A Short Note on Borehole-Type Tiltmeters and
Earthquake Prediction

journal or O00ooooboooooooon
publication title

number 34

page range 1-32

year 1979-03-30

URL http://i1d.nii1.ac.jp/1625/00002761/




Research Notes of the N.R.C.P., No.34, March 1979

550.34.034/.343

A Short Note
on

Borehole-Type Tiltmeters and Earthquake Prediction

By
Haruo Sato

Naticnal Research Center for Disaster Preventicn, Japan

Abetract

There are a number of reports on anomalous tilt changes preceding large earth-
quakes. Continuous monitoring of the crustal tilt ia ene of the most effective
approaches for the purpose of the earthquake prediction. The borehole-type tilt-
meters developed for installation in boreholes have been used for the crustal tilt
observation for thegse ten years. Drilling a borehole is not so expenstive ag con-
struction of a vault, which ie necessary for installation of a water-tube tiltmeter
and a horvizontal pendulum tiltmeter, and boreholes are possible to be made even in
a plain area. The foree balanced penduluwn tiltmeter and the bubble tiltmeter, two
types of borehole-type tiltmeters, have baen developed and used in Japan and the
U. 8. A., respectively. NRCDP has not only developed the force balanced pendulum
tiltmeter itself but has improved borehole drilling techniques and ingtallation
methods of tiltmeters. The force balanced pendulum tiltmeters installed at the
bottom of boreholes of which the depths are 50-100m offer good and stable records.
Long term drift of the force balanced pendulum tiltmeter ie about a few arc second
per year, one order larger tham that of water tube tiltmeters. However, the force
balanced pendulum tiltmeter is expected to be very effective to detect anomalous
tilt changes of the order of 0.1 are second or larger prior to the cccurvence of
large earthquakes. Now, NECDP is going to construct 60 crustal activity observatio
stations in the Kanto-Tokai avea, where a large earthquake is anticipated, in the
coming & years. High sensitive seilsmometers are installed all of the 50 stations,
among which 17 stations ave equipped with the borehole-type tiltmeters, It is ex-
vected that some of these crustal activity cbservation stations will detect ancma-

lous tilt changes or anomalous seismicity prior to coming earthquakes.
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1. Introduction
1t has been shown by recent research works that menitoring of the
crustal movement provides the most impertant information for earhtquake pre-
diction. There are some historical documents in which anomalous sea retreats
before an earthquake have been mentioned. The phenomencon of the sea retreat
seems to be interpreted by local uplift of the land relative to the sea level
(Ajigazawz earthquake, M=6.9, 1793; Hamada earthquake, M=7,1, 1872, etc.).
In modern times, the data from geodetic surveys such as triangulation and
precise levelling are available. Making geodetic surveys over the seismic
area before and after an earthquake, crustal movements associated with the
earthquake can be found, There are some instances in which land deformation
prier to an earthquake was detected by a repetition of the precise levelling
(Niigata earthquake, M=7.5, 1964, Fig. 1,(Tsubokawa, 1964); San Fernando earth-
quake, M=6.4, 1974, (Castle, et al., 1974)). BRikitake(1976) collected and
classified 282 earthquake precursors, in which 105 crustal movements (land
deformation, tilt and strain, fault creep anomaly, ete.,) were reported,
According to the theory of the plate tectonics, an island arc such
as the Japan arc is compressed and pulled down by a subducting oceanic plate
as shown schematically in Fig. 2. The crust must rupture at the interface
between the continental and oceanic plates when the shearing stress at the
plate boundary exceeds a certain limit. The strained crust of an island arc
would rebeound occeanward with an uplift. At that moment the strain energy, that
has accumulated in the crust, would be releases into the energy of seismic waves
and crustal movements. The mechanism of large earthquakes off the Pacific coast
of Japan mav be something like the one described above. The plate boundaries
in the Japan arc region are delineated as shown in Fig, 3. The mechanism of
earthquakes which occur in inland areas is also interpreted by a sudden release

of the accumulated stress.



Borehole—1ivype Tiltmeters and Earthquake Prediction — H, Sato

{
— / { " SHILATA
410

| AGANO R el
| N N
NHHGATACE

NIIGATA Pref.

cul | I { ] ! |

'

L
| SO I T |
o & &
b1
E
| I I I |

- 8517 NEZUGASEK!)

i
[ |

{ GATB{NAKAJO}

1
T
[ A |

1 B4T3{SHIBATA)

G507 (SANPOKU

LA
@
]
| T Y O Y O O S A

7

- e

44738 [ tWAMURO

-

s
/
f

o BLES{ASAHI)
" /

J‘ 1900 1950 - [ T R S T

I f | | | I

\
\\
[

it

Fig. 1. Changes in height at levelling bench marks before and alter the 1964

Niigata earthguake ( Dambara, 19731 .



No, 34, March 1979

Research Notes of the N, R, C. D, P,,

JAPAN ARC

RUPTURE

A. Compressed state.

Fig. 2 Compression and rebound of an isiand arc.
19767 .

B. State

of rebound ¢ Rikitake,

Yy

U
I
o
—~
ay
[ ¥]
N
o

L}
v (3 3

(B <%
‘ o

Philippine Sea Plate !

7

Fig. 3. Tectonic plates near and around the Japan arc,



Borehole — type Tiltmeiers and Earthquake Prediction—H, Sato

Therefore, it is important to observe the stress accumulation, which appears s
crustal movement, in order to forecast earthquakes.

Stimulated by the plate tectonics theory and the observational facts
mentioned above, a repetition of geodetic surveys such as triangulationm, level~
ling and gecdimeter surveys of high accuracy have vigorcusly been carried out.

it is impossible however to perform a continuous monitoring of the crustal
movement by means of the geodetic survey, because the geodetic survey is essen-
tially intermittent., Therfore, continuous observation of the crustal movement
with tiltmeters, strainmeters, tide gauges, etc. are important as well as thethe

geodetic survey.

2. Instruments for crustal tilt cbservation

Among the various kinds of observaticns of the crustal movement, continuous
ocbservation of the crustal tilt is particularly impertant. Ther are three kinds
of commonly used tiltmeters; water-tube tiltmeters, horizontal pendulum tilt-
meters and borehole-type tiltmerers. Water-tube tiltmeters and horizontal pendu-
lum tiltmeters which are installed in underground vaults have been used for a
long time, Borehole-type tiltmeters have been utilized only recently.

-Water-tube tiltmeter-

A pair of water pots, connected with a pipe, are placed on the ground at a
distance of several tens of meters. Changes in the difference in height of the
water surface are proporticnal to the mean tilting of the ground on which the
system is installed. The height of the water surface is usuzlly read by a micro-
meter or an electric device(Yamada, 1973). The principle of the water-tube
tiltmeter is illustrated in Fig. 4(A).

-Horizental pendulum tiltmeter-

The axis of the pendulum deviates very slightly from the vertical, so that
the pendulum oscilates with a long period. The pendulum moves in an almost

horizontal plane. As the axis is slightly tilted, the pendulum tends to rotate
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with a fairly large angle. Therefore, this device works as a high sensitive
tiltmeter. The principle of the horizontal pendulum tiltmeter is illustrated
in Fig. &{B).

-Borehele-type tiltmeter-

This type of tiltweter has been developed for installaticn in a borehole,
Two types are commonly used for this purpose; the vertical pendulum type and
the bubble type. The details of the borehole-type tiltmeter will be described

in the secticn after the next.

3. Continucus observation of the crustal tilt and earthquake precursers

For several cases, the tilt changes recorded by the water-tube tiltmeters
were compared to that deduced from the precise levellings over the area in which
the crustal movement observatory is located. Qualitative agreement between
those two types of ocbservations was seen for most of the cases although a quanti=-
tative comparison was not always successful(Kasshara, 1973). It has been experi-
ences that the horizontal pendulum tiltmeter undergoes a drift movement probably
because of the mechanical friction at the bearing and the instability of the
mounting, It seems that the horizontal pendulum tiltmeter records a very local
ground tilt because the instrument is mounted on a2 small tripod. Nevertheless,
it is effective for monitoring a rapid tilting. It appears that changes observed
by the tiltmeters are an indication of actual crustal movement,

There are a number of reports on ancmalous tilt changes preceding earthquakes,
Some of them may be reliable, others may not. The following are the most romark-
able examples of the tilt precursors.

(A) The Tottori earthquake, Japan, M=7.4, 1943; The horiezontal pendulum
tiltmeter at the Ikuno mine 60 km from the epicenter recorded a tilt change
amounting to 0.1 arc second or more during several hours before the earthquake

as shown in Fig. 5(Sassa and Nishimura, 19531}.
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{B) Earthquakes in U.S.S5.R., M=4.0 and 4.7, 1938; An earthquake of M=4.Q
was followed after 30 minutes by the other one of M=4,7, The herizontal pendulum
tiltmeter at the Alma-Ata station 250 km from the epicenter recorded a change
amounting teo 0.4 arc second duriung 3 hours before the earthquakes (Ostrovsky,
1970). The data is shown in Fig. 6.

Rikitake (1976) compiled precursory changes in crustal tilt reported so far
on observations by water-tube tiltmeters, horizontal pendulum tiltmeters and
borehole-type tiltmeters. Flots of precursor time vs. magnitude are shown in
Fig. 7. The data on the horizontal pendulum tiltmeters are widely dispersed
suggesting poor gquality of data. The other data exhibit the tendency that the
logarithmic precursor time becomes larger as the earthquake magnitude increases.

Scme isolated plots around 1DglOT= -1 are also found,

4, Borehole-type tiltmeter

At present it is impossible to pinpoint the epicenter of an impending earth-
quake before it takes place. It is necessary to distribute many observation
stations in the area under guestion in order to detect anomalous tilt changes
preceding the earthquake,

Underground vaults are necessary for installation of the water-tube tilt-
meters and the horizontal pendulum tiltmeters. However, the vault is very expen-
sive and moreover it is not easy, especially in Japan, to find a satisfactory
gsite for constructing the vault. Drilling a borehole is not sc expensive as con-
struction of a vault and boreholes are possible to be made even in a plain area,
For these reasons the borehole-type tiltmeters have been develcoped.

Varicus types of small size tiltmeters have been developed for installation
in boreholes during the last decade; the vertical pendulum type{allen, 1972; Okada
et al., 1975; Akashi and Fukuo, 1977} and the bubble rype(Johnston, 1976; Harrison,

19767,
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Fig, 6 Anomalous change in ground tili at the Alma Ata station in L S, S R,
associated with two earthguakes on October 13, 1958 (Ostrovsky, 19700,
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These borehole-type tiltmeters have an electrical output so that it is possible
te monitor the crustal tilt changes using a telemetering system. The bubble
tiltmeters are very popular in the U.5.A., while the force balanced pendulum
tiltmeters predominate in Japan., The mechanism and the installation method of
these two borehole-type tiltmeters are briefly mentioned,

-Bubble tiltmeter-

"The heart of the bubble tiltmeter is a simple bubble level semsor using
an electrically conductive fluid. The tiltmeter sensor consists of a cylindrical
glass cap and a base as shown in Fig., 8, The cap has four orthogonally located
platinum strip electrodes and the base has one centered platinum electrode. The
assembled unit is filled with a conducting fluid containing a bubble which, when
leveled, covers an equal area of each of the cap electrodes. The opposite cap
electrodes are connected to a pair of fixed resisters, thus forming a bridge.
As the case is tilted, the bubble, which remains fixed with respect to gravity,
moves $0 as to partially uncover one electrede and to allow the opposite electrode
to have more of its surface covered with fluid. This unbalances the bridge and
introduces an output voltage which, over the tiltmeter range, is a linear functieon
of the tilec angle" (Kinemetrics Tnc., 1975). The bubble semsor is in & cylindrical
case(Scm dia, x 107em lomg) for installation in a borehole as shown in Fig, 9.

A typical installation method in a shallow borehole is illustrated in Fig. 10.
A ceramic casing pipe iIs cemented in the borehole. The bubble tiltmeter is embedded
tightly with fine silica sand in the casing pipe(Allen et al., 1973; Bacon et al.,
1875).

-Force balanced pendulum tiltmeter-

A pendulum is suspended from the case with a universal joint. Magnets and
electrodes are attached to the pendulum, and coils and electrodes are attached ro
the case. A pair of electrodes, cne on the pendulum and one on the case, form a

condenser, and a pair of magnet and coil form an electromagnet, There are four
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condensers and twe electromagnets. The condensers and the electromagnets linked
by electric circuit form the force balance system. As the case is tilted, the
pendulum moves and capacitance of each condenser changes. An electric current
that is proportional to the capacitance change flows into each the electromagnets
which balances the pendulum at the neutral position. The output voltage 1s pro-
portional te each feedback current. The pendulum is always kept at the neutral
position sc that this tiltmeter is free from the drift movement caused by creeping
of the universal jeint. The tiltmeter is set on a reset mechanism, which enables
precise levelling of the riltmeter by a remote coentrol system. The tiltmeter and
the reset mechanism are assembled in a cylindrical case as illustrate in Fig. 11(A)
{Akashi and Fukuo, 1977)., The tiltmeter, togather with the thermometer and the
seismometers, are assembled ir a cylindrical stainless vessel as shown in Fig. 11(B).
Fig. 11(C) shows the setting device with three arms for fixing the vessel on the
side wall of the scainless casing pipe of 4 inch dia. at the bottom of the borehole.
The borehole is carefully drilled by using a rotary boring machine. 4 pilot
hole 1s drilled and then it is reamed to the size of 175 mm dia, when we must be
careful not to break the side wall of the well. The inclination of the borehole
must be in the range of ¥ 3° from the vertical in order to make it possible to level
the tiltmeter at the bottom of the borehole, because the range of the resest angle of
the tiltmeter is + 37 Steel casing pipes of 5 inch dia. with a stainless casing pipe
of 4 ineh dia. attached at the end are cemented by expansion cement(Sato and

Takahashi, 1978). A standard observation station well is illustrated in Fig. 12.

5, Crustal tilt observation using borehole-type tiltmeters

In the U.S.A., various kinds of borehole-type tiltmeters have been developed
and the installation method in a shallow borehole has been improved{Allen, et al.,
1973; Bacen, et al., 1975). Many borehole-type tiltmeters have been distributed
in middle and scuthern California, where the San Andreas fault is very active.

In recent vears, the bubble tiltmeter is the most popular type in the area.

_13.7
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This area has been of particular interest for earthquake and crustal movement
investigations for many vears, Tiltmeter studies, telluric CUTBENt Measurements,
magnetometer studies, geodimeter measurements, tellurometer measurements, gravity
studies, creepmeter studies, strong motion instrumentations and microearthquake
studies are vigorously performed in the area{Bacon, et al., 1975). The crustal

tilt observation is performed mainly by U, §. Geological Survey (USGS), California
Institute of Technology(CALTEC) and California Division of Mines and Geologv (CDMG) .
A typical installation is illustrated in Fig. 10, The tilt signals from the bore-
hole sites are transmitted by a telemetering system using telephone lines to the
Office of Earthquake studies of U3SGS in Menlopark and the Seismological Laboratory
of CALTEC in Pasadena, The tiltmeter sites of USCS along the San Andreas fault

are shown in Fig. 13.

It was reported that several tiltmeters recorded anomalous changes prior to
the earthquake of November 28, 1974(M=5.2) near Holister in central California(
Mortensen and Johnston, 1976). Raw records are shown in Fig., 14. According to
Johnston and Mortensen(1974), the tiltvector changed its orientation preceding
earthquakes as illustrated in Fig. 15. It should be noted however that mest of
the premonitoring earthquake signals are buried in local meteorcgical noise, such
as the influence of rainfall on the tilt data(Wood and King, 1977).

Site selection is found to be a cruclal factor in the shallow borehole
installation. Sites selected on bases of radial symmetry, homogeneity of material,
and remoteness from the topographical changes show reportedly no apparent diurnal
temperature effects or ground loading effects due to rainfall at a resolution of
10_7 radians(Mortensen and Johmston, 1975}. Several bubble tiltmeters were imported
from the U.S.A. and used for the crustal tilt observation in Japan. Some of them
are still operating in vaults,offering good and stable records, but those which
are installed in shallow holes of 2 m depth suffer from the influence of temperature
changes and rainfall(Hamada, 1978; Sato and Takahashi, 1978; Harrison and Herbst,

1977). This shows a limitation of the borehole-type tiltmeter installed in shallow

_16-.
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holes. Since there is a let of rain in Japan, shallow borehole observation is
not so appropriate.

In Japan, borehole-type tiltmeters have been developed with zeel since the
Matsushiro earthquake swarm, 1965-1967(Ckada, et, al., 1975; Akashi and Fukuo, 1977},

Hereafter, the crustal tilt observation using the force balanced pendulum
tiltmeter is described. National Research Center for Disaster Prevention(NRCDP)
has not only developed the force balanced pendulum tiltmeter itself but has improved
borehole drilling techniques and installation methods for the crustal tilt obser-
vation.

NRCDP has performed crustal tilt observation at the Iwai-kita and the Iwai-
minami stations, the southern patt of the Boso peninsula, since 1973(Suzuki, 1978).
The locations are shown in Fig. 24. An active fault, the Iwai fault, is located
between the two stations, of which the distance is zbout 2 km, The depths of the
two boreholes located in Tertiary formation are 50 m., The tilt data recorded are
shown in Fig. 16, Rainfall seems to affect the local ground tilt as shown in
Fig. 16. Long term drift has been about 0.4- 2.2 arc second per year for rhe past
five years. Tigs.l6{A) and(B)show difference between the long term drift before
and after October, 1975, when the tiltmeters were installed again in the boreholes.
This means that the tiltmeter undergoes drift movements probably because of the
instability of the vessels in the boreholes.

A crustal tilt observation with an array of borehole~type tiltmeters(4 sta-

tions) was started atlokabe—machi, Shida-gun, Shizucka-ken in February, 1978.
The area was selected for observation because a large earthquake is anticipated
in the Tokai area because of various kinds of sclentific data, some of which will
be mentioned in the fellowing secticn. The object of this small aray observation
is te detect precisely the local crustal tilt changes, which can not be observed
by a single sensor. The geclogy of the observation area is in the Setogawa group
of Paleogine as shown in Fig, 17.

The force balanced pendulum tiltmeters are installed at the bottom of the bore-

holes, of which the depths are 102m(Okabe station), 54m{Chikamata station) and

-1 9 -
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53 m(Nodazawa station). The boreholes are located on the apexes of an equilateral
triangle of about 2.5 km in length as illustrated in Fig. 18, The bubble tiltmeters
are installed in shallow holes( Matozawa station) for experimental purpose. Seismo-
meters, thermometers, a rain gauge and a barcmeter are installed to support the
crustal tilt observation. All the signals are transmitted by the telemetering
system (Pulse code modulation method)using telephone lines to NRCDP at Tsukuba and
monitored there(Sato and Takahashi, 1978). The telemetering system and the record-
ing system are illustrated in Fig. 19. The tilt data observed are shown in Fig. 20.
From the array observation during about half a year, the following are concluded:
Long term drift of each component is less than about 0.1 arc second per meonth.

Short period tilt changes of day order at the three stations are well correlated,
The influence of rainfall is cliear in the data cbtained at the Chikamata statiom.
There is little correlation between tilt and barometric changes. 5Small tilt steps
take place occasionally caused by strong earthgquake shocks,

The force balanced pendulum tiltmeter can be installed in a borehole as deep
as about 100 m, so that site selection is easier than the one for the bubble tile-
meter, At those depths, the force balanced pendulum tiltmeters show no apparent
diurnal temperature effects, but, some of them located near rivers or ponds show
ground lcading effects due te the rising of the water level of rivers or ponds owing
to rainfall., Therefore, we have to select the site apart from rivers and ponds, and
install the tiltmeter deep in sound rock as much as possible.

The long term drift of the force balanced pendulum tiltmeter is about a few
arc second per year, one ordetr larger than that of water-tube tiltmeters,

Inspite of the long term drift, the force balanced pendulum tiltmeter is expected to
be very effective to detect anomalous short term tilt changes of the order of 0.1
arc second or larger prior toc the cccurence of large earthquakes.

NRCDP is completing three deep borehole observatories around Tokyo, the capital
of Japan, and the crustal tilt and the microearthquake observation started at the

Iwatsuki observatory(3510 m depth) in 1970 and the Shimohsa observatory (2300 m
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ARRAY OF BOREHOLE-TYPE TILTMETERS

Chikamata
------ Nodazawa

Vs | 1=53m

Matoczawa ln ‘
—-2m ' Okabe

-132m

~1 2%km
Suruga Bay

Omaezaki

Enshunada

Fig 18 Array of borehole—type tiltmeters at Okabe —machi.
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depth) in 1978(Takahashi and Hamada, 1%75). Ancother deep borehole observatory
will be completed in a few years at Fuchu, western part of Tokyo. The force
balanced pendulum tiltmeters are successfully in much deeper boreholes down to

a few kilometers. The deep borehole observatories are free from the heavy noises
on the ground surface, and are expected to provide the mosc essential data of the
crustal activity in the metropolitan area. Long term drift of the tilemeter is
about 1 arc second per month at the Iwatrsuki observatery probably because of high
temperature at the bettom, 86°c. However, short term stability of the tiltmeter

is satisfactory.

6. Crustal activity observation program in the Kanto-Tokai area by NRCDP
The Kanto and the Tokail areas are very important in Japan from the soccial,
cultural, industrial and economical peints of view. These areas zlso have a huge
population. A large earthquake is anticipated in these areas according to various
kinds of geophysical data, The south part of the Kanto area and the Tokal area
have been appointed to "the area of intensified observation' by Coordinating Com-
mittee for Earthquake Prediction(CCEP} as illustrated in Fig. 21. The Philippine
Sea plate faces the Eurasian plate off the Facific coast of Japan and the root of
the Tzu peninsula. Large earthquakes have occurred in those areas in historical
times along the Mankal trough and the Sagami trough, which are the plate boundaries,
as shown in Fig. 22. Recently, it has been reported that anomalous vertical move-
ment nceurred in the Tokai area from the precise levellings as illustrated in Fig. 23.
Vigorous geophysical research studies on these areas have been exerted by
governmental and municipal agencies and universities. Repetition of precise level-
ling, triangulation and geodimeter survey, gravity surveys, tide gauge installations,
borehole-type tiltmeter installations, borehole-type strainmeter Installations,
in-situ stress measurements by hydro-fracturing, geochemical observation of ground

water and monitoring of the ground water level, measurements of selsmic wave

-2 H -
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The arrows show the direction of plate motion, Epicenters of extremely
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Fig, 23 Vertical movement in the Toka area (GSI, 1978).
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velocity changes by explosions and natural earthquakes, microearthquake cbserva-
tions, geological surveys of active faults, surveys of submarine topography, etc.
have been performed. Borehole-type tiltmeter installations have been conducted
mainly by NRCDP.

Now, NRCDP is going te construct 50 crustal activity observation stations
in the Kanto - Tokal area in the coming 5 years. According to our plan, high
gensitive selsmometers are installed at all the 530 stations, ameng which 17 sta-
tions are equipped with the borehole-type tiltmeters. Distribution of the crustal
activity observation stations are i1llustrated in Fig. 24. A standard observation
station is illustrated im Fig. 12. All the signals are transmitted by the tele-
metering system using telepheone lines to NRCDP at Tsukuba and recorded by the
analog and the digital recording systems, as illustrated in Fig. 25.

The new observation network monitoring the micreo-seismiclcy and the crustal
movement, especially the crustal tilt, will contribute teo earthquake predicticn
in the area. It is expected that some of these crustal activity observatien sta-
tions will detect anomalous tilt changes or anomalous seismicity prior to the coming

large earthquakes.
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