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ABSTRACT

This report covers the effort during a one year period from the
end of 1969 to the end of 1970, supported by AFOSR. The main purpose
of the contract was to gain insight into the crustal failure mechanism
and the associated source phenomenon in Alaska., This effort includes
the operation of the short-period telemetry network and the three long-
period borehole installations used for the measurements of crustal tilts.

Through the telemetry system there is now on hand an almost com-
plete record on the seismicity of Central Alaska, covering a total of
four years, and of much higher accuracy than was hitherto available.

The operation of the borehole long-period seismometer has revealed
tilts associated with earthquakes as small as magnitude 3, which are
consistent with the tectonic stress axis, but do not seem to conform
to elastic fault dislocation models. Tilt amplitude reductions with
distance R is of the form A (in sec of arc) = IOM._A'1 X R_1 and
velocities of tilt propagation are in the range 2.1 to 2.8 km/sec for
near earthquakes (focal point to station) and up to 3.3 km/sec for
teleseisms., In view of the discrepancies with elastic dislocation
theory, a surface or crustal type propagation is suggested.

Analysis of literature suggests that Russian observations of
the Vp/Vs ratio, diminishing by about 0.1 prior to larger earthquakes,
can be explained by the decrease in Vp/Vs ratio due to micro-fracturing
(observed in the laboratory) and theoretical as well as experimental
work on Vp/Vs changes as a function of porosity. However, so far we

have been unable to obscrve such effects in the Fairbanks, Alaska,

micro-earthquake area.
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Finally the exponential increasc of deformation (strain, tilt,
strain reclease) often observed prior to large earthquakes can be
explained through microscopic dislocation theory,

In the following, published articles, reports, etc. are given

as abstracts; other work is rendered in more detail.
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LARGE APERTURE TELEMETRY SYSTEM FOR CENTRAL ALASKA

AND FATIRBANKS MICRO~-EARTHQUAKE NETWORK,

The telemetry system was planned in 1965. The first station
operated in the winter of 1966~67. The number of short-period vertical
high-gain stations has increased steadily since. Also included are
threc borehole installations, including short-period and 15 sec long-
period 3-component seismometers with displacement transducers.

The geographical coordinates of the stations were selected so as
to cover the regions of highest seismicity in the Alaskan interior, the
area of active volcanoes adjacent to Cook Inlet (the oil fields), and
the Alaska Peninsula (Figure 1), The micro-earthquake network includes
the area of the Fairbanks, June 1967 M=6 earthquake epicenter and the
aftershock zone (Figure 2), The tripartite borchole net was installed
to cover the interior and to study crustal tilts associated with local
and distant earthquakes.

All vertical short-period seismometers are récorded at the
Geophysical Institute telemetry terminal on 16 mm film (Develocorder)
with the exception of a seismometer in the building itself. The record
of this seismometer is 3 lieat sensitive one (Helicorder). The remote~
ness of many stations from settlements and traffic allows operation at
very high gains and location of earthquakes of magnitude 1.5 to 2.0
within the network. The equipment has been described in earlier reports
by Berg and others (July 1967) and Berg (January 1970).

The five oldest stations in the network have been recalibrated
during the summer of this contract period by John Davies, Ron Rasmusscn,

and Douglas VanWormer. They are: BIG (2.4 million), SVW (2.8 million),



TNN (1.1 million), BLR (6.5 million), and SCH (2.1 million, at 10 ":).
The numbers in parenthesis give the present magnification at 5 uz as
seen on the {{lm viewer. The following Table 1{ats the presently

operating stations (scc also Figure 1 and Figure 2).

URIVERSITY OF ALASKA
SEISNIC TELEMETRY NETWORK

SP_VERTICAL ONLY

(pr«''m)

sV 61°06.9' 155°35.9°

BIG 59°23.36' 151°12,98° 562w

TNN 65°15.4'N 151°54.7'W 504m

SCM 61°50,00" 147°19.66° 1020m

BLR 63°30.10' 145°50,72" 809=

MCB 64°43.70' 147°12.61° 213m

MIN 64°52,34" 147°49.68° 160m

PJD 65°02.065" 147°30.55" 740m

BRI €1°51.09°' 147°38.42° 330m

HPP 64°47.43' 147°57.55° 170m

Lv 64°51.62"' 147°50.91" 180m

BOREHOLE

MCK 63°%44,02' 148°55.95°" 610m
(ground surface)

P¢X 62°58.19' 145°28,12' 1034m
(ground surfacc)

GLM 64°59,24" 147°23.34° 722m

(ground surface)



BOREUOLE LONG-PERIOD (LP) INSTRUMENTATION

The long-period scismometers of the Lamont-lunar-ocean-bottom
type (with displacement transducers) have been operating through most
of the contract period. Several weeks of down-time occurred in connec-
tion with the move from the old (Chapman) to the new (Elvey) Geophysical
Institute building. The unavoidable dismantling and reinstallation of
the seismic telemetry terminal, and the Institute's microwave link took
several weeks.

The interface problems between the borchole electronics and the
recording telemetry terminal have been solved in the following manner:

Stations GLM and MCK:

The demodulator output signals are amplified 25 times at the
borehole. The DC offset of the demodulator output is compensated by
using the automatic feedback signal at the second input of the x 25
differential amplifier. The long-period response does not suffer con-
siderably by this arrangement. The amplified sighal is then trans-
mitted over the telemetry link. Tilt signals from the feedback ampli-
fier output are amplified 10 times before transmission.

Station PAX:

This station seems to be very stable tectonically, so that the
automat ic feedback was removed; this in turn gives a 30db higher DC
output at the demodulators for long-term tilts as compared to the
statfons with automatic feedback, So far the scismic signals have not
been amplified at the PAX station before transmission., This has proven
to be excellent in the case of the magnitude 8 New Guinea earthquake

on January 10, 1971, where tilt offsets clearly are visible on the



lelicorder records (as well as on the slow-specd and filtered tilt
records). llowever, to maintain a near-center position of the transducers,
a DC voltage has been applied to the feedback line. Since 24 June, 1970
(when the fixed DC was installed in PAX), a total of three adjustments
only have been necessary (25 August, 4 September, and 10 November ) to
keep the demodulator output within the telemetry channel until mid

January 1971 (t 2.5 .olt or roughly 1/3 of a second of arc in tilt).

In all stations the circuitry for automatic releveling has been

removed, ard releveling is done by inserting the appropriate circuit
cards when necessary. The reason for removing the relevel circuitry

was to avoid releveling during earthquakes. This situation had occurred
several times and prevented the recording of tilts associated with

those carthquakes. This was especially detrimental during the M = 6,7
to 7 earthquake near Yakataga on April 16, 1970, Tilts in the direction
of the epicentral area had been recorded during the three days prior to
the earthquake at PAX and GLM, and apparently continued in that direction
during the carthquake, but the total amount is unknown because all three
stations recleveled the instrument platform automatically during the
earthquake,

Finally; new paper chart recorders (25 cm wide) obtained from other
Geophysical Institute funds have been installed for tilt recordings.
Paper speed is 2.5 cm/hour and sensitivity to tilt under normal re-
cording conditions is about 1 mm/msec arc for PAX and about 1 mm/3 msec
arc for GLM. However, the sensitivity to extremely rapid tilts, as
occurring during earthquakes, is considerably higher on the long-period
records. For comparison, refer to the contribution by Berg and Pulpan

on tiits associated with earthquakes.



THE EFFECT OF BAROMETRIC PRESSURE VARIATION

ON THE "U.S.0." LONG-PERIOD SEISMOMETER

Contribution by
Eduard Berg and Ronald Rasmusscn

(February 1970)

ABSTRACT

"The particular manner of mechanical construction of the long-
period U.S.0. package is responsible for the pressure sensitivity of
the LP-X component. The effect seems to be linear with pressure for
periods larger than the seismometer period and short compared to the
feedback signal time constant. Under the particular setting of the
Gilmore (GLM) installation, a pressure-induced displacement of the x
component is %g'- :l%:%g% (without feedback).

Since the pressure-induced displacements are considered as very
undesir-able noise for the instrument as either long-period seismometer
or as tilt meter the borehole was pressure-sealed and the effect re-
moved. Records are presented to demonstrate the effect."

The effect was fully realized when the tilts (obtained by record-
ing the feedback signal) for the three borehole instruments were plotted
together with the barometric pressure variation (obtained from the
Weather Bureau, Fairbanks International Airport) Figure 23 represents

the data. For further details refer to Berg and Rasmussen (February

1970).



The GLM borehole was pressure sealed on December 6, 1969, the
PAX borchole on 22 February, 1970, and MCK in August 1970. The seal
is of a well-hcad type, machined and prepared in the Geophysical Institute
to fit the 12 inch inside diameter of the borehole casing and the indi-
vidual package cables. 1t consists of two half-inch thick aluminum
plates and sandwiched rubber. Upon installation, the rubber was lub-
ricated with 1iquid rubber and compressed between the two plates and
pressed against casing and cables. The additional 1liquid rubber sealed
the sandwich against the casing and cable. To take care of any small
leaks which might occur along the screws, about two quarts of "Asphalt
Lap Cement" were simply poured on top of the seal. Time has shown that
these seals are effective and that no pressure variation is transmitted

to the instrument through the air column.



CRUSTAL MORPHOLOGY OF CENTRAL ALASKA

Contribution by

John N. Davies (May 1970)

This M.S. Thesis was completed during the present contract period
under the supervision of the principal investigator. The work was
also financed through a National Science Foundation grant, and drew

heavily on data from the telemetry network.

ABSTRACT

"Earthquake~generated waves were used to calculate dips of the
crust-mantle interface below station pairs using the apparent veloci-
ties from the telemetry network, the U.S.C. & G.S. Tsunami Warning
System and a number of temporary field sites. Apparent mantle P-wave
velocities ranged from 7.0 t 0.4 to 10.6 ha 0.7 km/sec. Crustal thick-
nesses were found to be 34 km under Fairbanks, 37 .to 47 km in different
locaticns under the Alaska Range, 24 to 36 km in the Kuskokwim, Susitna,
and Copper River Valleys, and also 35 to 42 km in the Palmer area. The
focal point distribution of the earthquakes used in this study suggest
that the Cook Inlet-~Susitna topographic low is a continuation of the

Aleutian Arc zone of subsidence of the Pacific plate."



TILTS PRECEDING EARTHQUAKES

Forerunning tilts are separable into those of extended duration
(of the order of one year) and those preceding the earthquake by a few
days or hours. So far we have been able to observe only one occasion
of simultaneous tilts at the station PAX and GLM. The earthquake
occurred in the Gulf of Alaska near Yakataga on 16 April, 1970, at
0533:17.5 GMT and 59.8N 142.6W (U.S.C. & G.S. preliminary epicenter
determination) and had a magnitude of 6.5 (PAS), 6.5-7.0 (BRK) and 6.2
ML(C.G.S.). This epicenter is in line with the stations GLM-PAX at a
distance of 400 km from PAX and 650 km from GLM. The tilts at both
stations were in the direction of the epicenter and preceded the earth-
quake by 3 days. The total tilt amplitudes were approximately 0.3 sec
arc at GLM and 0.1 sec arc at PAX., They closely agree with tilt ampli-
tudes reported in the literature of 30 and 100 msec arc (Sassa and
Nishimura, 1951; Nishimura, 1958). The direction of tilt prior to the
earthquake seems to correlate with that during the earthquake, Unfortu-
nately, however, the tilt amplitude during the earthquake is not avail-
able because the instruments were triggered by the large amplitudes and
releveled automatically. Figures 24 and 25 show the tilts for PAX and
GLM during the period preceding the earthquake. Also, attention is
drawn to the 40 msec arc so-called "S" loop occurring some 20 hours prior
to the final failure. Russian investigators (Karmaleeva, 1960, 1962)
successfully used these '"tilt storms" for earthquake prediction. A
similar loop also has been observed at GLM some hours prior to a local
Fairbanks earthquake of magnitude 3.7 to 4 on November 24, 1970, This
particular earthquake showed also associated crustal deformation as those

reported in the following section.



TILTS ASSOCIATED WITH SMALL
AND MEDIUM SIZE EARTHQUAKES
Contribution by
Eduard Berg and Hans Pulpan (November 1970)

This paper also was supported by an AEC contract and presented by
Eduard Berg at the Geophysical Institute, University of Tokyo, Japan
on 19 December, 1970.

SUMMARY

Tilt observations from nearby local earthquakes in the magnitude

range from 3 to 5 and larger teleseisms show an amplitude reduction

L -
lo.lle.

with epicentral distance R of the form A (in sec/arc) = 10
The result is compared to static elastic dislocation models. Velocities
of the tilt propagation are in the range 2.1 to 2.8 km/sec for near
earthquakes (focal point to station), and up to 3.3 km/sec for teleseisms.
In view of the discrepancies between strain and tilt observations and
static elastic dislocation theory, the tilt reduction with distance,

and the propagation velocities, the strain and tilt steps are viewed as

a surface-type propagation phenomenon.

The earthquake-associated tilts and first motions imply a south-
southeast to north-northwest compression along the northern edge of the
Tanana Basin, Earthquake locations and depths indicate active faults
south of Fairbanks along the northern edge of a gravity low, along the

Chatanika River, and on the northern extension of the Minto fault. The

first two of these faults have not been known before.



INTRODUCTION

The problem of understanding crustal failure is to relate measurable
quantities to the stress state of the crustal rock and, if possible, to
its time history. This can be achieved relatively easily in the labora-
tory, but application to earthquake seismology is vastly more complex.
Comprehensive laboratory experiments relating to stress, strain, and
microfracturing, and their interpretation have been performed by a
number of authors - Mogi, Scholz, Brace, and Byerlee to name a few -
directly interested in crustal rocks, and applied to an earthquake
zone (Berg, 1968) relating stress to earthquake statistics. Low "b"
values of the Gutenberg=-Richter relation log N = a+b(8-M) are associated
with foreshocks and in relation with the magnitude of the main shock
(Berg, 1968).

The final failure is also preceded by a rapidly increasing defor-
mation. In an earthquake area such a preceding deformation can be
measured in the field by strain seismographs, tilt meters, or geodetic
surveys (Carder, 1945; McGinnis, 1963; Berg, 1966; Rothé, 1968; Gough
and Gough, 1969 and 1970), and is known to be accompanied by changes in
electric resistivity, seismic velocity, velocity ratios, and the magnetic
field. Seismic strain release sometimes shows this rapid increase
prior to failure.

During the final rapid failure (fracture) the stored elastic energy
is transformed into separation, plastic, kinetic, as well as heat
energy. The dislocation associated with the (crustal) earthquake pro-
duces a strain and tilt field. This deformation field can be observed

with modern high sensitivity strain and tilt meters at large distances,if

10



the magnitude of the earthquake is sufficiently large. The question
of transient and residual deformation of the earth's crust has seen
rencwed interest due to studies associating earthquakes with large
underground nuclear explosions (Ryall and others, 1969), loading cffects
of large artificial water bodies, and crustal failure due to lowering
of the rock strength due to fluid injection (Healy and others, 1968).
Pre-existing tectonic stress level and the additional induced strain
will be responsible for triggering of subsequent earthquakes, but to
date little is understood about these stress levels and the failure-
induced ttrains associated with relatively small earthquakes.

In this paper, the amplitude-distance-magnitude relation of ob-
served tilt steps and their propagation velocities are reported and
compared to results from other authors' mathematical models based on

static elastic dislocation theory.

11



INSTRUMENTS

In the fall of 1968 and the summer of 1969 a tripartite tilt
network was installed in Central Alaska. The stations are located at
Gilmore (GLM), McKinley (MCK), and Paxson (PAX). Station locations
and altitudes are as follows:

MCK 63° 44,02' N 148° 55.95' W 610 m (ground surface)

PAX 62° 58,19' N 145° 28.12' W 1034 m (ground surface)

GLM 64° 59.24' N 147° 23.34' W 722 m (ground surface)
(Preliminary)

Figures 1 and 2 show the location of the network in Central Alaska
along with the short-period telemetry stations.

Instruments used are the Lamont-type horizontal pendulums (To = 15 sec)
with a 30 db feedback loop and capacity type transducer. They are con-
tained in a 10 inch diameter borehole package and installed in 12 inch
inside diameter steel casing at depth of 15 feet at GLM, 28 feet at MCK,
and 38 feet at PAX, The choice of the three sites was dictated, among
other factors, by available power and communications. All data are
telemetered by standard IRIG-FM channels 1 through 7 over phone circuits
and recorded at the Geophysical Institute of the University of Alaska.

At the free pendulum period of 15 seconds the equivalent pendulum
length is 57.3 m. A 1y change in the transducer position of a horizon-
tal pendulum of length 57.3 m corresponds, therefore, to a tilt of
1,745 10.8 radians (in a direction perpendicular to the plane sustained
by the vertical and the axis of rotation of the pendulum),

Since 1 sec arc = 4.85 x 10"6 radians, a 15 sec pendulum has a
sensitivity to tilt of 278 u/sec arc. This sensitivity is reduced by

the amount of fecedback applied. At GLM and MCK a feedback of 30 db

12



(31.6) is applied after a filter with a RC time constant of 6000 sec.
With the transducer sensitivity of 25 mV/u, the 30 db feedback and a
x10 amplifier at the station, a total sensitivity to tilt of 2.2 V/sec
arc is obtained for variations with longer duration than the feedback
fiiter time constant, The telemeter link has 1:1 gain. The chart re-
corder is now operating at 5 mV/mm and 25 mm/hour,

The PAX station proved stable enough, so that the feedback circuit
could be removed and a higher sensitivity obtained. Also, for the
Rampart earihquake tilts, use has been made of the standard horizontal
Wood-Anderson seismographs, operated by the U.S. Coast and Geodetic

Survey on the College campus of the University of Alaska.

TILTS ASSOCIATED WITH EARTHQUAKES

Earthquake=-associated tilts have been reported in the literature
from various continents and using a variety of instrumentation, mostly
for shocks with M>5. Recording of tilts associated with low-magnitude
earthquakes is relevant to the problem of focal mechanism, permanent
crustal deformation and its propagation. In Russia and Japan (Karmaleeva
1960 and 1962; Hagiwara, 1969), tilts also have been used successfully
to predict impending earthquakes,

However, often the reliability of tilts as recorded on horizontal
selsmometers has beer questioned, mainly because recorded amplitudes
have been large compared to theoretical calculations. Besides 1liquid
level tilt meters, one might either use the direct optical recordings
from the Wood-Anderson torsion seismometers, the Verbaandert-Melchior
all-quartz pendulums (Verbaandert and Melchior, 1960) or the long-period
horizontal seismometers with high sensitivity displacement transducers,

as installed in the three borehole packages.

13



Hagiwara (1969) reports on differences between instruments: "We
orten observed sharp change in the tilting a few hours before the
occurrence of earthquakes of about magnitude 5. 8Such short range changes
Just before a large earthquake were clearly observed with the water tube
tilt meter, hut they were not detectabie by the pendulum type tilt meter.
The reason why the water tube tilt meter indicates changes and the
pendulum tilt meter does not is not entirely clear, but one solution
will be proposed. For the long range changes in tilt, observational
results of the water tube tilt meters and the pendulum tilt meters
coincide well with one another".

The block-type structure of the earth's crust also affects and
complicates the tilt recordings locally., Studies report on significant
differences at stations spaced only a few hundred meters apart (Ozawa,
1963; Hagiwara, 1938).

The question, therefore, arises a.) whether the permanent displace-
ments observed (or calculated) at the transducers gf horizontal pendulums
are real tilts, or effects generated in the instruments themselves, such
as creep in the hinges (etc.) during the ground vibration of the earth-
quakes; and b.) how do observations relate to theoretical results from
static elastic dislocation theory, the only one available at this moment.
A number of literature reports will therefore, be compared with the re-

cordings in Alaska.

THEORETICAL RESULTS
In order to relate the observed tilts, reported in the later
section, to theoretical work, the essential points of the static elastic

dislocation theory are exposed in this section,

14



A number of theorctical papers gradually extended the concept of
a Volterra dislocation, generated during an earthquake, from simple
half space-vertical fault plane, to spherical earth-inclined plane
solutions (Chinnery, 1961; Maruyama, 19€4; Press, 1965; Singh and
Ben-Menahem, 1969; Ben-Menahem and others 1969 and 1970), and with the
advent of electronic computers many numerical calculations of the
resulting strain, stress, and tilt fields could be carried out. All
of these theories have evolved from a static, elastic dislocation model.
The theoretical reduction of tilt and scrain fields with distance R
from the source varies from R > to R-6, (Maruyama, 1964; Press, 1965;
Ben-Menahem and others 1969, 1970). This varlation depends strongly on
the particular type of dislocation (strike slip or dip slip fault) and
the orientation of the observing line with respect to the fault, but
rather weakly on Poisson's ratio. Ben-Menahem and others (1969) found
it hard to accept a simple universal exponent for all faults, strains,
and azimuths, such as -1.5 found by Wideman and Major (1967). They note,
however, that certain sources "transmit" strains in certain directions
with relatively low loss (low exponent value)., These are certainly the
most obviously recorded cases, whereas those with faster reduction are
not so easily found at larger distances. It will be shown in the section
on observations, that the experimental tilt data, similarly, seem to
indicate a rather narrow possible range of exponents for the amplitude-
distance relation.

Ben=-Menahem and others also romment (in both papers, 1969 and 1970)
on the differences between half space and spherical solutions. These
differences scem to be small for distances less than 20° to 30°. For
most of the small earthquakes in the magnitude range 3<M<5.7 and at

distances up to several fault lengths, one might, therefore, use Press's

15



half space model (1965). This model assumes vertical fault plane,
pure strike slip or pure dip slip motion for a given fault length-
depth ratio and two different fault length-slip ratios. Press's
formulas for tilt in the case of dip slip motion result in the follow-
ing approximations at large distance along the axis (using the notation
of Press):
On X; axis:
(strike of fault)

tilt in x1 direction = 0

U
tilt in x. direction = _3 4L(D-d) 1 for xl >>L, D, d
2
2n Ded X
1
On x2 axis:
tilt in x, direction = 0
1 U 2 33
tilt in X, direction = 3 2L L7 (D-d) + 3(D7-d7)
21 x

2
for x§ >>L2, Dz, and d2

The dependence on distance is of the form R-l along the direction
of the strike of the fault and R-5 perpendicular to it. The very strong
dependence on fault length (2L), depth of burial d (upper edge of fault),
or D (lower edge), and fault depths (D-d) is evident. As mentioned by
Ben-Menahem and others (1970) also, the dip slip fault gives rise to an
amplitude dependence of tilt on depth like D-d.

These reduction ratios are obtained from Press's numerical output
for distances larger than 3 fault lengths. In the strike slip case tilt
amplitude diminishes with distances as R_z'5 (on the computer outputs),

The tilt directions and tilt amount (presented in Figure 3) have been

obtained from Press's calculations for a vertical surface fault, with

16



a depth of 1/2 its length and a displacement of % X 10-4 its length.
The tilt directions and amplitudes are later compared to those recorded
in the Fairbanks area, Similarly, tilt directions can easily be seen
by drawing perpendiculars to the lines of equal vertical displacements

in Maruyama's (1964) figures of surface displacements and the resulting

tilt directions resemble those obtained by Press.

TILT OBSERVATIONS

In this section observations of tilt steps and the amplitude-dis-
tance-magnitude relationship is elaborated. Wideman and Major (1967)
similarly reported on the strain steps observed from a number of earth-
quakes. Several different types of horizontal pendulums are used to
measure tilt amplitudes, possibly except in the Bonchkovsky (1962) case
where the type of instruments used is not clear, but they are probably
"clinometers" - horizontal pendulums used for earth tide work. The data
collected here, both from the literature and our own instruments are
sufficiently strong in their consistency to rule out instrumental effects,
especially.since different types of instruments and different transducer
systems are involved.

V. R. Bonchkovsky (1962) reports tilts recorded at 2430 km and
4950 km from the epicenter of the 4 December 1957 Mongolia earthquake
of amplitudes 2.0 and 0.9 sec arc respectively and indicates the tilt
directions. Since three instruments in a "0" loop configuration were
used at each of the two sites, and no discrepancies were obscrved, the

tilts are real. Bonchkovsky also indicates fault length orientation
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and displacements. The length and orientation are in general agreement
with those derived by Ben-Menahem and Toksdz (1962). Using Bonchkovsky's
fault length of 683 km, the tilt stations Garm and Sinferopol are at a
minimum distance of 3.6 and 7.3 fault lengths respectively. Depth of
the fault was estimated by Ben-Menahem and Toksdz to be 50 km, roughly
1/10 of the fault length. The highest amount of displacement along the
fault was about 8 m (Bonchkovsky, 1962) or a few times 10-S of the

fault length, somewhat less than the value of %-x 10-4 assumed in the
cumerical calculations of Press (1965). The amount of tilt calculated
at a distance of 4 fault lengths (in the case of strike slip) is about
10-8 radians, or 2 mscc of arc (see Figure 3). However, the observed
value is 2.0 sec of arc, 3 orders of magnitudes higher (and the estimate
is conservative).

Since the installation of the tripartite borehole network in Alaska,
the recording sensitivity of the tilt signals has been gradually increased.
However, the long-period records are still the most sensitive ones to
suddenly occurring tilts such as those assoclated with large distant and
local smaller-magnitude earthquakes. Because of the displacement trans-
ducer outputs, they may readily be compared to the calibration displace-
ment response of the recordings, which is now routinely obtained twice
a day, Calculations of tilt amplitudes made from the long-period records
agrece (within reading error) with those obtained from the tilt recordings
(through the feedback signal at GLM or the high-frequency cut-off
filtered PAX demodulator output' . For comparison, Figures 15, 17, 19
and 22 show the long-period records, where Figures 14, 16, 18 and 21
show the tilt records of the same Fairbanks area earthquakes.

In the following tables the data on tilt amplitudes and propagation

velocity have been assembled, including the data from Bonchkovsky (1962).
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The amplitude of tilts for the Rampart earthquake on October 29, 1968,
has been calculated from the amount of trace offset of the horizontal
Wood-Anderson seismometers at the U.S.C. & G.S. College Campus station.
All others are from the long-period or the combined long-period and
tilt records (see Figures 9 through 22).

Epicenters used for the distant carthquakes are those reported on
the preliminary epicenter determination cards of the Coast and Geodetic
Survey; the Rampart earthquake was reported by Gedney and others (1969)
and the Minto epicenter was taken from the routine computer output of
Alaskan earthquakes of the seismic laboratory. All Fairbanks shocks
have been hand-located using S-P times of a strong-motion instrument,
whenever feasible, and the P arrivals at the local stations. Epicenter,
depth, and origin are indicated in Figures 4, 5, and 6 for each indi-
vidual earthquake. The epicenter locations are probably within less
than 2 km of the indicated ones, and depth is probably within the same
error limit. A possible exception is the earthquake north of PJD,
Except for GEO, or later LV (strong motion), all stations are recorded
on 16 mm film with second marks imposed on each individual station
allowing a time resolution of about 0.02 sec. All stations appear in
Figure 2, to show the location with respect to Fairbanks. The arca of
Figure 2 ie located on Figure 1 by the heavy lines around the GLM tri-
angle.

The epicenter locations near Fairbanks are divided into two distinct
areas a.) those located southeast of town in the zonc of the 1967
magnitude 6.5 earthquake and its aftershocks (Gedney and Berg, 1969)

and b.) some 20 km west of there, south to southcast of the airport area.

21



The Rampart quake had been reported by Gedney and others (1969). How-
cver, the fault planc solution indicated on Figure & has been obtained
by Gedney (personal communication). The Minto carthquake is located on
the northern extension of the fault mapped by Péwé and others (1966).
The first motion data gave the solution indicated in Figure 4. As a
limiting case, the axis may be slightly rotated clockwise, but the
rotation is limitcd'by the dilatation at TNN, The strike then appears
to coinclde exactly with that mapped further south, and the direction
of tilt corresponds to that of the strikec slip case from Press in Figure
3. The tectonic implication is that the fault continues much further
to the north, is active at prescnt and has a strong left lateral com-
ponent, whereas Péwé and others only show the western side down with
respect to thec eastern part. It should be noted that the long-period
tilt recordings in this case are opposite in direction to those recorded
in the Fairbanks arca, thus strengthening the argument that the rilts
are real and not instrumental effects.

The velocities with which the tilt steps propagate from the focus
to the station (for local shocks) and from the epicenter via the great
cirzle to the station for telesecisms are much lower than the shear wave
velocity and range from 2.1 km/sec for locals to about 3.3 km/sec for
distant carthquakes (Table I and I1). Similar velocities have bcen
reported by Wideman and Major tor strain steps. In two cases (9 June,
1970, Minto; and 26 Oct 1970, Fairbanks, Figures 12 and 22), the trans-
verse tilt component seems to have a somewhat higher velocity than the
radial component. Also, for some distant carthquakes Wideman and Major
have noticed two distinct strain steps with two different velocities,

similar to the two steps associated with the castern Siberia earthquake
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of 5 June, 1970 (Table I1I, Figure II). 1In none of these cases were the
instruments off-scale. This, together with the consistency in the pro-
pagation velocities as recorded either by strain meters or the tilt

meters, strongly indicates that the strain or tilt steps are real.

DISCISSION

Tilt Amplitudes: The earlier section on theory indicates that if
the static elastic dislocation model is valid to describe the tilt
and strain field resulting from an earthquake, the amplitude-distance
relation for tilt varies with distance R as R-1 to R-6. The exponent
depends on the particular type of fault (strike or dip slip) and the
orientation of the station with respect to the fault. Figure 7 gives
experimental tilt amplitudes versus distance and the number next to
each data point are the magnitudes associated with each earthquake
(from Table I and 11).

Only for the Mongolian earthquake have tilts been recorded at two
different distances, and the amplitude diminishes with distance roughly
as Rfl (Figure 7, upper right hand, magnitude 7.75). The heavy lines
in the Figure represent the amplitude reduction with distance as R-].
It can be seen that a change in the exponent from -1 to another value
will rotate these lines around the data points, but that considerably
more overlap in the magnitudes will occur. To see this more clearly,
the intersecting distance of the R-1 lines with 1000 msec arc ampli-
tude have been plotted in Figure 8 versus the magnitude. This is only
one of many possible choices to check on the consistency of the data.
Other levels (such as 100 mscc or 19 msec) also could be used, or,
one might want to plot the amplitudes (at a fixed distance) versus mag-

nitude. Either way would reveal any inconsistencies in the data. The
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amplitudc-magnitude-distance relation that emerges from the data pre-

sented is of the form:

10M-4.1

A(in sec arc) = mm)

Only in the strike direction of a vertical dip slip fault does theory
predict an amplitude reduction of the form R—l.

However, the recorded tilt amplitudes are simply several orders
higher than theory would predict. Assuming a fault length for magnitude
3 to 3.5 carthquakes to be of the order of 1 km (Wyss and Brune, 1968;
Wideman and Major, 1967; and Berkhemer, 1962), the GLM station is some
25 to 30 fault lengths from most of the epicenters (and somewhat more
from the Minto earthquake). Tilt amplitudes as reported here at 25 to

30 fault lengths only occur in Press's solution at 2 t~ 4 fault lengths

(strike slip of Figure 3).

TILT DIRECTIONS

The first motion distributions in Figures 4 to 6 clearly show that
the theoretically required dip slip for the R-1 reduction configuration
does not occur and that for Fairbanks earthquakes the GLM station is
hardly located on or near the strike of a dip slip fault plane.

The rather consistent directions of tilt are indicative of a con-
sistent direction for the tectonic stress and motion in the Fairbanks
arca which is in agreement with that obtained by Gedney for the Rampart
earthquake (personal communication). The stress is best obtained from
the solution of the Minto earthquake (9 June, 1970) and the Fairbanks
23 Sept, 1970; and 11 Oct. 1970 earthquakes. In these cases the first
motion distribution (Figures 4 and 6) indicates compression from the SSE
and NNW, and the tilt directions at least (for Minto and 23 Sept. 1970)
corresponds to thosc obtained from Press (1965) for a surfacr strike slip

fault (the depth of which is half its length and the dislocation is
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% X 10-4 the length) (Figure 3 and Maruyama, 1964). The other first
motion distributions are more complicated and, as shown by Sutton and
Berg (1958), small amounts of tilt in the fault and/or auxiliary plane

introduce complicated first motion patterns, depending on crustal struc-

ture parameters.

TECTONIC IMPLICATIONS

The new first motion data presented here and those reported
earlier (Gedney and Berg, 1969) imply an almost horizontal compression
from the SSE to E along the northern edge of the Tanana Basin. The
first motion data and tilts of the clear solutions (Minto, Figurec 4;

23 Sept. and 11 Oct. Figure 6) indicates either left lateral strike

slip along almost vertical NNE trending fault or right lateral faulting
along the other plane at a depth of nearly 20 km. In the Fairbanks area,
these directions are only slightly different from those of approximately
located, but questionable surface faults in the Cripple Creek area

(Péwé and others, 1966), and the general northeasterly alignment of
structural trends in the Birch Creek Schist. The consistently south-
easterly tilt at GLM scems to indicate that the area is pushed up and
northwest against the mountains in a direction roughly parallel to the
eastern section of the Denali fault or perpendicular to the well-defined
northwestern edge of the seismic zone, reaching from Cook Inlet along
the western part of the Alaskan Range into the Tanana Basin.

The earthquakes nearest to the station HPP also Indicate fault
activity in a hitherto quiescent arca southwest of Fairbanks and at a
depth of some 20 km, coinciding with the northern side and the western
part of a gravity low. The aftershock zone of the 1967 earthquake and
epicenters of the shocks on the right hand side of Figure 6 are associated

with the northern edge and the castern part of thkis gravity low,
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The epicenter north of PJD similarly indicates that the recently
mapped thrust fault contact zone (Forbes, personal communication) is an
active fault, This fault trends ENE, more or less along the Chatanika
River and is also perpendicular to the direction of compression deduced
from the Fairbanks earthquakes.

Finally it might be pointed out that the static elastic dislocation
model 1s unable to accommodate the anisotropic propagation found for the
9 June, Minto and 26 Oct. 1970, Fairbanks earthquakes, nor is it able
to account for the dual velocities and deformations, and propagation
with distinctly different velocities observed by Wideman and Major (1967)
for several earthquakes, or the data observed during the present study
in form of tilt steps.

CONCLUSIONS

In conclusion, the following results have been obtained:

a.) Real deformation steps have been observed for relatively small
earthquakes (down to magnitude 3) located in the lower half of

the crust.

b.) The recorded tilt amplitudes from local as well as more distant

earthquakes can roughly be given by a relation of the form:

A ( in sec arc ) = R (In &m)

where A = tilt amplitude

R

distance to epicenter

M = magnitude
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d.)

e.)

£.)

and do not verify the tilt amplitudes calculated from static
dislocation models.

Tilt directions in several rather simple strike slip situations

are consistent with those predicted by theoretical static elastic
dislocatiou,

The velocities associated with tilt steps of near earthquakes are
lower than shear wave velocities and lower than those reported for
strain steps, and sometimes show anisotropic propagation. They
range from 2.1 to 2.8 km/sec. This velocity is based on travel
time and distance from the focal point to the station. Velocities
associated with tilt steps of distant earthquakes are the same
(2.9 to 3.3 km/sec) as reported for strain steps over continental
paths.

The deformation propagation in the form of tilts with reduction
as R.1 and nearly uniform velocities, lower than the shear wave

velocities, suggest a propagation mechanism which is confined to

the crust and perhaps to parts of the upper mantle.

The earthquake tilts and first motions imply a south-southeast to
north-northwest compression along the northern edge of the Tanana
Basin. The earthquake locations and depths indicate active fault
areas south of Fairbanks along a gravity low, along the Chatanika
River and on the northern extension of the Minto fault. Some of
these faults have not been known to exist and are buried under

sediments.
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DEFORMATION AND FAILURE IN AN EARTHQUAKE ZONE

Contribution by Eduard Berg
and Data Analysis by Niki Bloom

The research reported in this section was partially supported
by an AEC contract.

The problem of understanding crustal failure requires relating
measurable physical quantities to the stress state of the crustal rock
and, if possible, to its time history. This can be achieved relatively
easily in the laboratory, but application to earthquake seismology is
vastly more complex. Among those parameters are: strain and tilts,
resistivity, elastic wave velocities and their ratios, changes in the
earth's magnetic field and perhaps heat flow.

a,) Earthquake Statistics and Stress

Comprehensive laboratory experiments relating to micro-fracturing
and their interpretation have been performed by a number of authors,
Mogi, Scholz, Brace, and Byerlee to name a few, di;ectly interested in
crustal rock. Results show that the Gutenberg-Richter relationship
log N = a + b(8-M) (N = number of events of magnitude M or larger, a
and b are constants) originally derived from earthquakes, also holds
for rock samples subjected to microfracturing in the laboratory.
Different "b" values seem to reflect different levels of stress state,
(Scholz 1968). On the other hand "b" values for earthquakes are some-
times found to be characteristic for the seismicity of a given area and
also vary with depth. Hence, one might argue that regional and depth
variation of "b" reflects variation of stress level. The connection

between '"b" values and relative stress is also indicated by studies of
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earthquake foreshock and aftershock series (Berg, 1968). A variation
of "b" values for foreshocks of different magnitude main shocks is
observed: small "b" implies that high stresses are accumulated in
small areas and then small main shocks occur. Similarly, large "b"
values (up to 0.6) seem to precede large earthquakes, but indicate a
lower overall relative stress,

b.) Deformation Prior to Failure

Final failure is preceded by a rapidly increasing non-elastic de-
formation, as borne out by many laboratory .xperiments and their inter-
retation by microscopic dislocation theory. In an earthquake area
such deformation has been measured by strain and tilt meters (see earlier
section) or geodetic surveys, and is accompanied by changes in electric
resistivity, seismic velocity and the earth's magnetic field. Seismic
strain release also shows this rapid exponential increase prior to
failure. This exponential increase is expected from dislocation theory.
Johnston and Gilman (1959) indicate that the plastic strain rate of a
crystal may be written: & = b n v where b is the Burgers vector, n the
number of dislocations per unit area and v the average dislocation veloc-
ity, and that the experimental relation between dislocation density and
strain is that n is proportional to strain (n = ¢ * €). On the other hand
the dislocation velocity depends on temperature T and stress 1 (Johnston

=A

and Gilman, 1959 and Gilman, 1965) as v = v, e T for a relatively narrow

temperature range, where A is a constant in first approximation, Combining
- =-A
the two equations results in: ¢ = ¢ € b v, eTT where A is the limiting

dislocation velocity usually taken as the shear wave velocity. Inte-
=A

grating with respect to time t leads to log € = t ¢ b v, eTT or an exponential
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increase in strain with respect to time (under constant temperature and
stress). Impurities in the crystal tend to complicate the picture and
alter the constants involved, but the basic physical process is conserved.
Tuis exponential increase in strain and seismic strain release has been
observed in the laboratory under constant stress by Watanabe (1963)
(see Figure 26) and Rummel (1969) on rock samples by Grosskreutz (1962)
for the crack (failure) length of a single aluminum crystal (this is a
limiting case) for the seismic strain release prior to the Aleutian
magnitude 8.2 earthquake 1958 by Berg (May 1966) and for tilt deformaticn
prior to the magnitude 6.5 earthquake of 1952 by Nishimura (1958) and
Berg (Dec. 1966) (see Figure 27).

c.) Dilatancy and Vp/Vs Ratios.

Brace et al. (1966) have examined the dilatancy of Westerly granite
(and other rock materials) due to increased porosity while under com-
pression using up to 8 kbars confining pressure. This pressure is
approximately equal to those expected in the Fairbanks hypocentral area
and for other crustal earthquakes. Consequently, in keeping with the
results of Brace et al., it is expected that the increase in rock porosity
with increased stress should result in lowering Poisson's ratio, e.g.
the Vp/Vs ratio. Brace (1966) actu.lly reports the lowering of the P-
wave velocity in the direction transverse to the applied stress for
increasing stress from laboratory cxperiments by Matsushima. Laboratory
data and theorctical considerations (Wachholz, 1966; Schuppe, 1966,
and Walsh, 1965) show that Poisson's ratic is a function of porosity
and in gencral decreases with increasing porosity. Brace et al. (1966)
have measured maximum departures of the stress volumetric strain curve

from the line representing elastic behavior, which is a net volume
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increcase due to the opening fractures (or the porosity) of the order of
12 (their D values in Tible I for granite samples under confining
pressures up to 5 kbars). Wachholz's theoretical curves for limestones
and sandstones would give a 0.004 decrease in Poisson's ratfo for a 1%
increase in porosity or a change of about 0.1 in the Vp/Vs ratio (at Vp/'s
= 1.7). This value of 0.1 change is precisely that observed by Semenov
(1969) in the Garm region prior to some large earthquakes in the
magnitude 5 to 6 range (Russian K from 11 to 13). This short analysis
of data available from the literature shows that the observations are
consistent with laboratory measurements and theorectical consideration.
Analysis was, therefore, attempted of Vp/Vs ratios of earthquakes in
the micro-earthquake net around Fairbanks in addition tuo the variation
of the "b" values. The method used to obtain Vp/Vs has been described
by Gedney and Berg (1969) for a homogencous crust.

d.) Results of Micro-Earthquake Analysis in the Fairbanks Area.

The only example of decreasing "b" value over a short time interval
is that reported earlier (Berg, 1970) for a magnitude 4.9 earthquake that
occurred near Fairbanks. Niki Bloom, a graduate student, analyzed the
micro-earthquakes for the month of March, 1970, when some 400 were re-
corded. The magnitude range spans approximately ~-1.0 to 3.0. The min-
imum number recorded was 5 shocks per day on three days and 20 or more
have been recorded on three days. This data has been analyzed for vari-
ation of "b" with time and variation of the Vp/Vs ratio. Not all earth-
quakes have Leen detected simultanecously at all stations. Micro-carth-
quakes that occurred during October, 1970, are now being analyzed, be-
cause other information on crustal tilt and precise location of several
earthquakes with magnitudes larger than 3 is available (see section on

tilts associated with earthquakes).
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Results concerning the time varfation of the "b" slope are not very
conclusive. Sample size to determine 'b'" usually was about 60 earthquakes.
It is noted that the log N versus M curve is often represented by two
branches rather than one, a fact that Mogi (1962) attributes to the
structural length dimensions in the focal area. However, work on frac-
turing of glass (under thermal shock ) shows that stress redistribution
during crack propagation is significant (Chi-Yu King, 1965), and the
"stress front" in front of a propagating crack (fault) superimposed on
the tectonic stress might be responsible for crack division processes that
lead to the break in the log N versus M plots as a function of stress.

Results of determfnation of Vp/Vs are presented in Figure 28. Dots
indicate that P and S wave arrivals at three stations have been used to
determine the value, whercas circled dots have been determined from
data of four stations, using a single layered earth crust model. The
large scatter in the Jata obtained from three stations only suggest that
more precise values might be obtained with more stations and that the
orientation of the wave path with respect to the stress axis should
perhaps be considered. Therefore, two new short-periol vertical seis-
mometers have been added to the micro-earthquake network. These stations

are Hepp (HPP) and Birch Hill (BRH) (Figure 2).
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Geophysical Institute, University of Alaska seismic telemetry
system. Triangles-borehole tilt and long-period stations.
Large dots-1 sec vertical short-period seismometers. Small
dots-U.5.C.G.S. Tsunami Warning Network. The area outlined

around the GLM triangle is rendered in detail in Figure 2.

Fairbanks area seismic telemetry stations and U.S.C.G.S. stations,
Vector tilt fields, based on Press's (1965) calculation for
vertical surface fault, depth equal to half its length, dislocation
equal to-% b 10-4 of the length, Division on % and X, axis
equals fault length,.

Upper: Rampart earthquake parameters. Fault motion after Gedney
(personal communication)., Tilts based on offset of Wood-Anderson
horizontal seismometers (U,S.C.G.S.College station).

Lower: Minto earthquake. Tilt and first motipn.

Chatanika Valley earthquake, first motion and tilt. See also
Figure 9 for tilts. The north component is not well defined.
Fairbanks area earthquakes associated with tilts., Each station
given in the local network has been used to determine origin time
and focal point. For individual tilt records see later Figures.
For fault plane and stress direction determination refer to text.
Tilt amplitude versus distance. Numbers refer to magnitude of

each quake. Heavy lines represent amplitude reduction with dis-

tance R as R—l. For data refer to Tables I and II.
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Distance at which a given magnitude earthquake will generate a

1000 msec arc tilt, using the R-1 amplitude reduction., (Data
points are obtained by the distance at which the R-1 reduction
heavy line intersects the 1000 msec arc level in Figure 7.).
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