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Fig. 54. Map showing stations .‘{1 triangula-
tion survey. Solid lines represent horizontal
changes determined from the surveys by the
Geographical Survey Institute, which assumed
that stations marked A did not move. Dashed
lines are horizontal displacements calculated
from our model (including the F2 fault of Shi-
mazaki and Somerville, 1978), and dotted lines
show the displacements resulting from the
model of Shimazaki and Somerville (1979). Sta-
tion NSM is close to a nodal plane, and small
changes in fault location (in particular depth of
burial) will result in large changes in the calcu-
lated value for NSM displacement. Our model
gives a satisfactory fit to the data, including the
significant displacements near the west coast.

We find that modeling the initial ac-
tivity on the Izu Peninsula as slow-
quakes gives good agreement with the
strain data. The model is also consis-
tent with the horizontal-displacement
data and the leveling data. This study
is therefore a report on the first obser-
vation of a slowquake recorded directly
on more than one instrument. In addi-
tion, the interpretation is strengthened
by independent measurements of crustal
motions and of low acceleration fea-
tures of the faulting. Thus, the exis-
tence of slowquakes has been con-
firmed by observations of different
types of data derived from different
measuring techniques. Futhermore,
given adequate station coverage, we
are able to determine the rupture
velocity. (For F3, it is lower than for
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fast earthquakes by a factor of some
tens.) The sequence studied here illus-
trates that slowquakes can be very
large and therefore of importance in the
redistribution of stress in seismically
active regions. The F3 slowquake was
in essentially the same area as the 1974
Kawazu fast earthquake. Therefore it
is possible to have slowquakes or fast-
quakes in the same place. The incom-
pleteness of our understanding of the
mechanism of rock failure under realis-
tic tectonic conditions is one of the ma-
jor difficulties impeding a successful
earthquake-prediction program.
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Tue HExkLa ErupTiON OF 1980—
Tuae MecHaNIsM oF A RipGgeE VoLcano

R. Stefansson, ® I. S. Sacks, and A. T. Linde

Iceland lies astride the mid-ocean
ridge in the North Atlantic. The spread-
ing ridge on Iceland itself is offset to
the east from the submarine spreading
ridges by two transform faults, one
submarine to the north of Iceland, the
other on land. The northern section of
the on-land ridge has spread apart sev-
eral meters since 1975, accompanied by
volcanic activity (Krafla). The southern
(submarine) extension of this ridge has
also been increasingly active recently.
Surtsey was formed in 1963, and
Heimaey erupted in 1974.

There are two types of eruption on
spreading ridges—normal volcanic erup-
tions and fissure eruptions. The latter
consist of lava oozing out of long fis-
sures in the ground, probably as a re-
sult of the spreading process. The erup-
tion described here is a combination of
both types.

An eruption started in the summit
area of Hekla on 17 August 1980. Five
minutes of steam were followed by a
dark tephra column starting at 13:27
and reaching 15-km altitude. The lava
flow began shortly afterwards, starting
at the summit. It developed into a fis-
sure some 7 km long, oriented north-
east-southwest, trending somewhat
east-west of the general trend of the

*The Iceland Meteorological Office, Reyk-
javik.

spreading axis north of this region.
Most of the lava issued within the first
12 hours. The preliminary estimate of
the lava volume was 0.1 km3, and the
tephra (density 1-1.5 gm/cc) was 0.05
km3. This was only a minor eruption:
the period of quiescence since the pre-
vious eruption was only ten years, the
shortest period since the year 1104.
Contrary to expectations, very few
earthquakes were recorded before the
eruption. One, of magnitude 1.5, oc-
curred about 15 minutes before, and
several more were recorded in the last
10 minutes. Karl Grénvold (personal
communication) supplied much useful
geological information.

Seven Sacks-Evertson borehole strain-
meters had been installed during the
autumn of 1979 within 14-45 km of
Hekla (Fig. 55), as described in Year
Book 79, pp. 495-498. Unfortunately,
stations BUR, SAU, and STO had run
out of recording paper five days before
the event. (This was harvest season, a
very busy time for the station opera-
tors.) All stations were operating, how-
ever, within 3%2-6% hours after start of
eruption. The strain records are shown
in Fig. 56. We present here a prelimi-
nary study of this event; we expect to
improve our modeling as further geo-
lc;)glfic and geodetic data become avail-
able.

Modeling

We have used the observations of
erupted volume and fissure length to
constrain our modeling. It is conve-
nient to consider the event in three
stages. During the first 24 hours, erup-
tion and fissuring occur. In the next 24
hours, the eruption is essentially com-
pleted; the final stage (48-120 hours) is
the recharge.

Stage I

This stage is characterized by the
most vigorous volcanic eruptions as
well as by the development of a 7-km-
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Fig. 55. Map of southwestern Iceland. The seven borehole strainmeter stations are shown with
solid circles. The star marks the location of Hekla, the volcano that erupted in August 1980.

long fissure. Hekla’s normal major
eruption is about ten times larger than
the 1980 event, and does not develop a
fissure. We consider, therefore, that
this eruption was triggered by a tensile
(spreading) event that directly caused
the fissuring. The fissure split the
volcano cone.

We model this first stage as the su-
perposition of two events: a 7-km-long
tensile fracture, aligned parallel to the
spreading axis, and a point-source dila-
tation (collapse) at depth below the
volcano.

The volcanic eruption can be ade-
quately modeled as a point-source pres-
sure decrease at depth below the vol-
cano. The theory was developed in Year
Book 74, pp. 288-291. For measure-
ments at the surface, and assuming
equality of the Lamé constants \ and i,
the dilatation reduces to

5V 3h?
2x[r2 + h2]2 (1 2 +h2) ) 5

where 6V is the volume change in the
magma chamber, r is the distance be-
tween the volcano and the strainmeter,
and & is the depth of the magma cham-
ber. This assumes that the incompres-

sibility of the magma is the same as
that of the surrounding rock. The vol-
ume change in the magma chamber is
(6P - V)/K, where 8P is the excess pres-
sure, V is the effective volume of the
magma chamber, and K is the incom-
pressibility.

Note that the strain signal (Equation
1) is proportional to the volume change,
so that a large magma chamber with a
small pressure change will give the
same signal as a small magma chamber
with a large pressure change. The vol-
ume change in the magma chamber is
erupted; therefore, the strain signal is
proportional to the erupted volume. We
use 0.1 km? as the erupted volume and
calculate the resultant volume strain
changes at the various stations.

Added to these are the strain changes
due to the fissure. We use a 7-km-long
fracture and obtain the fit to the data
shown in Fig. 56 by using a vertical ex-
tent of 10 km and an opening of 1 m.
Figure 57 shows the volume strain field
due to the fissure.

It appears that a slightly smaller
erupted volume, ~0.07 km3, would fit
the data even better; the calculations
may need to be redone after more de-
tailed geological observations become
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Fig. 56. Strain data from the stations shown

available. However, the character of
the data is well matched by the model.

Stage IT

The second stage (day 2) has some
flow (decreasing pressure) from the
magma chamber but no further tearing
(or spreading) of the fissure. We model
it 4s a reduction in pressure in the vicin-
ity of the magma chamber of about one-
third that due to the first part of the
eruption. Although the strain change

in Fig. 55. The long-term trend of the data h
removed. The absolute value of strain has no significance; the t::ges are sh bt

own with arbitrary ver-

due to this stage underestimates JAD
and does not fit SKA, it fits most of the
data well,

Stage IIT

The third stage (days 3-8) is  the re-
charge phase. In this stage, magma
flows not only to replenish the magma
chamber, but also to replace the
magma that filled the fissure. (Note
that recharge probably starts early in
the event. However, it has a longer
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Fig. 57. Volume strain field due to the fissure
that split the volcano. This 7-km-long fissure
was assumed to be 10 km in vertical extent and 1
m wide. Dashed contours indicate compression.
The eruption (in the initial stages) produces
dilatation at all stations; the resultant strain is
the sum of the two fields.

time constant [>5 days vs. <1 day for
eruptive phases] so that any error from
assuming that it starts after the erup-
tion is small.) There must be a net in-
crease in pressure in the vicinity of the
volcano and fissure, but the strain-
meters closest to the ridge axis, GEL
in the north and HEL and STO in the
south, show reduced pressure buildup
during this period. We interpret this as
the result of flow up (and down) the
ridge axis to the eruption site. If
magma rose vertically (beneath the
volcano), it would cause an isotropic
strain change. The small strain changes
near the ridge axis suggest a viscosity-
controlled recharge down the ridge. At
the end of this stage, we consider that
essentially all the magma displaced by
the opening of the fissure and the erup-
tion has been replaced, at least locally.
We model this as a pressure recovery
(point source) of a magnitude equal to
that displaced in the first stage. In ad-
dition, there remains a pressure drop in
the ridge “pipeline” at least at distance
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from the volcano. This is due to the
viscous nature of the mantle flow. We
model this as a line source of reduced
pressure. This effect is large, though
not dominant, at the stations nearest
the ridge (GEL, HEL, and STO), small
at SAU, and negligible at JAD and
SKA. The calculations are a reasonable
match to all the data. Note that in all
cases, because BUR is at or near a
depth node (except for the fissure), its
amplitude is not a very good con-
straint. A magma chamber depth in the
range from 6 to 9 km satisfies the data.

Summary

All seven functioning strainmeters in
southern Iceland gave good records of
the Hekla eruption. The data from
these instruments are consistent with a
relatively simple three-stage model.
During the first stage, the combined ef-
fect of the magma pressure and the tec-
tonic tension (spreading) at the ridge
was sufficient to form a 7-km-long
fissure, which split the volcano. The
second stage was a continuation of the
first, as far as a continuing reduction of
pressure in the magma chamber is con-
cerned. There was no further spread-
ing. During the third stage, the magma
chamber and the region in the general
vicinity of the fissure were being
recharged. The strain data indicate
that most of this recharge flows up (and
down) the ridge axis.

The strain data require that the asso-
ciated fissure have considerable verti-
cal depth and therefore be a significant
feature of the eruption process. This
suggests that regional tension is the
triggering mechanism for this rela-
tively small eruption. The immediate
recovery mechanism seems to be flow
along the ridge with a time constant of
a few days. The data from the nearby
net of strainmeters have allowed us to
analyze and quantify the stages of this
tectonic sequence in a manner which
otherwise would not be possible.
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APPARENT STRESS: AN EstiMaTE
OF THE STATIC STRESS DROP

J. A. Snoke,* A, T Linde, and I. 8. Sacks

Earthquakes are generally assumed
to result when the stress buildup in a
region exceeds some critical local
strength. The resulting rupture re-
leases some or all of the accumulated
stress. Determinations of the static
stress drops associated with earth-
quakes provide information both about
the preconditions for earthquakes and
about tectonic processes.

The methods used for determining
the static stress drop from seismic
observables are not as straightforward
and reliable as those described earlier
(pp. 493-499) for determining moment.
This is because, unlike the case with
the seismic moment, the relationship
between the stress drop and seismic
observables depends on the geometry
of the fault zone and on the dynamics
of the rupture process. In this report,
we discuss and compare two methods
for obtaining estimates of the stress
drop.

The first of these methods uses
static modeling to derive a relationship
between the stress drop and a, a char-
acteristic dimension of the fault zone;
it then uses dynamical modeling to ex-
press a in terms of a seismic observable
fo, the “corner” frequency in the far-
field displacement, amplitude spectrum
(see Fig. 58). The second method in-
volves calculating a different stress
parameter, called the apparent stress,
Apparent stress is calculated from the
ratio of radiated seismic energy to mo-
ment, both of which can be determined
without recourse to specific source
models. Further, it is possible to use
the apparent stress as a measure of
stress drop. We find that, in practice,
Mmeasurement of the apparent stress

*Department of Geological Sciences, Virginia
Polytechnic Institute and State University,
Blacksburg,

gives a more consistent estimate of the
stress conditions.

Static Stress Drop Using
Corner Frequency

The static stress drop, Ao, is defined
by Ae = 0, — 0, where gy is the initial
stress and o, is the final stress (aver-
aged over the fault plane). If one as-
sumes the geometry for the fault zone
and the distribution of the stress drop
over that region, one can express the
static stress drop in terms of M, the
seismic moment, and q, a characteristic
dimension of the fault Zone, as

Ao = CM/a3, (1)

where C is a dimensionless parameter
of order unity (Kanamori and Ander-
son, 1975; Madariaga, 1977). For large
earthquakes, information such as the
spatial pattern of the aftershocks al-
lows an estimate of the size and shape
of fault region; Equation 1 thus gives a
fairly reliable estimate of the static
stress drop averaged over the fault
zone (Kanamori and Anderson, 1975).
Note that this assumes the aftershock
zone to be a direct measure of the fault
area; there are cases in which the after-
shock zone increases with time.

More often, however, the only data
available are seismograms of the event
to be studied. When this is the case,
one must assume a fault geometry and
attempt to estimate a from the seismo-
grams. Historically, many geometries
ranging from long, narrow rectangles
to circles have been assumed. How-
ever, provided the aspect ratio is not
extreme, C will not vary by more than
a factor of two for different geometries.
We will assume, along with many other
researchers (e.g., Brune, 1970; Madari-
aga, 1976; Boatwright, 1980), a cir-
cular geometry. For a uniform stress
drop on a circular region of radius q
C = 1374 (Eshelby, 1957: Keilis
Borok, 1959),
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Fig. 58. The far-field shear displacement spectra of Brune (1970) for two seismic sources :
the sgame source dimension and effective stress (the difference between t.he initial stress and t‘he‘ fric-
tional stress opposing motion). (a) e = 1 (100% efficiency); the final stress is the same as the frictional
stress. (b) ¢ < 1; the final stress is greater than the frictional stress. These curves are typical of the

spectral shapes predicted by most source models!

The most common method to esti-
mate a is to assume a dynamical rup-
ture model which gives a relationship
between a and the shape of the far-field
displacement amplitude spectrum.
Most such spectra can be fit reason-
ably well by one of the model spectra
shown in Fig. 58. The relationship can
be expressed in the following form:

a =y/f0| ‘2}

where f; is the “corner”’ frequency and
Y is a parameter which, in general, in-
Ccreases monotonically with the signal
and rupture velocities. \
The advantage -of this procedure is
that many spectra can be fit by the
model spectra; the method is thus easy
to apply. The disadvantages are that
(1) models with considerably different
parameterizations for C and % may lead
to the same spectra (this includes mul-
tiple events erroneously interpreted as
single events [Linde et al, 1975]), and
(2) since the stress drop depends on ¢3
(Equation 1), it follows that uncertain-
ties in determining a can result in large

(After Hanks and Thatcher, 1972))

variations in estimates for the stress
drop. An example which illustrates
this point is the large spread in stress
drop found by Tucker and Brune (1 973)
in their plot of moment vs. source di-
mension for a high-quality data set of
aftershocks of the San Fernando earth-
quake,

The Apparent Stress

The apparent stress (e.g., Savage and
Wood, 1971) is given by

Oapp = €0 (3a)

=n E/M, (3b)

where ¢ = (6; + 0,)/2 represents the
average stress, ¢ the seismic efficiency
(radiated energy divided by total elas-
tic energy involved in the faulting pro-
cess), E the radiated energy, and p the
rigidity,

For digital (or analog-tape) record-
ings from a broad-band seismograph,
the radiated energy determination
should be as stable as the moment de-
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termination. The radiated energy is
broportional to the integral of the
square of the far-field velocity spec-
trum. Given an adequate signal-to-
noise ratio for about a decade on either
side of the corner frequency, the deter-
mination of this integral is in fact more
objective than the estimate of the low-
frequency level used in the moment
determination. (Boatwright [1980]
points out that directivity and diffrac-
tion effects may lead to erroneous re-
sults if not taken into account when
calculating the energy, but these ef-
fects seem to apply only to a small part
of the focal sphere and are not usually
considered.)

Until recently, most seismograph
systems were not of sufficient quality
to allow reliable radiated energy deter-
minations, so an alternative method
for estimating the radiated energy has
been employed: a magnitude-energy
relation such as that proposed by
Gutenberg and Richter (1942). How-
ever, the approximate nature of such
relationships and their lack of univer
sality prompted researchers, such as
Thatcher and Hanks (197 3), to give ap-
parent stress reduced weight.

Recent studies (Stefansson et al.,
1979; Boatwright, 1981a,b) have used
apparent-stress determinations based
on data from seismographs with ade-
quate passbands to make reliable en-
ergy determinations. In particular, the
Stefansson et al study of suites of
smaller earthquakes preceding a major
Icelandic earthquake found the ap-
parent stress to be quite stable (vary-
ing by less than a factor of three for
each suite) and having temporal and
spatial trends of possible tectonic sig-
nificance.

The Relationship between Apparent
Stress and the Static Stress Drop

Savage and Wood (1 971) show that if
one assumes that o,, the final stress, is
less than or equal to oy, the frictional

stress opposing motion on the fault,
then, defining

N = Ggpplio,

they show that
7 = 0.5, (4)

Although not all models make this as-
sumption (e.g., Brune’s model for e<1
as in Fig. 58b), the results from obser-
vations seem consistent with this in-
equality (e.g., Savage and Wood, 1971:;
Aki, 1972). In the simpler and most
often applied form of Brune’s model
(Fig. 58a), the final stress is the same
as the frictional stress, In this case, the
inequality in Equation 4 becomes an
equality, so that an estimate of the ap-
parent stress is equivalent to an esti-
mate of the static stress drop.

Sato and Hirasawa (1978) developed
a model which is essentially a kine-
matic version of Brune’s model but
with a subsonic rupture velocity.
(Brune assumed an instantaneous rup-
ture.) In the context of this model, they
derive a dependence of 7 on the rupture
velocity (Fig. 59),

Because of the difficulties raised by
model-dependent assumptions in pre-
vious studies, we have chosen a differ-
ent approach—one basically empirical
and as free of assumptions as possible,
It is now clear that the spectral charac-
ter of an earthquake’s radiated energy
can, in general, be represented by a
shape similar to that shown in Fig,
58a. Such a displacement amplitude
spectrum can be divided into three
parts: a low-frequency constant ampli-
tude section, an intermediate-fre-
quency section in which the amplitude
Is proportional to a negative power
(usually —1) of frequency, and a high-
frequency region in which the ampli-
tude decreases more rapidly (f~2 or
faster). By parameterizing this spec-
trum in terms of the characteristic (cor-
ner) frequency at which the low and in-
termediate regions meet, we derive



518
Oapp = Mgfo3, (5)

where g depends only on the (observed)
shape of the spectrum. This relation is
independent of any model assump-
tions. We can determine the stress
ratio n by combining Equations 1, 2,
and 5:

n= gy3!C, {6}

where C is approximately constant and
y is a function of the rupture and signal
velocities. \

Concluding Remarks

Studies of stress drop have typically
yielded wide variability for the stress
values; it now appears that apparent

T T T T

27,

ottt ol

v/B

Fig. 59. A plot of 2y, the parameter defined
by Equation 6 as a function of the rupture veloc-
ity divided by the shear-wave velocity. (After
Sato and Hirasawa, 1973.)
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stress can be determined with greater
reliability. Apparent stress can be cal-
culated without recourse to specific
models and is related to stress drop
through a model-dependent relation
(Equation 6). However, the moc!el-de—
pendent factor y in this relation is the
same factor that appears in the stress
drop calculation. Because of this, and
because of the stability of the appar-
ent-stress determinations of Stefans-
son et al., we suggest that, prqvided
the quality of the available data is suf-
ficient, the apparent stress is the pre-
ferred parameter for stress determina-
tion.
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METEORITES AND METEOROIDS

. . the might

of earth-convulsing behemoth, which once
Were monarch beasts, and on the slimy shores
And weed-overgrown continen ts of earth,
Increased and multiplied like summer worms

On an abandoned corpse,

till the blue globe

Wrapped deluge round it like a cloak, and they

Yelled, gasped and were

abolished; or some God

Whose throne was in a Comet, passed and cried—
“Be not!” and like my words they were no more.

ImpacTS OF EXTRATERRESTRIAL
Bobies oN THE EArTh AND Moon

G. W. Wetherill and D, 0, ReVelle*

The discovery of geochemical evi-
dence in support of the hypothesis that
major biological extinctions, including
that of the dinosaurs, were triggered
by the impact of asteroidal or cometary
objects has led to widespread interest,
in the flux of extraterrestrial bodies
upon the Earth (Alvarez et al., 1980).
Whether or not this particular hypoth-
esis turns out to be correct, it is now
more generally recognized that an
understanding of the nature of -these
impacting objects, the geological and
meteorological effects of their impact,

*Physics Department, Northern Arizona Uni-
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the dynamical processes that brought
them to the Earth, and of thejr source
in the solar system, is central to many
problems in earth and planetary
science.

Every year about a thousand tons of
extraterrestrial matter collide with the
Earth. On the longer scale of geological
time, a body 102 tons in mass strikes
the Earth about once per 100 million
years, releasing an energy equivalent
to a million 50-megaton nuclear weap-
ons. During the earliest phase of Earth
history, the Earth itself probably ac-
cumulated by impacts of this kind,
Later manifestations of these events
are the cratered surfaces of the Moon
and terrestrial planets, great atmos-
pheric explosions like that in Tun-
guska, Siberia, in 1908, and the meteor-
ites in our museums and laboratories.



