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Measurement and interpretation of tidal tilts

in a small array

M. L. Kohl! and J. Levine?

Joint Institute for Laboratory Astrophysics, University of Colorado, Boulder

Abstract. Strain-induced tilts caused by variations in material properties can
produce large perturbations in the tilt field near a material discontinuity. This is
evidenced in data from a closely spaced array of borehole tiltmeters that has been
operating at Pifion Flat Geophysical Observatory in southern California since 1987.
The array is composed of three borehole tiltmeters located at depths of 24, 36, and
120 m. The tiltmeters have a sensitivity of a few nanoradians. Tidal measurements
show differences between the boreholes of up to 50%. The largest percent difference
occurs in the semidiurnal band where the tilt field measured in the 36-m borehole
differs by ~10 nrad at the Ms frequency. This difference has been modeled as a

strain-induced tilt caused by the weathering layer.

Introduction

Measurements of the deformation of the Earth are
generally complex functions of the direct response of
the Earth to the deforming forces combined with in-
strument response, surface loading, and local crustal
structure. Because the driving forces and frequencies of
tides are well known globally, solid Earth tidal measure-
ments can be used to investigate the effects of instru-
ment response, surface loading, and local crustal struc-
ture. Proper interpretation of measured deformations
requires that each of these effects are understood.

The instrument response includes not only the me-
chanical and electrical characteristics of the instrument
but also the coupling mechanism between the instru-
ment and the Earth. Many early tilt and strain mea-
surements were made inside mines or tunnels and sig-
nificant discrepancies between nearby instruments were
observed at tidal frequencies. The source of these dis-
crepancies has largely been attributed to how the in-
strument was coupled to the Earth. King and Bil-
ham [1973] and Harrison [1976] showed that local strain-
induced tilts arise from the presence of a cavity (or other
local heterogeneities), and care must be taken to locate
a tidal instrument to reduce this effect as much as pos-
sible.

Surface load deformations also contribute to tidal
measurements. The tidal response of the oceans and
atmosphere combines with the direct response of the
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Earth and varies with location. In addition, the in-
struments respond to surface deformations associated
with near surface weathering and thermo-elastic ef-
fects [Wood and King, 1977, Wyatt et al., 1988].

Local crustal structure can also influence tidal mea-
surements. Beaumont and Berger {1974] predicted that
dilatancy before an Earthquake will cause spatial and
temporal changes in the response of the Earth at tidal
frequencies. They also showed that the amplitude and
phase of the Earth tides near the boundary of two elas-
tic regions would vary with position. Arrays of in-
struments could be used to map lateral variations in
the local structure, particularly when the loading is
equivalent for all the instruments in the array [Beau-
mont, 1978, Meertens et al., 1989, Peters and Beau-
mont, 1987).

This paper reports on results from a closely spaced
array of borehole tiltmeters at Pifion Flat Geophysical
Observatory in southern California. The array initially
was composed of two boreholes; BOA 24 m deep (above
the water level), and BOB 35 m deep (below the wa-
ter level). The first installations of these two boreholes
showed large discrepancies in the tidal signal. BOC was
then drilled to 120 m depth, far below the water level
and in more homogeneous material. There were three
installations of BOA and BOB and two installations
of BOC. The results are summarized in Tables 2 and
3. Modeling of the local crustal inhomogeneities led to
modifications of the tiltmeter capsule. The modified
capsules were installed in BOA and BOB (installations
4 and 5) and data from this experiment are summarized
in Tables 6 and 7. Pinon Flat Geophysical Observatory
(see Figure 1) was chosen as an ideal test facility for the
array since many geophysical instruments are located
there.

Instrumentation
A detailed description of the borehole tiltmeter is
given by Kohl and Levine [1993]. The tiltmeter con-
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Figure 1. Schematic drawing of Pifion Flat Observatory
near the deep borehole tiltmeter array. Individual instru-
ments are discussed in the text.

tains a pair of orthogonal horizontal pendula that are
mounted in a sealed sensor package with a leveling range
of £5°. The sensor is clamped to the inside of a water-
tight capsule that is lowered into the borehole. The
displacement of each pendulum is determined using a
capacitive transducer which produces a dc voltage tilt
signal. The tilt signals are sent through a low-pass fil-
ter with about a 100-s time constant to average out
microseismic background noise. The filtered signals are
recorded every 6 minutes on a data logger at the site.
Aliasing is not a problem because there is very little
energy at periods shorter than the Nyquist 720 s. The
digitized data are retrieved each morning by an auto-
matic dialing program [Levine, 1983]. The overall sen-
sitivity of each pendulum is set to be about 2V /urad.
Successive calibrations agree at the 1% level even when
spaced several years apart [Levine et al., 1989]. For the
nominal sensitivity of 2V /urad, the least count of the
digitizer is about 2.4 nrad.

Figure 2 shows a schematic drawing of the borehole.
A conical joint connects the 10-cm-diameter instrument
compartment with 15-cm-diameter casing pipe. The
casing pipe is cemented along its entire length to the
surrounding material.

All versions of the tiltmeter capsule were made from
2-m-long stainless steel pipe sections, and the baseline
length of the measurement is therefore 2 m. Figure 2
shows the original capsule located in the borehole. This
design was chosen to eliminate all cavity effects from
measuring in a borehole [Harrison, 1976]. The other
versions are modifications of this design and will be de-
scribed later.

The capsule is lowered into the borehole by a steel
cable connected to the lid. The orientation of the cap-
sule at the bottom of the borehole is determined differ-
ently depending on the depth of the borehole. A series
of light-weight aluminum rods is used to translate the
orientation of the capsule to the surface for relatively
shallow boreholes (< 36 m). The azimuth of the sen-
sors is then determined using a compass. This method
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generally determines the orientation within £5°. For
deeper holes, the lid of the capsule was modified to in-
clude an extension with a muleshoe. As the capsule is
lowered, the muleshoe reaches a key welded to the inside
of the casing. The orientation of the key is determined
by attaching a gyroscope to the muleshoe. Once the az-
imuth of the key is known in a borehole, the azimuth of
subsequent installations can be determined knowing the
orientation of the sensor with respect to the muleshoe.
The azimuth uncertainty using this method was 2°.

Site

Pifion Flat Geophysical Observatory is located in the
Santa Rosa Mountains of southern California approxi-
mately 100 km from the Pacific Ocean and 250 km from
the Gulf of California at 33.64°N and 116.46°W [ Wyatt,
1982). It is about 12 km northeast of the San Jacinto
fault system and 25 km southwest of the San Andreas
fault zone on a block which is generally devoid of mi-
croseismicity [Fletcher et al., 1990]. The observatory is
located on a southerly facing flank of Asbestos Moun-
tain with Deep Canyon to the east of the observatory,
Santa Rosa Mountain to the south, and Palm Canyon
to the west. The site is inclined about 2.5° to the south-
west at an altitude of =1274 m.

The flat is roughly 12 km? and is situated on granitic
material. The upper 0.3 m is a layer of sand which
covers crystalline rock composed of granodiorite. The
rock is rich in biotite which results in rapid weathering
when the rock is exposed to moisture [Wyatt, 1982].
This produces a weathered layer of decomposed granite.

view of capsule from top
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Figure 2. Schematic drawing of the borehole with the orig-
inal capsule installed. The capsule rests on a hemisphere at
the bottom of the borehole. A flat spring at the top and
bottom of the capsule presses the contact points against the
sides of the borehole.
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Stierman and Healy [1984] studied the weathering layer
at a site similar to Pinon Flat. They noted that the
change from weakened to competent rock could be quite
abrupt, occurring in the region above the water table.

It is not unusual to find large discrepancies in the
water depth over short baselengths at Pifion because
of the fractured granite. There are four wells drilled at
Pifion for monitoring the water level (labeled CIA, CIB,
CIC, and UQA in Figure 1). The mean altitude of the
water depth varies by 14 m between the wells. CIA was
logged during drilling in 1981 and water was reached at
36 m depth [Evans and Wyatt, 1984].

Wyatt [1989] conducted an extensive survey of data
collected at Pifion Flat to determine the material prop-
erties and structure at the site. By using the results
of rainfall loading, atmospheric loading, tidal data, and
seismic profiling, he determined that Young’s modulus
and Poisson’s ratio jump in value between 15 and 35 m
depth.

The Joint Institute for Laboratory Astrophysics deep
borehole array is composed of the three boreholes la-
beled BOA, BOB, and BOC. BOA and BOB were
drilled in 1986 and BOC was drilled in 1988. The depth
of the boreholes varies; BOA is nominally 24 m deep,
BOB is 35 m deep, and BOC is 120 m deep. The water
level is believed to be below BOA and above BOB, but
no record of the water level was kept when the boreholes
were drilled. The two shallow holes are located about
15 m apart along an E-W direction. BOC is located
about 20 m to the east and 90 m to the south of BOB.
The locations were chosen to augment an existing array
of other borehole tiltmeters at the site.

Data and results from several of the other instru-
ments shown in Figure 1 have been used in the inter-
pretation of the tilt data from our deep borehole ar-
ray. In particular, temperature and barometric pressure
recorded every 5 min at the trailer were compared with
the tilt data to determine if they were affecting the tilt
measurements. Water level fluctuations measured in
the wells labeled UQA, CIA, CIB, and CIC were also
used. The strain field measured at the site by the laser
strain meters {Agnew, 1979] (Table 1) was used as the
local strain field.

Tidal Data

Data have been collected since early 1987 from the
two shallowest holes, BOA and BOB. BOC had a tilt-
meter installed in 1989. Figure 3 shows a typical time
series from BOA during 1991. The sensor had a drift
rate of about 1 prad/yr, which was an average rate at

Table 1. O, and M, Strain Tides Measured at Pinon
Flat With the Laser Strain Meters

[o}) M,
Azimuth, Amplitude, Phase, Amplitude, Phase,
deg ne deg ne deg
0 3.58 -8.6 12.21 0.8
90 5.08 8.9 5.37 -20.2
135 4.71 11.4 12.63 -0.1

From Agnew [1979].
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Figure 3. Typical time series from 24-m borehole. The
drift of the instrument has not been removed.

Pifion. The power spectral density of the data dur-
ing this interval is shown in Figure 4. Both the raw
data and the residuals (drift and tides removed) are
shown. The amplitudes and phases of the tidal com-
ponents were determined using the tables of Cartwright
and Taylor [1971] with the corrections of Cartwright and
Edden [1973]. Sixteen groups of all terms that exceed
0.1% of the tidal potential were fit to the time series af-
ter the drift was removed. Each group consisted of those
frequencies within 1 cycle/month of each other. Table 2
shows the M, tides for the initial installations of each
of the holes. Table 3 shows the O, tides for the same
installations. The results are not sensitive to the length
of the time series. All of the data in these tables was
obtained using the original capsule design. The data in-
terval (column 2) indicates the first and last day of data
used to obtain the tidal parameters and typically con-
tains brief periods where no data were available. The
numbers in parentheses are the uncertainties in the fit
of the data, which do not include the calibration uncer-
tainties listed separately. The phases are determined
with respect to the phase of the tidal potential, where

a negative phase implies a phase lead.

The tidal ellipse for a particular tidal frequency is
the graphical presentation of the tidal amplitudes and
phases at that frequency. It is essentially a phasor dia-
gram where the amplitude and phase along a particular
azimuth is plotted as the endpoint of a vector. The
length of the vector corresponds to the amplitude of
the tide along that azimuth and the angle from the real

BOA Ch2 (AUG 91 - MAR 92)
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Figure 4. Power spectral density of data from the 24-m
borehole. The raw data include the drift of the instrument.
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Table 2. M, Data

Pendulum 1 Pendulum 2 Uncertainty,
Data Interval, Azimuth, Amplitude, Phase, Azimuth, Amplitude, Phase, %
Installation yr:day deg nrad deg deg nrad deg Chl Ch2
BOA
1 87:021—87:250 328 25.33 (0.11) 108.8 (6.0) 58 7.08 (0.25) -138.0 (4.7) — —
88:202—91:213 97 18.19 (0.23) -83.3 (0.6) 7 18.72 (0.34) 124.0 (0.6) 3.5 2.5
3 91:215—92:067 49 6.47 (0.15) -175.7 (1.3) 319 24.79 (0.37) 107.4 (0.9) 3.5 2.5
BOB
1 87:001—87:217 353 20.34 (0.18) 98.5 (1.5) 263 13.32 (0.25) 70.1 (1.1) — —
89:114—91:213 87 15.94 (0.64) -110.0 (1.8) 357 20.05 (0.47) 98.6 (2.4) 1 1
3 91:215—92:067 296 22.90 (0.62) 86.3 (1.6) 206 10.39 (0.22) -66.9 (1.2) 1 1
BOoC
1 89:344—90:205 35 11.18 (0.76) 151.8 (3.9) 125 22.81 (0.83) -75.3 (2.1) 1 1
90:251—90:279 35 12.66 (0.42) 1539 (1.9) 125 23.51 (0.35) -77.1 (0.9) 1 1

Theoretical tide*

0 27.38 129.3 90 19.67 -100.1

Values shown in parentheses are the uncertainties in the fit of the data. Uncertainties in the calibration of the first installation were
assumed to be 3.5% (worst case) when needed.

¢ Including topography [Kohl, 1993]

axis corresponds to the phase of the tide measured with A% =A? cos®(8 — a) + A2 sin’*(8 — a)

respect to the phase of the local potential. Hence the' 24. A - — o)sin(8 — 1
real part refers to the tilt signal that is in phase with 24142 cos($s — ) coslfi — @) sin(f — o) (1)
the tidal potential. The amplitude and phase of the tilt . . .
along an arbitrary azimuth can be determined in terms 4, —tas Ay sin ¢y cos(f — a) + Ay sin é sin( — a)) (2)
of the amplitudes and phases of the tilt along any two A1 cos ¢ cos(B — a) + Az cos ¢ sin(8 — a)

orthogonal axes [Levine et al., 1989]). Let A; and ¢, . . .
be the amplitude and phase o’f the tilt along azimuth Using the §1da.1 amplitudes a.nd phases along two or-
@, and Az and ¢, be the amplitude and phase along thogonal azimuths, the amplitudes and phases along

azimuth & + 90. Then the amplitude and phase of the every other azimuth can be calculated and plotted pro-
tilt along B is ducing the tidal ellipse.

Table 3. O; Data

Pendulum 1 Pendulum 2 Uncertainty,
Data Interval, Azimuth, Amplitude, Phase, Azimuth, Amplitude, Phase, %
Installation yr:day deg nrad deg deg nrad deg Chl Ch2
BOA
1 87:021—87:250 328 5.91 (0.06) 56.4 (4.2) 58 26.22 (0.07) -80.0 (2.3) — —
88:202—91:213 97 22.40 (0.41) -87.3 (1.1) 7 12.11 (0.60) -70.4 (1.4) 3.5 2.5
3 91:215—92:067 49 24.32 (0.20) -81.0 (0.5) 319 10.03 (0.25)  80.4 (1.4) 3.5 2.5
BOB
1 87:001—87:217 353 8.49 (0.15) -41.6 (1.8) 263 25.65 (0.27)  91.7 (0.5) — —
89:114—91:213 87 28.01 (0.17) -91.1 (1.4) 357 9.00 (0.24) -50.3 (2.0) 1
3 91:215—92:067 296  19.76 (0.43) 81.3 (1.3) 206  20.21 (0.45) 107.4 (1.3) 1 1
BoC
1 89:344—90:159 35 20.91 (1.18) -82.2 (3.2) 125 14.72 (1.20) -93.4 (4.7) 1 1
2 90:250—90:279 35 22.30 (0.74) -81.1 (1.9) 125  15.40 (0.80) -96.0 (3.0) 1 1

Theoretical tide*
0 9.79 -70.6 90 25.00 -91.0

Values shown in parenthesis are the uncertainties in the fit of the data. Uncertainties in the calibration of the first installation
were assumed to be 3.5% (worst case) when needed.

* Including topography [Kohl, 1993]
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Figure 5. Average tidal ellipses from each of the boreholes using the original capsule design. The
small ellipses are the error ellipses for one installation.

The shape of the ellipse is independent of the instal-
lation azimuth. The computation of tilt along other
azimuths only requires that the two measured azimuths
be orthogonal. This implies that it is not even neces-
sary to know the azimuth of the measurement to com-
pare data between instruments at a particular site. The
tidal ellipse provides visual comparison of the tilt field,
not just a tilt vector.

The tidal data from each borehole have been plotted
as tidal ellipses in Figure 5. The ellipses are the average
ellipses from the multiple installations of the borehole.
The averages were calculated by combining the fits of
the different installations weighted by the uncertainties
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in the measurements. The solid ellipse represents the
BOA data, the dashed ellipse represents BOB, and the
dotted ellipse is from the BOC borehole. Data from
one of the installations for each borehole are shown as
error ellipses. It is evident from these plots that the
measured tilt field varies significantly between the bore-
holes. These differences are much larger than expected
from measuring at the different depths, or at different
locations.

Interpretation

The differences between the measured tilt tides may
be caused by several phenomena which can generally
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Figure 6. Coherence between tilt and barometric pressure during 1987. The horizontal line indicates

the 95% confidence level.
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Figure 7. Phase of coherence between tilt and baromet-
ric pressure during 1987.

be classified into three categories; environmental, in-
strumental and material. Environmental effects include

the tides induced by environmental variables such as air-

temperature tides, barometric pressure tides, or tidal
fluctuations in the water table level. Instrumental ef-
fects arise from the instrument itself; from the way the
instrument is mounted to the surrounding material or
from the existence of the cavity in which the instrument
is placed. Material effects include any perturbations in
the tilt field (strain induced tilt tides) caused by local
inhomogeneities in the material surrounding the instru-
ment.

Environmental Effects

Continuous records of air temperature, barometric,

pressure, and water table depths were available between
1987 and 1989. These data were recorded every 300 s.

The coherence and phase spectra between the de-
tided tilt data and the environmental data were cal-
culated using the spectral matrix computed from the
Fourier spectra of the two time series. In order to ob-
tain smooth estimates of the spectral matrix elements,
the method of segment averaging was used [Haubrich,
1965]. Figure 6 shows the coherence amplitude for fre-
quencies less than 10 cycles/day between the barometric
pressure and each tilt channel during 1987. (BOAL1 in-
dicates BOA channel 1, BOA2 is BOA channel 2, etc.)
The horizontal line in the plots indicates the 95% con-
fidence level for coherency. These plots indicate that
most of the coherence occurs at low frequencies, less
than 1 cycle/day. Figure 7 is the corresponding phase
spectrum where the phase of the coherence was plot-
ted for all frequencies when the coherence exceeded the
95% confidence level. This implies that the cause of the
coherence is a scalar field (phase of coherence is inde-
pendent of azimuth) rather than a vector field coupling
which would depend on azimuth. The scale factor that
minimized the difference between the tilt residuals and
the barometric pressure between about 0.1 cycles/day
and 0.4 cycles/day was ~70 Pa/nrad. Assuming that
the coefficient is frequency independent through the
tidal band, a barometrically induced tidal tilt was cal-
culated from the magnitudes of the barometric tidal
components. For the O; and M; tidal frequencies, the

+
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barometrically induced tides are well below detectable
levels in our instrument.

Data from each of the four water wells CIA, CIB,
CIC, and UQA show no coherence with the BOB data
and only a limited amount of coherence with the BOA
data, and this was correlated with the inverted barom-
eter effect. The temperature also does not directly af-
fect the tilt signal. This is consistent with a simple
model of the half-space temperature attenuation of typ-
ical rocks as a function of depth [Agnew, 1986)]. It also
indicates that the tiltmeters are installed at sufficient
depths to eliminate thermoelastic tilts caused by cou-
pling between the topography and the thermal bound-
ary layer [Harrison and Herbst, 1977].

Instrumental Effects

There are several instrumental effects which have
been investigated. The first instrumental effect re-
sults from the way the capsule references the sides of
the borehole. The original capsule referenced only the
side of the casing to eliminate cavity effects [Harrison,
1976]. However, it referenced the casing in an asymmet-
ric manner, using two contact points and a flat spring
spaced 120° apart. The contact points maintain a fixed
distance from the inside of the casing while the spring
will expand or contract due to deformations of the cas-
ing diameter. This can cause a tilt of a capsule located
at the bottom of a borehole [Kohl and Levine,1993).

This effect was initially calculated using a radially
symmetric strain field applied to a two-dimensional
cased borehole [Kohl, 1993]. The casing has material
properties F; and v; with an inner radius of R; and an
outer radius Rs, and the surrounding medium has ma-

Undefonwgﬁ-.,_,_.

Deformed casing

Figure 8. Displacement of the center of the top of the cap-
sule (¢) due to the nonuniform deformation of the borehole.
The two contact points (r2, r3) remain the same distance
from the casing walls while the spring expands.
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Table 4. Cavity Effect From Asymmetric Spring Effect for All Installations Using the

Original Capsule Design

M3 z Component

M; y Component

01 z Component 01 y Component

Installation nrad deg nrad deg nrad deg nrad deg
BOA

1 0.57 167.0 0.07 21.0 0.39 178.8 0.06 -131.0

2 0.91 177.4 0.22 12.0 0.36 175.7 0.03 76.5

3 1.00 178.1 0.14 -163.5 041 -173.8 0.05 44.0
BOB

1 0.60 167.4 0.14 -169.7 0.42 -175.7 0.05 -118.3

2 0.98 178.4 0.17 11.0 0.36 177.6 0.04 65.0

3 0.75 174.0 0.25 14.0 0.36 174.2 0.02 -176.2
BOC

all 0.91 176.4 0.23 -165.4 042  -172.3 0.03 30.8

The x component refers to the effect along the spring azimuth and the y component is the effect orthogonal

to the spring azimuth.

terial properties E5 and vy, where E and v are Young’s
modulus and Poisson’s ratio, respectively. In this case
the displacement of the inner radius of the casing is

4(1—1/12)E2
N2(as — 1) + a1 + (1 — 2v1)as

Uf}) (1) = Riesw (3)

where N2 = R?/R%, oy = E1(1+v2), ap = E3(1+11),
and e, is the far-field radial strain. In general, the
strain field is not radially symmetric, so this model was
modified for an arbitrary strain field. Figure 8 shows
an undeformed and deformed borehole with the spring
and contact points of the capsule with respect to the
tiltmeter channels. The position of the center of the
capsule is defined by noting that the distance between
the center and the cavity along the contact points re-
mains equal. That is,

The vectors ry' and ry’ are now defined as functions of
the strain along the azimuths of the contact points €
and e3. Then the actual strain-induced tilt along the
tiltmeter channels is

CT‘
Q= —%(62 +e) and Q,=-—
where

4(1—-1/12)E2
Nz(QQ —al) + oy +(1 —2111)0{2'

(6)

cr

This effect depends upon the installation azimuth
and must be included when comparisons between multi-
ple installations of a borehole (along different azimuths)
are made. It has been incorporated into the ellipse plots
as part of the error ellipses because there is a 180° am-
biguity in the orientation of the spring which was not
resolved for the early installations.

Table 4 lists the amplitude and phase of the correc-

lc—r'| = |Je—-r3'|. (4) tions for both tidal frequencies using E, = 200 GPa,
BOA M2 Data BOA O1 Data
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Figure 9. Data from the first three installations of BOA which used the original capsule design. The
instrumental effect of the asymmetric springs is included in the error ellipses (small).
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Figure 10. Data from the first three installations of BOB which used the original capsule design.
The instrumental effect of the asymmetric springs is included in the error ellipses (small).

vy = 0.3 (values for steel), and E; = 50 GPa, vp = 0.22
(values for Pifion) [ Wyatt, 1989]. The magnitude of the
instrumental effect orthogonal to the springs (y compo-
nent) is considerably smaller than the effect along the
spring azimuth (z component). The largest absolute
magnitude is 1 nrad which is a very small correction to
the error ellipses. However, the agreement between the
installations of each borehole was improved by account-
ing for the asymmetric spring on the original capsule.
Figure 9 shows the M; and O, tidal data for these in-
stallations of BOA. The ellipse is the average ellipse
from the three installations. Figure 10 shows the same
plots for the BOB data.

Another instrumental effect is that of an inclined
borehole. This effect was calculated by Agnew [1986]
in three dimensions. Given the angle of inclination as 7
and the azimuth of inclination as «, the strain-induced
tilt from measuring in an inclined borehole Q' is

Qs = cosnysinn(cosaegy + sinaegy — cos ae,,)

(7)
(8)

Table 5. Strain-Induced Tilt From the Inclined Bore-
hole Model for BOC and the Corrected Average Ellipses

N,w = cosnsinn(cosaegy + sinaery — sinaep,).

01 M,
Azimuth, Amplitude, Phase, Amplitude, Phase,
deg nrad deg nrad deg

Strain-Induced

35 0.81 -174.0 2.25 179.6

125 0.11 -104.0 0.33 9.5
Measured Data

35 21.61 -81.7 11.92 152.9

125 15.06 23.16 -76.2
Corrected Data

35 21.66 -79.5 9.96 147.1

125 14.95 -94.6 23.14 -77.0

The strain-induced tilt along an arbitrary azimuth g3 is

=
Jeosta- )
(9)

where the strain tensor has been replaced by the strain
measured along the azimuths NS, EW, and NW. This
strain-induced tilt does not vanish along the azimuth
orthogonal to the inclination of the borehole.

BOC is the only borehole for which a and 7 are
known because it was measured using a gyroscope (1 ~
6°, a = 210° ). Using the strain tides measured at Pifion
Flat (Table 1), the magnitude of the tilt-strain coupling
for BOC was calculated. Table 5 lists the strain-induced
tilt for the two tidal frequencies M2 and Oy (assuming
7° of inclination, v = 0.22), and the corrected tidal
data for BOC. Figure 11 shows the uncorrected and
corrected BOC tidal ellipses with respect to the aver-
age BOA data. For both frequencies the agreement with
the BOA data improves.

While the direction and magnitude of the inclination
of the BOA and BOB boreholes are unknown, the sen-
sors can be leveled at the bottom, implying that the
inclination of the holes is less than 5°. Corrections to
the BOA and BOB ellipses from the inclined borehole
cavity effect will be smaller than the calculated correc-
tion for BOC. Therefore this effect is too small to fully
account for the differences in BOB.

Qs = cosnsiny

I:(:osﬂcosa - %Sin(a+ﬂ) — (V

€ns

mte-9)
o)

+(sinﬂ sina — %sin(a+ﬁ) — (uil
+ sin(a—8)exw]

Material Effects

Wyatt [1989] found that a fairly large discontinuity
in material properties occurs at Pifion Flat Observatory
between 15 and 35 m depth. This type of discontinuity
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Figure 11. BOC tidal ellipses including the inclined borehole cavity effect compared with BOA. The
solid ellipse is the average BOA data using the original capsule. The dashed ellipse is the average BOC
data and the dotted ellipse is the BOC data corrected for the inclined borehole cavity effect.

is associated with the weathering of the granite and
can be quite abrupt, occurring in the region above the
water table [Stierman and Healy, 1984). In order to
determine what effect such a discontinuity could have
on tidal measurements, we calculated the strain-induced
tilt field near a sinusoidal boundary between two regions
of different material properties [Kohl, 1993]. We found
that the strain-induced tilt is discontinuous across the
boundary and decreases with increasing distance from
the boundary. Figure 12 shows the strain-induced tilt
just above and just below a sinusoidal boundary with
an amplitude of 0.1 and a wavelength of 2, using the
elastic parameters for Pifion Flat [ Wyatt, 1989]. In this
case the strain-induced tilt tides can be as large as 75%
of the strain tide.

To determine whether this kind of material effect
could be causing the differences seen in the BOB bore-
hole, we modified the tiltmeter capsule, which allowed
us to install the instrument at slightly different depths
in a borehole. Figure 13 shows the modified capsules
located in the borehole. There are two modified cap-
sules; one that rests on the hemisphere at the bottom
of the borehole, and one that rests on the joint above
the instrument compartment. The first capsule has a
plate welded to the bottom of the capsule with a cone
cut into it. The cone centers the bottom of the capsule
on the hemisphere at the bottom of the hole. The sec-
ond capsule uses a plate with a spherical edge welded to
the bottom that centers on the conical joint in the cas-
ing. The top of the modified capsules uses three spring-
loaded pins, centering the top of the capsule by equaliz-
ing the force on each pin. The new capsules should im-
prove the repeatability of the tidal measurements when
rotating the tiltmeter capsule in the borehole, because
the instrumental effect described earlier has been sig-
nificantly reduced [Kohl, 1993}.

The modified capsules were installed in both the
BOA and BOB boreholes. Data from the installations
are shown in Tables 6 and 7. The third column indi-

cates which capsule was used for each installation. The
data from the BOA borehole at the two different depths
are plotted in Figure 14 for the two tidal frequencies M,
and O;. It is evident that the data agree between in-
stallations within the uncertainties. This result proves
that measuring the tilt field using the capsules that lo-
cate on the bottom and on the joint does not introduce.
an instrumental effect. In addition, it shows that there
is no perturbation in the tilt field larger that the un-
certainty of the measurement near the bottom of the
BOA borehole. Therefore a material discontinuity as
modeled earlier does not exist near the bottom of the
BOA borehole.

The data from the BOB borehole from the two dif-
ferent depths are plotted as tidal ellipses in Figure 15
for the same frequencies. In this case the measured
tilt varies significantly at the two depths. This indi-

Weathering Layer Tilt-Strain Coupling
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Figure 12. Weathering layer tilt-strain coupling coefficients
for a relief defined by h(z) = 0.1 cos(wz) and using the elas-
tic parameters from Pifion for the two layers [ Wyatt, 1989).
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Figure 13. The modified capsules have three spring loaded pins located at the top of the capsule.
(a) The first design centers the bottom of the capsule on the hemisphere in the casing while, (b) the
second design locates on the conical joint above the instrument compartment.

cates that there is indeed a large perturbation in the
tilt field near the bottom of the BOB borehole. Since
the data from BOA indicated that there is no instru-
mental effect introduced by the modified capsules, the
most likely cause of the differences is a material effect.

The precise shape and location of the material effect
which is causing the perturbation in the tilt field is not
known, but the data can be used to help constrain it.
Since the analytical model described earlier is a two-
dimensional solution, it does not include potentially
important cross-coupling features. Therefore a three-
dimensional finite element model program was used to
investigate the material discontinuity. The accuracy of

Table 6. M; Data Using the Modified Capsules

the finite element model was determined by comparing
the results of a radially symmetric strain applied to the
model with the results of the two-dimensional analyt-
ical solution described above. For this case the finite
element program agreed with the analytical results at
the 10% level.

A model of a sinusoidal bump separating regions of
different material properties was solved. The strain field
measured at Pifion Flat by the laser strain meters was
applied to the boundaries of the model. The result-
ing strain-induced tilt throughout the model was then
calculated. Provided there is a location on the sinu-
soidal bump where the strain-induced tilts can account

Pendulum 1 Pendulum 2 Uncertainty,
Data Interval, Capsule Azimuth, Amplitude, Phase, Azimuth, Amplitude, Phase, %
Installation yr:day Location deg nrad deg deg nrad deg Chl Ch2
BoA
4 92:080—92:219 bottom 268 15.09 (0.62) 83.6 (2.4) 358 19.12 (0.94) 113.5 (2.8) 3.5 2.5
5 92:299—93:029  joint 350 21.34 (0.40) 108.2 (1.1) 80 12.67 (0.46) -98.7 (2.1) 1.0 1.0
BOB
4 92:080—92:212  joint 90 14.90 (0.39) -94.6 (1.5) o 21.75 (0.23) 122.6 (0.6) 1.0 1.0
5 92:299—93:029 bottom 268 16.31 (0.47) 72.8 (1.7) 358 19.49 (0.24) 93.7 (0.7) 16 1.2

Bottom refers to measurements made with the modified capsule at the bottom of the borehole. Joint refers to measurements

made ~2.4 m above the bottom of the borehole.
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Table 7. O, Data Using the Modified Capsules
Pendulum 1 Pendulum 2 Uncertainty,
Data Interval, Capsule Azimuth, Amplitude, Phase, Azimuth, Amplitude, Phase, %
Installation yr:day Location deg nrad deg deg nrad deg Chl Ch2
BOA
4 92:080—92:219 bottom 268 2523 (0.93) 94.0 (2.1) 358 10.23 (1.29) -55.8 (7.2) 3.5 2.5
5 92:299—93:029  joint 350 7.01 (0.38) -51.1 (3.1) 80 26.09 (0.96) -86.2 (2.1) 1.0 1.0
BOB
4 92:080—92:212  joint 90  23.20 (0.35) -99.1 (0.9) 0 9.83 (0.58) -67.5 (3.4) 1.0 1.0
5 92:299—93:029 bottom 268  26.55 (0.96) 88.6 (2.1) 358 11.00 (0.67) -45.2 (3.5) 1.6 1.2

Bottom refers to measurements made with the modified capsule at the bottom of the borehole.

made ~2.4 m above the bottom of the borehole.

for the differences measured at the two depths at both
the M, and (0, tidal frequencies, the model of a sinu-
soidal bump is sufficient to describe the material dis-
continuity. It turns out that such a location along the
sinusoidal bump does not exist, which simultaneously
accounts for the measured differences at both tidal fre-
quencies. A location can be chosen such that differences
measured in the semidiurnal tides are reduced signifi-
cantly, but then the diurnal frequencies still show sig-
nificant differences. Likewise, a location which reduces
the differences at diurnal frequencies does not improve
the semidiurnal results. This implies that the simple
model of a sinusoidal bump is insufficient to describe
the material discontinuity near BOB.

Discussion

Our results have been compared with results from
other instruments at the site. An Askania borehole
tiltmeter was installed during the same period in the
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KUA borehole (see Figure 1) at a depth of 24 m. This
tiltmeter is centered in the borehole using three spring-
loaded points and the center of the bottom of the bore-
hole [Agnew, 1986] which is similar to the modified ver-
sions of our capsules. A long fluid tiltmeter (LFT) ori-
ented along 107° azimuth was also operating during this
time. Figure 16 shows the BOA tidal ellipses compared
to the KUA [Wyatt and Levine, 1987] and LFT [Wyatt
et al., 1982] results. The data from the Askania tilt-
meter agree with the BOA data rather than the BOB
data. This is consistent with the existence of a large
perturbation in the tilt field near the bottom of the
BOB borehole. Also shown are the theoretical ellipses
calculated for Pifion Flat Observatory (see Tables 2 and
3) [Kohl, 1993]. The theoretical tide includes the ocean
load (calculated by Agnew [Wyatt et al., 1982]) and
the effects of the topography following the method of
Meertens and Wahr [1986]. The theoretical tides are
significantly different than the BOA measured tides at
the M, tidal frequency. This could be a result of local
geology (not included in the theoretical computation)
or errors in the ocean tide models.

BOA 01 Data using new capsules
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Figure 14. BOA tidal data measured at two different depths using the new capsule designs with
the symmetric spring arrangement. The solid ellipse is data obtained from the bottom of the borehole
(installation 4), and the dotted ellipse is data obtained from the joint (installation 5). The error ellipses
(small) have been rotated to 0° and 90° azimuth for comparison purposes.
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Figure 15. BOB tidal data measured at two different depths using the new capsule designs with
the symmetric spring arrangement. The solid ellipse is data obtained from the bottom of the borehole
(installation 5), and the dotted ellipse is data obtained from the joint (installation 4). The error ellipses

(small) have been rotated to 0° and 90° azimuth for

Tiltmeters installed at depths of at least 24 m show
no evidence of surface effects at Pifion Flat Observa-
tory. The coherence studies indicate that surface effects
are minimized when the sensor is installed far from any
boundary layers such as a water table. For this reason
a drilling log can provide useful information for deter-
mining the optimal depth of installation of a tiltmeter
in the borehole as well as for interpreting the tilt data.

We have shown that tidal analysis can be used to
determine whether a tiltmeter is installed near a ma-
terial boundary, since variations in material properties
can produce large strain-induced tilts near the discon-
tinuity. To do this the tiltmeter must be installed at
different depths in a borehole. Measuring the tilt tides

comparison purposes.

at several different depths in a borehole could map out
the material discontinuity.

A simple model of a weathering layer at Pifion Flat
yields strain-induced tilts large enough to account for
the tilt field measured at the bottom of the BOB bore-
hole. However, the model is not sufficient to completely
describe the actual material discontinuity which is pro-
ducing the strain-induced tilt.

It is important to note that the material effects de-
scribed here are frequency independent and will there-
fore apply to secular measurements as well. That is, the
secular strains will affect the secular tilt measurements
with the same coupling coefficients determined for the
tides.
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Figure 16. Comparison between the BOA results and other instruments at Pifion Flat. The solid
ellipse is the BOA data, the dotted ellipse is data from the Askania tiltmeter in the KUA borehole [ Wyatt
and Levine, 1987), and the dashed ellipse is the theoretical tide (see Tables 2 and 3) {Kohl, 1993]. The
error ellipses have been rotated to 107° azimuth to compare with the long fluid tiltmeter results shown

as the thick error ellipse [ Wyatt et al., 1982].
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