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An important consequence of the 
hypothesis of sea-floor spreading is that 
the earth's major tectonic features are 
the result of the relative movement and 
interaction of rigid lithospheric plates 
over its surface (1). Plate boundaries 
are marked by relative motion along 
transform faults and by zones of con- 
vergence or divergence of lithospheric 
material. Because the locus of most of 
the world's seismic activity also lies 
along these boundaries it is little won- 
der that the concept of plate tectonics 
receives its widest support from the 
ob'servations of seismology (2). Island 
arcs, like the Aleutians, are typically 
zones of convergence, that is, they are 
underthrust by oceanic plates. Hence, 
the nature of earthquake activity in the 
Amchitka Island region is deeply rooted 
in the tectonics of the entire Aleutian 
arc and to global movements in gen- 
eral. In view of present interest in the 
effects of nuclear testing on Amchitka 
Island, it is imperative that we report 
important new seismological data rele- 
vant to understanding the tectonics of 
the region and observable seismic ef- 
fects from the nuclear explosion Mil- 
row (October 1969, about 1 megaton) 
have been obtained. 

In 1969, at the request of the Atomic 
Energy Commission (AEC), the Na- 
tional Ocean Survey undertook an 
Aleutian seismic program which in- 
cluded the interpretation and reduction 
of data from a network of seismo- 
graphs that continuously monitored ac- 
tivity in the Aleutian Islands and Alas- 
ka. This seismic network had three 
purposes: (i) to monitor the seismicity 
of the entire Aleutian arc; (ii) to mon- 
itor extremely low-level seismic activ- 
ity in the Amchitka Island region to 
describe accurately the natural patterns 
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which would be observable on a larger 
scale over a longer period of time; and 
(iii) to document the effects from 
underground nuclear explosions on 
Amchitka Island. 

A regional seismic network was es- 
tablished by supplementing seismo- 
graphs, already operating in Alaska and 
on Adak Island as part of the Alaska 
regional tsunami warning system, 
with new installations at Granite Moun- 
tain in northwest Alaska, and at Shem- 
ya and Nikolski in the western and 
eastern Aleutians, respectively (3). To 
monitor low-level seismic activity in the 
Amchitka Island reg;on, seismographs 
with high-gain and high-frequency re- 
sponse characteristics were installed on 
Amchitka and nearby islands (4). 

Epicenters for selected seismic events 
detected by the Amchitka network dur- 
ing 1969 and 1970, together with larger 
events located independently using tele- 
seismic data, are plotted in Fig. '1. Epi- 
centers at focal depths of 0 to 50 km 
demonstrate a strong correlation with 
structural features expressed in the 
bathymetry of the sea floor; this sug- 
gests that these features are the direct 
result of oblique underthrusting by the 
oceanic plate. Deeper earthquakes ap- 
pear more evenly distributed along a 
steep dip that extends northward from 
the ridge crest to depths irn excess of 
200 km, just beyond the volcanic arc. 
Epicenters of the very deepest events 
lie primarily in a northeast-trending 
zone coincident to the intersection (and 
possible superposition) of the Aleutian 
arc with the Bowers Ridge, a large arc- 
uate aseismic structure extending into 
the Bering Sea. This distribution in 
focal depth becomes more evident by 
projecting hypocenters within the Rat 
block into the section A-A', illustrated 

which would be observable on a larger 
scale over a longer period of time; and 
(iii) to document the effects from 
underground nuclear explosions on 
Amchitka Island. 

A regional seismic network was es- 
tablished by supplementing seismo- 
graphs, already operating in Alaska and 
on Adak Island as part of the Alaska 
regional tsunami warning system, 
with new installations at Granite Moun- 
tain in northwest Alaska, and at Shem- 
ya and Nikolski in the western and 
eastern Aleutians, respectively (3). To 
monitor low-level seismic activity in the 
Amchitka Island reg;on, seismographs 
with high-gain and high-frequency re- 
sponse characteristics were installed on 
Amchitka and nearby islands (4). 

Epicenters for selected seismic events 
detected by the Amchitka network dur- 
ing 1969 and 1970, together with larger 
events located independently using tele- 
seismic data, are plotted in Fig. '1. Epi- 
centers at focal depths of 0 to 50 km 
demonstrate a strong correlation with 
structural features expressed in the 
bathymetry of the sea floor; this sug- 
gests that these features are the direct 
result of oblique underthrusting by the 
oceanic plate. Deeper earthquakes ap- 
pear more evenly distributed along a 
steep dip that extends northward from 
the ridge crest to depths irn excess of 
200 km, just beyond the volcanic arc. 
Epicenters of the very deepest events 
lie primarily in a northeast-trending 
zone coincident to the intersection (and 
possible superposition) of the Aleutian 
arc with the Bowers Ridge, a large arc- 
uate aseismic structure extending into 
the Bering Sea. This distribution in 
focal depth becomes more evident by 
projecting hypocenters within the Rat 
block into the section A-A', illustrated 

in Fig. 2. The geometry of the seismic 
activity is similar to that obtained in 
other zones of convergence (2) and 
supports the model of an underthrust- 
ing lithospheric plate. The seismicity 
demarcates the plate, confirms the ex- 
tent of the seismic zone to within 50 
km or less, and lends convincing sup- 
port to the hypothesis that, below the 
zone of underthrusting, earthquake-gen- 
erating stresses are contained within 
lithospheric material that has descended 
into the mantle (2, 5). These are all 
significant evidence for the plate tec- 
tonics concept. Local flexures, volcan- 
ism, and possible lateral movements in 
the overthrusting lithospheric plate give 
rise to scattered shallow-focus activity 
above the inclined seismic zone. 

Further evidence that island arcs are 
zones of convergence comes from focal 
mechanism studies (5, 6). In Fig. 1, 
continued underthrusting of the Aleu- 
tian arc is indicated by long-period 
body-wave focal mechanism solutions 
for four large events in 1969. These 
solutions are not only consistent with 
earlier patterns (6), but also mark the 
western margin of the Delarof block as 
a region of current large-scale tectonic 
activity. 

Major Aleutian earthquakes often 
precipitate aftershocks that, in some in- 
stances, continue for a year or more 
over zones which include large portions 
of the arc (7). The generally sharp 
boundaries of these zones suggest that 
isolated segments of the Aleutian arc 
are activated independently. Aftershock 
sequences of major earthquakes occur- 
ring in 1957 and 1965 are evidence for 
the existence of such a boundary be- 
tween the Rat Islands and the Delarof 
Islands, approximated by the dashed 
line in Fig. 1 (the western margin of 
the Rat block and eastern margin of the 
Delarof block are near 177?E and 
177?W, respectively, along deep can- 
yons which indent the ridge). This view 
is further supported by structural fea- 
tures inferred from the bathymetry and 
by an apparent offset in the volcanic 
arc. 

More recent data also suggest a sig- 
nificant difference in the distribution 
and amount of seismic activity between 
the blocks. This is demonstrated in the 
upper portion of Fig. 3 by the cumula- 
tive daily strain release, which was 
computed independently for each block 

in Fig. 2. The geometry of the seismic 
activity is similar to that obtained in 
other zones of convergence (2) and 
supports the model of an underthrust- 
ing lithospheric plate. The seismicity 
demarcates the plate, confirms the ex- 
tent of the seismic zone to within 50 
km or less, and lends convincing sup- 
port to the hypothesis that, below the 
zone of underthrusting, earthquake-gen- 
erating stresses are contained within 
lithospheric material that has descended 
into the mantle (2, 5). These are all 
significant evidence for the plate tec- 
tonics concept. Local flexures, volcan- 
ism, and possible lateral movements in 
the overthrusting lithospheric plate give 
rise to scattered shallow-focus activity 
above the inclined seismic zone. 

Further evidence that island arcs are 
zones of convergence comes from focal 
mechanism studies (5, 6). In Fig. 1, 
continued underthrusting of the Aleu- 
tian arc is indicated by long-period 
body-wave focal mechanism solutions 
for four large events in 1969. These 
solutions are not only consistent with 
earlier patterns (6), but also mark the 
western margin of the Delarof block as 
a region of current large-scale tectonic 
activity. 

Major Aleutian earthquakes often 
precipitate aftershocks that, in some in- 
stances, continue for a year or more 
over zones which include large portions 
of the arc (7). The generally sharp 
boundaries of these zones suggest that 
isolated segments of the Aleutian arc 
are activated independently. Aftershock 
sequences of major earthquakes occur- 
ring in 1957 and 1965 are evidence for 
the existence of such a boundary be- 
tween the Rat Islands and the Delarof 
Islands, approximated by the dashed 
line in Fig. 1 (the western margin of 
the Rat block and eastern margin of the 
Delarof block are near 177?E and 
177?W, respectively, along deep can- 
yons which indent the ridge). This view 
is further supported by structural fea- 
tures inferred from the bathymetry and 
by an apparent offset in the volcanic 
arc. 

More recent data also suggest a sig- 
nificant difference in the distribution 
and amount of seismic activity between 
the blocks. This is demonstrated in the 
upper portion of Fig. 3 by the cumula- 
tive daily strain release, which was 
computed independently for each block 
using only events detected at tele- 
seismic distances to insure uniformity. 
Although the blocks are approximately 
the same dimensions, strain release in 

SCIENCE, VOL. 173 

using only events detected at tele- 
seismic distances to insure uniformity. 
Although the blocks are approximately 
the same dimensions, strain release in 

SCIENCE, VOL. 173 

Explosion Effects and Earthquakes in the Amchitka Island Region 

Abstract. Microearthquakes were monitored by a network of seismographs 
located on Amchitka and nearby islands; the nature of earthquake activity in 
this region was found to be consistent with the hypothesis of underthrusting of 
the Aleutian arc by a rigid lithospheric plate. Seismic effects of the nuclear 
explosion Milrow were small, of short duration, confined to the region immediate 
to the explosion, and were apparently independent of this geotectonic mechanism. 
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Fig. 1. Seismic events in the Amchitka Island region, 1969-1970, which were clearly recorded by five or more seismographs -or 
teleseismically. Epicenters are plotted according to depth-of-focus class and magnitude (13). Seismograph locations are plotted as 
solid triangles. Periods of operation correspond to solid areas in the operational log (14). The balloons are focal mechanism 
solutions which are illustrated as stereographic projections of the radiation field on the lower hemisphere onto a horizontal plane. 
Rarefaction quadrants are shaded. Bathymetric contours are at 50-fathom intervals (1 fathom = 1.83 meters). 
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clear explosion Long Shot (15). Fig. 3 (right). Cumulative 
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Fig. 4. Aftershocks induced by Milrow; AGI and AG3 were temporary low-gain geo- 
phones which operated during the aftershock period. Milrow is indicated by the star. 
[Geology from U.S. Geological Survey Technical Letter Amchitka 5 (1967).] 

the Delarof block was about nine times 
that in the Rat block over this period 
of 2 years. 

Earthquake strain release local to 
Amchitka Island was monitored in a 
representative hemisphere 55 km in 
radius and centered on Milrow (see 
dashed circles in Figs. 1 and 2). This 
volume contains most of the under- 
thrust zone below the south end of 
Amchitka Island. For a period of 11 
months, which included all detected 
events, we obtained (lower portion of 
Fig. 3) a fairly uniform rate of strain 
release equivalent to nearly three mag- 
nitude 6.0 earthquakes over the same 
period of time. Hence, the rate of 
strain release is indicative of a contin- 
uing tectonic process beneath the is- 
land. 

A source of concern is the possibil- 
ity that a nuclear explosion may trig- 
ger a destructive earthquake. It is now 
well known that nuclear explosions are 
always followed by relatively small 
earthquakes, which originate near the 
explosion cavity or along faults in its 
immediate vicinity (8); but attempts to 
show that the earthquakes extend more 
than a few tens of kilometers from 
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those sites have been unsuccessful (9). 
Observations of seismic effects from the 
nuclear explosion Milrow confirm these 
results. Careful monitoring of earth- 
quake patterns before and after Milrow 
by the local Amchitka seismograph net- 
work revealed no evidence for any 
apparent spatial or temporal changes 
in the natural seismicity (10). How- 
ever, a swarm of hundreds of very 
small shallow-focus earthquakes having 
an asymmetric radiation pattern did 
occur immediately after detonation in 
a zone not more than 5 km in radius 
from ground zero. This activity termi- 
nated abruptly 37 hours later at the 
time of the Milrow cavity collapse. The 
magnitude of the largest of these after- 
shocks was about 3.4, and only two 
were larger than 3.0 (Milrow and its 
cavity collapse were magnitude 6.5 and 
4.3, respectively). None of the after- 
shocks were detected at teleseismic 
distances. 

With the exception of the period 
shortly after the explosion and the pe- 
riod immediately before the collapse 
when individual events could not be 
distinguished, all the aftershocks could 
be readily identified and approximately 

located by their signal character and 
relative arrival times. Figure 4 shows 
the epicenter and focal depth distribu- 
tion for aftershocks located using data 
from at least four of the five seismo- 
graph locations indicated. The correla- 
tion of these patterns with conspicuous 
faults trending east-northeast is not 
surprising in view of the similar cor- 
relation of explosion-induced after- 
shocks with preexisting geologic fea- 
tures at the Nevada Test Site (8). The 
Milrow aftershocks, however, were con- 
siderably smaller in size, number, and 
duration than aftershocks from similar 
explosions in Nevada (8), and nearby 
faults were significantly less displaced 
(11). No aftershocks were detected at 
teleseismic distances from the earlier 
nuclear explosion Long Shot (80 kilo- 
tons, October 1965) on Amchitka. 
Seismic monitoring reveals very little 
natural earthquake activity on Amchit- 
ka Island proper, and marine terrace 
studies indicate that the upper crust 
has been relatively stable during recent 
geologic time (11). 

All these observations point to local 
tectonics as a key factor in determining 
the extent of aftershocks in time and 
space. One mechanism that supports 
this view has been proposed by Kis- 
slinger and Cherry (12). They suggest 
that the interaction of explosion-gener- 
ated elastic body waves with hetero- 
geneities in the vicinity of the explosion 
creates a field of small dislocation 
loops. The continued action of the re- 
gional stress field on these dislocations 
then produces tFe swarm of after- 
shocks. Consequently, a low level of 
ambient stress in an explosion-altered 
medium would be expected to produce 
aftershocks which are smaller, less ex- 
tensive, and of shorter time duration. 
On Amchitka, in situ studies of stress in 
shallow drill holes suggest that a rela- 
tively low level of ambient tectonic 
stress exists in the surface rocks, even 
in areas near faults (11); moreover, 
the scale of the mechanism generating 
the aftershocks was sufficiently small 
to be apparently completely relaxed by 
the Milrow cavity collapse. 

In Fig. 2 we see that the major 
thrust fault zone and most of the 
earthquake activity are some tens of 
kilometers beneath Amchitka Island. 
Hence, explosion-induced aftershocks, 
because they are very small, of short 
duration, and occur in the immediate 
vicinity of the explosion, do not seri- 
ously constitute a hazard to this zone. 
A more serious possibility is that an 
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effect of Milrow on the major fault 
zone may have gone undetected. Mon- 
itoring of microearthquake strain re- 
lease directly beneath the island, as 
shown in the lower portion of Fig. 3, 
will be one attempt to investigate that 
possibility after any future test. The 
basic concept is to establish a uniform 
detection capability within a volume 
large enough to define precisely the 
rate of low-level strain release along the 
thrust zone and any changes therein. 
Six additional seismographs installed 
May 1971 within 10 km of Cannikin (a 
proposed high-yield nuclear test) have 
already significantly improved the de- 
tection capability of the Amchitka 
seismograph network, both for natural 
earthquake activity and aftershocks re- 
lated to explosions. 

The conclusions based on the facts as 
we now have them are: (i) most of the 
natural earthquake activity occurs along 
a major thrust fault zone some tens of 
kilometers beneath Amchitka Island; 
(ii) because of the low-level of ambient 
stress in the rocks of Amchitka Island, 
explosion-induced aftershocks have been 
small, of short duration, and confined 
to the immediate vicinity of the ex- 
plosion: and (iii) the scale of tectonic 
processes in the Aleutians is on the 
order of hundreds of kilometers of the 
arc and is tied to global movements in 
general. On the basis of this evidence 
and past nuclear tests, it appears un- 
likely that there will be any interaction 
between an underground nuclear ex- 
plosion on Amchitka Island and an 
imminent major earthquake. 

E. R. ENGDAHL 
Environmental Research Laboratories, 
National Oceanic and Atmospheric 
Administration, 
Boulder, Colorado 80302 
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Crystallization ages based on several 
independent methods for Apollo 11 
and Apollo 12 rocks have grouped at 
3.7 and 3.3 X 109 years (1). The rela- 
tively young ages for these rocks indi- 
cate fairly intense activity on the moon 
during its first billion years. The lunar 
highlands are expected to contain the 
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records prior to 3.7 X 109 years ago. 
Fra Mauro, the Apollo 14 landing site, 
is near a lunar highland area and con- 
tains an extensive blanket of material 
that was ejected from the Mare Imbri- 
um basin by the Imbrium impact (2, 3), 
one of the last major events in the evo- 
lution of the premare lunar surface. It 
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Fig. 1. The 4`Ar/3'Ar release pattern of 
lunar rocks 14053,34 and 14310,101. 

could, then, be expected that some 
"exotic" rocks (pre-Imbrian basalts) 
with crystallization ages approaching 
the age of the solar system would be 
found in the Fra Mauro region. We 
have earlier reported (4) ages of some 

fragmental rocks from this region. Here 
we report on the crystallization ages of 
the only two igneous rocks larger than 
50 g brought back by Apollo 14 astro- 
nauts, and we also report the ages of 
four basalt fragments from various 
samples of coarse fines. 

The lunar rocks were dated by the 
40Ar-39Ar method, which has been 
described in detail by Merrihue and 
'Turner (5), Turner (6), and Mitchell 
(7). In brief, this technique consists of 
converting a fraction of 39K in the rock 
to 39Ar by neutron, proton (n,p) reac- 
tion with fast neutrons. By heating in 
stages, 39Ar is released, along with 
radiogenic 40Ar. The 40Ar/39Ar ratio 
is then measured in a mass spectrom- 
eter. From temperature release data one 
can calculate the crystallization age and 
deduce information about its postcrys- 
tallization thermal history. 

The six lunar samples dated in this 
work are pieces of two large igneous 
rocks (14053 and 14310) and four ba- 
salt fragments (14152,1-1, 14152,1-2, 
14167,6-1, and 14193,2-1. Igneous 
rock 14310 is a fine-grained plagioclase- 
rich basalt; igneous rock 14053 is 
coarser-grained than is rock 14310, and 
it has an ophitic texture (2). Lunar 
samples weighing 50 to 125 mg each, 
hornblende monitors of known age, and 
a nickel wire of high purity were ir- 
radiated together in the core of the 
High Flux Beam Reactor of Brook- 
haven National Laboratory. The inte- 
grated fast neutron flux, as measured 
by the hornblende monitor and by the 
58Ni (n,p) 58Co reaction, was 1.2 to 
3.4 X 1018 total neutrons from different 
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Ages of Crystalline Rocks from Fra Mauro 

Abstract. Crystallization ages for six rocks from Fra Mauro have been mea- 
sured by the argon-40-argon-39 method. All six rocks give an age of 3.77 ? 
0.15 X 109 years, which is the same as for fragmental rocks from this site. It is 
concluded that the Imbrium event and the crystallization of a significant portion 
of the pre-lmbrian basalts were essentially contemporaneous. 
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