
Downloaded 10 Mar 2006 to 131.215.225.174. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp

Expendable bubble tiltmeter for geophysical monitoring 
J. A. Westphal, M. A. Carr, and W. F. Mille,.Sl 

Division of Geological and Planetary Sciences, California Institute ofTechnology, Pasadena, California 91125 

Daniel Dzurisin 

U.S. Geological Survey, David A. Johnston Cascades Volcano Observatory, 5400 MacArthur Blvd., 
Vancouver, Washington 98661 

(Received 13 October 1982; accepted for publication 21 December 1982) 

An unusually rugged highly sensitive and inexpensive bubble tiltmeter has been designed, tested, 
and built in quantity. These tiltmeters are presently used on two volcanoes and an Alaskan glacier, 
where they continuously monitor surface tilts of geological interest. This paper discusses the 
mechanical, thermal, and electric details of the meter, and illustrates its performance 
characteristics in both large ( > 10-4 radian) and small ( < 10-6 radian) tilt environments. The 
meter's ultimate sensitivity is better than 2 X 10-8 radians rms for short periods (hours), and its 
useful dynamic range is greater than 104

• Included is a short description of field use of the 
instrument for volcano monitoring. 

PACS numbers: 91.30.- f, 93.85. + q 

INTRODUCTION 

Tiltmeters of various designs have long been used to monitor 
and study active volcanoes. 1 Observed tilt changes range 
from less than ten to thousands of prad ( lprad = 10-6 radi
an), with geologically interesting changes on time scales of 
minutes to years. Used together, continuous tilt measure
ments and seismic monitoring provide an effective tool for 
short-term prediction of eruptions? Although some volca
noes are sufficiently accessible and benign to allow installa
tion and maintenance of permanent tiltmeter stations (cf. 
Kilauea and Mauna Loa, Hawaii), many are too remote for 
frequent visits or too hostile for expensive instrumentation. 

The catastrophic eruption of Mount St. Helens in May 
19803 triggered broad interest in geophysical measurements 
that might help predict future events, and determine phys
ical conditions on and within the volcano. The tiltmeter de
scribed in this paper was designed specifically for use in the 
crater at Mount St. Helens. Although it is intended to be 
expandable (i.e., cheap), it has well-behaved reproducible 
characteristics, uses a minimum of electrical power, and re
sists severe environmental conditions. It is both light and 
compact and can be installed quickly with only hand tools. 
Since a major motive for automated tilt measurements at 
Mount St. Helens is to aid in eruption prediction, the tilt
meter was designed to be compatible with a USGS digital 
telemetry system which transmits data 75 km from the vol
cano to the Cascades Volcano Observatory in Vancouver, 
Washington. 

I. THE SENSOR 

Electrolytic bubble tilt sensors were, to our knowledge, 
first described in the literature by Cooper,4 who used a biax
ial bubble to remotely level inertial guidance systems. Com
mercially available tiltmeters using this Rockwell trans
ducer5 have been used for monitoring potential earthquake 
producing faults in California and elsewhere, 6--

8 and for 
monitoring active volcanoes in Hawaii.9 

Unfortunately, the Rockwell sensor is relatively expen
sive and not conveniently available. However, a single axis 
bubble sensor with about the same sensitivity and noise char
acteristics as the Rockwell sensor is now commercially avail
able at considerably lower cost. Two of these Fredericks10

•
11 

sensors can be mounted orthogonally to provide biaxial tilt 
data. 

Figure 1 is a schematic diagram of the Fredericks sen
sor. A 30-mm-long glass tube of about 8-mm o.d. and about 
6-mm bore is bent to a radius of 355 mm. Three wires (A, A', 
and B) are sealed into the tube to form three electrodes. The 
tube is partially filled with an electrically conducting fluid 
entirely covering wire B, but leaving a bubble into which 
wires A and A' penetrate. The nature of the wires, electro
lyte, and gas in the bubble, as well as any special preparations 
of the glass bore, are proprietary information of the manu
facturer. 

When the sensor is tilted counterclockwise as seen in 
Fig. 1, the bubble moves to the position shown by the dotted 
lines, covering more of wire A and uncovering more of A'. 
Movement of the bubble caused by tilting is sensed by mea
suring the change in conductivity of the fluid path between 
wires A and B and between A' and B. Since the fluid is an 
electrolyte, the conductivity is measured with alternating 
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FIG. I. Cross-section schematic diagram of the Fredericks one-axis bubble 
tilt sensor. 
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current to prevent electrolysis and the formation of hydro- TABLE I. Transfer functions of the Rockwell and Fredericks bubble sensors. 

gen and oxygen gases, which might change the size of the 
bubble. Transfer function: Tilt and acceleration to volts 

II. ELECTRONICS 

Figure 2 shows a block diagram of the electronic cir
cuits used to sense changes in fluid path conductivity in the 
Fredericks sensor. The bubble is arranged as two legs of an 
ac Wheatstone bridge, with fixed resistors in the other two 
legs. The bridge output is then differentially amplified and 
synchronously detected to give a de output, which is low
pass filtered with a time constant of about 100 s to remove 
the effects of natural 8 s "microseisms" (indeed this type of 
sensor may also be used as a seismometeri 2

). 

Because even very small de currents through the sensor 
may cause long term bubble growth and resulting drift, the 
bridge square-wave drive and the input amplifier are trans
former coupled. Each leg of the sensor has an impedance of 
about 1000 n, and the fixed resistors are each 1000 n. 

With normal construction techniques the bridge is not 
purely resistive, and with a 1-kHz square-wave drive any 
capacitive unbalance of the bridge is important. Although it 
is possible to exactly balance the bridge by the use of trim 
capacitors under laboratory conditions, the thermal and me
chanical environment in normal field use is so variable as to 
require another means of removing residual variable capaci
tive effects. By using a square-wave drive, these effects can be 
isolated to about the first 50 f1S after each square-wave tran
sition. A phase locked analog gate may then "chop" out the 
first 50 f1S of each signal transition, before it is fed to the 
synchronous detector, thus removing any effect of variable 
amplitude due to capacitive changes. 

All other features of the electronics are conventional. 
To minimize power consumption, CMOS and low-power 
operational amplifiers are used throughout. Table I shows 
the transfer functions4 for both the Fredericks and Rockwell 
sensors. 

Ill. THERMAL AND MECHANICAL CONSIDERATIONS 

Because portability and easy installation are crucial at 
dangerous and remote field sites, it is desirable that geo
physical tiltmeters be compact. The exceedingly small an
gles and dimensions involved in these tiltmeters require care
ful mechanical design. Recognizing that 1 11rad means a 
slope of 1 f1/m, it is easy to see that thermal gradients must 
be minimized and that all mechanical interfaces must be 
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FIG. 2. Block diagram of the tiltmeter electronics. 
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is the radius of curvature of the lid or tube where the electrolyte 
bubble forms 

is the natural angular resonant frequency 

is the pick-off scale factor of the bridge used to detect the position 
of the bubble 

is the coefficient of damping 

is the Laplace transform of the output voltage of the sensor and 
its bridge circuit 

is the complex variable of the Laplace transformation 

is the Laplace transform of the bubble displacement 

is the Laplace transform of the tilt of the sensor about the center 
of curvature of the bubble lid or tube 

Rockwell Fredericks 

0.305 0.356 rna 
5.67 5.25 rad/s 
(T0 =I. Is) (T0 = 1.2 s) 
42.6 27.7 Vrms/radb 
1.0 3.7' 

Electrolytic 
impedance 8000 {l' 1000 {l' 

Overall scale 
factor 40 49mV/flrad" 

"The natural period was computed from {()0 = (g/R )1n 
b This value is normalized to a 1-V rms bridge excitation and bridge resistors 
equal to the nominal bubble resistance. The KP given is the average of five 
static tilt tests on two Fredericks bubbles. Accuracy is :::::: ± 15%. The nor
malized value based upon the Fredericks specification should be 61.9 
Vrms/rad. 
,. This value was determined from six dynamic tilt tests on two Fredericks 
bubbles by making a least-squares fit of the signal decay vs time to the expo
nential equationy = ae '/T. The average value ofT was 8.6 s. By knowing 
this dominant pole, the other pole and the coefficient of damping, (;, were 
determined. 
"49 mY /flrad is the output scale factor when using the Caltech Rockwell 
bubble electronics. 
'From the manufacturer's specification data. 

very stable if a tiltmeter is to operate reliably with 11rad sensi
tivity. 

Figure 3 shows, schematically, the mechanical mount
ing of the Fredericks sensors used for volcano monitoring. 
The meter is placed on a smooth ceramic floor tile which has 
been cemented to as solid a surface as is available at the field 
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FIG. 3. A cut-away view of the tiltmeter used for volcano monitoring. 
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site (the details of our experience in forming geophysically 
acceptable couplings to the earth is outside the scope of this 
paper). Three leveling screws attached to the instrument 
baseplate rest in conical holes in small metal cups, which are 
bonded to the tile surface to prevent lateral movement of the 
meter during earthquakes. The two sensors are orthogonally 
mounted in metal blocks which are attached to the baseplate 
with glass legs, and are surrounded by glass fiber insulation 
encased in a metal cover. A temperature sensor is mounted 
in the baseplate and, with the tilt sensors, is connected elec
trically to the electronics unit by a cable up to 10 m long. 

There are a number of special features in this design. 
Since the tile cannot be installed exactly level, the meter 
must be accurately leveled by changing the length of the 
adjusting screws which are about 100 mm apart. Because the 
screws do not have a zero thermal expansion coefficient, dif
ferences in their lengths cause the baseplate to tilt when the 
temperature changes. Even with Invar, which has the lowest 
coefficient of thermal expansion of any convenient material, 
this effect is significant. The temperature induced tilt is given 
by 

¢J = KiJ.L I D, ( 1) 

where ¢J is the tilt in radians/C; iJ. Lis the difference in screw 
length; K is the linear thermal expansion coefficient per de
gree Celsius, and D is the horizontal distance between 
screws. For our design K = 1.25 X 10- 6/C and D = 100 
mm. If we want ¢J to be less than 10-8 rad/C, iJ. L must be 
less than 0.8 mm; thus the tile must be carefully leveled dur
ing installation. 

A further complication arises in designing the leveling 
screw-baseplate interface. If the baseplate is tapped to re
ceive the screw, the effective length of the screw depends on 
exactly where the threads and baseplate are actually in con
tact. This exact point may be anywhere along the length of 
the threaded hole, and may change unpredictably when the 
screw is turned. This would be of no consequence if the base
plate were also made of Invar, because the baseplate would 
then be an extension of the screw, and its top surface would 
move according to Eq. (1). However, if the baseplate is made 
of a more convenient metal such as aluminum, the top of the 
plate will move more than predicted by Eq. ( 1 ), depending on 
just where the thread makes contact. We have solved thi~ 
problem by using lnvar "nuts" attached to the top of tht 
baseplate, which effectively define the length of the screws 
regardless of where the threads are engaged within the nuts. 

A further potential problem arises from the mechanical 
interface between the screws and the tile. Most active volca
noes generate earthquakes, and it is therefore desirable to 
constrain the tiltmeter horizontally. To accomplish this, we 
place conical holes in small Invar cups which are epoxy 
bonded to the ceramic tile with the very minimum thickness 
of epoxy. 

Because the thermal coefficient of the tile is different 
than that of the baseplate, the spacing betwen screws differs 
from the spacing between cups when the temperature 
changes. This could force the ends of the screws to move up 
the sides of the conical holes, thereby inducing large artifi
cial tilts. To prevent this we made the screws long and thin, 
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and the instrument heavy enough, that the screws bend rath
er than climb out of the conical holes. Since all three screws 
are of similar size and length, they bend about the same 
amount and the meter stays very nearly level. To further 
minimize this effect, we make the baseplate of aluminum 
which nearly matches the tile in thermal coefficient of ex
pansion ( ~ 20 ppm/C for aluminum vs ~ 15 ppm/C for 
tile). 

The bubbles are spring loaded into V grooves in alumi
num blocks which are attached to the baseplate. Since ther
mal gradients are especially serious in these blocks, they are 
isolated from the baseplate with spring-tensioned nylon 
screws and identical glass spacers. The blocks are surround
ed with insulation and enclosed in a metal box, which pro
duces a thermal time constant for the blocks/bubbles of 
about an hour and effectively suppresses thermal gradients. 

IV. CALIBRATION AND TESTS 

The tiltmeters are calibrated on a simple mechanical tilt 
table which uses a very rigid optical bench beam 2 m long. 
One end of the beam is supported by a cross beam mounted 
on two large balls which rest on a steel plate. The plate is 
bonded to a concrete slab floor cast onto the ground. The 
meter is leveled with its own screws on a table centered on 
the cross beam. The other end of the long beam is raised or 
lowered by a differential micrometer screw and monitored 
by a precision dial gauge. It is possible to reproduce tilts as 
small as 10 ,urad with this simple device. 

We have conducted three tests of our tiltmeter's perfor
mance under relatively controlled conditions. The first took 
place on a massive isolated concrete pier at the bottom of a 
25-m-deep solar telescope pit at Caltech. A Kinemetrics 
TM-1 tiltmeter5 using a Rockwell sensor was operated next 
to our tiltmeter for several days. By tilting the pier about 50 
,urad, using a lever against the surrounding floor, we con
firmed that our tilt table calibration agreed with the Kine
metrics calibration. The meters tracked each other at the 
submicroradian level as the pier moved in response to diur
nal solar heating of the surrounding building. There were no 
obvious irregularities in either meter's performance. 

A second test was conducted in the Uwekahuna Vault 
near the Hawaiian Volcano Observatory on Kilauea vol
cano. Output from our meter was compared with data from 
a 3-m base line water tube tiltmeter and an Ideal-Arrow
smith 13 mercury tube tiltmeter. The latter two instruments 
have operated reliably for many years at Uwekahuna. All 
three tiltmeters agreed at the ,urad level during several weeks 
of simultanous operation. 

A third test has been run sporadically since December 
1980 at the Dalton Geophysical Observatory tunnel in 
Southern California. The Fredericks sensors are being com
pared with a Rockwell sensor using the mechanical and elec
tronic equipment developed for the Rockwell sensor at Cal
tech. The meters are mounted on the same pier and their 
outputs are locally recorded. Figure 4 shows a typical com
parison. A signal of about 10- 7 rad peak-to-peak amplitude 
is clearly recorded by both meters. Detailed comparison sug
gests a mutual uncertainty ofless than 2 X 10-8 radians rms 
over most of the record, with some evidence on hysteresis in 
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FIG. 4. Comparison of earth tide investigation records from the Fredericks 
(upper) and Rockwell jlower) bubble tilt sensors. 

the Rockwell sensor. 
In each of these tests the thermal environment has been 

benign. Unfortunately, at scientifically interesting sites like 
Mount St. Helens, tiltmeters must often contend with a se
vere thermal regime. Several tests have been attempted to 
separate thermal effects due to our meter's mechanical de
sign from those intrinsic to the Fredericks sensor. None of 
these tests is entirely satisfactory, but it is clear that at electri
cal null the sensor temperature coefficient is less than 1 
prad/C. It has not been possible to test our meter's long
term stability except in comparison to the Rockwell sensor 
at Dalton tunnel; their mutual drift over periods of months is 
less than 2 X 10-8 fLrad/day. 

V.INSTALLATION AND OPERATIONAL 
CONSIDERATIONS 

Since interesting field sites are rarely benign, special 
precautions must be taken in tiltmeter design to prevent er
roneous results. Corrosion protection for certain compo
nents is critical, especially at volcanoes where the environ
ment is not only wet but also bathed in S02, H 2S, C02 , 

H2S04 , HCl, HF, and other noxious liquids and gases. Lib
eral use of hard chromium plating, epoxy paints, hard ano
dize, and silicone grease is essential. Particularly critical are 
the screw threads, the interfaces between the ends of the 
screws and the cups, the interface between the glass spacers 
and the blocks and baseplate, and the surfaces between the 
blocks. In these places we use very thin layers of silicone 
grease to protect the contacts (first smear it on, and then 
wipe it "all" oft). 

In the field, we protect the entire tiltmeter with a foam 
cooler, garbage can, metal box, concrete pipe, etc., depend
ing on the site. In each case we try to minimize the effects of 
the external environment. A discussion of some of our ex
periences and results at Mount St. Helens is being published 
elsewhere? 
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The Fredericks bubbles have an intrinsic thermal coef
ficient of sensitivity (in contrast to null position) due to the 
thermal coefficient of electrical conductivity of the electro
lyte. This amounts to about 0.4%/C. Near electrical null 
this is unimportant for reasonable temperature changes 
( ~ 10 °C), but in large tilt ( > 100 prad) situations it requires 
temperature corrections to the data if a dynamic range 
greater than I 00 prad is required. It also means that in small 
tilt situations, it is important to operate the sensor near elec
trical null. 

Fortunately in Hawaii, it has been possible to install our 
meters inside lava tubes, which are nearly isothermal and 
well coupled to their surroundings. At Mount St. Helens, 
however, surface temperature changes and poor coupling 
are both serious problems. Monitoring the baseplate 
temperature has allowed post-facto correction for thermal 
effects to about the 10 !lrad level, completely adequate for 
monitoring the very large ( > 1000 !lrad) tilts observed dur
ing recent eruptions. 2 
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