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This paper describes a borehole tiltmeter 
based on a pair of horizontal pondulums. We 
b v o  w e d  the tiltmeter to study the elastic 
properties of the Yellowstone National Park 
region by measuring the amplitude and phase of 
the earth tides there. We are currently oper- 
ating several of these instruments in seis- 
mically active regions of Southern California 
to study the usefulness of borehole tilt meas- 
urements in earthquake prediction and in 
measuring the distortion of the near-surface 
material near a fault zone. 

Although many different kinds of tilt- 
sensors iuve been developed, they are often not 
suitable for measuring the #lull, long-period 
distortions of the earth. Tidal tilts, for 
exarnple, have amplitudes of about 200 nano- 
radians (0.04") and perioda of 12 hours or 
longer; macular distortions rarely exceed 1 
micro-radian per year, and are often consid- 
erably smaller than this value. These effects 
nust be measured at remote, inaccessible sites 
in an environment where ambient temperature and 
pressure cannot be controlled, where power 
consumption must be minimized, and where the 
mean time between failures must be several 
months or longer. 

Borehole Design 

We have minimized the sensitivity to envi- 
ronwntal perturbations by installing the 
sensors in boreholes as shown in Figure 1. 
boreholes are nominally 15 cm in diameter and 
30 m deep. A carbon steel casing, 135 mm in 
diameter with 6-mn walls is pressed into the 
hole. 
water-tight pipe as it is inserted. 
terminates at the bottom in a stainless steel 
section w e d  to hold the tiltmeter capsule. 
This bottom section is 2.1 m long and 115 mm in 
outside diameter. 
welded across the bottom. A hemispherical knob 
is welded to the inside of the bottom plate to 
support the weight of the tiltmeter capsule. 
At some sites we also used a second. larger 
diameter casing to keep the top portion of the 
borehole from collapsing after the drill was 
removed and before the primary casing could be 
inserted. This larger casing was 210 mm in 
diameter. The length of this casing varied 
depending on local conditions. 

The casing is sealed in place by means of 
cement poured down to the bottom of the hole 
before the casing is inserted and around the 
sides of the casing after it is in place. 

The 

The casing is welded into a continuous, 
The casing 

It is sealed by a plate 

+Staff Member, Time and Frequency Division, 
NIST. 

Fig. 1. Schematic diagram of the tiltmeter 
capsule installed in a cased borehole. All 
dimensions are nominal and the figure is not to 
scale. The detail shows one of the springs 
that is used to press the capsule against the 
side of the borehole to minimize the effect of 
strain-tilt coupling. 

Ordinary cement can be used for 30-11 boreholes. 
The cement is mixed somewhat thinner than 
normal, and can be poured around the casing by 
hand. This technique will not work for deeper 
boreholes. however, and the cement must be 
pumped to the bottom of the hole. Special 
mixes must be used to prevent the cement from 
separating and clogging the pipe used to carry 
the mixture to the bottom of the hole. The 
most important consideration is the balance 
between fine and coarse constituents of the 
mixture, and mixes that are easily pumped may 
be somewhat brittle when cured. 

Although we have installed instruments in 
boreholes that were only 15 m deep, these 
instruments showed quite marked response to 
surface perturbations produced by changes in 
temperature or by rainfall. In Figure 2.  we 
compare the response to rainfall of sensors . 
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t ha t  aro installod a t  a dopth of 15 m (W1 and 
VP2) with data from an adjacont 30-n doop in- 
s t a l l a t ion .  The poriodic tilts on both instru- 
monts aro tho earth tidos; not. tho larger 
socular offocts on tho shallowor inrtrumont and 
tho pronouncod offoct coincidont with tho rain.  

Instrumont Capsulo 

Tho instrument capsulo is a 1.8 m length of 
stainloos-stool tubing cloood a t  tho bottom and 
having a pair  of contact points and a f l a t  
spring weldod on near i ts  top and a second pa i r  
with a socond f l a t  s p r i w  naar it8 bottom. Tho 

od by screws and containing an O-ring. 
The springs pros. the capsulo against the 

casing; the weight of the instrument is sup- 
ported by the hemispherical knob a t  the bottom 
of the casing, but t h i s  knob does not constrain 
the capsule. This derign is intended to  mini- 
mize t i l t - s t r a i n  coupling duo t o  cavity e f -  
fects .  When the material that  was i n  the 
borehole is removod by d r i l l i ng ,  the e l a s t i c  
properties of the region are  modified since the 
edge of the borehole is now a st ross-free 
surface. 
deform the sides of the boreholo. and th i s  
deformation varies with porit ion,  especially 
near the bottom of the hole where there is a 
t ranai t ion region between the modified and 
unmodified Loner of e l a s t i c  parameters. This 
d i f f e ren t i a l  motion resul ts  i n  apparent t i l t s ,  
as points that  were direct ly  above each other 
are  displaced by different  amounts as a resul t  
of the applied s t ra in .  It can be shown that  
thore is no cavity offect  if tho si& of tho 

top Of the capsule is ~0.1.d W i t h  Cap Attach- 

Strains in  the surrounding material 

boroholr is umod u a vortical  roforonco u i r  
for  tho tiltmotor, pr0vid.d that  tho roforonco 
points aro mor. than about ono holo-diunter  
.bovo tho bottom. (Thoso cavity offects  ara 
much mor. d i f f i cu l t  t o  01i.iruto i f  tho bore- 
hole is not vortical .  In particular,  tilt 
moasur~~on t s  i n  railway hmnh or ilno d r l f t a  
p r o ~ e n t  spocial probloms th.t aro not oasily 
ovorcow . ) 
murfoco aro l o f t  slack; thotr volght I8 sup- 
portod by a brackot fartonod to  tho top of tho 
casing. 

Tho cablos connocting tho capsulo with tho 

Capsulo Ori.ntatioa 

Tho capsulo is usurlly not visiblo froa tho 
surface and its oriontation c-t bo &tor- 
mined by diroct sighting. 
l i gh t  rods iMtoad. A post iS we1d.d t o  tho 
top cap of the tiltmotor with a f l a t  atdo 
aligned with tho axis of ono of tho sonsor8. 
A rod can be fastenod t o  the post urd Is hold 
i n  place by m e a n s  of a trappod ba l l .  A. tho 
cap-rule is lowored, additional sections of rod 
aro added. Each soction is notchad urd can 
only be attachod i n  ono orientation using a 
s-11 scrow. 
most notch is dotomined using a compass and a 
t r a n s i t ,  the en t i r r  ser ies  of rods is removed 
from the capsulo by pulling upwards. thoreby 
disconnecting tho bottom rod from tho post. 

This method can be wed  t o  &tenxino tho 
azimuth of the sensors to  within a few degrees. 
A n  uncertainty of only on. degree is possible 
if great care is used and condittoxu aro very 
favorablo. 

Yo us. a systom of 

After the oriontation of tho top- 

NBS Til t  and Rainfall 

c 

Rainfd I -7 
Hp2 

I I I I I I I I I 
15 February 25 Llard, 

(4 boy./dv) 

1081 Time 1981 

Fig. 2 .  Tiltmeters VP1 and VP2 are instal led i n  a 15-m borehole and t i l tmeter HP is i n  
a 30 m borehole. 
signal of a l l  of the plots  is the earth t ide.  

The response of the instruments t o  r a in fa l l  is shown. The periodic 
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Tilt Sensors 

The tilt sensors are horizontal pendulums 
and the design is 8 h m  in Figure 3. 
24, 1s located at the ond of a rigid beam, B. 
The beam is supported by three wires, Us, Uz 

ical design aro the smd1 springs (S) incorpo- 
rated into each of the wires to protect the 
suspension from damage due to shock or vibra- 
tion and the pantograph arrangement of the 
supension which d e s  the period and the 
mechanical sensitivity independent of temper- 
ature to first order. The wires are attached 
to the frame of the instmaant at PI, Pz and 
Pa, but the diameter and stiffness of each wire 
are chosen so that displacements of the mass 
are with respect to the virtual hinge points 
VI, Va and VI. These hinge points lie along a 
line offset froa the vertical by a sm~ll angle 
I .  If the vertical axis tilts out of the plane 
of the paper by a small angle 6, the pendulum 
swings out of the plane of the paper through an 
angle 6, where 6 - d/i. If the length of the 
beam is L, the w s  moves A distance L6 - 
d(L/i). The tlmo to reach the new equilibrium 
position is proportional to the period, which 

A mass, 

and V I .  TWO important f@AtureS Of the mechan- 

VERTICAL SUPPORT / 

Fig. 3. A horizontal pendulum. A mass M is 
suspended at the end of a beam B using 3 wires 
Us, W2 and Us. The wires are attached to the 
vertical oupport at points PI, Pz and PI. The 
pendulum rotates about three virtual pivots VI. 
V2 and Va which lie along a straight line 
offset from the vertical by a small angle i. 
The small springs (S) protect the suspension 
from damage due to ohock or vibration. . 

depends on (L/i)’l’. In our instruments, L - 
10 m and i - 2 . 3 ’ .  Tho period io 1 second, the 
mass moves 0 . 2 4  pa/prad, and the displacunent 
of the pendulum in rosponso to a tilt is oqulv- 
dent to a vertical pendulum that Is 240 IP 
long. The mechanical amplification (relative 
to a simple vertical pendulum of the same 
length AS the beam) is thus about 24 .  

Each instrument consists of two pendulums 
wunted so that their sensitive Utes are per- 
pendicular to each other. The pendulums are 
mounted on a small plate as shown in Figure 4 ,  
and are protected from air currents and dust 
by a sealed cylindrical cover. The mounting 
arrangement isolates the pendulum from the 
flexing of the hermetically sealed case due to 
changes in barometric pressure. The case is 
approximately 65 mm high and 70 mu in diameter. 

Fig. 4. The mounting plate. The pendulums are 
mounted on the raised inner plate SO AS to 
iS0lAte them from the flexing of the base plate 
produced by atmospheric pressure changes acting 
09 the sealed cue. 

The base-plate is supported on a three-point 
wunt: two of the support points are mtor- 
driven screws. These motors are used to level 
the inStru”t after the CApSUh fS installed. 
The plAtf0rm has a dylupliC range Of about 0.1 
rad ( 5 ’ ) .  and the instruments can be zeroed to 
about 0.1 prad. See Figure 5. 

Each pendulum is suspended between two 
plates separated by about 1 m. 
and the pendulum form two arms of a capacitance 
bridge: the other tvo arms are formed by the 
center-tapped secondary coil of a transformer. 
The area of each end-plate is about 1 c d .  so 
that the capacitance between the pendulum and 
each end-plate is about 1 pf. The p r h r y  of 
the transformer is driven by an a.c. oignal and 
the amplitude and phase of the signal at the 
center plate are measured using a phase-sensi- 
tive detector. Since the voltages on the two 
outer plates are equal in amplitude and 
opposite in phase. the voltage between the 
center arm and the center-tap of the drive 
transformer has a magnitude that is propor- 
tional to the deviation of the pendulum from 
the electrical mid-point of the system; the 
phase gives the direction of the offset. The 
frequency of the drive is not critical and is 
usually about 10 kHz. 

The plates 

Higher drive frequencies 
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CAPSULE 

SEALED COVER 

MOUNTING 
PLATE 

BASE PLATE 

GEARBOX 5W.1 

SCALE: cm 
n 5 

Fig. 5. The pendulums and the leveling system. 
The leveling screws have 4 threads/" and are 
driven by small electric motors through 500:l 
reducing gear boxes. 

will produce larger signals for a given tilt 
since the capacitive reactance of the bridge 
decreases with frequency, but using these 
higher frequencies makes the circuit more 
sensitive to fluctuating stray capacitances 
which produce spurious "tilts" due to changes 
in the offset between the mechanical and 
electrical zero-points. 

The capacitive reactance between the pen- 
dulum and either end-plate is about 10 MI, and 
a tilt of 1 prad decreases the reactance of one 
side by about 2400 Cl and increases the other 
arm by the same amount. The current flowing in 
the capacitance bridge is about 1 a, so that 
the inherent sensitivity of the pendulum is 
about 5 mV/prad. The gain of the amplifier is 
about 400. resulting in an overall sensitivity 
of approximately 2 V/prad. 
realized using two stages each of which has a 
gain of about 20, followed by a unity-gain 
phase'-sensitive detector. The final stage is 
a unity-gain buffer amplifier that is used to 
drive the cable leading to the surface. The 
phase-sensitive detector and the amplifiers are 
located inside the capsule within a few centi- 
meters of the pendulums. These circuits are 
totally self-contained, requiring only power 
from the surface. 

This gain is 

The sensitivity of each pendulum 1s masured 
in our laboratory wing a tilt tabla. Succar- 
rive calfbrationm a8r.e to within l a  evm If 
they are perfornd several years aput. Onca 
the mechanical sensitivity of each pendulum has 
been daterminod, the gain of its u p l i f i o r  I8 
adjurtad to yield the nominal overall 8OWitiv- 
ity discussed ab-. and successive calibra- 
tions are then porformed on the sensor- 
amplifier pair. 

Filters and Digitizer 

The outputs of the two phase-sensitive 
detectors are transmitted to the top of the 
borehole where they are low-pass filtered vith 
a low-frequency gain of unity urd using a time 
constant of 200 s. 
digitized with a 12-bit digitizer having a full 
scale range of f10 V; the least count of the 
digitizer is equivalent to a tilt of about 2 
nano-radians and the digitizing frequency is 10 
timesbr. The data are stored in a small 
single-board computer at the top of the bore- 
hole and are transmitted to our laboratory once 
per day using dial-up telephone lines. 

The voltages are then 

Pover Supply 

The entire tiltmeter system uses approxi- 
mately 7 W. Host of this power is used by the 
digitizing and recording circuits. This pover 
is provided by 12 V batteries that are contin- 
uously trickle-charged from commercial power 
lines. Great care is necessary to isolate the 
tiltmeter from the power-line ground if fluc- 
tuations in ground currents are not to be a 
problem. Power-line transients and large 
fluctuations in the input voltage are also a 
problem: these are quite common at remote sites 
and may be quite difficult to remove. 
sites, the power line transients are so large 
that any connection at all between the tilt- 
meter and the power line degrades the measure- 
ments by an unacceptably large amount. 
these situations we have used a pair of 
batteries that are alternately charged by the 
power line and connected to the tiltmeter. The 
switch-over is made about once per hour by a 
series of switches that are actuated by a 
motor -driven cam. 

At some 

In 

Results and Discussion 

A complete discussion of our results is 
beyond the scope of this paper, but some 
representative results are presented below. 
Since most of our work involves the measurement 
of long-period tilts, the diurnal and semi- 
diurnal components of the earth tides provide 
convenient signals to calibrate the instruments 
and to test various analysis procedures. 
Measurements of the amplitudes and phases of 
the larger tidal constituents can also provide 
information on the elastic parameters of the 
earth in the vicinity of the instrument, since 
they represent the elastic response of the 
region to a known driving potential. It is 
also possible that the amplitude or phase of 
the tides might change if a material became 
dilantant shortly before it fractured. This 
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offoct, which has not boon obsonmd in fiold 

l m i m n t  failuro whfch right bo woful in 
oarthqurlro prodiction. 

Fiyuo 6 shows a typical powor rpoctrun 
obtaimd from a data sot 28 days in longth. 
Tho dAtA WOrO rocordod Wing A bo+iZontal 
pondulum i M t d h d  At tho botta of l 30-0 

MAOUrmnt8. muld pr0Vido A WAmiIhg Of 

boroholo in Bouldor, Colorado. Tho dotted 
cumo shows tho rosidruls of a loart-rqrures 
fit of tho thoorotical tidal potontial to the 
moasur~.nts. The long-poriod and ter-diurnal 
tidm wore not oatim~ted in the fitting 

idontical at thoso froqwncies. 

band, 08tLPut.d by comparfng tho s i p 1  power 
to tho residu~l powor is about 35 dB or about 
5O:l in .mplitudo. Tho signal-to-noise ratio 
in tho d i m 1  band is only about 20 dB because 
of the sensitivity of the site to the diurnal 

both directly on the instrument urd indirectly 
through themoelastic effects in the earth. 

kasurements of the secular tilt rate MY 
also be useful in earthquake prediction. 
data are particularly difficult to interpret, 
since the measurements cannot be unambiguously 
SepArAted from spurious tilts due to drift in 
the instrument or in its immediate surround- 
ings. These spurious offects often dominate 
10%-period tilt rocords, w i t h  the rosult that 
long-period records obtained by tvo  nearby 
nominally identical instruments often show 
little correlation. 

In addition, puny sites exhibit large annual 
( m d  24-month period) tilts that are correlated 
with changes in the water table and the snow 
lovel. Figure 7, for example, shows a compari- 

pr0COSS. and tho tW0 8pOCtrO A?. thO?efO?e 

The signrl-to-noise ratio in the somidiurrral 

prOS8LUe a d  tempO?AtU?e flUCtUti0M OCthg 

These 

son betwoen tilt measuroments ludo noor tho 
Grand Canyon of tho Yellowstono, tho dopth of 
the snow in tho region and tho heiaht Bf noarby 

ric, showing A gradual accumulation during tho 
fall and wintsr followod by 0 rapid docrooso in 
tho spring. 
annul cyclo is A regional offoct; tiltmotors 
at Uadiron Junction, Yel1wstone and near Lake 
Yellwstono (about 35 km apart) show the sune 

cyclo w o n  though the tilts ot shortor 
periods are quit. different (See Figure 8). 

Although our primary interest is in the 
rasuroment of long-period effects, wo have 
also used our instruments to investigate more 
rapid ch~ngos in tilt. On 23 February 1982 A 
hydrofracturo test was performed near our 
tiltmeter site ot Erie, Colorado. The hydro- 
fracturo was intended to increase the produc- 
tion of 0 nearby oil well. 

The experiment was performed on a 1480-m 
well which had A 120 ma diameter cosing. The 
bottom 7 m of the casing was perforatod. This 
perforotion coincides with the Shannon forma- 
tion, an oil-bearing relatively low-parmeabil- 
i ty  Cretaceous sandstone. 

A s~nd-laden water-gel was pumped into the 
well at 0 constant rate of 4000 l/min. 
pumping continued for 84 min. after which the 
well was sealed. 

klu YOllOW8tOnO. The AflnUAl CyClO A8ylmp.t- 

Tho oost-wost conponont of tho 

. 

The 

The seal-off pressure vas 
5.95 X 10' N/m2 (850 psi). 

Two of our instruments were located approx- 
lmately 500 m AWAY. The line from both of the 
tiltmeters to the well was along ur azimuth of 
168'. After the tideo were removed from the 
tilt measurements, the residuals were combined 
to yield the tilt voctor component along the 
axis to the well and perpendicular to that 
axis. These results are shown in Figures 9 

Power Spectral Density 

4 -  

- hP2 - 
h 

N 
I -100 h p 2  rtrldurl ........ 
\ 

U 

L - -120- 

0 

N 

m - 
-140 - 

- 
1 I I I I 
1 .o 2 0  3.0 4.0 5.0 

Frequency ( c y c l e s  per day)  

Fig. 6. 
pair of horizontal pendulums in a 30-n borehole in Boulder, Colorado. 
shows the residuals of a fit to remove the diurnal and semidiurnal tides. The long- 
period and ter-diurnal tides were not removed and the two spectra are therefore 
identical at these frequencies. 

The power spectrum of a data set 28 days long. The data were recorded using a 
The dotted curve 

. 
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2.0 
0 Canyon tiltmotor I c- .- 

0 

-2.0 

I .5  

Canyon tiltmotor 2 

-2.0 - 

August 1983 (0.5 ycors/division) May 1986 

1.92 

1.28 

- .64 

I I b I 
August IC 
Canyon EW Tilt, L a k e  height, and Snow depth 

Fig. 7. 
Yellowstone and at Lake Yellowstone with the height of the lake and the depth of the 
snow in the area. 

A comparison between tilt measurements made at the Grand Canyon of the 

Days from 20  Sept 84 

Fig. 8. Comparison of the out-west tilts at kk. Yellowstone and hdison Junction, 
which is about 35 km west of the 1.L.. 

and 10. On both tiltmeters, the conponents of 
the tilt along the axis to the well tilted 
toward the well during the fracture by about 
25 nano-radians. The perpendicular components 
do not show any effect at that time. 

This was not a controlled experiment and ve 
do not know the parameters that are needed to 
estimate the shape or extent of the fracture 
geometry from our measurements, although the 
size of the tilt step is consistent vith 
approximate analytic models of the fracture 
zone. 
axis of the fracture should be roughly perpen- 
dicular to the axis of maximum tilt or along an 
azimuth of about 80 ' ,  but there is not enough 
information to construct a quantitative model 
of the event, and the data are presented pri- 
marily to demonstrate rhe sensitivity of near- 
surface tilt measurements to relatively small 
changes in the stress at depth. 

A simple model would suggest that the 

* 

Conclusion 

We havo constructed a borehole tiltmeter 
ruing a pair of ~ ~ 1 1  horizontal pendulums. 
The instrument is capable of resolving tilts 
with amplitudes of only a few nano-radians. 
is totally self-containod. can be installed in 
15 cm diameter boreholes, and can operate for 
long periods of time with little or no mainte- 
nance. We have rued the instrument in several 
field investigations in Colorado and Vyoning. 
These investigations have concentrated on using 
the earth tides to estimate the elastic paran- 
eters of a region and on evaluating the secular 
performance of the instrument with a view 
toward measurements that might be useful for 
earthquake prediction. Additional experiments 
are currently under way in Southern California 
near the San Andre- Fault. 

It 
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-5000 I I I 1 1 I 1 
123.00 123.39 123.78 124.16 124.57 124.97 

44900.00+ 

Fig. 9. 
the two pendulums in each borehole have been combined to yield the resultant tilt along 
an azimuth of 168'. which is the azimuth of the line joining the instruments to the vell 
in which the hydrofracture was performed. The x-axis is in days, the y-axis is in nano- 
radians and the oavtooth curve in the center of the figure is a timing marker. 

Tilts recorded by two tiltmeters near Erie, Colorado. The tilts measured by 

5 0.0 0 I I I I I 

I 
30.00 1 
10.00 

-10.00 

-30.001 -I 
t i 

-50.00 I I I I I I I 
123.00 123.39 123.78 124.18 I 24.51 I 24.97 

44900.00+ 

Fig. 10. 
tilt along an azimuth of 78'. which is perpendicular to the azimuth of the line between 
the instruments and the vell in which the hydrofracture was performed. 

The same as Figure 9 .  ucept that the data have been used to constact the 
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