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They are placed at the corners of a roughly equilateral triangle

with side lengths of 70-90m. The Charlevoix region is an area of

high intraplate seismic activity and the location of the tiltmeter

array is primarily designed to investigate the relationship.4.

between earthquake activity, the tectonic stress that induces it,

and the tilting of the Earth's surface. ;

The seismicity and geodynamics of the region are outlined

within the context of other geophysical and geodetic observations

that have been and are being made in the region. The drilling and

casing of the boreholes, the installation of tiltmeters and their

orientation, problems with lightning induced electrical currents

and methods used to avoid them, the data acquisition system, and

water wells used to monitor hydrological conditions are discussed.

Tilt observations for approximately one year from each of

the 47m boreholes have been analyzed. The results show that: i)

the long period (secular) tilt is strongly correlated with the

piezometric pressure measured in the nearby water wells; 2) there

are tilt step offsets at the time of local earthquakes but these

are probably a site effect; 3) the mean 112 and 01 load tide

admittances are in reasonably good agreement with the predictions

of a model of loading by the marine tides in the nearby St.

Lawrence estuary; and 4) the observations show significant

.-4

variations in tidal admittance with time but it is not known

whether these merely reflec' time changes in the marine tide

admittance or whether the solid earth response to tidal forces is

changing. .
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Abstract

,.,An array of three Bodenseewerk GbplO borehole tiltmeters

ha--been established to measure tidal, transient and secular

tilting of the Earth's surface in the Charlevoix region of Quebec.

Two of the tiltmeters operate at a depth of 47m and the third at

110m. They are placed at the corners of a roughly equilateral

triangle with side lengths of 70-90m. The Charlevoix region is an

area of high intraplate seismic activity and the location of the

tiltmeter array is primarily designed to investigate the

relationship between earthquake activity, the tectonic stress that

induces it, and the tilting of the Earth's surface.

The seismicity and geodynamics of the region are outlined

within the context of other geophysical and geodetic observations

that have been and are being made in the region. The drilling and

casing of the boreholes, the installation of tiltmeters and their

orientation, problems with lightning induced electrical currents

and moe'thods used to avoid them, the data acquisition system, and

wager wells used to monitor hydrological conditions are discussed.

_\ Tilt observations for aei-a-t-one year from each of
I A

the 4 7m boreholes .- v-e--e-e-n analyzed. The results show that: ",)

the long period (secular) tilt is strongly correlated with the

-r, piezometric pressure measured in the nearby water wells;(2) there

are tilt step offsets at the time of local earthquakes but these

are probably a site effect; (3) the mean M2 and 01 load tide

admittances are in reasonably good agreement with the predictions

of a model of loading by the marine tides in the nearby St.
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* variations in tidal admittance with time but it is not known

whether these merely reflect time changes in the marine tide

admittance or whether the solid earth response to tidal forces is
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Statement of Proiect

The purpose of the borehole tiltmeter array at the

Charlevoix Observatory is fivefold:

(i) To analyze the records for both linear and nonlinear tidal

tilt anomalies that are predicted for dilatant crustal

rocks.

(ii) To examine the coherence, as a function of frequency, among

the borehole tiltmeters and to establish either a

deterministic or statistical model for this coherence or

lack of it.

(iii) To look for evidence of earthquake precursors in the form of

transient tilts.

(iv) To compare the borehole tilt observations with those from an

existing array of near surface short baselength A.N.A.C.

tiltmeters, and with other geophysical observations that are

presently being made in this seismically active region.

(v) To measure crustal deformation associated with loading by

the tides in the St. Lawrence estuary.
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Geophysical Observations in the Charlevoix Seismic Region

Attention has been directed in recent years on an area 150

km northeast of Quebec City (Figure 1), where there is a

concentration of microseismic activity (Leblanc et Al., 1973,

Leblanc and Buchbinder, 1977) and a history of large earthquakes

occurring roughly every 60 to 90 years (there was a magnitude 7

earthquake in 1925). Since 1972 various kinds of geophysical

control have been established by the Earth Physics Branch to

supplement the existing vertical and horizontal control provided

by the Geodetic Survey of Canada. Thus, at the present time the

geophysical control in the area consists of the following (Figure

2): 1) first order levelling along the north and south shores of

the St. Lawrence River (levelled 1926 and 1965), 2) a precise

gravity network consisting of fifteen stations and twenty-two

connections (established 1974), 3) a triangulation network

Nconsisting of twelve points and twenty-six connections spanning

the St. Lawrence River (established 1965), 4) two permanent tide

gauges at St. Joseph de la Rive and St. Jean Port Joli, 5) a

permanent seismic observatory at La Pocatiere on the south shore,

and 6) a tilt, strain, seismic and magnetotelluric observatory

located on the north shore near La Malbaie.

Precise gravity control was introduced so that the

levelling and gravity together would allow any crustal

deformations associated with seismic events to be properly

modelled. The combination of gravity and levelling is necessary

because a deformation of the crust is likely to distort both the

-7-



urface of the ground and the reference geoidal surface. The

e. e.Geodetic Survey relevelled a 40 km coastal first order line along
fthe north shore o f the river in enc 1978 and 1980Te

th nrh hoeofth ivr n1977, 17an190to provide

additional control over most of the gravity network. The

triangulation network established in 1965/66 was observed using

Wild T3 theodolites and MRA3 tellurometers. The gravity network

has been resurveyed to a precision of about 4 Pgal (la) every six

months since 1976. Significant variations of >10vgal have

occurred between the average residuals in two zones adjacent to

the levelling line (Buchbinder et al., in press). The two zones,

chosen on the basis of the results from the levelling,

approximately divide the Baie St. Paul to La Malbaie coastal
strip in half. The longer term variations appear to correlate

-A,. with a ground moisture-recharge model.

An underground observatory vault was constructed by the

Earth Physics Branch during the summer of 1974 for the purpose of

continuously monitoring crustal strain and tilt in this

seismically active area. The installation consists of a vault

housing two concrete piers 10 meters apart, poured directly on the

Ab4 bedrock, 2 meters below ground level. The entire vault is buried

beneath a 5 meter high mound of earth to provide thermal

insulation. Access to one end of the vault is through a vertical
'S.

pipe connecting the vault to the recorder building at the surface.

The vault, which is orientated perpendicular to the St. Lawrence

River, originally housed: a vertical short period seismometer, two

strainmeters in parallel (a Benioff-type quartz rod instrument and

- 8-
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a Cambridge University wire strainmeter), and three ANAC mercury

level tiltmeters oriented to measure tilt parallel and

perpendicular to the axis of the vault. The strainmeter and

tiltmeters were operated at high sensitivity and good earth tide

records were obtained (Peters et al., in press; Lambert and

Labrecque, 1979). In 1981 the Earth Physics Branch reduced the

vault instrumentation to the seismometer and three ANAC

tiltmeters.

In addition to the instruments in the vault a

magnetotelluric station is operated on the surface and a special

order levelling range and four wells for monitoring water levels

have also been installed at the observatory.

Seismicity surveys in 1968 (Milne et al., 1970), 1970

(Leblanc et al., 1973), and 1974 (Leblanc and Buchbinder, 1977)

have established that the centre of the earthquake zone covers a

70 x 40 km region centred on the St. Lawrence River. During the

two month period of the 1974 survey 33 events were located by at

least 4 stations from a network of up to 19 stations (Figure 3).

All of the hypocenters were in the Precambrian rocks of the

Grenville Province, with an average depth of 11 km (Figure 3);

none occurred in the Ordovician overthrusts to the southeast of

Logan's line, the surface expression of the contact. On the basis

of this distribution (Figure 3) both Leblanc et al., (1973) and

Leblanc and Buchbinder (1977) suggest that the length of the

seismic zone parallel to the St. Lawrence River is related to the

'WJ350Ma old Charlevoix impact crater (Robertson, 1968; 1975) and

-9-



that the conjunction of Logan' s line and the crater could

influence the distribution. Presumably, the structures either

represent a zone of weakness in which tectonic stress is released

. by earthquakes, or the structures focus the tectonic stress in

some way causing a higher rate of seismicity in an otherwise

normal crust.

The nodal plane solutions are compatible with pure

thrusting, the planes dipping on average 400 to the west and 500

to the south (Leblanc and Buchbinder, 1977), with the direction of

the pressure axis not in disagreement with what Sbar and Sykes

(1973) found in other parts of eastern North America.

Results from more recent continuous monitoring of

seismicity (Anglin and Buchbinder, 1981) suggest that the seismic

zone when viewed in cross section lies between depths of 5 and 25

km and is bounded by faults dipping about 750 to the southeast.

Relocation studies of the instrumentally recorded

earthquakes of magnitude 4.5 or greater (Stevens, 1980) have

indicated that the larger earthquakes fall in two groups near the

intersection of the perimeter of the Charlevoix crater and the St.

Lawrence river. These positions (Figure 4) roughly beneath Ile

aux Lievres and Ile aux Coudres correspond to the ends of the zone

of microseismic activity. The concentration may be the result of

the focusing of stress by the crust within the Charlevoix crater,

which acts as a weak planar inclusion, into its immediate

surroundings (Campbell, 1978).

The cumulative magnitude-recurrence relationship for the

-0 -
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Charlevoix region Basham (1976) (as reported by Leblanc and

Buchbinder, 1977) demonstrates that magnitude 3 earthquakes occur

about once per year and magnitude 5 earthquakes approximately once

every 12 years. This repetition rate is suitable for an

- experiment which intends measurement of the relationship between

the tidal response of the crust and tectonic stress.

Seismic crustal studies (Lyons et al, 1980) reinforce the

interpretation that Ordovician overthrusts dip beneath the river

south east of Logan's line at an average angle of %,20* (Figure 5).

.. ...

Their results also indicate that the upper crustal seismic

P-velocity in a belt extending along the northshore of the river

is 0.2-0.3 km/sec lower than the average of 6.4-6.5 km/sec for the

Grenville Province. They suggest that this is related to

structural deformation, caused by the Charlevoix meteorite impact,

which extends well beyond the boundaries of the crater itself.

The near surface P-velocity within the crater is 6.08 km/sec

" suggestive of a zone weakened by fracturing during impact.

Buchbinder and Keith (1979) have analyzed seismic

velocities from local explosions at La Pocatiere and St. Jerome

as they cross the array of seismometers in the La Malbaie region.

(Figure 6). They identified an apparently real increase in the

average P wave travel-time delay over the period 1974 to 1977 of

P mse+30 with estimated errors of tl6msec for most station pairs.

Such an increase would correspond to a velocity change of 10

S..• percent over 1.5 km of ray path or a corresponding smaller

velocity change over a larger zone. During the 1977-1980 period

/- 11 -
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the P travel times decreased by an average of a few tens of

I! milliseconds. The timing of this decrease varies among the

istations in the network but is most eieta h n f17

_. .and/or at the beginning of 1980 (Buchbinder, 1981) (Figure 6).

VN'
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Scientific Basis for the Tilt Pro'ect

V

(i) Linear and Nonlinear Tidal Tilt Anomalies
4-.

Beaumont and Berger (1974) suggested that if Vp/VS seismic

velocity anomalies are characteristic earthquake precursors, and

they also measure changes in the elastic properties of a zone in

the crust containing the focal region of an upcoming earthquake,

then anomalous changes in earth tide amplitudes should also

accompany the Vp/VS anomalies. Simple elastic inclusion models

(Figure 7), suggested that these tidal anomalies would be

predominantly a change in amplitude, the magnitude of which would

depend on the distance from tiltmeter or strainmeter to the

anomalous inclusion. Extension of this theoretical work

(Beaumont, 1979) demonstrates that the elastic inclusion model is

valid only under rather restrictive circumstances. A more general

model in which the anomalous inclusion is undergoing dilatant

opening of micro-cracks (as observed in laboratory experiments on

intact samples) suggests much more interesting results. Dilatant

expansion involving microcracks is essentially a plastic process

and exhibits hysteresis. As such, the process is nonlinear with

respect to stress increments and decrements (Figure 8). Depending

on the rate of tectonic stress increase, the response to

superimposed tidal stresses will be linear or nonlinear. Even

nonlinearities of 10 percent will be easily recognizable (by

bispectral analysis) if recorded by a tiltmeter that is itself

linear. We therefore have a possible tool with which to recognize

FI- 13-
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hysteretic micro-crack dilatancy in crustal rocks as opposed to

elastic changes which remain linear, although almost certainly

*anisotropic, in their response to tidal forcing. The earth tide

in this context acts as a spatially and temporally known probe of

the stress state and continuum properties of the crust. These

interesting properties occur only at deviatoric stress states in

excess of ^0.6 of the failure strength of rocks.

More recently Agnew (1981) has extended the theoretical

analysis to consider various types of nonlinearity and has

searched tidal strain observations for their signature without

success. However, there was no independent evidence to suggest

that the region sampled by the strain observations at Pinon Flat

was either dilatant or subject to stresses that were sufficiently

large to induce other geophysical anomalies during the interval

analyzed. It is believed that the existence of such

nonlinearities and their amplitude remains an open question that

will best be resolved by observations in a seismically active

area.

(ii) The Coherency of Tilt Observations

There are three basic types of geophysical tiltmeters,

short baselength (for near surface and mine observations),

borehole, and long baselength 'liquid in tube' (for surface or

near surface observations). To date most observations have been

made with short baselength tiltmeters. The results from short

*baselength instruments may be summarized in the following way.

- 4 -
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Semi-diurnal and diurnal tidal tilt observations are now

reasonably well understood. If it were not for hydrological,

cavity, geologic, and topographic effects (some of which are

complex), tiltmeters would provide tidal tilts that are spatially

and temporally coherent at approximately the 90-95% level. This

is not to say that the perturbations just listed render all short

baselength tilt observations useless (see Beaumont and Boutilier

1978, and Peters et al., in press, for example). Nevertheless, a

broad brush picture is that we understand the elastic response of

the Earth to tidal forces and that departures from theoretical

predictions are not manifestations of geophysically interesting

processes, but largely just a failure on the part of the tiltmeter

to 'sample' tilt that is representative of a spatial average.

The development of borehole and long baselength tiltmeters

is based on the idea that these will provide a more representative

sampling of regional tilt and that the observations will be less

contaminated by random or coherent (thermoelastic, hydrologic, or

cavity, for example) ground noise than the existing observations.

This expectation has been confirmed for at least one site, Pinon

Flat California, where a comparison of observations from shallowly

buried (4.5 m) short baselength tiltmeters (Delta and Beta, Figure

9), a borehole tiltmeter (ADL), and a long baselength surface

instrument (LFT), shows much greater long term stability and tidal

signal to noise ratios for ADL and LFT than for the near surface

instruments. (Wyatt et al, 1982), (Figure 9).

Coherence among tilt observations for timescales

- 15-
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significantly longer than tidal periods has not been established

on any spatial scale. Tiltmeters sited within a few meters of

each other may not exhibit the same secular tilt. There are two

" explanations. The tiltmeter or its connection with the

surrounding rock is unstable, or the rock surrounding the

tiltmeter deforms in a way that is not representative of the

secular tilting of the crust in that region. Problems of the

first type (see for example, Wyatt and Berger, 1980) must be

solved by better tiltmeter and interface design. Problems of the

second kind (see for example Kumpel, 1982) may be approached in

two ways; larger spatial integration (for example, re-levelling

over long distances apparently produces coherent results), and

through a better understanding of the behaviour of rock and

rock-groundwater interactions on a small scale.

The Charlevoix tiltmeter array is designed to examine the

coherency of tilt observed by three borehole tiltmeters with a

spatial separation of "00 m. This is to be done for all

frequencies by standard statistical techniques. In particular,

the relationship between the tidal and secular coherency will be

examined to determine whether a transfer function, HT(f), defined

in the following way,

' "  0 (f) H (f)T (f)
0 T T T

may be used to 'correct' secular tilts in the manner,

T (f) H (f)O (f).. :S T'Sp

716
44 M - 16 -
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where OT(f) and TT(f) are the observed and theoretical tidal tilts

and OS(f) are the observed tilts. TS(f) may be regarded as the

secular tilt 'corrected' for local effects. How closely does

HT(f) correspond to the unknown Hs(f)?

(iii) Transient Tilts

" Evidence exists for transient tilts at the Charlevoix site.

However, it is important to note that transient tilts induced by

rainfall have a similar signature in the near surface A.N.A.C.

A%6 tiltmeters to those tentatively associated with earthquake

activity. It is important to determine whether any of these

V,
transients are more than local effects monitored by the shallow

tiltmeters. In particular, a study of the relationship among the

observations from the borehole tiltmeters, their relationship to

the surface tilt observations, and in turn, their relationship to

the earthquakes is necessary. A critical question to be answered

is whether the surface and/or borehole tiltmeters measure

transient signals that are recognizably characteristic of known

processes, for example pre-earthquake creep. Alternatively, the

signal may be so distorted by inhomogeneities in the crust between

its source and the tiltmeters, or very local inhomogeneities

around the tiltmeter, that it can only be recognized as being

'anomalous'. This question must be answered before model studies

can be considered. Only by comparing surface and borehole

observations will we be able to estimate the fidelity of the

recorded signal and to determine whether the signal is

-17-
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representative of the source process filtered by a simvle transfer

function.

Two extreme models may be useful in illustrating this

point. The first idealization is that the transients correspond

to the propagation of a dislocation within a perfectly homogeneous

elastic crust. In this case the source to receiver transfer

function is that of a unit dislocation in an elastic half-space

and passes our criterion of a 'simple' transfer function. The

second, and probably worst of all 'pathologies' , is that the

transients correspond to the propagation of a dislocation within

the crust that looks like a 'heap of rubble'. In this case there

is no .ommon transer function. The best that can be expected is

that the same movement at the same place at different times will

give the same characteristic signal at each of the tiltmeters.

With sufficient events a statistical relationship between source

position and transient signal could be established.

In reality, the crust may behave like rubble at the surface

and like a continuum at depth, with some gradational region

between them. A tiltmeter buried in the continuum would record

transients having simple transfer functions. The surface

tiltmeter would just record an anomalous tilt. We have no idea

whether this model of the crust is correct, or even if it is

correct, the size of the skin depth of the rubble layer. This is

*not a problem particularly amenable to theoretical analysis. A

comparison of the transients from the borehole and near-surface

tiltmeters should, however, indicate whether this model has any

-18-
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validity and whether the skin depth is %100 mn, or is in excess of

1 km.

(iv) Comparison of Borehole and Surface Tilt Observations

Most aspects of a comparison of near surface and borehole

tilt observations have already been mentioned but in the context

of the physical processes occurring in the crust. A comparison of

the two sets of observations is also valid purely from the aspect

of measurement science. The intent of borehole tiltineters is that

they should provide better measurements of tilt. The main aim of

the intercoinparison is to determine noise level spectra that are

'A typical of borehole installations at 110 mn and 50 m depths and

near surface observations. These are useful in designing future

experiments and placing bounds on noise attenuation with depth and

its relationship to hydrological conditions.

(v) Tidal Loading

Observations made during the last ten years have

established that the tilting of the Earth's surface under the

weight of the ocean tides is sensitive to the elastic properties

of the crust and upper mantle (see for example, Beaumont and

Lambert, 1972; Beaumont, 1978; Beaumont and Boutilier, 1978;

Zschau, 1976; and Baker, 1980). The tides in the St. Lawrence

estuary are sufficiently large that load induced tilts in the

Charlevoix region will provide evidence on the structure of the
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crust in this region. In particular, any large scale anomalies in

crustal properties that may be related to the seismicity should be

detectable.
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The Charlevoix Borehole Tiltmeter Array

(i) The Earth Physics Branch Observatory

The borehole tiltmeters are installed at a field station

' operated by the Gravity, Geothermics, and Geodynamics division of

the Earth Physics Branch of the Federal Department of Energy,

4 Mines and Resources. The Charlevoix Observatory (Figure 1) is

located near the centre of the Charlevoix impact crater 8km

northwest of the north shore of the St. Lawrence estuary between

La Malbaie and Baie St. Paul some 150 km north-east of Quebec

City. The plan (Figure 10) shows the site to be located on the

flanks of a small hill at a height of . 420m in a region of

moderate relief.

The Precambrian Grenville bedrock of the area is a

N charnockitic gneiss which suffered shock metamorphism and

exhumation during the meteorite impact. It is competent though

large scale fractures probably exist in the nearsurface. The

intrinsic porosity and permeabilty of the bedrock are both very

low and the hydrology of the site is dominated by fracture

porosity and permeability. The bedrock is overlain by up to 4m of

glacial till.

Earth Physics Branch experiments at the site include: the

near surface ANAC tilt measurements in the vault; a short period

vertical seismometer for monitoring local earthquakes; the

levelling array; a magnetotelluric experiment; and a series of

boreholes for monitoring groundwater piezometric pressure. Two

- 21 -
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trailers house the main source of uninterruptable power and the

central data acquisition system (AGOS).

The borehole tiltmeter array forms a roughly equilateral

triangle with sides of from 70 to 90 m. Holes I and 2 are 47 m
-.. - %

.. deep, and hole 3 extends to a depth of 110 m.

(ii) Borehole and Tiltmeter Installation; Holes 1 and 2

Boreholes I and 2 were drilled under subcontract during

October to November of 1979 by Bisson-Maple Leaf using a

hammer-rotary technique powered by compressed air. The

specifications for the 12 inch diameter 50 m deep holes were that

they be sufficiently straight that more than one half of the

bottom should be visible from the surface and that the inclination

should not exceed ,20. The specifications were checked during

drilling by plumb bob, inclination of the drill stem, and by
Jb...

sighting on an 11.5 inch diameter dummy ring of lights which was

lowered to the bottom of the hole. The holes were cased using 8

inch internal diameter 24 feet long standard steel pipe sections

3. which were welded together during installation (Figure 11). The

first section of this casing was welded to the top of each of the

stainless steel tiltmeter pods, described below, before final

installation. Settling of drilling spoil had by this time reduced

the hole depths to 47 m.

The holes were sealed with Masterflow 713 non-shrink

thixotropic grout which was pumped from the bottom upwards through

a 1.25 inch grout pipe to ensure complete filling and the best
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seal to the surrounding bedrock. After settling the borehole was

again tested for verticality and straightness and an attempt was

made to pressure test the pipe. Despite penetrating 30 m below

the water table, the holes have proven to be water tight and dry.

The tiltmeter pods (Figure 11) were designed to provide

maximum stabilty of the tiltmeter mount. Their 6m length

effectively increases the baselength of the tiltmeter to this

length. They are constructed of 316L stainless steel to minimize

corrosion induced instabilities at the contact points with the

tiltmeters. The tiltmeter is positioned centrally along the

length of the pod for symmetry and rests on a support pin (Figure

11) designed to accommodate the Bodenseewerk instrument.

It is not known whether any settling of the pods or casing

occurred in the nearly one year interval between borehole

completion and the installation of the first tiltmeter in

September 1980. It seems that settling would be short term and no

movements have subsequently been recorded by the tiltmeters.

Bodenseewerk GbplO tiltmeters 105 and 106 were installed in

boreholes 1 and 2 respectively in September 1980. They were

aligned with the north-south direction within an accuracy of 30

using an optical plummet to compare the directions of the light

source slits on the top of the tiltmeters with that of a thin

reference thread stretched across the top of the borehole.

Standard surveying techniques were used to position the reference

thread with respect to a north-south line through the Earth

Physics Branch levelling array (Figure 10) which had already been

- 23 -
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established. The orientation of the tiltmeters by this method is

* . imprecise because the light slits appear as very small images when

viewed at a distance of 50 m. The effect of other inaccuracies is

much smaller.

We have devised a much more accurate photographic

-. orientation technique in which a double exposure of the

illuminated slits with a telephoto lens is made after first

photographing the reference thread with a normal lens (Figure 12).

By using fine grained film and printing enlargements of the

negatives a precision of "0.l* can be achieved (Figure 13).

The Bodenseewerk GbplO tiltmeter comprises a 60 cm long

. simple pendulum with biaxial capacitive detection of position and

electromagnetic proportional feedback (Figures 14 and 15). The

* complete tiltmeter is constructed of three pieces. The outer

sensor casing sits on a location pin in the tiltmeter pod and is

supported concentrically within the pod by three spring loaded

studs or pins that project from the casing near its top. The

pendulum carrier, itself a pendulum, is mounted on gimbals within

1the sensor casing. It can be driven electrically by cross-slide

motors at its base to an inclination up to t3* with respect to the

axis of the sensor casing. In this way it can be set vertical

despite small deviations from the vertical of the borehole. Once

set vertical the pendulum carrier is clamped and the measuing

pendulum, the third component, unclamped. The measuring range of

the tiltmeter is %2.5 x 10-5 radians but this can be stepped

across the entire t3o by tilting the pendulum carrier. The
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resolution of the transducer is claimed to be "u0.l5 x 10-9 radians

although this depends on the background noise level in which the

instrument operates. The main advantages of the Bodenseewerk

GbplO is that it can be accurately calibrated to ,0.3 percent by

-e"4
moving a small ball between two cups on the measuring pendulum.

This ball displacement tilts the pendulum by a known amount in

virtue of having moved its centre of mass. With repeated ball

movements a calibration accuracy of ±0.1 percent can be achieved.

• A linearity of 0.1 percent is also claimed for the instrument

(Bodenseewerk Tech. Bull. 19, 1979). The output from the

feedback loop is amplified, low pass filtered to remove

microseismic noise (Figure 16), and then recorded on dual Watanabe

SR61/02 two channel chart recorders. This provides redundancy in

* .- recording in case either one of the chart recorders fails.

The tiltmeters were modified by Bodenseewerk in two small

ways prior to delivery. As originally designed the tiltmeter

should be installed in a 6 inch borehole; therefore, it was

necessary to increase the length of the spring loaded studs, which

hold the upper end of the tiltmeter, for operation in our larger

diameter pods. A guard ring for the studs was also provided. The

control electronics were also modified to include a 20 times

automatic repeat of the ball calibration once the calibration

cycle has been triggered. The original recording configuration

for Gbp 105 and 106 placed the control electronics, chart

recorders, and Q-tech digital magnetic tape recorder in the

.. trailers some 50 m from the boreholes. This was later modified,
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partly as a result of the installation of AGOS, and more

importantly as part of the improvements necessary to overcome

failures which occurred during electrical storms. The present

recording configuration is shown in Figure 17.

(iii) Tiltmeter Operation for 1980 and 1981

The first series of observations in the results section of

this report and in Peters and Beaumont (in press) are from Gbpl05

operating in borehole 1 during the interval September 27, 1980 to

March 25, 1981 (181 days). During this period considerable

difficulties were experienced in operating Gbpl06 in borehole 2.

Despite the replacement of the support pins the tiltmeter appeared

unstable when operated at tidal sensitivity and the problem was

attributed to the failure of the support pin release mechanism.

The pins are designed to retract when the pendulum is hanging from

a cable and extend as the tension is removed when the tiltmeter

comes to rest on the support pin in the pod. When tested at the

surface the pins intermittently became jammed in a semi-retracted

position as the cable tension was released. For this reason

Gbpl06 was returned to Bodenseewerk in December 1980 for testing.

A dummy tiltmeter, made from mild steel pipe to the same

dimensions as the GbplO's and also having a guard ring, was

constructed to test installation procedures. On April 21 it was

found that the dummy tiltmeter without guard ring came to rest

some 2 m deeper in borehole 2 than did Gbpl06. Photographs taken

with a camera and flashlight assembly lowered down the borehole
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showed that protruding beads of weldment around part of the joint

between the pod and the first section of casing probably formed an

obstruction beyond which the guard ring for Gbpl06 would not pass

(Figure 18). Once segments of the guard ring had been cut back

somewhat Gbpl06 passed the obstruction and entered the pod. The

observed instability probably resulted from operating the

tiltmeter while suspended by the guard ring on the weldrent.

Nevertheless, sticking of the support pins has been noted on

*subsequent installations of this tiltmeter. Gbp106 was finally

installed and oriented in borehole 2 on April 23, 1981 where it

operated until damaged by lightning on May 24, 1981.

(iv) Lightning Damage and Protection

During the summer of 1981 tiltmeters Gbp 105, 106 and 107

were plagued by problems due to electrical storms which are common

in the St. Lawrence valley between June and September. Gbpl06

was the first to be disabled followed by Gbp107, which was used to

replace it. Gbpl05 was less seriously affected, the damage being

confined to the above ground control electronics. Following
repair in July the equipment was again damaged and the experiment

was discontinued until the end of the thunder storm season. The

source of the problems appears to have been twofold: powerline

voltage surges that entered the electronics through the

uninterruptable power supply causing damage in the power supplies

of the tiltmeters; and induced currents in the signal lines from

the tiltmeters to the recording equipment and in the feedback

- 27 -
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loop.

We believe that this problem has now been partly overcome

by the protection system shown in Figure 19. The first step was

to relocate the control electronics at the well head. Varistors

and/or transzorbs were then used to protect the AC-DC converters

within the transducers and the feedback loop at the transducer end

of the circuit. The same technique was used to protect the

connections between tiltmeters and recorders. Powerline surges

are minimized by isolating each borehole station from all other

grounds and by using a local ground to the borehole casing. This

is accomplished using isolation transformers which are themselves,

protected on the primary and secondary windings by heavy duty

Varistors. Each wellhead system is powered by an independent

uninterruptable power supply consisting of a precision regulated

battery charger backed up by batteries capable of operating the

system for at least 24 hours in the event of power failure. The

uninterruptable power supply drives a DC-AC inverter which powers

the tiltmeters and analogue chart recorders.

The protection system appears to have been successful, the

system having weathered major electrical storms during the summer

of 1982. Its major weakness remains the signal cables from the

well heads to AGOS. A prototype of an optical data link, which

will make the wellheads secure from surges passing through AGOS or

induced currents in the signal cables, has been constructed and

tested. This link is described below.

A - 28 -
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(v) The Automatic Geophysical Observatory System _CAGOSJ

The Earth Physics Branch AGOS is the central data

acquisition system at the Charlevoix Observatory. It is designed

to receive, process, store, and retransmit data. The system is

constructed around the Digital LS111/23 microcomputer and uses the

Digital communications software package DECnet to transmit dat*

over telephone lines to the Earth Physics Branch in Ottawa.

Future development will upgrade AGOS to include control of some

aspects of the experiments at the Charlevoix Observatory. The

Charlevoix node of AGOS presently consists of a processor,

non-volatile storage and a modem. The system samples analogue or

digital input channels at 60 Hz, computes one minute averages, and

applies a Kalman filter to either the 60 Hz data or its decimated

equivalent. I or 10 minute samples which have been smoothed and

edited for spurious points, steps, and anomalously high variances

are stored on the system magnetic cassette and are available for

transmission at 300 baud.

AGOS has had some teething troubles since it was installed

in 1981. These have largely been corrected. However, its major

limitation from the point of view of the borehole tiltmeter

experiment is that A to D conversion is limited to 12 bit

resolution. This presents a problem of resolution in signals that

have a significant secular drift that must be accommodated within

this bandwidth. Least-count noise is not a serious problem with

regard to tidal tilt signals but it does limit the precision of

calibration pulses and, therefore, the overall calibration of the
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borehole tilt results. This problem will be eliminated by the 15

bit A to D conversion at the wellheads which will be part of the

optical link systems. Until these are installed AGOS is regarded

as a 'backup' data storage system for the borehole tilt

observations. Our primary data source is the dual analogue chart

records of each channel.

(vi) Optical Data Links from Borehole Tiltmeters to AGOS

The requirements of wide dynamic range and optimal

recording resolution discussed earlier necessitate the use of

digital data transmission between the borehole tiltmeters and

AGOS.

A prototype digital link has been developed by Dr. Barry

Paton of the Physics Department at Dalhousie. The unit consists

of two Analog Devices model DAS1156 15-bit A-D converters, one

each for the X and Y channels, with a least count resolution of

60pV (0.1% of the calibration step size). The parallel output of

the A-D converters is transformed to serial within an Intel 8031

microprocessor which subsequently drives a local RS232C port and
U-' %'

an ITT model TXD004 optical transmitter.

Data will be sampled at one second intervals and will be

transmitted in ASCII text at 300 baud over optical fibre to AGOS.

The optical fibre link will complete the total electrical

isolation of the tiltmeter installations from all other equipment

at the site, and should substantially eliminate susceptibility to

lightning induced surges in the signal lines.

At the AGOS location the data will be received by an ITT
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model RXD007 optical receiver and output through an RS232C port.

Each data record will consist of the sample time and the X and Y

voltage levels.

Apart from its data acquisition task the 8031

microprocessor al so performs a calibration control function.

Every 107 minutes a pulse will be relayed to the tiltmeter control

electronics which will initiate a calibration level change. An

alternating X calibration 'on and off' and Y calibration 'on and

off' sequence will be stepped through continuously; each step

uniquely identified by a message in the data stream to ACOS. AGOS

will then be able to identify each level change and evaluate it

through the Kalman filtering routine described earlier. Further

development and field installation of the data link requires the

* completion of an interface between the receiver RS232C port and

the GPIB (general purpose instrumentation bus) of AGOS. The Earth

Physics Branch is responsible for providing this component which

is also in the prototype stage. Completion of the interface stage

is expected early in 1983.

(vii) Borehole and Tiltmeter Installation; Hole 3

It is suspected on the basis of research elsewhere (M.

Dence, pers. comm.) that hydrological conditions in hard rock

terrains may stabilize at depths greater than 100 m. Our

experience with tilts from borehole 1 had shown that the secular

signal was strongly correlated with variations in piezometric

pressure in a nearby water well, indicating a lack of hydrological
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stability at a depth of 47 m. It was therefore decided to install

the third tiltmeter in a 150 m deep borehole in an attempt to gain

additional long term stability. The Earth Physics Branch provided

the additional funds necessary to extend drilling beyond 50 m and

to case the added length. The Earth Physics Branch also drilled a

nearby deep water well.

The borehole was drilled by Les Puits de Quebec under

subcontract during the period October 1981 to July 1982 using a

-- hammer-rotary technique. The drillers first sank a 6 inch

diameter hole which encountered a fracture at ov440 feet that

- flowed water so rapidly that it was decided that this depth would

*.4.. be unsuitable for the tiltmeter. The hole was plugged and

backfilled with concrete to 360 feet. The hole was then

successively reamed to 8, 10 and 12 inch diameters to 350 feet.

It was found that the hole deviated from being straight at a depth

of fv220 feet.

A second 6 inch diameter test hole apparently deviated from

being straight at approximately the same depth as the first. A

decision was made to accept the first hole if it met the

verticality specifications at the bottom. This would mean that

the tiltmeters could operate at that depth but that neither the

optical nor photographic methods could be used to orient it.

Verticality of the bottom section was established by operating a

tiltmeter within the pod after the casing had been installed but

before it had been grouted. The tiltmeter pod was modified by the

.. Earth Physics Branch to include a muleshoe assembly (Figure 20)
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inowhich a key or lug mounted on the outside of the tiltmeter

can penetrate, and in the process cause the tiltmeter to take up a

unique orientation. The pod was returned to Charlevoix, the

casing reinserted into borehole 3 and grouted during May and June

1982. The final depth to the pod is 110 m.

The final orientation of the slot on the muleshoe assembly

was determined by a survey during November 1982 in which a

gyrocompass was attached to the top of the dummy tiltmeter. The

dummy tiltmeter was installed in the hole six times and the

.'.4 orientation determined to a precision of 10. No additional

surveys of this type are necessary because the key on the outside

of the tiltmeter can be rotated and fixed so that on successive
j.-

V. installations the tiltmeter always takes up the same orientation

in the north-south direction. The reproducibility of each

successive orientation is determined by the play between the

muleshoe slot and the key on the tiltmeter. It is judged to be no

worse than 0.50.

Gpb 105 was installed in borehole 3 on 13 November 1982.

Repairs bad previously been made for damage caused by lightning.

Unfortunately one channel, north-south, is not working properly.

It appears that there is an instability in the feedback loop which

results from an incorrect match between the impedance of the

replacement components and those already in the feedback loop. It

is anticipated that this problem can be corrected without removing

the tiltmeters from the borehole. The other channel is producing

good tidal records, although there are occasional s,,all steps
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which may indicate an instability in the coupling between the

tiltmeter and its pod.

(viii) Water Wells

The water wells at the Charlevoix site are designed to

investigate the hydrological conditions both in their own right in

terms of secular, transient and tidal variations and in their

influence on the tilts. The wells (Figure 10) are located near

the boreholes and are labelled A,B and C corresponding to

tiltmeter boreholes 1, 2 and 3. The figure in brackets is the

depth of the well in meters. A(70) and B(70) are both cased to a

depth of 30 m and open from that depth to the bottom. They sample

the piezometric pressure in deeper formations than B(30) which is

only cased to 10 m. Well C(134) is yet to be cased, and

therefore, presently integrates the pressure variations in any

separate aquifers along its length. The water level in each of

" the wells is continuously monitored by the Earth Physics Branch

using a capacitance probe method. Manual readings are also taken

on a weekly basis to supplement and provide datum control for the

* continuous records which sometimes go off scale during periods of

rapid transients, during the spring thaw for example.

.3,...

(ix) Tilt Observations in the Shallow Vault

ANAC tiltmeter observations from the shallow vault for the

interval 1976-1980 have been described by Peters et al (in press).
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Three ANAC tiltmeters installed on two concrete piers 10m apart

recorded tilt in azimuth N52 ° E (called position D) in azimuth

N142E (called position A and position C). The positions A and C

are at opposite ends of the vault. The data were recorded on

continuous charts or cassette tape.

The time averaged results are compared with those from the

borehole tiltmeters in the results section of this report. The

. monthly variations in tidal admittance for the M2 constituent in

terms of amplitude and phase are shown in Figures 21 and 22.

There are apparently significant variations in both amplitude and

phase over this period which are larger than the 2 o bar

associated with each result. Some variations are as large as 25

percent of the mean. Peters et al showed that the admittance

variations correlated with other parameters; electric field

polarization angle, tilt of the levelling array, and piezometric

pressure in the A(70) and B(70) wells, (referred to, by them as

J. 'Deep well'). They concluded that there may be a causal

relatipnship between the tidal variation and the dynamics of the

water table but that there was no evidence that the admittance is

varying in response to regional elastic parameter changes

associated with tectonics. The hydrological and meterological

effects on the secular signal of the ANAC tiltmeters (Lambert and

Labrecque, 1980) are considerable. Large annual variations,

(20-30) x 10-6 radians, correlate with temperature and are

probably thermoelastic in origin. The piezometric pressure also

* correlates with the D position tiltmeter. Aperiodic tilts with

-35-

o



frequencies similar to the tides occur during winter months and

there are also large episodic tilts that correlate with rainfall

and snow melt.
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Results

(i) Data Characteristics

The periods for which good quality t ilIt data have been

collected are shown in Figure 23. There are small gaps even

* within the larger data blocks but these have not prevented

analysis of the data. The analysis techniques employed can cope

with data that contain embedded gaps. The major interval of

missing data is from the summer of 1981 and was the result of

electrical problems induced by lightning. Borehole 3 was occupied

soon after its completion in the summer of 1982.

Characteristic properties of the data can be assessed from

Figures 24 to 29. Figure 24 illustrates a typical calibration

sequence. A small amount of cross-talk exists between the X and Y

channels but this is unimportant because calibrations of the two

channels are sequential. The overshoot following the step due to

the ball movement results from the analogue filtering of the

output signal. Figure 25 shows the response on both X and Y

channels to a typical teleseism. The offset in arrival times of

the various phases results from the offset of the pens on the

analogue chart recorder. The tiltmeter response to the magnitude

4.1 local earthquake of December 4 1982 is shown in Figure 26.

The drift signal from GbplO5 operating in Borehole 1 during

1980 and 1981 (Figure 27) shows a strong correlation with the hand

measurements of water level in A(70) and with rainfall.. The large

transient at about day 40 of 1981 corresponds to the groundwater
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recarg atthetime of the spring thaw of that year.

Typical unfiltered tidal data (Figure 28) from GbplO6 west

component operating in borehole 2 show that the tides are

dominated by the semi-diurnal signal. These data are from the

latter part of 1982.

The drift characteristics of GbplO6 and GbplO7 operating in

boreholes 2 and 1 respectively during the latter part of 1981 and

most of 1982 are illustrated in Figure 29. These are essentially

raw data that have only been corrected for offsets, had

calibration pulses removed, and been correctly scaled. The gaps

show the intervals for which data has been lost. With the

exception of GbplO6 operating in borehole 1 (N210 E) the baseline

has not been lost during the large transient caused by the spring

thaw at about day 90.

Much of the data corresponding to the gaps was lost due to

malfunction of the chart recorders or failure of the operator to

renew the charts. However, such data can be recovered because it

has been recorded by AGOS. In a final analysis the AGOS and chart

data sets will be merged. Figure 29 also shows that the drift

signals are closely correlated with the groundwater piezometric

pressure in wells A(70) and B(70).

(ii) Data Reduction and Analysis

The analogue data from the chart records were digitized at

hourly intervals using time marks on the records from a quartz

clock as time base. The raw data were then edited to remove any
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steps and the offsets due to calibration pulses. The calibrations

were then used to scale the digital data from chart units to tilt

in milliseconds of arc. The edited data were finally divided into

subsets for spectral analysis.

* Several analysis techniques have been used including: i)

power spectral analysis; ii) Fourier scanning , which assumes the

data to be continuous and computes the Fourier transform of it;

iii) Least-squares analysis in which 12 sinusoids corresponding to

the major tidal constituents were regressed on the data to

determine their best fitting amplitudes and phases; and iv) Hybrid

least-squares frequency domain convolution analysis (HYCON)

Schuller (1976, 1977). HYCON is the most suited of these methods

to the analysis of relatively short tidal series; therefore, the

tidal analysis results given in this report are restricted to

those given by this method. The accuracy of the analysis results

is assessed by comparing the spectrum of the original data with

the spectrum of the residual data series from which the estimated

tide has been subtracted. The spectrum is mo st u se fulI in

* calculations of the magnitude of the non-tidal background noise in

the data and its variation with time.

We are most concerned with the stability of tidal estimates

for sequential short, approximately one month, intervals;

d therefore, the results are presented in terms of these variations

and the value of their mean. The starting times and number of

hourly samples in each of the data sets that have been analyzed

are given in Table 1. In the following sections the data are

* *. - 39 -
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grouped according to; the tiltmeter, the borehole in which it was

recording, and its orientation.

(iii) Variability of Tidal Estimates for Gbpl05 in Borehole 1

Figure 30 illustrates the variations in the amplitudes and

phase lags of the M 2 , S2, 01 and Ki constituents during 1980 and

1981. The data sets (Table 1) have an average length of about one

month. Clearly, there are significant variations in the tidal

admittance that are greater than the *la error estimates both for

the X(west) and Y(north) directions. The same M2 data are

presented as phasor plots in Figures 31 and 32 to demonstrate the

effect of the variability on the vector character of the tilt.

Our first mpression of these results is that the variations in

the south tilt phasor are random in character, no significant

trends or excursions in any particular direction having been

observed. It is not known whether the strong lineation apparent

in the west tilt phasors has any significance. In neither the

west nor south directions do the excursions exceed an amplitude of

lmsec from the position of their mean. A more complete

interpretation of the admittance variations will be possible when

the variations in phasor plots and tidal tilt ellipses for a

number of constituents have been compared. The approach will be

to look for significant excursions from the mean that correlate

between constituents. (Peters et al, in prep.).

(iv) Variability of Tidal Estimates for Gbpl06 in Borehole 2
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Figures 33 and 34 illustrate the variations in M 2  tidal

- .~.admittance for monthly anlayses for Gbpl06 operating in borehole 2

(labelled borehole 2, west and borehole 2, south) during 1982.

Figure 33 shows that there are significant variations at the one

standard deviation level in amplitude while Figure 34 shows the

corresponding variations in phase. The vertical bars on the plot

are ±1o. The same results are presented as phasor diagrams in

Figures 35 and 36. It should be remembered that during the first

four months of the period Gbp106 was operating with its sensitive

axes oriented at azimuths of 210 and 1110. It was then rotated to

corresponding angles of 0 and 900. In diagrams 30 to 34 the

results for the first four months have been rotated so that they

can be compared with those of the last three months and with those

from Gbpl07 operating in borehole 1.

Significant variability is again seen but it is not known

whether this is the result of random noise or from a distinct

physical process.

(v) Variability of Tidal Estimates for Gbp107 in Borehole I

The results from Gbpl07 in borehole 1 are probably the most

interesting because the eight data sets are apparently enough to

have established a pattern in the admittance behaviour. For the

south tilt the phase lags first decrease, data sets I to 2, and

then show a progressive increase, data sets 3 to 7.

Alternatively, the pattern may be regarded as a cluster around

results 1,5,6,7, and 8 with significant departures in phase at
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data sets 2,3 and 4. This interpretation also applies to the vest

tilt variability, the major excursion from the clustered group

having occurred for data sets 2 and 3. No physical significance

should be attached to such 'excursions' . Tests must be made to

determine whether they are even statistically significant.

However, this is the type of pattern that would be expected were

the admittance of the crust in the Charlevoix region changing with

time.

(vi) Power Spectra of Borehole Tilt Data

The power spectra of the data and residuals for some

representative data sets (Figures 30 to 42) show that there is a

high signal to noise ratio in the tidal bands. Energy in 24, 12,

6 and 4 hour period bands can clearly be seen in the Gbpl07 (West)

and CbplO6 (NllE), whereas 6 and 4 hour period energy is less

evident in the other two data sets. The power spectra were

calculated for sets of 2048 hourly samples that had been Hamming

windowed and were then averaged among samples on the assumption

that they were each realizations of stationary processes. The

underlying assumption may not be strictly true, but the averaging

increases the confidence levels of the spectral estimates by

increasing the number of degrees of freedom associated with each.

A linear trend was removed from each data set before transforming

* but no other filtering has been used.

Hycon estimates of the linear tidal constituents to second

order were subtracted to give the residual spectra. These are

normalized in the same way as the observed spectra; that is, by
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the variance of the detrended tidal observations. The significant

energy that remains in the higher order tidal bands for two of the

residual spectra is probably a measure of the nonlinearity within

this system.

The background energy in the spectra appears to decrease

linearly with frequency within the tidal bands. That it does not

continue this trend for even higher frequencies up to the Nyquist

frequency may be a measure of least-count noise from the digitizing

or true high frequency noise. It should, however, be noted that

this noise is 5 orders of magnitude below the maximum tidal peak

energy.

(vii) Comparison of the Mean M2 Admittance of the Borehole

Tiltmeters and those of the ANAC tiltmeters

The mean admittances for M 2 and 01 for the ANAC tiltmeters are

given in Peters et al (in press). In Figures 43 to 47 the same

results have been rotated to the west and south directions and are

plotted in terms of their Greenwich phase lag. (An error in the

Peters et al results has also been corrected). Two sets of results

are given, those combining A and D and those combining C and D

position tiltmeters (labelled A-D and C-D). There is good agreement

in phase for these combinations for the M2 results but the

amplitudes differ by about 10 per cent. For 01 the agreement is not

so good probably because the signal to noise ratio is worse at this

frequency.

A comparison of the M 2 results from the ANAC and borehole

tiltmeters shows that there is good agreement for the west component
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with Gbpl07 in borehole I especially for the C-D combination. For

the south direction, Gbpl07 lies between the two ANAC results.

It is not known whether the differences are significant. If they

are) they may arise from either a 'site' effect, or from non-

stationary admittances because the data series are not concurrent.

The equivalent comparison for the 01 results shows similar

difference between the means of A-D and C-D ANAC results and the

. -borehole results. That the borehole results are a more internally

consistent set leads us to believe that the ANAC's either have

higher noise levels or that there are small cavity or pier tilt

effects which cause the observations to deviate from the theoretical

predictions and between piers.

Tidal Loading

Most of the tidal tilt observed at the Charlevoix site is

caused by crustal deformation due to loading by the marine tides in

the nearby St. Lawrence river estuary. In this section we present a

comparison of observations with theoretical calculations of this

effect for the M 2 and 01 constituents on the assumption that the

crust beneath the region is composed of uniform layers. This

approach may be a poor approximation due to the lateral change in

crustal structure at Logan's Line and the nature of the overthrust

wedge beneath the St. Lawrence estuary (Figure 5). A method of

calculating the effect of this wedge on load tilt, earth tide body

tilt, and through strain-tilt coupling, at the Charlevoix

Observatory is discussed at the end of this section.
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The load tilt calculations were made by the same method as

those of Beaumont and Lambert (1972), Beaumont (1978), and

Beaumont and Boutilier (1978). Cotidal charts for the world

oceans based on Hendershott's (1972) results were divided into

spherical triangular regions of approximately equal amplitude and

phase. The load tilt is calculated by convolving these triangular

load distributions, each of which is assigned a uniform amplitude

and phase, with the Green functions for tilt calculated by Farrell

(1972, and pers. comm.) and by finite element calculations

(Beaumont, 1973). Hendershott's numerical results for the North

Atlantic ocean have been modified in an empirical way to agree

with both coastal and offshore tide gauge measurements (Beaumont

and Boutilier, 1978). A more detailed representation of the tides

in the St. Lawrence estuary and Saguenay river (Figures 47 and

48) is used in this work. The cotidal charts for this region are

empirical but are based on observations from the coastal sites

shown (Figures 49 and 50) and numerical calculations of the M2 and

01 constituents (EI-Sabh et al, 1979). We suspect that the

largest errors in the marine tidal model arise from areas that

'dry' during the tidal cycle, and from the nonstationarity and

nonlinearity of the tides. Because the marine tide at each of the

gauges and the tilt tide observations were made over largely

non-overlapping time intervals the results we present must be

regarded as an average loading model. The site is remote from the

major oceans and we are modelling tilt; therefore, errors arising

from Hendershott's numerical model should be negligible in the
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same way that those from the more recent calculations would be,

and we judged it unnecessary to include these models in this

calculation.

.e The results, Figures 51 to 62 are presented in the normal

way as phasor plots with phase lag referenced to the transit of

the moon at Greenwich, the Greenwich equilibrium potential,

measured anticlockwise from 0 ° . The lengths of the vectors are

proportional to the amplitudes of the observed and theoretical

load tilts. The body tilt multiplied by a diminishing factor of

:-. 0.700 has been subtracted from the measured tilts. For M2 the

resulting observed load phasor, OBS, is surrounded by a square box

which is enlarged in the inset panel. Results of individual

analyses and their mean are plotted in the enlargement. They are

coupled by dashed lines to illustrate the time sequence of the

tidal load admittance variations. No enlargement is needed for

The theoretical loads are only shown for the

Gutenburg-Bullen earth model, FGB, to reduce confusion and for

reasons explained below. Contributions from loads in the St.

Lawrence estuary, remaining world oceans, and an upper bound

estimate of the influence of local areas that 'dry' at low tide

are shown by the 1, 2 and D phasors. It is estimated that: the I

phasor is accurate to >95 percent in amplitude and 13O in phase;

the 2 phasor is 80 percent accurate because this amount of loading

comes from the well known tides in the seas adjacent to eastern

North America; and that D has been grossly overestimated by
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assuming that the areas which 'dry' remain permanently dry. That

is, FGB for which D is ignored was calculated assuming no drying.

Including D assumes that areas which dry are permanently dry. An

accurate estimate of D is difficult because the clipping of each

constituent varies during the lunar month. We believe that D

should have an amplitude of 30-50 percent of that shown.

While large uncertainties in the 2 and D phasors remain it

is not possible to use the loading results to choose among the

various crustal models for this region. However, the agreement

between observation and theory demonstrates that the departure of

the tilt from that predicted for an oceanless earth is indeed

caused by tidal loading, most of which comes from the nearby St.

Lawrence estuary. The H 2 south component results are particularly

encouraging. The three tiltmeters operating in two different

boreholes are probably in agreement when phase errors, arising

from uncertainties in tiltmeter orientation, and the month to

month variability in the observed load admittance are taken into

account. The corresponding agreement for the M 2 west components

among the three tiltmeters and with theory is not quite so good.

Gbp 106 operating in borehole 2 produces results with little

variability and that are in within 20 of agreement with the

theory, but both Gbp 105 and Gbp 107 operating in borehole 1

produce results with larger phase discrepancies and amplitudes

that are too small. The difference cannot be attributed to marine

tidal variability because there is a significant discrepancy

between the 6, 7 and 8 data sets from Gbp 107 and the 1, 2 and 3
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data sets of Gbp 106 wh ich were recorded simultaneously. I t

therefore appears that there may be a small 'site effect' in the

east-west direction.

The agreement between observed and theoretical load tilts

for the 01 constituent is surprisingly good. Despite the monthly

variability, the means all agree with predictions to better than

one millisecond and in most cases the agreement is even better.

Another encouraging aspect of the results is that the three

tiltmeters operating in two boreholes show remarkable internal

consistency in their mean observed load tilts. It is not known

whether the variability is random but the similarity in behaviour

of the admittance for data sets 1, 2 and 3 for GbplO6 to that of

data sets 6, 7 and 8 of GbplO7 which were recorded simultaneously

leads us to suspect that it is not. The 01 results suggest that

the signal to noise ratio in these data is sufficiently high that

other constituents of similar amplitude will yield useful results.

We have also calculated the body and 'far field' strain

tensors for the Charlevoix region as a first step in assessing the

effects of lateral variations in crustal structure and topography

on the observed tilts. The 'far field' calculations do not

include the local loading effects from the tides in the St.

Lawrence estuary. These M2  and 01 tensors can b e used t o

determine boundary conditions for finite element models of the

Charlevoix region which include lateral changes in crustal

structure. This approach assumes that the tilt anomalies arising

from lateral changes in crustal structure and topography can be
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calculated by representing the region as an 'inclusion' embedded

in an otherwise radially symmetric earth. It is the same

technique that Berger and Beaumont (1976) used to calculate the

effects of topography on tidal strain at the Pinon Flat

Observatory. The major difference is that in the present case

most of the tidal loading occurs over the major lateral

discontinuity in structure, the Ordovician overthrusts, and must

therefore be included as a 'near field' effect in the finite

element model. The crustal response to both surface loads and the

tidal forces is believed to be elastic; therefore, the near and

far field' effects of inhomogeneities and topography can be

calculated separately and then linearly superimposed to determine

the resultant tilt perturbation. This resultant perturbation

cannot be very large because the agreement between observations

and theory which ignores inhomogeneities and topography is

reasonably good.
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Discussion and Conclusions

Any discussion of the results obtained so far from our

tiltmeter array is inevitably a preliminary one. We have

established an array of three borehole tiltmeters that is

, apparently measuring tilt signals that can be interpreted in terms

of the physical processes occurring at the site and in the

Charlevoix region.

Charlevoix is particularly interesting because intraplate

seismicity in this region is high. A question to be answered is

whether high seismicity implies a high state of tectonic stress

within the crust or whether the crust is merely weak, perhaps as a

consequence of the Paleozoic impact of a meteorite. If the

tectonic deviatoric stress is greater than Q0.6 of the failure

strength of intact crustal rocks within a significant volume of

the crust, we expect that the crust's rheological properties will

reflect this state.

Earth tide tilts would then be expected to behave

anomalously. The signal characteristics might take the form of a

,.. time dependence and/or nonlinearities in the tidal admittance over

-an interval in which the tectonic stress changes significantly.

V This is why we have concentrated on the results of sequential

analyses of monthly sets of data.

Unfortunately, tilts at Charlevoix are inevitably corrupted

by another source of nonstationary and nonlinear signals; the

marine tides in the nearby St. Lawrence river estuary. The river

N? is shallow and there are nonlinearities in its tidal response.
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There are also seasonal variations in the linear tides caused by

changes in river discharge and mean wind stress.

The analysis of the tidal admittance for the M2 and 01

constituents has shown that in excess of 80 percent of the mean

observed M2  tilt and a significant part of 01 arises from tidal

loading from the tides in the St. Lawrence estuary. Small

nonlinearities and time variations in this signal could explain

the variability of the monthly M2 and 01 tilts. Alternatively,

the variabiltiy of approximately Imsec in an approximately 16msec

signal (6 percent) for M 2 , for example, may be a random effect

caused by the background noise in the tilt signal. Similar

reasoning can be applied to the 01 signal. A third possibility is

that the crustal admittance is really varying with time.

Several approaches are necessary to determine which of

these explanations is correct. Longer concurrent data series from

all three tiltmeters will determine the characteristics of the

variability. Are the changes coherent among the tiltmeter array

and from constituent to constituent? Does the removal of the

incoherent part of the signal reduce the variability

significantly? It appears that the signal to noise ratio of the

data is high; therefore several constituents can be used in this

comparison. High coherence among the variations would indicate

that the effect is not due to random noise, or if it is due to

random noise, that the noise is coherent over the tiltmeter array.

The signal to noise ratio of the power spectra also provides a

bound on the variations expected from background noise. This

V..,
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approach is based on the notion that noise levels within and

adjacent to the tidal bands are equal, a result that is not well

established, but commonly used in practice. Cross-spectral

analysis of the tilts with an 'areally integrated measure' of the

marine tides would be the ideal way to determine whether it is the

input signal (marine tides) or the filter (the Earth's crust) that

exhibits time varying properties. in practice point observations

will have to be substituted for the 'areally integrated measure'

of the marine tides. We will analyze tide data from several

locations to determine its variability and the character of the

nonlinearities. The data that are available are not concurrent

with the tilt data; therefore we will try to arrange a cooperative

project with the Canadian Hydrographic Service in which a long

series of bottom pressure measurements are made in the centre of

the river to the south and east of the Charlevoix Observatory.

The reasonably good agreement among the time averaged

observed load tilts from the two boreholes and with theory gives

us confidence that at tidal periods the tiltmeters are measuring a

signal that is representative of 'regional structure'. That is,

structure of the crust averaged over spatial scales equal to the

distance from the tiltmeters to the centre of the St. Lawrence

estuary, "20km. These are the spatial scales that must be sampled

4 if we are to look for time dependent properties of the crust.

The more than lmsec disagreement between the mean M 2 west

load tilts for Cbpl05 and 107 operating in borehole 1 must,

however, be explained. It cannot be caused by uncertainties in
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the orientation of the tiltmeters, nor can large errors in

absolute calibration be invoked without destroying the

significantly better agreement in the corresponding results for

the south components. A possible but highly speculative cause is

a significant change in the tidal admittance in the west direction

in the interval from 1980/81 to 1982. The disagreement is not

peculiar to the M 2 , a similar decrease having, occurred in 01. In

this case, however, the change is less certain because the

variability of the two phasor sets causes them to overlap

somewhat.

Although we have not addressed the problem of higher order

tides and nonlinearities in this report, it can be seen from the

power spectra that there is significant energy in the six and four

hour period ranges for Gbpl06 (1110 azimuth) and Gbpl07 (900

azimuth). The more southerly directed components Gbpl06 (2010

azimuth) and Gbpl07 (1800 azimuth), however, exhibit very little

energy in this period range even though the signal to noise ratios

are similar. Given that the most probable source of this energy

is the marine tide loading and that the water is equidistant in

both the east and south directions from the site, this imbalance

is unexpected. It may be that there is an amphidrome for all

short period tidal constituents in that part of the river to the

south of the site, but this seems unlikely. Before this

interesting result is attributed to anomalous properties of the

Earth a more careful analysis of the tilt and marine tides for

these short periods must be made. Nevertheless, this is the type
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of behaviour that we are seeking.

The longer term drift tilts are consistently correlated

with the piezometric pressure measured in the deeper water wells

• .A(70) and B(70) at the site. Therefore, we do not want to ascribe

o",... any regional significance to the first order part of this drift.

A statistical or preferably physical model must be found to

:. account for and predict the vector tilt that results from

groundwater fluctuations. Once that part of the tilt which is

coherent with water levels has been removed, the residual can be

assessed for its tectonic significance.

Progressively more evidence is accumulating that hydrologic

variations are the major source of long term, and in some cases

transient, tilts measured by near surface and borehole tiltmeters.

It is important to note that the levelling array at the Charlevoix

site is even more strongly affected by groundwater variations.

Lambert (pers. comm). The implication of this is that a long

baselength tiltmeter operating at the surface or shallowly buried

would be similarly affected. If we are to make progress on

measuring regionally meaningful secular tilts with borehole

tiltmeters, the direction will inevitably be toward deeper

boreholes. In this regard the drift signal from Gbpl05 in

borehole 3 will help to establish how significantly hydrological

contamination of tilt decreases with depth.

Aperiodic and transient tilts certainly occur on the

borehole tiltmeter records. Most appear to be correlated with

rainfall or snowmelt and, more directly, with recharge of the
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aquifers at the site. The mechanism may be as simple as the

response of the tiltmeter pod to external pressure changes that

are not entirely symmetrical. It will be necessary to compare the

vector transients among the tiltmeters in the array to investigate

their coherence. A predictive model can then be developed that

relates groundwater recharge to induced tilt. Only when these

transients have been removed will it be possible to analyze the

A residual for any tectonically induced transients that may be

related to the earthquake cycle.
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Figure Captions

Figure 1: Topographic map of the Charlevoix region of Quebec.

*Figure 2: Geodynamic surveys in the Charlevoix region (courtesy of
A. Lambert).

Figure 3: Stations and epicentral locations of the 1974

microearthquakes survey (from Stevens, 1980).

Figure 4: Results of the relocation study of major recorded
earthquakes (from Stevens, 1980).

Figure 5: Results of a seismic survey of the relationship between
the Ordovician overthrusts and the Grenville Province's
basement (from Lyons et al, 1980).

Figure 6: Location of shotpoints and recording stations for the
P-wave velocity studies and variations in the P-wave
station residuals over the period 1974 to 1980. (from
Buchbinder and Keith, 1979 and Buchbinder et al,in
press).

Figure 7: Tilt anomalies predicted for simple inclusion models
(from Beaumont and Berger, 1974).

Figure 8: Interaction between the earth tide and an idealized
stress hysteresis loop for three tectonic stress rates,
A, B and C (from Beaumont, 1979).

Figure 9: Tiltmeter configuration and results from the Pinon Flat
Observatory, California (from Wyatt et al, 1982).

Figure 10: Plan of the Charlevoix Observatory. The tiltmeter
boreholes are labelled Hole 1, 2 and 3.

Figure 11: Schematic diagram of a borehole and tiltmeter pod
showing the basal support pin.

Figure 12: The photographic method for determining the orientation
of tiltmeters.

Figure 13: Down borehole photograph showing the alignment thread
and one light source at the base of the borehole. (The
light is the short line parallel to the thread and to
the left of it.)

Figure 14: The GbplO borehole tiltmeter (from Bodenseewerk

manual).

Figure 15: Schematic diagram showing the major components of the
sensor of the borehole tiltmeter (from Bodenseewerkmanual).

Figure 16: Block diagram of the electronics for the Bodenseewerk
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GbplO tiltmeter.

Figure 17: Recording configuration for the borehole tiltmeters and
water wells at the Charlevoix Observatory.

Figure 18: Photograph taken by a camera and flashlight assembly
lowered down borehole 2. Lumps of weldment can clearly
be seen as an arc in the upper part of the picture.

Figure 19: Wiring diagram for a borehole tiltmeter showing
components at the wellhead, AGOS, and the lightning
protection system.

Figure 20: The muleshoe assembly used to orient tiltmeters in
borehole 3. The 'key', which fits inside the muleshoe
slot, can clearly be seen projecting from the base o f
the tiltmeter suspended above the muleshoe. The
muleshoe is normally inserted inside the tiltmeter pod.

Figure 21: Time variations in the amplitude part of the M2
admittance of the ANAC tiltmeters installed in
positions C, D, and A of the shallow vault at the
Charlevoix Observatory (from Peters et al, in press).

Figure 22: Time variations in the phase part of the admittanceFiue,2 im.arainsi-tepasPar efter amttace n

o: corresponding to figure 21. (from Peters et al, in
press).

Figure 23: Major intervals of time for which borehole tilt data

have been recorded at the Charlevoix site.

Figure 24: A typical calibration sequence of a Bodenseewerk
tiltmeter showing the response of both the X and Y
channels.

Figure 25: Typical response of a Bodenseewerk tiltmeter to a
teleseism.

F,

Figure 26: Response of Gbpl06 in borehole 2 to a local earthquake
on Dec. 4, 1982.

Figure 27: Plot against time of: groundwater level; borehole
tiltmeter 105 secular tilt in X(east) and Y(north)
directions; and rainfall for the period September 27,

1%P a... 1980 to April 10, 1981 (from Peters and Beaumont, in

press) .

Figure 28: Typical tilt records. These are unfiltered but
have had calibration pulses and steps removed.

.. Figure 29: Plot against time of: groundwater level from the A(70)
and B(70) wells; tilt of GbplO6 in borehole 2 (labelled
bh2) with sensitive axes oriented at Nlll°E and N21 0 E;
and tilt of Gbpl07 in borehole I (labelled bhl) with
sensitive axes oriented north and west, for 1981 and
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1982

Figure 30: Consecutive monthly amplitude and relative phase lag
results for Gbpl05 in borehole 1 in the X(west) and
Y(north) directions. Amplitude and phase lag curves
are plotted for the M2 , S2, 01 and Ki constituents. X
results are on the left, Y on the right.

Figure 31: Variability of the M 2 west(X) tilt phasor for Gbpl05
operating in borehole 1. The inset shows an
enlargement of the box surrounding the mean phasor.
Greenwich phase lags behind the equilibrium potential
(G) are measured anticlockwise.

Figure 32: Variability of the M 2 south(Y) tilt phasor for Gbpl05

operating in borehole 1. Format is like that of Figure
31.

Figure 33: Consecutive monthly amplitude parts of the M2
admittance for Gbpl07 operating in borehole 1 (bhl) and
Gbpl06 operating in borehole 2 (bh2) during 1982.

Figure 34: Phase parts of the M2 admittance corresponding to
Figure 33.

Figure 35: Variability of the M2 west tilt phasor for Gbp106
in borehole 2 during 1982. Format is like that of
Figure 31.

Figure 36: Variability of the M 2 south tilt phasor for Gbpl06

operating in borehole 2 during 1982. Format is like
that of Figure 31.

Figure 37: Variability of the M2 west tilt phasor for GbplO7

operating in borehole 1 during 1982. Format is like
that of Figure 31.

Figure 38: Variability of the M2 south tilt phasor for Gbpl07
operating in borehole 1 during 1982. Format is like
that of Figure 31.

Figure 39: Power spectrum of Gbpl06 X (N21 0 E) tilt data.

Figure 40: Power spectrum of Gbpl06 Y (NI11°E) tilt data.

Figure 41: Power spectrum of GbplO7 south tilt data.

Figure 42: Power spectrum of Gbpl07 west tilt data.

Figure 43: Phasor plot of the ANAC tiltmeter results for M2 in the
west direction.

Figure 44: Phasor plot of the ANAC tiltmeter results for M2 in the
south direction.
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Figure 45: Phasor plot of the ANAC tiltmeter results for 01 in the

west direction.

Figure 46: Phasor plot of the ANAC tiltmeter results for 01 in the
south direction.

Figure 47: Triangular division of the area of the St. Lawrence
. estuary adjacent to the Charlevoix site for M2 load

calculations.

Figure 48: Triangular division of the whole of the St. Lawrence
River estuary for M2 load calculations. It is the
loading from the tides in this area that contributes
the local, '1', part of the phasors to 01 and M2 load
tilts.

Figure 49: Empirical M2 cotidal chart for the St. Lawrence
estuary. Amplitudes are in feet and phases are
Greenwich phase lags.

Figure 50: Empirical 01 cotidal chart for the St. Lawrence
estuary. Amplitudes are in feet and phases are
Greenwich phase lags.

Figure 51: Comparison of observed and theoretical M2 west load
tilt phasors for Gbpl05 in borehole 1. The theoretical
prediction 'FGB' is for the Gutenburg-Bullen earth
model using Green functions calculated by Farrell
(1972). Vector '1' is due to loading in the St.
Lawrence estuary. Vector '2' is a measure of the load

tilt from the remaining seas and oceans. 'D' , as is
explained in the text, provides a measure of the
maximum effect of local areas that 'dry' at low water.
The mean observation result 'OBS' is surrounded by a
2msec box which is enlarged in the inset. The
variability of monthly analyses is shown in this box.
The phase lags, measured anticlockwise, are Greenwich

equilibrium potential phase lags.

Figure 52: Comparison of observed and theoretical M2 west load
tilt phasors for Gbpl06 operating in borehole 2. The

style of the figure is the same as Figure 51.

* Figure 53: Comparison of observed and theoretical M2 west load
tilt phasors for Gbp107 operating in borehole 1. The
style of the figure is the same as Figure 51.

* Figure 54: Comparison of observed and theoretical M2 south load
tilt phasors for Gbpl05 operating in borehole 1. The
style of the figure is the same as Figure 51.

Figure 55: Comparison of observed and theoretical M2 south load
tilt phasors for Gbpl06 operating in borehole 2. The
style of the figure is the same as Figure 51.
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Figure 56: Comparison of observed and theoretical M2 south load
tilt phasors for Gbpl07 operating in borehole I. The
style of the figure is the same as Figure 51.

Figure 57: Comparison of observed and theoretical 01 west load

tilt phasors for Gbpl05 operating in borehole 1. The
model result is again FGB and the mean observation
result is marked 'OBS'. Variability of the monthly
analyses is plotted directly on the main diagram. The
'1', '2' and 'D' vectors have the same meaning as they
had in the M2 load phasor plots. Phase lags are
measured anticlockwise and are Greenwich equilibrium
potential phase lags.

Figure 58: Comparison of observed and theoretical 01 west load
tilt phasors for Gbpl06 operating in borehole 2. The
style of the figure is the same as Figure 57.

Figure 59: Comparison of observed and theoretical 01 west load
tilt phasors for Gbpl07 operating in borehole 1. The
style of the figure is the same as Figure 57.

Figure 60: Comparison of observed and theoretical 01 south load
tilt phasors for Gbpl05 operating in borehole 1. The
style of the figure is the same as Figure 57.

Figure 61: Comparison of observed and theoretical 01 south load
tilt phasors for Gbpl06 operating in borehole 2. The
style of the figure is the same as Figure 57.

Figure 62: Comparison of observed and theoretical 01 south load
tilt phasors for Gbpl07 operating in borehole 1. The
style of the figure is the same as Figure 57.

674

24,~467
A. -



MAP OF CHARLEVOIX REGION

La alai

Approximate
boundary of

Charlevoix O servatory cae

Baie St- Paul

Ste-Anne-de-aIa

44-4

44

4t*

Fiq~rI.

68.



LEGEND
-A-Horizontal Control

--o-- Gravity
=Existing Ist Order Level

*-Proposed 0 10
L i km

S Temporary Seismic Station
S Permanent

-' 0 Existin
0 ProosedTide Gauge

0 Geophysical Observatory

La Mal2.i

CHREVI

.Figur 2

4.69



I- qu .

Lit MALBAIF STATIONS

area enclosed oy
1970 field stt fionls f L.

A 1974 field sations A6 A22

AT telemef red3 array _4

APfrom Sept 1977 A64

:4; LM~b~eA ~. A20
74A A 7 6

0

fA56(A58  A.
Boie-St.Poul A54,--' A 16 18

v Poc& La otir

7St Jean Fur!-JoI,

11 U70 20 km

I (.. tr Iii 14- 11111 t c Iiw f dirig Iw fiv itt rtitiri tiquake it %ii -% of 197 4 (;1It er Leblanc and
itIif,iiiieg t~ I I a iieioii.if'atm s,iiS ' i-laiiil~ III *tiitoar% 1972a .iutpgraidt-d CISI'sl In

LA MALBAIE EPICENTRES

* 48004/06/74 -29/07/74

/le aux L-tivres

0

lie Ku *o '0

7l1 2 700 20 km
1,tt I It,,. ('.it md-s P,- oftip I''n,. d-

... V'Figure 3
70



*q 4

19

So.0, [L ,(IE R G O

1924-1978

MogrnIude

3sL A6L<

1939393

2
192

'Il

~ 195 * hd2~YjKK 192

a..j

Tllv ~ ~ ~ ig r 4. -tII I~~'dI I p d-1 I( I%%a ldIlgitl1 ag i. a-1 o

tbioil A l 11 111 I-gi l nd i7 1 1" ll la i id f w i -
c.g l a lc i- itIV~ , 11. 1111v i %ilIi- a , u - . - i v 1-

ild af al ti l 4- t 11 11 11"I** * i-ird t Nji it,, 1f:h:k:- x < * w A l



%

CJSFA J A0A 0 ~j

CROSSE.wo

0 A

0177

IN70(,...9,~9 (PC-,.. INE

0 30 Z4

OE /
C4

hen.,1, I'4,!11,.11 1n. IIlpitILY7'At n wmap w% nIa% th % hotpothe sei r % ed ge an %ItC:m It tePrcmb
I, ~ ~ ~ ~ ~ ~ n ifv[ I i nd1 ,Cg11"1r 1l d I 'j CI SI Itar'J, in th La IIIhiC eina s e t e aItcsIhfda

%ptilreaao~lp.%e~lct)t Caleo~72atr

Fiur 5



SSo

t Ba e-Stb

ORIGINAL CRATER

CENRA u~~GRABEN BORDER ED.* ~ *~

0 5 10 1!

Lctit, ni of I he Cha r Ic 01 x reflect ion - rfract ion sur c5 %hoi roints (S P2 and S I'li and pi o ilc ( hca% daIic d I in,
rclati'c lo t he geology~ and 'it iiRural I ineairrneits in the k ic in it (if t he (hKarle %oi cil ~I Artn i ni i .me pos~tiic C \ IC enI,
si ructutli , disrupt ion due it) i mpa I. as inic ip: etcd fi on Land sat imagte ry, I o~kci sctwoi al: Roi c'i koho' I '

h~ poihielcal subsurface zonvs of slip due to crate i I ornaion

2%

4

%I

I

Figure Th)

73



20.-

4H A 6

LoMlbw0 62 2

74 A A

A 6489,1

so-eS'-po.,, 54 161

* *4 OCA LO Gl e

Aino

*00,

47- - - -Ii

Seis, rnn ter stations are triangle, and shot points arstars.

a.,V,, N E S,,SO
',' L A PO C AT IE R E lh i ~ i J

%*6

i 5 8 1 to fi ,= 8

"" [o -N . - b 76. 
.

J!,!

62 fL 30-e

64 .1

DAYS 400 800 1200 1600 200 400 800 1200 1600 2000

t. ;'74' '7 T 77 9'83 74' 75 'T 76 '77' '78 ' #79 '"TO

Figure 6

74

Air



-77%

1.4 -N-S TILT

w 1 2 I j~\G roded

p N. -- ure

. I 1.0 '~ Ellipsoidal

0.8-/
*0 N, /'

Z 0.6-\,

0 1.6 N-S STRAIN 117 Grde
IUl 1.4 I \-Gae

~44 NZ

EE 1.0 _tp ~id .1

0.8-

Ellpsoidal _____

V,53. S3 5 p 253;
2-Vp638 VS360 p 293

Graded
V 5.73 V 5 315p2.53 v -

10 VS360 o2916~ I Goe'~

XV2 !638 V30p9

00
SUFC DITAC (kin) -

10 - - 15

Nothsot compnent of36 thp omlzdt-tadsr, td mlt

I

Not-ot o pnnso h omlzdtl n tantd mltd

F'igure 7

75

6.4... %



.7'

-- -- -- --

-- - - - -

-- --B- -- --

L3

OE-

J I I -E

Fiur 8

Jr'~ I I I76



'ILYMETERS -PINON FIiAI (tIWARVAIORY

Fig. I Sketch showing installationt of thc tjmcters. On the lefl is the

ADL transiducer, placed at a depth of 26 m. in the mitddle the

Kinemetrics sensors at a depth of 4.5 m. and extending it) the right, the
535 m long fluid iiltmenter The vertical optical anchor is used to moni-
tor and correct for vertical motions of the reference monument

TILT PFO '17.30

ro S -

rd

4 A..

Lz Oo Tor i

L. Don

OF

*CM i PRECIPITATION BETA__ Pe-- - -,

div]Fig 3 Pwc ~ti~eiItii hkt ti the iise tit iltsn rrew:%! Figure
2, The vcriti~ hit shio's the rine,- 49Sir 9i nfdenc lnt,

Day
Ftg 2 Editted tilt datat A 1O-djr gip in the *irisinat dati (htriotitj
bat hts; been filled by tidal interpolittion Ptisitse !ilt at .in J1zttttuth (if

10' Y ,~rrespind% to a pendoittm Wl ntioting in thit dre, lifl

Figure 9

77

~ \~~S ~? *-*- Z



CHARLEVOIX OBSERVATORY, QUEBEC

*Latitude 470'32.9' 421.0

Longitude 700 19.3'

20m 420.0

110M 419.0

B(70)Hole 2

Figure 10

78



7F

control electronics proposed optical data

Om-
C .80

1-4m-

granite bedrock

cables

illuminated slit

/(detail) 

b1

% 47m-

basal support pin

Figure 1
79



W,~ :W-b.*.77.pj.W.

Photographic Azimuth Determination

Camera

STelephoto Lens

Survey Linek (string)

2 ICamera Mounting
Bracket

ff-T, I'P'

* .%

Orientation
Lights

Fiqure 12

80

.4.2



81'



, r ~r 2-I'---.-'rr r.U. r'--w- r ~ -. ' wi ~ -. - . -. -, -'
- - . ~ -

a

S
-4

.4

Figure 14

82
U

a.
.1~

~ -a. ** *.~ -.- : *-~.....



. . . . . .-. .- 
p

:" , spring loaded studs (9)

; i :.:ib o r e h o l e c a s i n g

: .. measuring pendulum (2)

.:'T tran sd uce r (4 )

~ball 
calibration (3)

sensor casing (1)

Ccoils and magnets

for feed back (10)

,*-',location 
pin (8)

Schematic diacrzm showing major components of the
Sensor of the borehole tiltmeter

Figure 15

833

"""



b'a'

dctlection of the measuring pendulum

SENSOR

capacitive
transducer

Vcoils and magnets

S feedback
electronics

____CONTROL

ELECTRON ICS

SIow pas filterSPos.1 0 %0 Pos. 2

-._ A/D Converte

digital analogue unfiltered

output output analoaue

output

Block di,rar. of the electronics

Figure 16

84

'a. "



- .- - -- - - - - - - - - -

+ + =F---------------

0

3t

. . . L-'.. . . . I . .. . . .

-0 0

cr I

CN-)

00

'_ 4. ,_

Figure 17

85

-.-4, ',.-.'. I,',... " . ' ' .. ,-,. ' .. ,... " '.. '< - .... .' . . . ..', .-- .,... .. ,."-'-]... ' .- " .. , ." - "-4 .



'a - q a 

a - * .

-a-

-a,

'S.
"'a

A

p.

9'.'.

'A'

Ag'

a-

4'I."I.
i4.

a...,
* S.

A'-
SD

"p

.1

* 45a'

A.,

N

'Ja-

PD'-

4.

Figure 18

86

~ *. 'S PD~p'S*a p **~*j~*a*..aa~*..~/*. * ,. *.~ ah. - -4~ -. -. -. ~ -a -a -



I Il
01

> 0)

x 41

Figure 1
87()



I -

%. -

Figur 2-

d 8



a)

-A.-

-~l z
0 - -

U)U)

E 0~0

- a-

00

0- L 0 w

NN N N

GPflI dwV

Figure 21

v 89



00

00

0 00 0 -

09



W W7~T ~-ap

(V In
LU x 0

OD ODOD OD00

(D1 (D

tL) LO iL

U)~ cr o0 v
wA 0 N c\I

0
0

'-.0 < . W

ILJ (IJ LuI 0

Q0-

a_ L 0)
< > -0

00

IDI

1H 0.0

I-I-I 0

(.0
CDj

O0

Figure 23

91



7- %7 - .

." Gbpl07

Component (North)
;-1 Hot.-

zfv tI . 150 nrad

.' --.-7 X Component (West)

%C,
%co

Figure 24

92

5 5

, " -, -.**5*, .. ......*., ,....... '., ,.,,*? .



.~4A.

4..4

4..~~~~ ~ ___ IA___ __ _

4~A4 on

___ __ - .-t

fqhIoI hI

I ----. 1,50...n- -.

Figre2'

~93



~rDRi 259 BOEOETLIESRMNT TTECALV /

RD-R11 25 BSAOREHL YTL MUE DAHIE UNVHALVOAX 2NOV
SCOTIA) DEPT OF OCEANOGRPPHY J PETERS ET AL. 31 JAN 83

UNCLASSIFIED FOL-TR-B3-F16880-C9-08 C9F/G 8/ NL

EEEEEEEEEEEEEI



L5.

- L36I

'In
-n 12.0

IJ~L~ 111 1.4 111.6

MICROCOPY RESOLUTION TEST CHART
NATIONAL. BUREAU OF STANDARDS- 1963-A

4 1-

4

e,

_le, .
o " 

4 .



4t

_ _ _ __ ___ ... . _ _, 
.

__ - - 4...
I 

-- -

In 
t

1 t___

.J 4 XComponent Sot 15On rad

I iHour

994

.4.

?'4,



... .

-

i:

5m • INCREASING •

• WATER LEVEL LEVEL 0

*4.5% DOW N TO EAST

4pRAD

DOWN TO SOUTH ,..,

SOUTH TILT (Yj

RAINFALL
;.. 30mm1

270 300 330 360 30 60 90
198011981

Day number

.%

5:

Figure 27

.. 55 95

** ** * . 5 . 5S V
q.. A '. . 5. S *.



0 0D

E CY

_00

C4

N

oE
o00

A CL
4 - 0

(Dc 0
0 00 0 t

U 'V N

(PBU MI

Figur 28
4.9.



0) o) 0

LUO

> U-)

IL (.0LZ

Lo ....L < f

0 <

0 .

m 1) 1>
4nJ

Figure 29
97



V.,? V. ~ ~ ~~ V.7 1- - .'.*V. ... W" - .

Gbpl05 (X Component) Gbpl05 (Y Component)

M 2  '-'L!T U . ( :',..) ± k c,,, , M\ A ,SPLITLIDE (msec) ;- 0- : t s

16.0 - - -" " 16.5 -

i5.0 I

PHASE (deg) PHASE (deg)

-125 }

--1 -140-
-130

S 2  AMPLITU)E (tr',() - - hlrorbo:'.. S 2  AMPL!TUDF (msec) i:to" rrcr

S----.. - "3.0"5.5 -"-.. ...

PHASE (dcg) / PHASE (deg)

-125- -120

-- 125
-------------------------------------------------------------------------------------

-140 -

OI AMPLITUDE (rnTsec) lloerrorbor |01 AMPLTJDE (msec) loeiro, c-:-

7.0- 3.0

Pl- ii3. Edeg)

K1  AMPLITUDE (msec) ±to urrorboxr!. AMPLITUDE (rntsec. Iec. .'

90 --- ..- 2 .0

PHASF LAG ( dg PHASE (deg)

-6oo 4-... }' I.O-, .. .. -

1- - -A-

7.20-

130- 21----

270 3P3 36 20 50 80 270 300 330 )20 50

*1980 1981 1980 I)I

4.Figure 30
-.-.

-. .- m.. ....-..... !.""............................................-.......-'"...... t... '



Charlevoix M2 Observed West Tilt Phosor Plot
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Charlevoix M2 Observed South Tilt Phosor Plot
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Borehole M2 Amplitude Variations
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Borehole M2 Phase Variations
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