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ABSTRACT

Seismic effects of the underground nuciear explo-
sions MILROW (October 1969, about 1 megaton) and CANNIKIN
(November 1971, under 5 megatons) were monitored by B
network of continuously-recording, high-frequency, high-
gain seismographs located on Amchitka and nearby islands.

Each explosion was immediatelyvfoliowed by hundreds
of small discrete events (mp<#4), of a similar focal mechan-
ism and with a characteristic low-frequency signature, which
apbarently occurred as a result of the deterioration of
the explosion cavity. This actlvity inﬁensified, then
terminateﬁ, within minutes of a large cohplex multiple
event and concurrent formation of a surface subsidence
crater, signaling complete collapse of the explosiqn cévity
(MILROW, 37 hours; CANNIKIN, 38 hours). |

On a smaller scale, apparentiy unrelated to the’

- collapse phenomenor, were a number of explooion-
stimulated tectonic events which occurred intermittently
for several weeks following each explosion near the
explosion cavity and up to 13 km southeast of CANNIKIN
gfound zero along the Island., These events were con-
fined to the upper crust of the Island, had characteris-

tically high-frequency signatures, and, near the Rifle Range



Fault, had focal mechanisms which correlated with pre-
existing faulting. The evidence points to a short-term
interaction of the explosions with the local ambient
tectonic stresses of the Island through explosion-
generated elastic body waves Or changes in fluid pore
pressure.

Continuous monitoring of the natural seismicity of
the region since 1969~revéals.no other apparent evidence
for an intcraction between either MILROW or CANNIKIN and
natural tectonic processes. The high level of natural
seismicity in the subduction zone 20-60Q. km beneath the
Island and the apparent low level of stress in the upper
crust of Amchitka suggest that these zones are effectively

seismically decoupled.



INTRODUCTION

Uhderground nuclear explosions in the megaton range
often demonstrate pronounced geologic.and geophysical
’effects,'not all of which are clearly understood. It is
the purpose of this report to describe as accurately as
possible, within the limits of the observational data,
seismlc effects'of the underground nuclear explosions
MILROW and CANNIKIN on Amchitka Island.

MILROW, about 1 megaton, was detonated on October
2, 1969, in order to '"calibrate'" the region, i.e., to
establish a béseline from which to predict the effects
of larger-yield explosions, A major concefn was the
- effect of these explosions on the natural seismiciﬂy,
"since Amchitka lies in a region of active subduction of
the spreading sea floor (Engdahl, 1971) and there existed
the remote possibility of triggering an éarthquake large
enough to génerate a tsunami., Another consideration was
the possibility of extensive explosion-related seismic
activity such as that followlng several high-yield Nevada
explosions (Hamiiton et al, 1971).

In view of these Questions the National Oceanic
and Atmospheric Administration (NOAA) initiated in 1969,

at the request of the Atomic Energy Commission (AEC), a



seismic study of the region, which included the instal-
lation of a network of continuously-recording, high-gain,
high-frequency seismographs on Amchitka and nearby islands.
With this network 1t was hoped that by observing extremely
1ow;1eve1 seismic activity in the region we could predict
the natural patterns normally observed on a larger scale
over a longer period of €ime and could also document any
explosion-related effects. |

For MILROW this network consisted of seven land-
based seismographs supplemented by ten short-term ocean-
bottom systems, providing sufficient capability to
monitor low-level seismic activity up to 50 km from
MILROW ground zero., The test was, in effect, instrumented
for seismic effects several times that observed from
similar tests in Nevada. The actual effects of MILROW
were very small, locallzed, and difficult to interpret,
Nevertheless, the test served to demonstrate that
selsmic effects of the type observed in Nevada were
not as pronounced on Amchitka and to point the way to
é successful instrumental program for CANNIKIN.,

CANNIKIN, under 5 megatons, was detonated on
November 6; 1971. With the benefit of MILROW and more

than 2 years of continuous monitoring of the seismic



activity of the region, NOAA fielded 14 land-based
seismographs, 11 on-Amchitka and 3 on nearby islands to
record seismic effects from this test. The observed
data from CANNIKIN, as will be evidenced in this report,
have allowed the seismic effects of MILROW and CANNIKIN
to be interpreted in a self-consistent manner. These
effects, although lower level, were simllar in character
to explosion-related activity from Nevada tests and
provide important new evidence about this phenomenon.
Three main categories of seismic effecﬁs will be dis-
cussed: (1) Seismic activity related to deterioration
of the explosion cavity; (2) Tectonic activity stimu-
lated in the upper crust of the Island; and (3) Effects

on the natural seismicity of the region.



CAVITY DETERIORATION

The most dramatic and immediate effect following a
high-yield underground nuclear explosion is the high rate
of seismic activity concurrent with the deterioration
of the explosion cavity which appears to effectively
terminate when complete cavity collapse occurs. The
data from CANNIKIN provide new evidence about this phe -
nomenon which, in the case of MILROW and some of the
larger Nevada tests, has often been confused with
explosion-related tectonic activity.

Figure 1 shows a playback of the 48 hour period
following CANNIKIN as recorded by an Amchitka seismo-
graph, about 16 km from ground zero at a gain 36 db‘down
from nominal for clarity. Time reads left to right with
£ hour between lines and time marks at 10 second intervals
except on the minute. Seismic activity, almost wholly
related to deterioration of the explosion cavity or
collapse phenomenon, is visible to less than magnitude
2.0, The complete collapse of the CANNIKIN cavity
occurred as a 1arge complex multiple event about 38 hours
after detonation, concurrent with the formation of a
surface subsidence crater. Seilsmic activity effectively

terminated at this time except for some minor events,
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less than magnitude 1.0, which continued for several
weeks thereafter in the immediate vicinity of ground zero,.
In the case of MILROW similar phenonomena related
to cavity deterloration were observed with the collapse
occurring about 37 hours after detonation, This repre-
sents a departure from an earlier Iinterpretation of the
less-reliable MILROW data (Engdahl, 1971) which held that
this activity was primarily tectonic. The actual
explosion-related tectonlc events from MILROW were so
small and so few in number that they were not clearly
distinguishable from the natural seismicity until it
had been established over a longer period of time.
Seismic activity from CANNIKIN related to the cavity
deterioration could be easily identified by its charac-
teristic low-frequency signature and by the obscrved
time differences within the network. Because of this
low-frequency character these events have been described
as emergent, when in actuality they often have clearly
discrete first motions. 1In Figure 2 is shown a typical
"collapse" event occurring about 183 hours after detona-
tion of CANNIKIN as recorded on develocorder film, First

and second levels of the five stations recorded on this
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unit have an 18 db separation. A characteristic frequency
of 2 Hz easily distinguishes the collapse event from the
higher-frequency tectonic event.

Hundreds of collapse events followed MILROW and
CANNIKIN, many large enough to be recorded on the nearby
islands and some as far away as Adak, about 295 km from
CANNIKIN ground zero, For statistical purposes, only
those near magnitude 1.5 or greater for MILROW and 2.0
or greater for CANNIKIN were completely scaled. In
Figure 3 1s shown the incremental frequency of occurrence
of collapse events from MILROW and CANNIKIN, Except
for higher magnitudes, the CANNIKIN data appear to fit
a log normal distribution with slope -1.0, MILROW
data are less clear, Figures 4 and 5 summarize the
temporal statistics, assuming total detection at
magnitude 1.5 or greater for MILROW and 2.0 or greater
for CANNIKIN, Although MILROW collapse activity was
significantly lower level than for CANNIKIN, the temporal
descriptions are quite simllar. A high rate of activity
occurred immediately after detonatilon, followed by more
regular behavior until about 1 hour before the collapse,
when the activity increased to the point that individual

events were not distinquishable, All this activity

10
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effectively terminated within minutes of the cavity
collapse.. All these characteristics are also readily
evident in Figure 1.

The radlation pattern from CANNIKIN collapses, which
includes both upgoing and downgoing rays, suggests a
mechanism other than simple impact of material at the
bottom of the cavity. In Figure 6 representative first
motions from the NOAA stations and from 6 Sandia geophones
are plotted on the lower hemisphere of an edqual-area
stereographic projection, Focal angles were computed
for a depth of 1.43 km (300 m above the CANNIKIN working
point) using a detailed crustai model. Very few dila-
tations were observed on this network from these events.
Assumption of a double—couple source mechanism defines
the two planes shown, which are limiting cases. Further
-study will be necessary to determine a more realistic

mechanism for these phenomenon.
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EXPLOSION-STIMULATED TECTONIC ACTIVITY

"

One of the most carefully studied seismic effects
of high-yield underground nuclear explosions is earth-
quake activity stimulated in the upper crust of the test
area. This activity generally occurs sporadically for
several weeks following the explosion and appears to be
largely controlled by regional geologic and tectonic
factors., Amchitka was similar to Nevada in these
aspects with the exception that Amchitka éxperienced
generally lower-level and more localized seismic activity.
Some reasonable arguments for this difference will be
discussed later in this report.

Because it is short-term and localized in zones of
little or no previous seismicity, explosion-stimulated
tectonic activity 1s usualhy separable from natural seis-
micity and pther effects, A total of 12 of these tectonic
events weré detected following MiLROW, 10 within 41 days
of detonation. For CANNIKIN 22 tectonic events were
identified, all but one occurring within 23 days of deto-
nation, Since some of these events were relatively large

and 1t is unlikely that any would go undetected by the

seismic network down to at least magnitude 2,0, it

16



appears that normal recurrence rates do not apply to
explosion-generated tectonic activity on Amchitka, In
Figure 7 are plotted all the tectonic events which could
bé reliably located using a detailed crustal model of
the Island. Three types of events can be identified:
post-collapse cvents near the explosion cavity which had

high-frequency signatures; events near the Rifle Range

Fault; and events which could not be correlated with any
known faults,

Six explosion-stimulated tectonic events occurred
very close to the explosion cavity but below it at depths
of 3 to 8 km, The first did not occur until more than
7T days after detonation and was the largest observed
(magnitude 3.5). The last occurredlnearly 3 months after
CANNIKIN, In Figure 8 is shown a preliminary composite
focal mechanism for these events on the lower hemisphere
of the focal sphere, The mechanism is not clearly re-
lated to Island tectonics, but may reflect localized
geologic changes produced by the explosion., A more
precise definition of this near-cavity explosion—related

tectonic activity will be the subject of further'study.

17
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h

Tectonic activity occurring near the surface trace
of the Rifle Range Fault followed both MILROW and CANNIKIN
and seems clearly related to motion along the fault. The
first of these events occurred about 6 hours after CANNIKIN.
The largest was less than magnitude 3; Focal depths are
estimated at between 1 and 2 km, Figure 9 shows a com-
posite foéal mechanism for these events, Right—lateral
motion along a northeast striking fault plane is in the
same sense as apparent historical displacements along the
Rifle Range Fault. 1In 1970 and 1971, before CANNIKIN,
only two events were detected along this fault. These
events occurred in September and November, 1970, along
the southwestern extension of the fault and are shown in
Figure 7 as residual effects of MILROW. The observed
first motlons are consistent with the focal mechanism
shown.

ﬁinally, several events followed MILROW and CANNIKIN
which were well located but not clearly related to known
faults, possibly representing new fault creation. It is
not clear at this time how these scattered events can be

interpreted in context with other effects.

20
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NATURAL SEISMICITY

A large part of the NOAA program is devoted to
moniforing eXtremely low-level selsmic activity in the
Amchitka Island region in order to accurately describe
the natural patterns observable on a larger scale over
a longer period of time, and to document any effects
from either MILROW or CANNIKIN, A basic principlé in
this study is to establish a uniform detection capability
by the network ét some minimum level over some well-
described volume, so as to determine as accurately as
possible the seismicity within that volume.

In Figures 10 and 11 are plotted in plan view and

section the preliminary locations of earthquakes of mag-

nitude 3.0 or greater near Amchitka Island_occurring
during the three-year period 1969-1971 (events before
February 1970 or outside the bounds 1780E and 179.5°w
are PDE determinations only). The interesting details
of this seismicity will be the subject of a more exten-
sive paper now in preparation. For purposes of this
report, however, we note the considerable numﬁer of
low-level earthquakes occurring primarily along a zone
20 to 60 km beneath Amchitka Island. In fact, a circle
of about 55 km in radius from MILROW ground zero, as

22
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shown, conveniently encircles most of this activity and
also describes>a voiumé within which the seismicity can
be uniformly monitored. In Figure 12 is plottea the
incremental frequenéy of all events detected within this
volume for a 23-month period. The maximum likelihood
estimate of the slope of these data is-1.0 for a total
detection capability of magnitude 3.0 or above. From
the plot it appears that the data fit a log normal dis-
tributiog as 1ndicated, at least to magnitude 3.6.

On the basis of this network detection capability,
we have plotted in Figure 13 the cumulative daily strain
release and cumulative dally number of events of magni-
fude 3.0 or above as representative of the seismiéity
within the volume monitored, It is clearly evident thét
CANNIKIN had no apparent effect on the natural seismicity
beneath the Island, at least to this level of detection.
Careful review of smaller events before and after |
CANNIKIN, some of which may have gone undetected, and
the natural selsmicity before and after MILROW gave no
indication that the occurrence rate and spatial distri-
bution were different from normal patterns.

In an alternative view, the data in Figures 10 and

11 have been plotted as a function of time of occurrence

25



1000—T T T l T T T ]
r— —
i AMCHITKA SEISMICITY _
i FEB 70 - DEC 71 i
- =
< .
P 100 o © o —~
- N ’ ]
2 N o LOG N=4.9-M, _
w - . —
> i < i
Lid
T -° -
O | —
(o4
o ¢
[o's]
= 10 — —
= - .
Z — 7]
41 . \ \ ! 1 | e
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 |

MAGNITUDE (m3g)

Figure 12

26



Le

€1 2andtg

- CUMULATIVE STRAIN RELEASE

‘AMCHITKA SEISMICITY FEB 70 - DEC 71

STRAIN RELEASE
N\

\

NUMBER OF EVENTS
m, 23.0

Mm,= 5.0

CANNIKIN

» | | |
1970 1971

200

100

 CUMULATIVE NUMBER OF EVENTS



and distance along the arc for focal depths of 0-70 km.
Again, CANNIKIN, indicated by the star, appears not to
have interacted with the natural seismicity beneath the

Island,
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DISCUSSION

Explosion-produced seismic effects.are clearly
separable into those occurring near the explosion cavity
and related to chimney development and those somehow
related to changes in the state of stress and/or
strength of the cfust nearby. The number and size of
events felated to the cavity deteriloration appear to
scale, not unexpectedly, as the yield of the device,
subject to local geologic conditions frbm region to
region. Because this represents such a localized and
short-term phenomenon, it does not constitute a reason-
able hazard.

A key factor in determining the extent of explosion-
stimulated tectonic activity appears to be the state of
stress of the crust in the test area. Directly and in-
directly 1t can be shown that the upper crust of Amchitka
Island 1s at a relatively low level of ambient tectonic
stress. Although Amchitka lies above one of the world's
most active seismic zones practically no natural earth-
quake activity occurs on the Island proper (see Figure 11).
Marine terrace studies (Carr et al, 1971) indicate that

the upper crust and major faults on Amchitka have'been

30



relétively stable during recent geologic time. Finally,
in situ studies of stress in shallow drill holes suggest
that a relatively low level of stress exists in.the
surface rocks, even in areas near faults,

The mechanism by which the explosion'interacts with
the ambient tectonic stress is not clearly understood,
however, One.view is that the explosion—goncfated-
elastic‘body waves interact with hetereogenieties in the
vicinity of the explosion to produce a field of small
dislocation loops (Kisslinger and Cherry, 1970)., The
continued action of the regioral stress field on these
dislocations then prbduceS‘tebtonic activity, the extent
depending on the level of regional stress. Another view
has it that changes in fluid pore pressure result in
changes in strength of the surrounding rock which sub- .
sequently fail under the action of the regional stress
field (Healy et al, 1970). 1In general, hypocenters [or
the tectonic events are located where changes in fluid
pore pressure would be expected to have the greatest
effect, An independent line of reasoning suggests the
possibility of large nearby natural earthquakes triggering
tectonic activity on Island faults, Since 1969 there

has .been no earthquake large enough or close enough to

f.est this hypothesis,
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The high level of natural seismicity 20-60 km
beneath the Island and the apparent low level of stréss
in the rocks of Amchitka suggest that these zones are
effectively seismlically decoupled. Although it is yet
to be proven that explosions produce anything but
localized effects, the seismic decoupling of Amchitka
from the zone of subduction below, which is well sup-
ported by observational data, is one of the most important
considerations in evaluating the potential for the

triggering of a major earthquake.
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