopropanol; see Ta- 
ble I for the relevant properties of these materials. 
By using (2) and assuming a 1-m height difference be- 
tween the ends of the tiltmeter, each 1øC average tem- 
perature increase along the tiltmeter produces a pres- 
sure of -6.3403 + 0.7732 - 0.0251 = -5.5922 Pa for 

the arm filled with ethylene glycol and a pressure of 
-6.4363 + 0.8085 - 0.0180 = -5.6458 Pa for the iso- 

propanol arm. The result is a temperature-driven dif- 
ferential pressure of only 0.0536 Pa, or, using (1), 0.171 
prad. As expected, while the first term in (2) domi- 
nates for each fluid individually, the resultant differen- 
tial pressure is quite small; thus the instrument should 
be temperature compensating to first order. 

Since it is difficult to estimate the product p/• accu- 
rately under seafloor conditions, we have also chosen to 

measure the quantity f0 s AT(s)ds, the along-tiltmeter 
temperature, directly. A standard four-conductor, 28- 
gauge copper telephone cable runs along the tiltmeter 
with the conductors connected in series, giving a total 
length of 400 m. The resistance temperature coefficient 
of this length of cable is 0.34 f• K-l; we supply a con- 
stant current and measure the resulting voltage as our 
estimate of integrated temperature. Using this record, 
we can estimate the LBT temperature coefficient and 
use it to reduce the thermal noise in the final data. 

Deployment 

Ideally, we would use remotely operated vehicles or 
manned submersibles to deploy a long-baseline instru- 
ment; however, such equipment is costly to operate and 
requires access to a specialized ship. To facilitate our 
design and test program, we chose to use the dynamic 
deployment technique which Webbet al. [1985] de- 
veloped for long electromagnetic sensors. At sea the 
sensor is released into the water from a reel, starting 
with the end pot assembly, with the ship traveling at 
about 8 m s -1. The drag force associated with the ship 
motion keeps the tiltmeter tubing nearly level (impor- 
tant if the pressure gauge and end pots are not to be 
overpressured) and prevents crimping the tubing dur- 
ing deployment. When the full length of the tiltmeter 
is nearly paid out, we make the electrical and physi- 
cal connections between the tubing/sensor package and 
the data logger and heavy anchor assembly. The an- 
chor is connected to an electromechanical cable such as 

a conductivity-temperature-depth cable, which is itself 
terminated by an acoustic transponder/release system, 
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Table 1. Physical Properties of Tiltmeter Materials 

Material pa fib pfi C c Source 

Ethylene glycol (25 øC) 
Ethylene glycol (0 øC) 
Ethylene glycol (0 øC, 15 MPa) 
Isopropanol (0 oC) 
Isopropanol (0 øC, 15 MPa) 
122 alloy copper tubing 
Aluminum end pots 

1.1099 5.713 0.6341 3.7 1 
1.1257 0.6431 3.5* 1 

1.13131 0.6463 3.3* 1 
0.8014 8.09 0.6483 8.4 1 

0.81101 0.6561 7.9* 1 
8.94 0.177 2 

2.73 0.226 2 

Sources: 1, Washburn [1930]; 2, Boyer and Gall [1985]; 
a Density (10 s kg m -s) 
b Thermal expansivity (volumetric for fluids, linear for solids) (10 -4 K -1) 
c Compressibility (10 -4 MPa- 1) 
* Estimate from data at 25-100 øC and 0.1, 50 and 100 MPa 
I Estimate using compressibility 

allowing us to monitor the height above the seafloor dur- 
ing deployment (i.e., a standard deep-towed instrument 
arrangement). We then lower the logger and tubing as- 
sembly to near the seafloor, using the cable, and when 
the entire package (the full length of the tiltmeter) is 
about 15 rn from the seafloor, we release the instrument 
to settle under its own weight. 

Acoustic transponders that operate at 12 kHz are at- 
tached to the end pot assembly and the logger assembly 
(i.e., the two ends of the tiltmeter) and allow us to mea- 
sure the deployed length and the depths of the ends of 
the tiltmeter by an acoustic survey. The instrument 
then operates on the seafloor for the duration of the ex- 
periment. At the end of the recording period an acous- 
tic command to the data logger initiates release from 
the logger anchor, and the insulated wires connecting 
the sensor block (which is secured to the anchor) to the 
logger are broken, allowing the logger package to rise to 
the surface under its own buoyancy. 

Costs 

It is relevant to discuss the costs to deploy such an 
instrument. There are three main components to the 
system: the sensor and anchor assembly, the data log- 
ger, and the acoustic navigation and release device. 

Parts, machining and labor for the sensor compo- 
nents cost about $5000, including the Validyne gauge, 
which amounts to about one sixth of this cost. Sensor 

cost depends somewhat on the materials used; copper 
tubing and aluminum parts can be employed for short 
deployments, while more costly stainless steel or tita- 
nium parts would be needed for observatory installa- 
tions. Acoustic navigation/release systems can be pur- 
chased commercially for around $10,000; we build our 
own devices in-house for about one third this cost. Low- 

power, seafloor data loggers capable of recording for a 
year or more are currently not commercially available. 
A more modern version of the logger used for the ex- 

periment described in this paper is currently being con- 
structed in-house for about $7500 in parts. 

The total cost of parts, machining, and batteries 
amounts to less than $15,000 per LBT, which compares 
favorably with short-baseline instruments, as the logger 
and release components are essentially the same and 
the sensor costs are comparable. The deep-towed de- 
ployment scheme requires more time (about 5 hours 
per instrument) and a somewhat more capable ship 
than does simply dropping instruments from the sur- 
face (which requires about 2 hours per instrument if 
they are tracked to the seafloor), but in either case the 
time required and costs involved in getting to, conduct- 
ing bathymetric surveys of, and returning from the re- 
search area usually greatly exceed the time and costs 
involved in deploying the instruments. 

The logger and release system are recovered and are 
reusable. For the deployments that were part of the de- 
velopment cycle (and the experiment we describe below) 
the anchor and sensor assembly are left on the seafloor. 
We have experimented in providing extra buoyancy and 
lifting the sensor back to the surface, but the long tube 
assembly tends to foul and catch on rocks, endanger- 
ing our ability to recover the data. However, we have 
also experimented with providing an underwater mat- 
able electrical connector on the tiltmeter sensor, allow- 
ing a working tiltmeter sensor to be reoccupied by using 
a submersible to connect a second data logger. 

Juan de Fuca Ridge Experiment 

Axial Seamount is a volcano of the Cobb-Eickelberg 
Seamount Chain, located at the intersection with the 
Juan de Fuca Ridge (JDF) approximately 450 km west 
of the Washington-Oregon border (see Figure 3 inset) 
[Johnson, 1993]. The volcano has an elongated summit 
caldera measuring about 3 by 8 km, with its long axis 
oriented N160 ø [Embley et al., 1990]. Its highest ele- 
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Figure 3. Map of the summit of Axial Seamount showing deployment locations for the 1994 
experiment. Rhonda, Lolita, Noddy, and Quail are LBTs; Janice, Phred, Judy, Lynn, Karen, and 
Sharyn are TILT-OBS; and Pele, Macques, and Ulysses are electric field instruments. The solid 
circle denotes the location of the PMEL bottom pressure recorder. Scale is shown in the lower 
left corner, and bathymetry is indicated by the shading, with lighter shades denoting shallower 
depths. Inset map shows the location of Axial Seamount and the Juan de Fuca Ridge in relation 
to the northwest coast of North America. Axial Seamount is denoted by the black circle labeled 
AS; other abbreviations are Blanco Fracture Zone (BFZ) and Sovanco Fracture Zone (SFZ). 
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Figure 4. (a) Raw tilt data from Rhonda LBT. Signal prior to day 195 is largely rapid post- 
deployment instrument settling. Offsets at days 191 and 228 are likely due to settling or other 
instrument instability. Drift rates are indicated with dashed lines above and below tilt record: 
5.7, 2.5, -2.1, and -0.6/•rad day -1, respectively. Higher-frequency (approximately tidal) noise of 
about +6/•rad is evident. Vertical dotted lines indicate the range of data shown in Figures 4b 
and 4c. (b) Residual tilt data from Rhonda LBT after correction of the offsets at days 191 and 
228 and removal of a best-fit spline to eliminate the low-frequency variation. Data prior to day 
195 (which are contaminated by deployment-related noise) have been dropped. Noise at about 
+6 /•rad is visible. (c) Raw temperature record from Rhonda LBT. Variations of the order of 
+0.05 K are evident. 

vation is on the western edge of the caldera, where the 
volcano rises approximately 700 m above the surround- 
ing ridge axis. 

We deployed six short- and four long-baseline tilt- 
meters on Axial Seamount (see Figure 3) from June 
29 to September 8, 1994; these instruments collected 
approximately 65 days of continuous data on five short- 
baseline instruments and one long-baseline tiltmeter. 
Minor but correctable problems (an incorrect hard disk 
SCSI ID, a blown fuse, and a faulty release system) 
prevented us from collecting data from the other three 
long-baseline instruments. We also deployed three elec- 
tric and magnetic field recorders for a magnetotelluric 
survey; these data have been analyzed elsewhere [Hain- 

son at al., 1996]. In total we collected 30 channels 
of short-baseline tilt, one channel of long-baseline tilt 
and the associated temperature record, nine magnetic 
field records, six electric field records, five hydrophone 
recordings, and 15 channels of seismic data. Here we 
present analysis of data pertinent to stability and per- 
formance of our long-baseline tiltmeter. More details on 
the short-baseline instruments are presented by Wyatt 
at al. [1996] and Tolstoy et al. (submitted manuscript, 
1997). 

Results and Discussion 

For the Juan de Fuca Ridge experiment we used the 
logging system described by Constable and ½'ox [1996], 
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which utilizes Onset Corporation's CPU8088 microcom- 
puter along with voltage-controlled oscillators and 16- 
bit counters to effect 16-bit analog-to-digital conversion 
with a least count of 0.1 Pa or 0.33 •urad. Data were 
collected at a sampling rate of 1 Hz and, during later 
processing, were block averaged to hourly samples. Fig- 
ure 4a shows the raw hourly block-averaged data from 
the long-baseline tiltmeter Rhonda; signals with several 
different characteristic timescales, ranging from DC to 
minutes, are evident. First, there is a DC level of about 
40 mrad, which corresponds to a height difference of 4 
m between the end pots and the pressure sensor; this 
value is in excellent agreement with an acoustic sur- 
vey of the instrument made after its deployment. After 
about 10 days of rapid instrument settling a long-term 
variation can be seen with a tilt rate of 5 •urad day -1 
near the beginning of the record, decreasing to about 
0.5 /•rad day -1 by about day 240. This decreasing 
drift signal is likely due to continued instrument set- 
tling, although instrument drift or volcanic tilt could 
also cause the final observed variation. There are two 

abrupt offsets in the record with amplitudes of 56 and 
19 •urad (5.6 and 1.9 mm relative height change over 
the 100-m instrument baseline), respectively. These off- 
sets occur over a timescale of a few minutes and are 
thus distinct from volcanic deflation events, which typ- 
ically have timescales of hours to days; we believe that 
these sharp drops are caused by settling of the end pots 
or sensor block, as might be expected on unconsoli- 
dated oceanic crust. However, they also might possibly 
be associated with mechanical or electronic instrument 

tares. Finally, there is an approximately tidal variation 
present throughout Rhonda's recording. To analyze this 
last signal more closely, we have removed the long-term 
drift, using a best-fit depleted-basis B-spline [Constable 
and Parker, 1988]. The resulting residual tilt is shown 
in Figure 4b and displays a mean amplitude of about +6 
•urad, much higher than the 0.2 •urad expected tidal tilt 
(Tolstoy et al., submitted manuscript, 1997); we explore 
several explanations to explain these high-frequency sig- 
nals, since it is clear that they are not primarily tidal 
tilt. 

Rhonda's temperature record is shown in Figure 4c; 
oscillations of the order of -F0.05 K are evident. We 

compute estimates of the coherence between tilt and 
temperature using both conventional Welch's overlap- 
ping segment averaging [Percival and Walden, 1993] 
and multitaper techniques [Park et al., 1987; Vernon 
et al., 1991]; we note no significant differences between 
the estimates. Figure 5a shows the coherence estimate 
and the 95% and 99% significance levels computed non- 
deterministically by using a method adapted from that 
of Kuehne et al. [1993]. Highly significant coherence 
is evident in three broad frequency bands (0.2-0.5, 0.8- 
1.3, and 1.5-2.4 cycles/day (cpd)), which indicates that 
there is a component to the tilt data that is either driven 
by temperature or driven along with temperature by a 
third phenomenon. 
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Figure 5. (a) Rstimate of coherence between Rhonda, 
LBT tilt and temperature (solid line). Short-dashed 
line is the 95% significance level, and long-dashed line 
is the 99% significance level. Note coherence significant 
at the 99% level in three broad bands, surrounding the 
diurnal and semidiurnal tides (lines labeled DT and ST, 
respectively) and the 4-day oscillation. (b) Amplitude 
spectrum of the transfer function from temperature to 
tilt. (c) Phase spectrum of the transfer function. Note 
the linearity from about 0.5 to 3 cpd. 

We estimate the temperature-to-tilt transfer function 
to give an upper bound on the apparent temperature co- 
efficient of our tiltmeter (see Figure 5b); our computed 
value is 70 •-30 •urad K -1 from 8 hours to 10 days 
period. The phase of the transfer function estimate, 
shown in Figure 5c, is linear from 5 to 48 hours period; 
a linear phase relationship indicates a simple time off- 



20,278 ANDERSON ET AL.' SEAFLOOR LONG-BASELINE TILTMETER 

20 

-20 

I 

200 210 220 230 240 250 

3.30 

3.25 

3.20 

•_. 3.15 

3.10 
200 210 220 230 240 250 

0.10 

0.05 

o.oo 

-0.05 

-0.10 • • • • • • 
200 210 220 230 240 250 

Time (UTC day of 1994) 

Figure 6. (a) Bottom pressure recording from the PMEL BPR. (b) Bottom temperature record 
from the PMEL BPR. Note oscillations of the same order as those on the LBT temperature 
record, but with a different mean value. (c) LBT temperature record (thick line) and BPR 
temperature data (thin line). Note the excellent agreement between the records except for a time 
offset of approximately 8-12 hours with the LBT temperature leading. Both signals have had 
their computed means removed. 

set between the two signals [Priestley, 1981], and from 
the slope of the transfer function phase we find that tilt 
leads temperature by about 40 min. 

Our tiltmeter's "temperature coefficient" is much lar- 
ger than we expect from (2), and we have considered 
several possibilities to explain this. First, if p• for the 
tiltmeter fluids under high pressure is sufficiently differ- 
ent from p• under atmospheric conditions, the temper- 
ature compensation in our design could be lost. How- 
ever, since published values of p• for fluids similar to 
those used in our tiltmeter show pressure effects of less 
than 3%, and we compute from (2) that p• would have 
to change by over 400% to explain the observations, 
we reject this pressure effect as an explanation for the 
high "temperature coefficient." Another possibility is 
that one of the tiltmeter tubes tubes crimped closed 
during deployment. We reject this on the grounds that 
the design of our tiltmeter makes it unlikely that one 
tube could crimp closed, that the excellent agreement 

between the DC tilt offset and the acoustic survey of 
the instrument indicates that the tiltmeter was oper- 
ating correctly, and that the coherence between tem- 
perature and tilt would be much higher and broadband 
(since a fluid tube tiltmeter with one arm closed is es- 
sentially a thermometer). The final and perhaps most 
compelling argument against temperature-driven "tilt" 
is that the phase of our transfer function estimate in- 
dicates that tilt leads temperature by 40 min, precisely 
the opposite of what one would expect if temperature 
drove tilt. While this lag could be explained by dif- 
ferences in the rates of heat diffusion in the tiltmeter 

fluids and the plastic insulation on the telephone ca- 
ble, simple diffusion calculations using published values 
of thermal conductivity for the materials involved show 
that the maximum expected lag would be 50 s, with 
temperature leading tilt. 

We conclude from the above that temperature is not 
driving tilt but that both temperature and differential 
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Figure 7. (a) Residual electric field data from Ulysses, Macques, and Pele after removal of a 
best-fit spline and rotation to a common orientation. Thick line is north component, and thin line 
is east component. Variations of the order of +3/•V m -• are evident. Note similarity of records 
across instruments. (b) Power spectrum of Macques electric field converted to ocean current 
speed. Thick line is north, and thin line is east. Note strong peaks at 1, 1.5, 2, and 3 cpd and 
broad peak centered at 0.25 cpd. The peaks at 0.25, 1, 1.5, and 2 cpd are due to ocean currents. 
(c) Power spectrum of measured current speeds near Axial Seamount. Peaks at 0.25 cpd and the 
frequencies of the diurnal and semidiurnal tides are denoted 4D, DT, and ST respectively. Note 
the similarity to Macques electric field in Figure 7b. After Cannon and Pashinski [1990]. 

pressure (and thus tilt in our instrument) are being 
driven by a third common phenomenon. Since our es- 
timates of the power spectra for tilt and temperature 
show peaks at the periods of the diurnal and semidi- 
urnal tides (frequencies of 1.003 and 1.932 cpd, respec- 
tively), we examine the possibility that tidal absolute 
ocean height changes are the driving force. Data from 
a bottom pressure recorder (BPR) on Axial Seamount 
[Fox, 1990, 1993] show a strong tidal signature with an 
amplitude of about +15 kPa (Figure 6a). Because the 
BPR data are effectively tidal (spectral amplitudes 7-8 
orders of magnitude higher in tidal bands than outside 
those bands), and our LBT temperature and tilt data 
are much broader band than the BPR data, we con- 
clude that bottom pressure is not the driving force for 

our data. However, from these BPR data and our LBT 
record, we can estimate that the common mode pres- 
sure acceptance of our tiltmeter is no higher than one 
part in 50,000. 

While the bottom pressure does not explain the ap- 
parent temperature coefficient, the BPR and LBT tem- 
perature data show some interesting similarities. Fig- 
ure 6b shows the temperature record from the BPR, and 
Figure 6c shows the BPR temperature record overlain 
with our LBT temperature record (both signals have 
had their computed means removed). The temperature 
waveforms match very well, except for an apparent time 
offset of 8-12 hours with Rhonda's temperature leading. 
This waveform agreement is an important confirmation 
that our temperature measurement method works. 
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Ocean currents could drive the observed temperature 
and tilt signals. Currents could drive temperature fluc- 
tuations either by modulating the rate of heat loss from 
the volcano or by moving parcels of relatively warm or 
cool water over the tiltmeter; either mechanism could 
explain the time offset between the LBT and BPR tem- 
perature records. A spurious apparent tilt signal could 
result from current-driven wobbling of the bulky end 
pot assembly or wiggling of some part of the tiltmeter 
tubing. 

Seafloor electric field variations in the frequency band 
of interest (up to the semidiurnal tide) are primarily 
driven by barotropic ocean motions coupling through 
the Lorentz force (E-v x B) [Filloux, 1987] so we 
may use the electric field records we collected during 
our experiment as a proxy for ocean currents to test 
the current-forcing hypothesis. Figure 7a shows the 
electric fields recorded by Ulysses, Macques, and Pele 
after a best-fit spline is removed and after rotation to 
a common orientation (rotation angles determined by 
Heinson et al. [1996]; channel i is north positive). The 
residual electric field shows a tidal signature with typi- 
cal variations of the order of 4-3/•V m -1, which can be 
converted to current speeds of about 5-10 cm s -1. Mul- 
titaper estimates of coherence and cross spectra show 
high coherence between instruments with zero relative 
phase, which indicates that all three instruments were 
recording the same signal. 

Figure 7b shows representative electric field spectra 
(from Macques), while Figure 7c shows a spectrum of 
current velocity data from Cannon and Pashinski [1990] 
for comparison. Both spectra exhibit similar peaks at 
frequencies of about 1, 1.5, and 2 cpd with a broad 
peak centered near 0.25 cpd. The peaks at I and 2 
cpd correspond to tidal currents at the periods of the 
diurnal and semidiurnal tides, respectively, while the 
peak at 1.5 cpd corresponds to Coriolis-coupled wind- 
driven currents. Cannon and Thomson [1996] identify 
the broad peak at about 0.25 cpd as delineating currents 
driven by local weather; these currents interact with the 
rough topography of the JDF to create northward prop- 
agating ridge-trapped waves, which travel at about i m 
s -1. The peak at 3 cpd is due not to currents but to 
the geomagnetic solar daily variation [Filloux, 1987]. 
This comparison confirms that our electric field mea- 
surements reflect the ocean currents in our deployment 
area at periods longer than 8 hours. 

We test for ocean current forcing by estimating co- 
herences between the temperature and tilt data from 
Rhonda and the electric field records from the nearest 

electromagnetic instrument, Pele. We observe moder- 
ately strong coherence between the electric field and 
LBT temperature record in the semidiurnal tidal fre- 
quency band as well as significant, but lower, coher- 
ence in the diurnal tidal, inertial, and 4-day oscillation 
bands. We also note significant, though weaker, coher- 
ence between tilt and the electric field, particularly in 

the semidiurnal tidal band; this weak coherence might 
be partially governed by the 2-km physical separation 
between Pele and Rhonda. We conclude that ocean 

currents are at least partially responsible for apparent 
tilt as recorded by our long-baseline tiltmeter but that 
other as yet undetermined forces are also driving the 
observed tilt. 

Comparison With Short-Baseline 
Seafloor Tiltmeters 

If currents are at least partially responsible for appar- 
ent tilt in our long-baseline tiltmeter, currents should 
have an appreciable effect on the short-baseline tilt- 
meters we deployed. Figure 8a shows the residual tilt 
from these four instruments after a best-fit spline has 
been removed (Tolstoy et al., submitted manuscript, 
1997), with the long-baseline tilt data from Rhonda 
shown for comparison. On three of the short-baseline 
tiltmeter records, tidal oscillations of the order of 4-5 
/•rad are evident. The fourth instrument, Karen, was 
deployed inside the summit caldera and shows a noise 
signature much reduced in relation to that of the other 
instruments. The lower noise levels on Karen are con- 

sistent with the interpretation that currents are rocking 
the tiltmeters, as Karen would be relatively sheltered 
inside the caldera and thus would be moved less than 
the other tiltmeters. 

Figure 8b shows representative power spectra for the 
short-baseline tilt data from Judy. Both spectra (X 
and Y component) exhibit distinct diurnal and semid- 
iurnal tidal peaks, as one might expect if these instru- 
ments were recording earth tides. However, the inertial 
peak at 16.7 hours period and the 4-day oscillation are 
also evident in the spectra from the short-baseline tilt- 
meters that were installed on the caldera rim. These 

two peaks are current-related [Cannon and Pashinski, 
1990], and given that these instruments are not per- 
fectly coupled to the seafloor, it is reasonable to con- 
clude that some current-driven wobbling is contained 
in the short-baseline tilt records. 

If currents are rocking both the short- and long- 
baseline tiltmeters, the time series recorded by these in- 
struments should be coherent at frequencies outside the 
known tidal bands. Unfortunately, the short-baseline 
tiltmeter nearest Rhonda is Janice, which did not give 
useful recordings, and the next nearest, Phred, recorded 
too few data to give reliable coherence estimates. We 
are reduced to using data from the next nearest instru- 
ment, Judy, which is 3.5 km away. The coherence be- 
tween Judy's tilt and Rhonda's tilt depends on compo- 
nent and is not very strong, but it is significant at the 
99% level in the 4-day band and the inertial band, as 
well as the diurnal and semidiurnal tidal bands. There 

are qualitative similarities as well; Figure 8a shows that 
the increased noise on Rhonda's record from about days 
198-207 is also evident on Judy and Lynn. It is thus 
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Figure 8. (a) Residual short-baseline tilt data from Phred, Judy, Lynn and Karen after removal 
of a best-fit spline. Thick line is X component, and thin line is Y component. Note that Karen's 
noise level is about 10 times lower than the levels of the other instruments, a decrease that may 
reflect that instrument's relatively sheltered location in the caldera. Rhonda LBT data are shown 
for comparison. (b) Power spectra for the short-baseline tiltmeter Judy. Thick line is X, and thin 
line is Y. Both spectra display the 4-day and 1.5 cpd oscillations, which are current driven. 

reasonable to suggest that currents are rocking both 
the short-baseline tiltmeters and Rhonda, contributing 
high-frequency noise to the data recorded by both kinds 
of instruments. 

It is apparent from Figure 8a that our long-baseline 
tilt data have a high-frequency noise level that is only 
about a factor of 2 larger than that of the short-baseline 
data; how do the long-term drift rates compare? Tol- 
stoy et al. (submitted manuscript, 1997) estimate the 
drift rates (after the initial instrument settling) for the 
short-baseline tiltmeters to range from about 1 to 10 
/•rad day-1; these values are comparable to the drift 
rates in our long-baseline data (0.5-5/•rad day-1). In 
both cases the drift rates decline with time. However, 
the character of the decline is fundamentally different: 
the SBT data stabilize quasi-exponentially, while the 
LBT data tend to exhibit stable tilt rates, punctuated 
by abrupt offsets, after which tilt continues at a differ- 

ent (lower) rate. Eventually, both the short- and long- 
baseline tiltmeters are likely to reach some low stable 
tilt rate. 

Comparison With Subaerial Volcanic 
Tilt Observations 

The long-baseline tilt data from Rhonda exhibit long- 
term drift rates of 5/•rad day -1 near the beginning of 
the record, decreasing to less than 1 /•rad day -1 near 
day 240, as well as a higher-frequency noise level of 
about :t:6/•rad. Given these drift rates and noise levels, 
it is important to ask whether or not we would be able 
to detect known volcanic signals with this instrument; 
we may appeal to long time series of tilt recorded on 
active subaerial volcanoes to address this question. 

The best such long-term record is that from the open- 
ended fluid tube tiltmeter operated at Uwekahuna vault 
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Figure 9. (a) Record of tilt from Uwekahuna vault at HVO. The break in the data at about day 
9100 is due to operator intervention. Note steady long-term inflation punctuated by rapid tilt 
rates near eruptions. (b) Daily first differences of the data in Figure 9a. Dashed line is shown at 
4-6 •rad to reflect the typical high-frequency noise level observed on Rhonda. (c) Histogram of 
Figure 9b. (d) As in Figure 9c, except that only bins for tilt rates in excess of twice the standard 
deviation are shown. Note the high tilt rate events corresponding to eruptive inflation/deflation 
events. There are more than 30 events with deflation tilt rates in excess of 20 •rad day -1. Dotted 
lines are shown at 4.6 •rad for comparison. 

(about 300 m from Kilauea Caldera) by the Hawaii Vol- 
cano Observatory. Figure 9a shows a 32-year record 
from the Uwekahuna LBT. Steady rises over several 
months, reflecting slow inflation of a shallow magma 
chamber, are plainly evident. These rises are punc- 
tuated by abrupt drops in tilt, which correspond to 
catastrophic deflation of the volcano during eruption 
or drainage of the central magma chamber into a flank 
or rift zone reservoir. 

We have computed daily first differences of the Uwe- 
kahuna tilt record to give an estimate of the background 
noise observed while operating a long-baseline tiltmeter 
on an active volcano, as well as to quantify the tilt rates 
associated with eruptive or intrusive deflation events 
(Figure 9b); histograms of these first differences are 
shown in Figures 9c and 9d. The mean daily variation 
observed in the Uwekahuna record is 0.02 •rad day -1, 
with a scatter of about 3.2 •rad day -1, which reflects 



ANDERSON ET AL.: SEAFLOOR LONG-BASELINE TILTMETER 20,283 

background ground and instrument noise. Closer ex- 
amination of the tilt rates (Figures 9b and 9d) shows 
many high tilt rate events, primarily deflations, corre- 
sponding to eruptive or intrusive episodes at Kilauea. 
The largest of these events have tilt rates that can ex- 
ceed 100/•rad day -1, with many more moderate events 
displaying tilt rates of greater than 10/•rad day -x [e.g., 
Duffield et al., 1976; Moore et al., 1980; Decker, 1987]. 
Smaller events almost certainly grade smoothly into the 
background noise on the record. 

In Figures 9b and 9d we have indicated the +6/•rad 
high-frequency noise seen on our LBT record as a vi- 
sual measure of the ability of our instrument to record 
these eruption signatures. While the background daily 
tilt on Kilauea is roughly half that of our current instru- 
ment, it is clear that moderate to large volcanic events 
at Kilauea have tilt rates well above the drift rates and 

noise levels we observe in our record of long-baseline tilt. 
The fact that we did not record any eruptive signature 
at Axial Seamount suggests that no active eruption was 
occurring at the time of our deployment; data from the 
short-baseline tiltmeters, nearby independent bottom 
pressure recorders, and the U.S. Navy's Oregon SOSUS 
(SOund SUrveillance System) arrays are in agreement 
with this interpretation. By combining our long- and 
short-baseline tilt records we can also bound the rate of 

inflation or deflation on Axial Seamount to be less than 

0.5-1 prad day -x during mid-1994. 

Future Directions 

Although the necessity of developing and testing the 
new tiltmeter by actual deployment has made its devel- 
opment a long and difficult process, we have achieved 
notable success in that we have an instrument that not 

only works but is capable in principle of measuring the 
signal of interest. The cost and performance of the new 
tiltmeter are comparable to short-baseline tiltmeters, 
and because of its ability to measure a broad deforma- 
tion field rather than local instabilities, a long-baseline 
tiltmeter is clearly a desirable instrument. 

Given our understanding of the in situ instrument 
performance gained by the analysis presented in this pa- 
per, we would expect to achieve better noise and drift 
levels in future deployments of the tiltmeter, particu- 
larly those that are longer than the 2-month equilibra- 
tion time of the instrument. As ocean currents appear 
to be a noise source in our tiltmeter, we could do two 
things to improve the seafloor coupling and reduce the 
current-driven noise: (1) the current generation of data 
loggers are about one third the size of the ones used on 
Axial Seamount and so will present a smaller cross sec- 
tion to ocean currents, and (2) the construction of the 
end pot assembly can be rationalized to make the as- 
sembly smaller, heavier, and radially symmetric. Data 
from ancillary sensors such as current meters or elec- 
trodes on the tiltmeter to measure water motion, ther- 
mistors at the pot and sensor ends to give point es- 
timates of temperature to complement the integrated 

measure, and bottom pressure sensors of the type used 
on the BPR would help us to compensate for the effects 
of these sources of environmental noise. 

There are fluids with densities greater than ethylene 
glycol (although they are generally harder to work with) 
that would provide larger pressure signals for a given 
tilt. While it is not yet clear what the optimal length 
of the tiltmeter is, longer instruments are likely to pro- 
vide a better signal-to-noise performance. The maxi- 
mum practical instrument length is limited l•y seafloor 
roughness but in any case probably will not exceed the 
water depth (usually in the range of 1 to 4 km). 

It is currently technically infeasible to construct a 
seafloor tiltmeter (short- or long-baseline) that will be 
capable of recording tilt events with rates typical of 
continental-style plate boundary tectonics; such signals 
are just too small in relation to instrument and environ- 
mental noise. However, tilt rates associated with erup- 
tive or intrusive events at subaerial volcanoes are sev- 

eral orders of magnitude larger than the rates observed 
at active continental plate boundaries and are within 
the reach of current technology. Potentially greater in- 
stability of volcanoes on relatively thin oceanic crust 
and similarities in magma emplacement rates between 
Hawaiian and MOR volcanoes may lead one to expect 
that MOR volcanoes would display deformation behav- 
ior similar to that of subaerial volcanoes, but this theory 
still has to be verified through direct observation. These 
arguments and the data presented in this paper lead us 
to conclude that the long-baseline instrument described 
in this paper is capable of recording rapid volcanic tilt 
on seamounts or active MOR segments. Long-duration 
monitoring experiments using both improved tiltmeters 
and ocean bottom seismographs are necessary to pro- 
vide order-of-magnitude bounds on the deformation at 
and the eruptive behavior and internal structure and 
dynamics of active submarine volcanoes. 
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