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1. ABSTRACT AND SUMMARY OF MOST | MPORTANT RESULTS

This report presents and sunmarizes seismc and vol canic data
coll ected by Lanont-Doherty in the eastern A eutian arc and adjacent
Bering Sea between 1973 and 1982. The data were collected with
support by the NOAA-OCSEA Program during the period 1975-1982.
Sei smc networks were operated by Lanent-Doherty in the Shumagin
I slands, Unalaska |sland, and Pribilofs. The network data are
anal yzed in conbi nation with teleseismic and historic
(preinstrumental) data to: 1) obtain a tectonic nodel of the
subduction process; 2) give a conprehensive definition of seismc and
vol canic  sources; and 3) determne the probabilities for the
occurrence of earthquakes and of volcanic eruptions where the data
al l ow such determ nations.

Most of the newly collected data originate from earthquakes in
sections of the eastern Aleutian arc and directly adjacent Bering Sea
regions close to the following three |ease sale planning regions:
‘St. CGeorge Basin’, ‘North Aleutian Basin’ and 'Shumagin Basin’.
Some results regarding great earthquakes concern hazards in the nore
distant ‘Kodiak’, ‘Lower Cook Inlet’ and ‘Eastern Gulf of Al aska’
| ease sale planning regions. The nmain results are:

1) Mean recurrence tinmes for great earthquakes (4, > 7.8) at
any given segnent in the Aleutian arc are approximtely 70 years but
have very |arge uncertainties.

2) Probabilities for the occurrence of great earthquakes (Mg >
7.8) especially near the Shumagin Islands, Unalaska |sland and perhaps
near the 1938-rupture zone SWof Kodiak Island are high during the
next 20 years and virtually approach certainty (in the first two
segments only) for a 40 year planning period (1983-2023). Therefore,
future off- or near-shore installations near the seismogenic regions
need to be designed for the effects of great earthquakes.

3) Tsunam heights on shorelines with south-facing Pacific Ccean
exposures have in the past reached local run up heights of up to about
30 neters (90 feet). Future events can be expected to behave
simlarly. The Bering Sea side is less prone to tsunam effects.
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4)  Volcanic hazards are generally of |esser inportance than
seism ¢ hazards except within close range of vol canoes.

5) Presently there is a general scarcity of strong notion data
from Al aska- Al eutian subduction zone earthquakes and a conpl ete gl obal
absence of strong mot ion data from any great (M > 7 .8)
eart hquake. Until such data are collected and analyzed for
incorporation into seisnic exposure napping, the latter can only
produce tenuous results that nmay or may not correctly predict future
groundnotions from great earthquakes at or near the |ease sale regions
of interest.

6) The single nmost inportant recomrendation for future action
resulting fromthis study is to maintain or upgrade a strong motion
recording capability in seismc gaps of the Al aska-Al eutian arc and
subduction zone so as to collect the urgently required strong notion
data at the earliest possible time.
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2. | NTRCDUCTI ON

This report summarizes the seismc and volcanic data collected
from local seismc networks (Figure 2.1) that were operated by
Lanmont - Doherty in the Shumagin |slands, on Unalaska |sland and St.
CGeorge Island (Pribilofs). W assess the significance of these newy
collected data for seismicity and volcanicity in the context of a
tectonic nodel and integrate these results together with globally
collected data of instrunental and historic (i.e., preinstrunmental)
periods fromthe eastern Aleutian arc and the adjacent Bering Sea to
arrive at quantitative probabilistic descriptions of seismicity and
volcanicity. Therefore, this report is primarily concerned with a
quantitative description of the sources for seismc and vol canic
hazards rather than their final effects on hazards exposure.

To conplete the assessnent of seismic and vol canic hazards
exposure, at least two additional steps would therefore be required
that are not covered under this project. For instance, from
sei snol ogy one needs to obtain some enpirical attenuation |aws that
prescribe the groundmotions as a function of distance from and as a
function of the magnitude of, the seismc source. Reliable enpirical
laws for groundnotions for noderate-sized Al askan earthquakes do not
exist at present in sufficient nunbers, and do not exist at all, even
on a global scale, for earthquakes with nagnitudes (M > 7.8). W
di scuss extensively the problems caused by this paucity of enpirical
groundnotion  data. W conclude that without the necessary
groundmotion data and related attenuation laws, the third and final
step, i.e., the conputation and nmapping of paraneters at certain
prescribed probability levels of non-exceedence for given periods of
interest, cannot be meaningfully conpleted.

Various attenpts in the past have neverthel ess been made to
compute and map seisnmic exposure for Al aska offshore regions. One of
the first inportant and conprehensive studies in this category was the
so-called ‘OASES Project (Woodward-Clyde Consultants, 1978) that was
comm ssioned by the G| Industry with interests in Alaska. That study
provided a first conplete overview but suffered from a nunber of
deficiencies some of which are related to: 1) an inadequate
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assessment of the occurrence of great subduction zone events (M, >
7.8) which may have the nost destructive potential in sone regions; 2)
poorly constrained strong groundmotion attenuation laws for the A aska
tectonic setting, especially those applicable to great earthquakes.

Therefore as part of the OCSEA Program a revision of the analysis
applied in the OASES-project was solicited, to specifically
i ncor por at e:

1) A provision for the concept of seisnmic gaps that recognizes
that the probability for the occurrence of a great earthquake in any
arc segment is tine-dependent and somehow is related to the time
since the last great event that occurred in the segnent;

2) A revised source definition with arc segmentation related to
the historic record of great earthquakes; and

3) Usage of updated or nodified groundmotion attenuation |aws
suitable for the Al aska-Al eutian subduction zone setting.

Results of these revisions and software devel opnent are
summari zed in the Final Report to NOAA-OCSEAP  prepared by
Woodward-Clyde Consultants (1982, and herein referred to as WCC).

In our opinion the follow ng additional inprovenents should be
incorporated in future efforts or at |east need further consideration:

1) “ Integration of the historic seismicity record for great
earthquakes (M, > 78)presented in this report (chapter 34)for
the purpose of specifying the initial “state” of arc segnents in the
nmodel of the Markov-process for great earthquakes as defined in
Section 4.1 of Volune | of WCC (1982), provided the Markov-model is to
be used.

2) A critical assessment of whether the Markov-model yi el ds
simlar results for conditional probabilities for great earthquakes as
those presented in chapter 4.1 (Figure 4.1.1) of the present report.

3) A test of the transition-probabilities pij and of holding
times hij (defined in Wcc, 1982) using the data set of Table 3.4.8
of the present study.

4) A westward extension of the "thrust-and-Benioff Seismic

source” beyond those sources shown in Figure 2, Volune 2 of
WCC (1982) to incorporate the entire 1946-rupture zone, Unalaska Gap,
and the 1957 rupture zone. These source regions will contribute to
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seismc exposure particularly in the southern portions of the St.
George Basin. They will clearly affect adjacent regions of potential
future interest (i.e., Umnak-Plateau, Unalaska |sland).

5 A redefinition of the presently ill-defined 'Yakutat Gap’ and
'Yakataga Gap’ thrust zone sources (Figure 2, Volume 2 of WCC, 1982).

6) Conparison of “Random Source 1" and “Deformed Source 1°
outlined in Figure 2, Volune 2 of WCC (1982) with regard to level and
spatial distribution discussed in chapters 3.1 and 3.2 of the present
study (i.e., see Figure 3.1.4). Cearly these sources nust be
extended to the SSWin order to avoid a fictitious southwestern ly
decrease of expected groundmotion | evels as produced by prelimnary
maps based on WCC (1982).

7) Probably the single nost inportant future inprovenment for
seism ¢ hazards assessnment in the eastern Aleutian arc may cone from a
new strong notion data set to be collected in the Al aska-Aleutian
subduction zone environnent. The problems arising fromthe virtual
absence of such a data set are discussed throughout this report but
are specifically addressed in chapter 3.3 of this study.

In sunmary: previous studies have made inportant contributions
to inprove the nethods of quantitative hazards assessnent. The
present report provides the data base, that can now be used as input
into existing programs for conputing and nmapping of hazards.
Furthernore, we show where the data base needs to be inproved before
reliable hazards assessments can be made. W also point to inconplete
or erroneous data that have been used in the past.
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3. DATA ANALYSIS

3.1 Seismcity Recorded by the Shumagin Network 1973-1981

I ntroduction. Since 1973 L-DGO has operated a short-period, high
gain seismic network in the Shumagin Islands region, eastern

Al eutians, Al aska. The purpose of operating the network is to collect
data that can be applied for analysis of seismc and vol canic hazards
as well as for basic seisnotectonic studies. The specific tasks
related to the analysis of hazards consist of: 1) to determine the
hypocenter and magnitude of all |ocatable earthquakes; 2) to devel op
frequency of occurrence versus magnitude relationships; and 3) to
correlate the shallow seismcity with possible geologic faults.

The details of how the earthquake data were processed are
described in Appendix 7.1. The hypocenter | ocations are determ ned by
the conputer program HYPOINVERSE (Klein, 1978). Using P- and S-wave
arrivals fromnore than three stations the program calculates
geogr aphi cal coordi nates and depth of the hypocenter as well as
uncertainties in arrival times and spatial coordinates. These
uncertainties are relative to the flat-layered velocity nodel and
hence, do not include possible systenatic biases in the earthquake
| ocati ons.

For nost of the earthquakes recorded since 1977 either coda
l ength or anplitude magnitudes were determined. Prior to 1977 neither
anplitudes nor coda lengths had been read. Moreover, since not al
the instrument constants and gains are known for this earlier period,
it is not possible to determne with any certainty nmagnitudes for the
old data before 1977. A further description of the conputations of
magni tudes of the earthquakes is included in Appendix 7.2.

As an initial step toward analysis of seismc hazard in the
region we evaluate below 1) the spatial distribution of seismicity;
2) the rate of seismicity; and 3) the linear alignments in the
seismcity. The objective of this analysis is to identify the main
features in the data that can play a crucial role in identifying the
seismc sources for the construction of a seisnmic exposure map for the
eastern Al eutians.
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Seismicity distribution and tectonics. In the Shumagin

I sl ands-Col d Bay region the rate of occurrence of small to noderate
size earthquakes ranges from 350 to 800 earthquakes per year. This
seismcity is associated with the subduction of the Pacific Plate
underneath the North American Plate, which takes place at an average
convergence rate of about 7.5 em/yr (Mnster and Jordan, 1978).

In Figure 3.1.1 we have plotted all the earthquakes | ocated by
the Shumagin network from 1973 to the end of 1981.  The symbol type
indicates within which depth range the earthquake is |ocated and the
actual synbol size is proportional to magnitude. If no magnitude is
available for a particular earthquake a symbol size equivalent to
magni t ude one is plotted. Data fromthe seismic stations that are
shown as triangles were used to calculate both the hypocenters and
magni t udes. (See also Appendix 7.4 regarding station status during
1973-1982.)

The axis of the Aleutian Trench is defined by the 5000 m
bat hymetric contours in Figure 3.1.1 and its orientation is al npost
perpendicular to the direction of plate convergence, north 30° west.
The region that extends fromthe axis of the Al eutian Trench
approxi mately 100 to 150 kmto the north north-east and constitutes
the expected rupture zone of great plate-boundary earthquakes, is
present|y al nost aseismic. The bulk of the shall ow seismicity in
Figure 3.1.1 is located close to the down-dip end of the main thrust
zone and is associated with deformation of the upper plate

Figure 3.1.2 shows only the shallow seismicity where we have
plotted high quality solutions as open circles and low quality
solutions as y's. The general pattern consists of high-quality
solutions (open circles) within the network and | ow quality sol utions
(y's) outside the network extending across the trench. The |argest
clusters of shallow activity are located on the Shelf between the
inner wall of the trench and the A aska Peninsula. These clusters cut
across both the Shumagin Islands and the Sanak Basin forming an
approxi mate east-west trend that coincides with the down dip edge of
the main thrust zone. In addition, several significant lineaments Of
shal low seismcity are found throughout the region

The seismcity at depths ranging from40 to 250 kmis shown in
Figure 3.1.3 where we have excluded the seismicity that is shallower
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t han 40 km. This seismicity defines the Benioff zone, which outlines
t he subducted part of the Pacific Plate. A striking feature of the
deep seismicity is the fairly uniform spatial distribution of activity
extending fromthe CNB-station toward north north-west beyond the
volcanic axis. Both toward west and east of the network the |ocatable
activity tapers off because small earthquakes are no |onger being
det ect ed. In Appendix 7.4 wehave included annual maps and cross
sections oOf Shumagin seismicity from 1973 to 1982, which give a
detailed picture of tenporal and spatial variations in the seismcity.

Rates of seismicity. An inportant step in establishing

recurrence relations for noderate size earthquakes is to eval uate
whet her the available seismc data are conplete and cover a |ong
enough tinme period. To ensure that all recorded noderate size or
| arge earthquakes are included we cross checked the Shumagin catalogue
of earthquakes with the PDE-bulletin. The next step consisted of
checki ng how continuous the data are through time and if the rate of
seismcity is anomal ously low or high during the period on which the
calculation of the recurrence relation is based

The continuity of data recorded by the Shumagin network varies
consi derably through time as is shown in Figure 3.1.4. Hence, it is
difficult to nake neaningful statenents about the rate of seismc
activity from 1973 to 1978, based on the Shumagin network data al one.

During the first half of 1974 and second half of 1975 the |evel
of seismc activity, however, appears to be sonewhat higher than the
average |evel observed until the end of 1977 (see Figure 3.1.4). The
increase in activity in April 1974 consist in part of an aftershock
sequence following a pair of large earthquakes of magnitude 5.8 and
6.0 that occurred near the Nagai Island.

Since early 1978 to present the data recording has been al nost
continuous (Figure 3.1.4). The tenporal distribution of the
seismcity since 1978 is illustrated in Figure 3.1.5 where we have
plotted the cunul ative nunber of earthquakes |ocated by the Shumagin
network since 1978 to present. The data shown in Figure 3.1.5
demonstrate that the seismicity rate in the Shumagin region was higher
during 1978 and 1979 than it has been during 1980 to 1982
Anomal ously high levels of both shallow and deep seismicity
contributed to the burst in activity during 1978 and 1979
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Figure 3.1.4. Histogram of nunber of earthquakes |qcated by the Shumagin seismnic
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total nunber of eventa versus number of days in a nonth during which data was
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We conclude that the tine period from 1977 to end of 1981 is
probably representative of the long-term seismicity rates of
background activity in the eastern Aleutians. Especially, since this
time period contains a burst in activity and a follow ng period of
average activity it is unlikely that we are underestimating the rate
of earthquake occurrence

b- val ues. A fundanmental part of evaluating seismic hazard
consists of determ ning repeat times for |arge and possibly danmagi ng
eart hquakes. Cal cul ations of repeat times for a region that is not
| ocated exactly along a plate boundary but rather adjacent to it, such
as the shumagin Shelf, often are based on the Qutenberg-Richter
relation,

log N = a - bM

where N is the nunber of earthquakes with magnitude greater than or
equal to M a and b are empirical constants. If representative values
of a and b are known for a region, one can calculate N per unit time
and unit area for a given maxi mum magnitude using the equation above.

W have applied the Shumagin data from 1977 to 1981 to deternine
values of a and b using the method of maximum |ikelihood as described
by Page (1968) (see Figures 3.1.6 and 3.1.7). It is worth pointing
out that the cumul ative nunber of earthquakes in Figures 3.1.6 and
3.1.7 levels off at smaller magnitudes because distant smaller
earthquakes are not recorded or included in the analysis. In a
simlar way the cumulative curve may drop off nore rapidly at |arger
magni tudes, if the period of observation is too short conpared to the
repeat time of the larger earthquakes.

In Figure 3.1.6 we have included in the b-value calculation al
the earthquakes since 1977 for which magnitude values are available.
The a and b-values were calculated for the magnitude intervals 2.5-6.0
and 3.0-5.5 to test for a possible absence of smaller earthquakes.
The two b-values of 0.75 £ 0.06 and 0.85 * 0.09 fall within the
approxi mate 95 percent confidence linmts of each other. These
b-values are in the sane range (0.8 to 0.9) as determned by Page
(1968) for aftershocks following the Geat A askan 1964 earthquake
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To investigate, if the seismicity shallower than 30 kmhas a- and
b-values that differ fromthe values calculated for the whole data
set, we have deternmi ned separately a- sand b-values for the shallow
seismicity (see Figure 3.1.7). (The shal | ow seismicity al so is
plotted separately in Figure 3.1.2.) W note that the nunber of
earthquakes of nmagnitude greater than 3.1.5 is nuch smaller than in
Figure 3.1.6. The b-values estimated fromthe data in Figure 3.1.7
fall within the same range as the values estimated fromthe whole data
set. The a-values in Figure 3.1.7 are somewhat snaller since the data
set of only shallow earthquakes is snaller than the whole data set.
The snaller a-values and the lack of noderate size earthquakes suggest
that a longer nonitoring period mght provide nore reliable a- and
b-val ues for the eastern Aleutians.

In conclusion, the a- and b-values that result fromthis study
are inherently nore reliable than previously published values, since
those were usually based on nuch smaller data sets (e.g., Page, 1968;
Utsu, 1962).

Li neaments of seismicity. To estimate the size of the maxi num
expected earthquake in a given region some know edge of the
distribution of possible geological fault lengths is needed. On |and

such information is gained through geol ogic mapping, but in subnarine
areas expensive seismc reflection studies are needed to map the fault
structure. In both cases seismicity data can be used to identify
presently active faults.

Al though seismc reflection data were collected in the Shumagin
region in Cctober 1982, no results are available yet. Hence, we have
attenpted to use seismicity lineaments t0 eval uate the approximte
distribution of fault lengths in the region. In Figure 3.1.8
seismcity lineaments are identified by visual inspection of the
shal low (less than 30 kn) seismicity. In all the cases where dense,
linear clustering of seismcity occurs we have drawn a |ine that
represents the observed |inear alignnent of epicenters. The results
of this method, which only yield an approxi mate estimate of the
distribution faults, can be inproved in the future by applying
relative naster-event |ocation techniques and by constructing fault
pl ane solutions for the shallow seismcity.
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A hi stogram of nunber of lineament |engths is presented in Figure
3.1.9. Lineament | engths of 10 to 30 km appear to be nost common.
The lineaments shorter than 10 km are probably under-represented
because the scale of the Figure 3.1.8 nakes it difficult to resolve
t hose. It is a somewhat surprising result that only a very few
lineament | engths from 30 to 100 km I ength are identified.

Presum ng that the mpst conmonly occurring source dinension is 30
kmor less, we can apply known source dinension versus magnitude
relationships to estimate the maxi mum magnitude of the earthquake that
corresponds to the particular source” size (see Figure 3.1.10). The
particul ar relationships that are shown in Figure 3.1.10 are based on:
1) data from California (Wyss and Brune, 1968); 2) data from Japan
(Wesnousky et al ., 1982); and 3) a general relationship established by
Wss (1979).  Furthernore, we have also plotted data fromtwo source
paranmeter studies in the Shumagins by House and.Boatwright (1980) and
Hauksson (1982). The relationships in Figure 3.1.10 indicate that a
source dinension of 30 km can be associated with an earthquake
magni tude of 5.6-7.1. Hence, a prudent approach would be to assume
that the nmaxi mum size of a random source within the Shumagin Shelf can
be associated with a nmagnitude 7.0 earthquake.

A general recurrence relation for the Gulf of Al aska, which was
established during the early stages of the OCSEA programis plotted in
Figure 3.1.11. This general relation is based on a maxi mum earthquake
source of 7.0 which is in agreenent with our studies of the length of
seismcity lineanents. The relative rate of recurrence of the maxinum
random source, however, may be underestinmated by as nuch as a factor
of 6 for shallow sources or a factor of 30 when all possible random
sources are included.
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3.2 Teleseismic Data 1973-1982

As an independent neans of verifying the results of the data from
t he Shumagin network, we have anal yzed seismic data fromthe Shumagin
region recorded by the National Earthquake Information Service (NEIS)
at teleseismic di stances. These teleseismic data are published in the
Prelinminary Determination of Epicenters (PDE) Bulletin.

The PDE data are considered to be continuous in time and in nost
cases PDE magnitudes for larger earthquakes (M > 4.0) are nore
homogeneous than magnitudes from local networks. The mgjor drawbacks
with PDE data are that they have a rather high m nimum nagnitude
threshold of detection (M= 4.5 in the Shumagins) and epicentral
| ocations may be systematically biased in island arc regions by as
much as 20-40 km away from the trench.

Figure 3.2.1 is an epicentral map of the teleseismic data |ocated
within the Shumagin region from 1973 to 1981. \Wen conparing Figures
3.1.1 and 3.2.1 we see that there is a substantial difference in the
l evel of activity and many of the patterns seen in the Shumagin
network data are alnost absent. The region Of high activity west of
the station, SNK (Sanak |sland) coincides with the aftershock zone of
a major earthquake in 1946 as described by Sykes (1971). Anot her
cluster is observed south of the Shumagin Basin (latitude 55.5°N and
| ongi tude 157*W and consist of a 6.5 magnitude main shock-aftershock
sequence in 1979. As al so denonstrated by the Shumagin network,
shal | ow eart hquakes appear to be nore comon on the Shelf than between
the Shelf and the trench axis.

The tenporal rate of occurrence of earthquakes |ocated using
teleseismic data is illustrated in Figure 3.2.2. We have plotted a
bar with a length proportional to magnitude for each earthquake and
next toit we show the depth of the earthquake in kil oneters. It is
worth noting that the rate of occurrence of teleseismically | ocated
earthquakes is fairly uniformin time, except for the burst in
activity during 1978 and 1979. In the last 10 years six earthquakes
of magnitude 6.0 or greater have occurred in the Shumagin region. The
cumul ative nunber of teleseismically |ocated earthquakes within the
Shumagin region show a simlar trend as the seismcity |ocated by the
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Shumagin network, with a burst in activity during the latter half of
1978 and 1979 (see Figure 3.2.3).

The nore subtle or smaller changes in the rate during 1973-1975
compared to during 1975-1979, however, are considered to be changes in
the teleseismic detection threshol d (Habermann, 1983).

The b-value (b "0.92 * 0.10, see Figure 3.2 .4) for the
teleseismic data is simlar to what was observed for the Shumagin
network data (conpare Figures 3.1.6, 3.1.7 and 3.2.4). Athough the
Shumagin network data are somewhat discontinuous in time, the sinmlar
b-val ues indicate that both the teleseismic and the network data sets
are fairly honogeneous,

In conclusion, when conparing teleseismic and Shumagin data we
have found: 1) a fairly steady rate of occurrence of earthquakes in
the nagnitude range 4.5 to 6.0 during the last 10 years; 2) the
tenmporal increase in the rate of occurrence of earthquakes appears in
both data sets; and 3) both data sets show similar b-val ues although
the network b-value is based on the nagnitude range 2.0-6.0 and the
b-val ue of teleseismic data is based on the nmagnitude range 4.4-6. 3.
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3.3 Strong Mdtion Data

3.3.1 Historic overview a subject of neglect. The

near - absence of a sufficient strong-notion data base in Alaska is
probably the weakest elenment in any seismc hazards assessment for
Al askan OCS regions. Historic, and still persisting factors have
contributed to this severe deficiency. Renedies are urgently needed.
Some of the contributing factors are:

1) Large portions of Alaska have |acked until recently in ngjor
civil engineering projects such as major highways, bridges, dans,
(nuclear) power plants, etc. The Alaska Pipeline, several airports
and a few mlitary installations and comunication links are but some
not abl e exceptions. The depl oyment of strong notion accelerographs
(sMA-s) has been traditionally linked to nmajor existing engineering
projects, rather than being guided by seisnological priorities or

long-term land-use  considerations, planning ahead of act ual
devel opnent s. Because of the few structures of principal engineering
interest, the U.s.6.8. (or its cognizant predecessor agencies, i.e.,

US CGS.) operated only one or at nost two dozen strong notion
instruments distributed throughout the 4000 km | ong seismc belt
stretching from Shenya to Ketchikan, not counting interior Al aska. No
state programis (as yet) in existence. Mst  strong notion
instruments were installed_after(!) the great Prince WIIliam Sound
eart hquake (M= 9.2) of 1964, nostly in buildings in Anchorage and
a few other nunicipalities or conmunication centers. (In conparison,
over a smaller and less seismc, but nore popul ated region along the
California West Coast, nore than a thousand instruments are operated by
federal, state and | ocal agencies and/or the private sector.) Wth
an average spacing of several hundred mles between instruments - as
is the case in nost of Alaska - one can hardly collect strong notion
data that can be analyzed in a sensible way.

2) Al aska’ s subduction-zone tectonic setting is unique in the
US in that it exposes any structures to earthquakes (wth magnitude
Mup to 9.2) that are anong the l|argest on earth. Their ruptures
extend in length up to nmany hundreds of kiloneters and result in
rupture durations of one to three mnutes and severe shaking that can
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easily last twice as |ong. Nowhere on earth has such an earthquake
been recorded by strong notion accelerographs, . not in Al aska, not
(yet) in Japan, nor anywhere el se. The likelihood that future or
existing structures near the Shumagin (i.e., St. George and North
Al eutian Basins) and Yakataga gaps Wi ll be exposed to shaking from
such giant earthquakes 1is very high during the next few decades
(chapter 3.4) . And so is the chance to nonitor such notions. Large
or tall structures such as off-shore drilling rigs or production
platforns, or oil storage tanks at ship or pipe-line termnals wth
their often low (f. <= 1 Hz) natural eigenfrequencies nust be
designed to safely survive the long periods and |ong durations of
strong ground motions that are particular to these giant earthquakes.
Since no strong notion record fromany earthquake l[arger than M, =
7.8 to 8 is presently available from anywhere on earth, the design of
such structures 1is based on expert judgement and not on hard
strong notion data in existence.

3) At an early stage of the OCSEA Program this deficiency of a
| ocal sMA data base became clear, and two of the research units (RU
210 in the Yakataga gap, and this project, RU 16, in the Shumagin gap)
installed each about a dozen strong notion instrunents (mostly with
USGS funding for instruments) in both high-probability regions. Both
SMA networks becane fully operational only until the final 1 or 2
years of the OCSEA Program-nuch too late to collect a significant
nunber of SMA recordings. Since termnation of the OCSEA Program in
both regions, SMA operation is jeopardized (e.g., requests to NSF and
USGS for continued support of the Shumagin SMA network have been
declined to date). Under this circunstance SMA operation at |east in
t he Shumagin sSeismic gap could cease in sunmmer 1983 despite the
potential for a great earthquake in that gap. W urge that federal,
state, scientific, and engineering institutions work together to
reverse this historic trend of neglect and ensure that the proper
strong notion data base will be established. Wthout this data base,
engineers will not be able to cost-efficiently safeguard in their
desi gns agai nst excessive |osses from great subduction earthquakes.

The remainder of this section summarizes the strong notion data
that presently exist and sone of their characteristics.
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3.3.2 Peak horizontal accelerations - the A aska data set.
W have systematically searched through the U s.¢. S. data files and
original-record archives collecting both unpublished original data and

derivative information accessible fromthe U.s.G.S. strong notion
conput er data banks (SMIRS). W were able to conpile a list of
recorded peak accelerations that include those from our own processed
Shumagin records, for which the associated earthquakes and their
magni tudes, epicenters and depths are well known. The 1list of
conpi l ed peak accel erations and pertinent parameters are shown in
Table 3.3.1. In compiling the earthquake source paraneters we have
attenpted to use the nost reliable sources. For exanple, for
eart hquakes in the Shumagin |slands region we chose the |ocal-network
location parameters rather than PDE (N.E.I.S .~U.S.G.S.) teleseismic
det erm nati ons. For magnitudes we attenpted to use what we perceive
the cl osest approximtion to a uniform noment-magnitude scale (i.e.,
M) . For this purpose we used M; = Mg if m, > 6.0 and M,
known (usually for 5 < Mg £ 7.5); M, = M, if M known (3 <
M < 7); My = M = 1.8 m - 4.3 if no Mg or M, available
(usually for my, < 6.0); and M, = 2/3 log M, - 10.7 if nonent
M (dyn cm is known.

The formulations for a conputed Ms from m, (PDE) are based on
enpirical regression curves by Wss and Haberman (1982) valid for the
period 1963-1980. In sone instances where several readings of one
magni tude type (i.e., Mg (PAS), M (BRK), Ms (NEIS)), or where
different ~ magnitude types (i. e., Mg, my, m) gave vastly
differing M, values, we either averaged or had to subjectively
decide which value of M, would best describe the source process as
we understand it, Therefore, in some instances the M, val ues quoted
in Table 3.3.1 may differ in m nor aspects from some other author’s
assessments.

Peak-accelerations are only of linited wvalue in hazards
assessnent --particularly for giant earthquakes where nuch of the
danmage is often related to | ong durations of severe shaking at |ow
frequencies, rather than peak val ues. Since i nformation other than
peak acceleration is presently rarely available for A askan strong
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TABLE 3.3.1.

Alaska-Aleutian Strong Mtion Data.

Record Depth Di stance (km Peak Acceler-
Nurber Dat e Epi center (km  Magni tude Station At Surface Inclined ation (g)
1 4/03/64 22:33 61 62N 147. 39W 41 6.0 2718 Anchorage 136 142 . 049
6 6(05/64 22:06 58.14N 152.18W 13 4.7 2710 Kodi ak 47 49 . 026
7 5/11/65 17:37 61.33N 149.52w 61} 5.6 2702 Anchor age 21 65 . 050
8 5/11/65 17:37  61.33N 149.52W 61 5.6 2704 Anchor age 23 65 .033
11 9/04/65 14:32  58.29N 152. 50w 30 6.8 2710 Kodi ak 60 67 017
12 12/22/65 19:41 58.35N 153.13w 34 7.0 2710 Kodi ak 72 86 . 046
13 12/22/65 19:41 58 358 153.13W 38 7.0 2719 Seldovia 146 151 . 016
14 12/29/65 02:06  54.09N 164.28W 19 6.0 2705 Col d Bay 161 162 . 009
17 8/30/66 20:20 61 .34N 147 .44W 45 6.1 2704 Anchor age 132 139 .018
18 8/30/66 20:20 61.34N 147 44w 45 6.1 2702 Anchorage 132 139 .031
20 6/21/67 18:04 64.91N 147.59W 15 5.4 2721 Fairbanks 13 20 . 055
22 10/29/68 22:16  65.46N 150.07W I 6.7 2707 Fai rbanks 125 125 .120
24 12/17/68 12:02 60.158 152 .82W 82 6.3 2719 seldovia 101 130 . 042
217 3/11/70 22:38 57 .39N 153.97w 16 6.3 2710 Kodi ak 97 98 .050
28 4/18/70 08:50 59.82N 152,79 89 6.0 2713 Seward 190 210 . 020
29 4/18/70 08:50 59.82N 152.79W 89 6.0 2719 seldovia 74 116 .010
30 6/12/70 02:59  61.54N 151 .79W 80 5.6 2703 Anchor age 113 138 . 020
32 8/18/70 17:52 60.70N 145 .38w 30 5.8 2706 Cordova 27 40 . 020
36 5/02/71 06:08 51 42N 177.21w 38 6.8 2701 Adak 67 77 .190
38 7/30/72 21:45 56.77N 135.91W 29 7.5 2714 Sitka 45 53 110
39 713072 21:45 56.778 135.91% 29 7.5 2708 Juneau 145 148 .010
4 8/03/72 04:40 51.20N 178.13W 24 6.2 2701 adak 131 133 .010
42 8/15/72 21:39 65 .05N 148.70W 20 4.2 2707 Fai rbanks 46 50 . 030
a 4/06/74 01:53 54.87N 160.29W 37 5.6 2744 Sand Point 54 65 . 100
b 4/06/74 03:55 54.90N 160. 20W 40 5.8 2744 Sand Point 51 65 . 120
43 8/13/74 03:46 51.49N 178.11lwW 47 6.1 2701 ©Mak 114 123 . 040
44 11/11/74 05:17 51.59N 178 .08w 69 6.1 2701 Adak 108 12s . 050
45 12/29/74 18:24 61.57N 150 .60w 65 5.8 2704 Anchor age 54 84 .010
46 12/29/74 18:24 61.57N 150.60W 65 5.8 2703 Anchor age 54 84 .030
47 12/29/74 18:24 61.578 150. 60W 65 5.8 2702 Anchor age 60 88 .030
48 12/29/74 18:24 61 57N 150. 60W 65 5.8 2716 Anchor age 54 84 .010
50 1/13/75 00:31 61.408 150. 58w 68 4.4 2704 Anchor age 42 80 .010
51 1/13/75 00:31 61 .40N 150.58W 68 4.4 2716 Anchorage 42 80 .010
53 5/18/75 15:42  63.17N 150.25W 108 5.4 2727 Talkeetna 97 145 . 020
54 7/25/75 10:40  55.04N 160.41W | 5.6 2705 cold Bay 148 148 .010
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TASLE 3.3.1 (con't,)

Record Depth Distance (km Peak Acceler-
Nunber Dat e Epi cent er (km Magni t ude Station At Surface Inclined ation (g)
c 7/ 25/ 75 10:40  55.04N 160.41W 1 5.6 2744 Sand Poi nt 33 33 .018
55 2/05/75 09:36 59.98N 149.27W 238 4.9 2713 Seward 17 33 .030
56 1/01/75 03:55 61.92N 149.72w 58 6.0 2727 Talkeetna 47 15 .090
57 1/01/75 03:55 61.92N 149.72w 58 6.0 2716 Anchorage 79 98 . 080
58 1/01/75 03:55 61. 92N 149.724 58 6.0 2716 Anch. (roof) 79 98 . 140
59 1/01/75. 03:55 61.92N 149.72w 58 6.0 2702 Anchorage 81 100 .090
60 1/01/75 03:55 61.92N 149.72w 58 6.0 2703 Anchorage 81 100 .070
61 1/01/75 03:55 61. 92N 149.72w 58 6.0 2704 Anchorage 79 98 .050
63 2/22/76 07:21 51.57N 176.8lw 6 1 4.7 2701 Adak 38 72 . 050
68 9/17/77 21:25 64.81N 147.60W 20 4.0 2707 Fai rbanks 12 23 . 030
69 9/22/77 10:25 51.72N 175.93W 65 3.6 2701 Adak 48 81 .010
d 1/27/79 18:57 54.798 160.64Ww 53 6.2 2744 Sand Poi nt 62 82 .018
e 2/13/79 05:34 S55.17N 156.94W 47 6.5 2744 Sand Poi nt 2217 232 .030
70 2/28/79 21:27 60.64N 141.59w 13 7.3 2728 Yakutat 92 93 . 090
71 2/28/79 21:27 60.64N 141.59% 13 7.3 2723 1cy Bay 25 28 . 160
f 2/28/79 21:27 60.64N 141.59W 13 7.3 Shel |, Mnday Creek 33 35 . 064




motion records we, nevertheless, use this set of peak accelerations
for a brief conparison. Note that nmpbst (but not all) of the reported
peak values are raw readings from the unprocessed records w thout
instrument  corrections applied. Also, a few values may be
contam nated by building response.

A comon practice in strong notion seisnology is to plot the
respective strong notion parameter versus distance to determne its
enpirical “attenuation” properties, further paraneterized by magnitude
of the generating earthquake. Such a plot of the Al askan peak
accel eration data versus distance is shown in Figure 3.3.1 and is
superinposed on peak accel eration curves derived by Joyner and Boore
(1981) from a multivariate regression of a large data set dom nated by
observations in the western US. strike-slip tectonic regine. The
Joyner and Boore regression yielded

log A= -1.02 + 0.249M - log r -0.00255 r +0.26P
with r = (42 + 7.32)1/2 for 5.0 < M < 7.7

where A is peak horizontal acceleration in g, Mis noment magnitude, d
Is the closest distance to the surface projection of the fault rupture
in km and P is zero for 50-percentile values and unity for the
84-percentile values. The curves drawn in Figure 3.3.1 are those for
P =0O(i.e., 50%Z-iles) and nust be uniformy raised by the anount
i ndicated by the bar (upper right corner of figure) to yield 85%-ile
curves

Several aspects becone inmmediately apparent from this conparison
of the Alaskan data set with the attenuation relationship derived by
Joyner and Boore (1981):

1) There may be both a DC shift in the Al aska data set conpared
to the Joyner-Boore curves as well as a much larger scatter in the
Al aska data. For instance the Joyner-Boore 50%-ile curve for M 6.5
exceeds only 19% of the Alaska data in the magnitude range 6 < M<
6.9, and the 84%-ile curve (not plotted) still exceeds only 38% of the
Al aska data for the same nagnitude bracket. Thus, at a given distance
from an earthquake of given nagnitude, the range of likely peak
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accel erations appears much larger for Al aska than that for the western
Us.

2) The slopes of the Joyner-Boore curves appear to be steeper
than the Al askan data woul d suggest: i.e., at surface distances
| arger than about 50 km nost of the Al aska data seemto yield higher
peak values while at shorter distances they tend to yield snaller
val ues. This woul d suggest that attenuation is stronger in the
western U S. tectonic setting than it is in the Al aska subduction zone
envi ronnents.

Both features, scatter and slope, nmay, however, only be an
artifact that largely stenms fromplotting the data versus horizonta
surface distance from the source, rather than inclined distance
between source and receiver. Since Joyner and Boore used nostly data
from shal | ow earthquakes whose depths rarely exceeds 10 or 15 km they
may have well been justified to carry out their analysis assumng a
constant fault depth of 7.3 km as they did. A quick inspection of
Table 3.3.1 shows, however, that in the subduction zone environnent
wher e Beni of f-zone subcrustal events are common, this approach is not
valid since horizontal distance may occasionally be only a fraction of
the depth. In these instances, plotting the acceleration at the
horizontal rather than the inclined (shypocenter) distance will be
totally m sl eading. Data points to which this applies are for
instance those of record numbers 7, 8, 53, 63, 69, and 4 (see Table
3.3.1)

Another, physically inportant difference may Ilie in the
variability of stress drops, which we suspect is nmuch larger in
subduction zones than it is in strike-slip tectonic settings. House
and Boatwight (1980) have determned stress drops of nore than one
hal f kbar for two Shumagin |slands earthquakes of nagnitudes M, =
5.6 and 5.8, respectively (events associated with strong notion
records a and b of Table 3.3.1). The associated peak accelerations at
Sand Poi nt exceed those of the 50% curve of Joyner and Boore for a
M, = 7.5 earthquake at the same surface distance. Since stress drop
Is theoretically expected to scale linearly with peak-acceleration we
suggest that the Joyner-Boore (1981) regression for peak-acceleration
versus distance, paraneterized by magnitude and percentile of
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non- exceedence, do not apply in the subduction zone tectonic setting,
not only for geonetrical reasons, but also because of inherent
differences in stress drop variations and related source properties.
W, therefore, test the Alaska data set of Table 3.3.1 against
attenuation laws that were specifically designed to suit the needs of
Al aska OCS seisnic hazards assessment. Woodward-Clyde (1982) proposed
in its contribution to the NOAA-OCSEA Program two different
attenuation laws for peak-accel erations. Their type-A (non
Benioff-zone earthquakes depth < 20 kmand for stiff rock sites) is:

Apax (NMedian value) = 191 (e0-823My) x (r + ¢)-1.56

where Apax 1S the median value of the nmaxi mum accel eration in
cm/sec?, r is the closest distance in kmto the rupture plane, C is a
magni t ude- dependent di stance-normalizing paranmeter with

C = 0.864 e0.463My

Note that for normally or other symetrically distributed acceleration
data ensenbles. the nedian value corresponds to the 50%-ile val ue of
non- exceedence.

Their type-B attenuation relationship (Benioff zone, all source
depth > km stiff rock sites), that is sonewhat nodified fromtheir
former OASES-study to account now for sites as close as 6 km (instead
of 20 km proxinmty to the source, is as follows:

Anax (median value) = 210 (e0-5My) x (r + ¢)-0.85

In Figures 3.3.2 and 3.3.3 we conpare the Al aska peak-accel eration
data with these A- and B-type attenuation curves, respectively. Note
that the abscissa now represents the inclined distance (r) to the
nearest portion of the rupture plane, rather than distance at the
surface. W find that 16 out of 23 data points (i.e., 70% in the
magni tude bracket 6 < M, < 6.9 exceed the M, = 6.5 type A curve
(Figure 3.3.2), while 11 out of 23 (i.e., 48% exceed that for the
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Figure 3.3.2. Conparison of Al aska veak horizontal accelerations with type-A
attenuation relations proposed by Wodward C yde (1982) for shallow, non-
Beniof f zone earthquakes. The curves apply to stiff rock sites and repre-
sent the nedian in a statistical distribution. The discrete data for Alaska

apply to any type of site and in a few instances may be contam nated with
effects of building response.
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M, = 7.5 type-A curve that applies to shallow, non-Benioff zone
events.

For conparison (Figure 3.3.3), only 3 out of 23 points (i. e.,
139 in the same magnitude bracket (6 < M, < 6.9) exceed the ¥, =
6.5 type B-curve (proposed for Benioff zone events) and only one (=4%)
exceeds the My = 7.5 curve.

Thus, we conclude: despite the fact that Alaska peak
accel erations may have a wide scatter (high variance probably due to
| arge variations in stress drops), the B-type curves are sufficiently
conservative to correctly account for the A askan strong notions, and
may satisfy the data probably even at a higher percent |evel of
non-exceedence than nedian value (=50%-ile if symetrically
distributed).

Ideally we would have liked to carry out a regression analysis on
the Al askan data set simlarly to that done by Joyner and Boore (1981)
for the western U S. data. This is not justified, however, for two
reasons: 1) the data set is rather small (a total of 51 points, see
Table 3.3.1), and 2) there aefew earthquakes wth nore than one
recording per event (because of insufficiently dense spacing of
SMA's). In cases where nmultiple recordings exist there are usually
not nmore than two or three recordings and at simlar distances.
Hence, during regression analysis we would not be able to decouple
magni tude (or other source effects) from distance effects as was the
mai n point of the Joyner-Boore anal ysis.

Thi's conclusion points again toward the urgent need to operate a
sufficiently dense SMA network at least in a few selected regions,
where the necessary data can be obtained as soon as possible,
especially for large events (M> 7.8) for which a single strong
motion record has yet to be collected.

The above data set (Table 3.3.1 and Figures 3.3.1 to 3.3.3)
included observations from events in both, subduction zone and
strike-slip regines in Al aska. A data set better suited to the
southern Bering Sea and CGulf of Alaska-Al eutian OCS regions could be
obtai ned by selecting only the subduction zone events and conbi ni ng
them with those collected by -EXXON Production Research Conpany
(Wldenstein-Mri and Crouse, 1981) which they obtained by processing
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original Japanese strong notion records, many of them subduction zone
events.  Such an inproved and enlarged data set for subduction zone
strong notions nmay also permt the magnitude-distance decoupling
procedure introduced by Joynér and Boore (1981). Results from such a
proposed analysis «could serve as a tenporary substitute until
enpirical attenuation laws based on locally recorded Al askan strong
nmotions become available. However, even the suggested substitute data
set is still limted to events with only noderately |arge events since
the Japanese data al so do not yet contain recordings from any great
subduction earthquakes (M> 7.8). The strong notion network in the
Shumagin sSeismic gap may provide at present an al nost unique
opportunity to obtain these urgently needed records of atruly great
or giant earthquake.
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3.4 Historic and Instrunental Large Earthquakes, 1788 to Present

3.4.1  Qverview Because the destructive potential is greatest
for large (M > 7} and great (M > 7.8) earthquakes, we need to know the
probability of their future occurrence. Two kinds of data are

avail able to assess the ocurrence of large events in the past: a)
instrumental |y recorded data since about 1898, and b) historically
reported events for the pre-instrumental period 1788 to 1898. Prior
to 1788 no events are known for the Al eutians since no witten records
were kept prior to establishing the first Russian settlenents at
Iliuliuk on Unalaska Island at latest by 1776 and on Kodiak Island in
1784.  Sonme indirect evidence for earlier significant earthquakes is
of course preserved in the geologic record, e.g., by uplifted marine
terraces. But this record is still poorly known for nost portions of
the Aleutians and many parts of southern Al aska.

The  instrumental record of large earthquakes in the
Al aska- Al eutian arc has been previously discussed by Sykes (1971),
Kelleher (1970) and was later conmbined with information fromthe
historic record (Sykes et al., 1980 and 1981) to yield a first
qualitative assessment of the seismc potential of the eastern
Aleutian arc with special enphasis of the Shumagin Islands seismc gap
(Davies et al., 1981). The conclusions of these combined studies can
be sunmarized as foll ows:

1) The entire Al aska-Aleutian plate boundary is capable of
produci ng great earthquakes. Virtually each arc segment has been
broken by large or great earthquakes at |east once during historic
times.

2)’ The slip released during the large and great events accounts
for a large portion of the relative plate notion between the Pacific
and North Anerican plates. Hence, if aseismic slip occurs at the
plate interface it is less significant than the portion of plate
motion that is released seismcally.

3) Typical recurrence time between great earthquakes (at the
sane arc segment) varies along the arc primarily because of variations
(a) in the width of the plate contact and (b) in rates of relative
plate notions. A typical recurrence tine for great events in the
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Al aska-Aleutian arc is of the order of 100 years but may vary between
about 50 and 200 years or--in few instances--perhaps nore.

4) Arc segments with a lack of great earthquakes during the [ast
30 years or nore are identified as ‘seismc gaps'. They are very
likely to break in a great earthquake much sooner than those that have
participated in a great inter-plate earthquake since 30 years or

less. In the US. portion of the Al aska-A eutian arc (for the purpose
of this study |imted between 169°E and 140°W) three seismc gaps have
been identified (Figure 3.4.1): t he Shumagin gap (Davies et al.,

1981); the Yakataga gap (MCann et al., 1980; Lahr et al., 1980; Perez
and Jacob, 1980); and the probabl e Unalaska gap (House et al., 1981).

To further assess the seismc potential for future great events
in these three seismc gaps, and of the arc segnents in between, we
conbi ne these earlier evaluations with one that is based on the
history of seismc nonent release. Since it is difficult to estimte
seismc nmonents for events during the pre-instrumental period we begin
with the instrunental period 1898 to present. W proceed by testing
the instrumental seismc nonment rel ease against one based on plate
kinematic argunents, and then attenpt some limted inferences on
possi bl e nonents that were associated with events during the period of
historically documented events, 1788 to 1898. Finally we address some
of the problems associated with the difficult questions of where and
when great earthquakes nmay occur next, and the consequences for
hazards assessment in the OCS region under study.

3.4.2 Instrunental seismc record. To document thoroughly the
large ,(M > 7) and great (M > 7.8) earthquakes along the
Al aska-Aleutian arc since world-wide comrencenent of seismic
instrumentation at about 1898, we examned a |arge nunber of existing

catalogues. The sources we consulted are: Gutenberg and Richter
(1949), Duda (1965), Rothe (1969), Tobin and Sykes (1968), Richter
(1958) , Sykes (1971), Kanamori and Abe (1979), Abe (1981), Abe (1979),
Meyers (1976), Meyers et al. (1976), Glover and Meyers (1981), Meyers
and Hake (1976), Glover (1980), Glover and Meyers (1982), Davis and
Echols (1961), BCIS, 1SS, the chronol ogical and regional files of the
ISC catalogues, PDE and EDR files of the USGS and predecessors, the
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NEIS-NOAA event-tape-file, and the “Seisnological Notes” published in
the Bulletin of the Seismological Society of America. For each event
a filing card was established and all parallel entries of source
parameters noted to detect inconsistencies, printing errors, or
systematic variations in determnation of source paraneters. After
careful consideration of all sources we chose a set of paraneters.
The resulting list of 116 large events along the arc is shown in Table
3.4.1. These and sone additional events outside the arc segnent
studied (169°E to 140°W) are plotted in Figure 3.4.2.

For locations and origin tines we adopt the paraneters fromthe
first source available when progressing in the follow ng sequence of
priority: Sykes (1971), Tobin and Sykes (1968), |SC catalogue,
Qutenberg and Richter (1956) and any others. Many of the earliest
events (1898-1903) are based on locations deternined by Gutenberg or
Milne, and are derived fromonly a few global station readings (see
Kanamori and Abe, 1979). After 1904, the world-w de nunber of
stations is generally sufficient to yield reasonably good | ocations
(errors <= 1°) for nost events. However, uncertainties in |ocations
for several crucial events remain unresolved. Fol | owi ng McCann et
al. (1980), Perez and Jacob (1980), Sykes et al. (1981) and Davies et
al. (1981), we place the Cctober 10, 1900 (M = 8.1) event somewhere
(58"N, 150°W) between’ Kodiak and Seward based on intensity and
aftershock reports, although Richter (1958, p. 710) after Cutenberg
(1956), and practically every secondary source thereafter, have placed
it probably erroneously at 60°N, 142°Ww.

The location of the M= 7.7 event of July 14, 1899, is noted as
“Arctic near Alaska in several sources probably after Milne as
reported by Gutenberg (1956, Table 3) and as commented on by Kanamori
and Abe (1979, Table 4, p. 6136), but the coordinates given (60°N,
150°w) by all these sources suggest a location at the Kenai
Peni nsul a. Sykes et al. (1981) and Davies et al. (1981) note that
Tarr and Martin (1912) list felt reports from Unalaska and Unga
Islands at the time of this poorly |located event of 1899 and thus
argue that it may have been located in or near the Unalaska or
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seisnic gaps are indicated by cross hatching. Internediate depth” earthquskea (h » 60 kn) are shown as crosses.
Synbol size indicates magnitude M, (upper left insert). The 6000-m bathynetric contour outlines the Aleutian trench.



Shumagin sei smc gaps. W have retained the ‘instrunental’ |ocation
near Kenai but enphasize how tenuous it is.

One event, that of 31 May 1917 (M= 7.8), is of specia
interest. Its only published source can be traced back to a catal og
prepared by T. Usami printed in 1975 in the Science Al manac of the
Tokyo Astronom cal Cbservatory and was reproduced by Glover and Meyers
(1981). Since this event had not been reported by Gutenberg and
Richter (1956) or any other western source prior to 1981, it went
unnoticed by Davies et al. (1981) in their assessnent of the Shumagin
gap despite the fact that the epicenter coordinates place it within
t he Shumagin gap. This new finding requires corrections to some of
the statements by Davies et al. (1981) or Sykes et al. (1981)
regarding the duration of quiescence for events larger than M= 7.5,
and neasured recurrence times of great events in the Shumagin gap
however, it only inconsequentially alters these author’'s assessments
of the gap’s seismc potential for a future |arge earthquake.

For magnitudes we adhere as closely as possible to a uniform
scal e and choose those magnitude values from different sources and
methods of determnations that--within the limts of available
data--appear to represent nost closely the noment magnitude M,
proposed by Kanamori (1977). It relates nonent M, (dyn cm to
magni t ude M, by

].Oglo MO =16.1 + 1.5 MW

under the assunption of constant and conplete stress drop (=50 bar)
and aratio of As/p ~ 10“(that is u = 5 x 10! dyn/cnf) regardless
of event size. The latter assunption may not be fully valid
(Kanamori, 1977; Purcaru and Berckhener, 1978; Sykes and Quittneyer,
1981).

For events between 1898 and 1903 (inclusive) we use the magnitude
determ nations of Kananori and Abe (1979), except for the Septenber 4,
1899, event which is adopted from Thatcher and Plafker (1977).  For
nost events between 1904 and 1980 we rely on the nmagnitude
determ nations by Abe (1981) except for those |argest events where
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ei ther Abe (1979), Kananori (1977), Purcaru and Berckhemer (1978) or
Sykes and Quittmeyer (1981) have determ ned or discussed a nonent
magni tude M, using information from either |ong-period seisnograns,
af tershock zone dinensions, or tsunam heights. Three great events
need special nention: we reduce the M,; from9.1 to 9.0 for the
March 9, 1957, event because of a possible reduction of aftershock
dinension in the Unalaska region (House et al., 1981). W adopt
(after Purcaru and Berckhemer, 1978), a M, = 8.3 for the highly
tsunamigenic (MI' " 9.3) 1946 earthquake near Unimak (Abe, 1979). W
are forced to use M, = 7.8 (Glover and Meyers, 1981) for the 1917
Shumagi n gap earthquake w thout knowing the nethod of its nmagnitude
determnation. At least these three events need further analysis of
original instrumental records

Where several of the magnitude sources give different val ues
(i.e., nb, Mg, M, M, My M, M, we often (but not
al ways) tend to choose a value towards the upper limt, to represent
Me¢s While systematically avoiding the upward revised surface-wave
magni tudes M of Gutenberg cited by Richter (1958) and quoted as M
by Sykes (1971), Sykes et al. (1981), and Davies et al. (1981). A
more detailed justification and docunentation is in preparation (Jacob
et al., 1983).

Note that we first adopt the “magnitude M, and then calcul ate
(or recalculate) the nmoment M (Table 3.4.1) using

logjg My = 16.1 + 1.5 M,

Thus , the nonents listed in Table 3.4.1 may be in error by as nuch as
20 to 30% conpared to those nonents given in the original sources.

This is largely due to the fact that round-off to the nearest
0.1-M,~value can result in this large an error. (Since the
difference of aMg= 9.20 and a M, = 9.25 corresponds to a nonent
increase that in itself is equivalent to anmagnitude M, = 8.72,

these rounding errors are not trivial for the largest events. For
magni tudes M, > 7.9, and for certain purposes, it may therefore be
in order to carry a second decimal position through all M,
cal cul ations.)
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TABLE 3.5.1. LiSt of 116 Large Earthquakes in che Alaska-Aleutianare(169°E co 140°W)
tor the Peri od 1898- 1982 for which at Least Ome Source Reported a Magnicude ¥ » 7

Colums indicate Date (Y, ¥, D),0OriginTime (E,NM,S) Latitude and Longitude (“) , Depth {km), Magnitude (?2.,) , ,pg
Squivalent Moment (dyme ca).

Date Time Lae Lem D M, !!c Dace Tinme Lac Lon D % L
988629 1s36 #. $2.99 172.88 S 8.45 S 12 5%e+29 449727 4 23,99 S4. 39-155.58 7a 7.19 8.5622e+ 27
9R1F1 | 1637 35. 88 59.80-189. 39 .9 7.4F Q. 1585e-28 441212 417 1%. 99 51. S8 179,58 @ 7.19 @.5623er 27
994714 1332 4, 63. 38-158. 37 F 1.7 3. 4a67e-28 468112 292% 4a. 22 S9. 11-148, 97 56 7.2a §.7943a+27
39994 984 2. 6S. SS-142. SS & 84.5& a. 1387%9e+29 467481 1228 $6. 49 S3.32-163.19 a 8.3F J.3543e-2%
999994 448 17. .  65. SS-142. SS F 7.4 4.15 85e-28 451191 1114 24,48 §1.53~174.58 4§ 7.30 3.39814-27
999918 1794 9.. 64, 38-149.39 8 7.39 d.531de-28 488514 7231 43.4a S4.71-1547. 88 a 7.5 #.2229e-28
999918 2141 e. §3. 89~132. 3T 3 9.4@ 4. Sd12e+29 492232 1741 2%. B§ S3. 3¥-173 .34228 5.3F F.1993a+27
993923 1194 7. 6F. §8-143. 88 F 7.45 a 158521 494927 1539 45. 98 59.75-149. 59 53 7 .97
999923 1259 9. S§@. ¥3-14 3.9 F 7.58 a .2239..2a 518212 2212 §3.8¢ SS. S3-1S6.3S a 7.1la
a31889 1229 4. §8. 3F-1SE. FF S 9.19 F.1778e+29 S21129 2346 27. as 56.389-153. as s 5.75 a 167%e«27
.911231  9S2 367. §8 52. a¥-177. 38 @ 7.SS 4.223%e+ 29 539185 74a 21.6S S3.32 171, 94 § 7.19 .5523e+27
928181 S28 1. 33 SS. 8-165. 99 A ?7.5d 4.2239e ~29 S4g4L7 209 37 §@ SL.Sd-179. 83 a 6.7S a 1679e*27
330117 1885 #. S8.88-178. 89 S ?.4s J. 1585e-29 541983 (118 As. 99 6@.71-154.52 73 6.7S S 1679e+27
# 39532 1317 #. 57, 38~155. 33188 8.39 9.35i8e+29 SS@314 1312 _a. $2.5d-173.38 7S 7.88 B.2981e-27
45321 ¢ 846 36.08 S3., 87-178.49 & 7.99 g7.8912 =28 §58629 1297 25 .28 S1.5d-193. 39 7 6.3 &. 2955ev27
#5322 33a E S#. 49-189. 38 @ 7.29 £.7947e+27 579192 312 S2.84 S$2.51-18d. 1@ J 7.30 §.39681e+27
951219 1236 4. S#. 99-189. 37 § 7.SS £.3991e+27 S?9192 348 47. 47 S52.53-168. §1 a 7.99 §£.3981e-27
617817 1@ 42 ss SL.80 179. 3¥ o 8.28 7.251 Ze+29 578309 1422 27. i 51.53-175.41 a 9.37 .3981e-32
J79982 16s1 38.98 S2.28 173, a9 a 7.88 #. 63! Zes28 S7@399 2839 16.54 52.33-1593 .58 a ?.19 B£.3562%e27
208515 @31 36. 29 59.93-141. 23 s 7.1s 3F.5623av27? 579311 312 42.6a §1.98-177.13 a §.8d 9.199 s8.27
#99988 1649 48.39 52.%9-169.28 99 7.33 (.3981e-27 $79311 958 44.49 S2.66-169. §2 & 7.49 F.1981a- 27
799913 2998 . 9. 69.68-149.39 & 7.43 J_1535¢+2% §783t 1 1455 t9.54 S1.54-178.355 ) ?.194 J.5523e-27
198949 113 18. 99 S1.58-176. 29 a 7.1s §.5623ee27 S78312 728 48.3F S1. 89-173.42 @ 6.7S f.167%a27
118917 326 &, S1. #9-184. 87 a 7.33 12.1931s -2/ 572312 1144 %3.38 5i. 1a-176.73 J 7.13 @#.5523e°27
118922 sd1 #. 57.58-149. 39 59 6.9a J.28184 -27 S79314 1447 44.6a 51.32~%76.79 a 7.18 o .s623*-27
111113, 1613 12. §§ $2. @F 173. x & 7.38 73,3381 as27 S7'6316 234 L7.g@ S1.47-179.78 A 7.0 4.398 lae2?
129188 1546 S4.97 52.80-179. 39 25 7.38 3.3981ae2? 79322 1421 S.54 S3.61-185 .76 & 7.89 4.3981ae27
128131 2911 4R, §9 61, 89-147. ST EF 7.9@ §,398lae 27 S79413 1120 58.29 S35.34-153.88 a 7.7 J.2981¢ *27
128618 1636 §.3¢ S9.89~153.28 25 6.93 J4.2818e+ 27 §78419 2219 34. 49 S2. 28-165.18 54 7.13 I, £523e~2?
121318 1148 4. Sé.58 179.29 & /.10 S 35523 -57 575613 184@ 3a. as 51, S¥-i7?S. a3 § 7.9 &.2981e<27
1201197 74@ 23.39 S7.53-155. 8¢ 9% 7.3 . .lizz.-7a 683793 2923 S3. 37 S3.53-\77.62 S 7.38 2.2981e27
12120S 1227 36. ss S7. ss-15.4. ss 92 6.9a J.2818e+27 691112 929 37.9F S1.23-168.86 32 7.1 JF.55823e+27
139331 34s 8. 32 49.53-179.3F a 7.35 £.1122e+29 11277 39 27. la $2.3F 177.64 56 6.84 a 1995e-27
119622 1349 4. 4a. 33-.78.as a 7.28 3.7943e+27 643205 1307 2).14 $5.75-155.79 a 7.18 3.5523e-27
168296 215! g, 18. 59 179.56 A 7.7a 7.4457e~28 649328 336 !3.9F 61.15-147.53 2a 3.28 3.7943e-18
164418 40148, 97 S3. 25-179. §O174 7.49 J.1585e+28 §43394 1745 9 .99 S6.3F-154.13 24 7 .98 3.3981e~27
129531 847 g, S4. S@-169. FF B 7.89 J.6217¢- 29 §5@294 SJ) 21.87 S1 .37 179.64 27 6.7a J.1813ee2d
239584 1636 29.38 SS5. S$5-155.75 a 7.1F J. 5623e27 658224 84F 42.as S1.49 179.6a 4¢ 7 .38 2.398lae2?
261313 1998 17.39 S1.63-17S.56 a ?.17 3.562%e-27 §53338 227 7.2a S8.67177.98 5t 7.69 J.3162ec 28
289621 1627 13.39 6. 28-146. 354 a 7.3s J.1122e-29 552762 2853 18. 27 3$3.83-167.59 48 7.27 J.3931e *2?
294287 134 37.9s S5§. 88-169.71 S 7.9a J.8912e-28 453729 8239 22.48 5|~l"‘71-3335 7.29 §.3%981e 27
29324% 1419 1,93 51.42+178.34 a 7.33 2.2981e-27 352974 57 od 2.252
29S7S7 2123 '@.28 S51.68-177.87 .6 7.42 3.15385e-29 531222 12 7 .333
291217 19S3 36.99 53.67 171.46 a 7.93 4.63: fe-29 33734 J. 353! 4027
123328 2253 4. §2.5 3-152. 54 25 6.9a Z.2819 «-27 35237 J.2591
339422 236 4,23 51.25-153.75 a 7.4 £.5523e-27 373:28 3.l413e27
Se3Sd4 438 7,29 §1.25-147.S2 90 7.13 2.5503ee27 332814 4.338% ¢=27
353222 1745 S4. 88 52.2S 178, AT F 7.3d F.562%ae 27 §39:2
378993 1848 12, I S2.53-177.55 89 7.28 J.75¢3ae 27 123228
381118 229 11.25  §5,48-158 .37 a 8.48 7.5312¢ 29 723115
381517 354 34. 989 55.45-1S7. 55 & 7.3F F.1122e- 23 713297
439287 1716 .49 S1.59175. 3379 .49 7.3981e-27 714892
438415 697 47.54 S2.3S 173. 56 @ 7.18 H.5523e-27 753232
498418 $43 2.4s S2.69 173.2S & 7.18 &.5627e-27 77d2:9
4ss714  $%283.as 53 .75 127.S7 84 7.49 J.158%«-28 773944 ) .

428823 322 14. 3@ S2.41-16S.37 & 7.25 &.7943a+27 798228 2127 6.8 oF.5d-141.53 1s 7.38 $.39% 1e-27
429939 125 26. 49 33, dd#-154.57 es 6.9a 7.28'0e-27 994324 3a9 $1.38 S2. S7-167 .67 33 .13 3.5623e -27
4311s3 3432 17. S&  §1. 99-1Sd. 34 s 7.43 Q. 159Se~ 28 B19138 952 44.1@ Sl .74 176.27 33 7.:a8 F.5623a+27
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3.4.3 Magni tude-tine distribution for entire arc, and nean
occurrence. Before analyzing the data for their time-space
distribution and its consequences for seismc potential in seismc
gaps, it is of interest to analyze the overall-properties of the data

ensenbl e disregarding any systematic spatial patterns.

Figure 3.4.3 (A through E) displays the nmajor seismcity of the
arc (169°E to 140°W) as a function of time. Al events (M> 7)
within 300 km | ateral distance of the arc are included, regardless of
depth or focal nechanism Several features can be discerned from
these graphs: Whenever one or nore great (M 2> 7.8) earthquakes
occur in any given year (curve B), the nunber of large events (M>
7) generally is also higher for the sane year (see curves A and D).
This is consistent with the notion that sone great earthquakes trigger
| arge aftershocks, (notably the 1899, 1957, and 1965 sequences). Two
ki nds of exceptions exist: a) there are times of increased seismicity
(M> 7) without great events (1912 + 1 y, 1940), and b) there are
great events with few reported |arge aftershocks (1964, 1938, 1917,
1907, 1906). The 1912 ' swarni may represent sone volcanically induced
seismcity culmnating in the 1912 Ratmai eruption; interestingly nuch
of it is associated with intermedi ate-depth earthquakes (60-250 km
that occur probably in the descending Pacific slab beneath the
vol canic axis. Thi s vol cano-sei sm ¢ sequence may have started with
the great (M, = 8.3) event of 1903 which reportedly (Gutenberg and
Richter, 1956) occurred at a depth of =100 km [ The magnitude 8.3
quoted is one of the few events in Table 3.4.1 for which only a
revised magnitude M is available (after Gutenberg, 1956) (see also
Richter, 1958, p. 714)].

A second feature in Figure 3.4.3 is that the rate of significant
seismcity is high around the turn of the century (1898-1908) and
around 1960 + 5y, and lowin between. This trend is apparent in both
large (M, > 7, curves A and D) and great earthquake (M > 7.8, curve
B) activity. To enphasize the energy release domnated by the |arger
and greatest events we have plotted cumulative excess magnitude above
M, = 7 as a function of tine in curve C.  Excluding the high release
before 1901, one can draw an upper and |ower envelope to the data in
this plot. The envel opes contain a span of about 5 excess units above
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Figure 3.4.3. Selsmicity (M, 2 7) of the Aleutian arc (140°W to 169°E) versus time for the instrumental period 1898
to 1982. The occurrence of events per year (curve A) .1s differentiated for great (M, > 7.8) and large (My < 7.8)
events by solid and hatched symbols, respectively. Cumulative number of events for all major events (curve D) and for
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> 7.8) only (curve B) use left-hand acale, cumulative cxcess-magnitude above My, = 7 (curve C) uses right-

hand scale of abscissa. Insert E shows the histogram for the periods (years) between subsequent great

earthquakes (Mw

> 7.8) along the arc. Note the long recent period of quiescence of 17 years.



magnitude M, = 7 (i. e., two My, = 9 plus one M, = 8, or five M,
= 8 events, etc.). Since 1965 no great earthquake has occurred and
fromthe graph follows that sone major activity is due in the
Al aska- Al eutian arc by at latest 1985 provided such a representation
has any physical significance. OF course no statenment can be made
from such a presentation where the seismcity would take place within
the arc.

Anot her way to present the sane tenporal aspect of seismcity is
shown in Figure 3.4.3, insert E.  There we have plotted for only great
events (My > 7 .8) the frequency distribution for tine intervals
bet ween consecutive events (anywhere between 169°E and 140°W). An
outstanding feature of this distribution is the strong peak of
occurrences of mutliplet events in the same or two consecutive years
(i.e., At < 2 years). The 1900 £ 1 y sequence contributes half of the
occurrences in this spike, the 1905-07, 1929, and 1964/65 bursts
contribute the other half. Note that we have excluded fromthis study
the SE-Al aska strike-slip boundary. Qherwise the 1958 Lituya
Bay- Fai r \eat her event woul d have added anot her occurrence in 1957/58
to this strong clustering of great events. This clustering occurs
nmostly in tine (1964/65), but sonetimes also in time and space
(1899) . The occurrence of great events in the arc gives the
appearance that stress release is comunicated over |arge distances.
A physically plausible explanation nmay be that episodic |arge-scale
plate notions nay be the common cause to events that can be l|arge
di stances apart, rather than one event ‘triggering’ the other.

Apart fromthis ‘burst’ -like clustering in insert E at at < 2
years, another aspect needs to be reiterated that we commented on
earlier. In the past 85 years there is no occurrence of a tinme period

| onger than 12 years (represented by events in 1917 and 1929) in which
no great event has occurred bewteen 169°E and 140°W, except for the
ongoing period 1965 to present (i.e., At > 17 years). This is to say
that the last 17 years have been unusually quiescent and represent a
statistically possible but unlikely situation. Even if we remove the
questionabl e event of 1917 whose nagnitude M, = 7.8 may in fact not
have been as high as reported, than the |ongest quiescent interval in
the last 85 years may have neasured 22 years (1907 to 1929), and the
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recent quiescence of 17 years is still remarkable. In either
interpretation, one can expect soon an arc-w de increase of ngjor
seismicity, if the distribution of Figure 3.4.3-E is representative of
long-term seismcity. Again, no consideration of depth, l|ocation, or
nature of faulting (thrusting on the subduction zone, nornmal faulting
at the trench, and sone strike-slip in the Near Islands) has been
given in this examnation of the |ikelihood of future increased
activity.

One can nake sonme sinple estimates of average occurrence for
significant earthquakes from the presentations A-E of Figure 3.4.3.
O the total of 116 considered events, 102 events had magnitudes M,
> 7. They occurred during the last 85 years over a 3600 km |ong arc
distance. Fromthese figures we obtain an average occurrence of one
| arge event (M > 7) about every 10 years within a 300 km long arc
segnent. The total of 17 great events yields an average occurrence of
one great earthquake (M, > 7.8) about every 60 years within any 300-
km di stance along the arc. Because of clustering associated with the
seismc cycle, and because of systematic variations in the rates of
plate notion and of boundary width (see later sections), the actual
val ues nmay deviate substantially fromthese nean val ues of 10 and 60
years, respectively, in any given 300-kmarc segment. W will conpare
these estimates with those derived by other nethods and find sone
I nportant systematic discrepancies that will be discussed l|ater.

3.4.4 Recurrence estimates from b-values for the entire arc.

The distribution of occurrences of l[arge events per 0.1-M,-intervals
for the entire Alaska-Al eutian arc (169°E to 140°W) i s shown in Figure
3.4.4, A nmore commonly used nmethod in seismology is to plot the
| ogarithm of the cunulative nunmber N(M,) of events at and above a
magni tude M, as a function of this variable |ower boundary Mg, arid
then find sonme function

logip N = A bM,

that in a specifically defined way (say maxi mum |i kel i hood or
| east-squares sense) approximates the observed distribution over a
limted magnitude range. Figure 3.4.5 (bottonm) shows the data set of
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NUMBER OF EVENTS PER O.l=Mw — INTERVAL

Figure 3.4.4, Hstogramof all mmjor earthquakes fOr Which magnitudes were available,
plotted in My = 0,l-intervals, Note that several earthquakes (a total of 14 events)

for which at |east one source reported a magnitude 7 or larger, were reassigned to
magni tudes M < 7.
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Figure 3.4.5 . Logarithmc frequency plots for the instrumental seismcity 1893 to
1982 (85 years) for the Alaska-Aleutian arc (total arc length 3600 km. Tor: nuzber
of events n (on logarithmic scale) per 0.1-My_ipterval vsS. nagnitude M,. “Botre=:
cumul ative nunmber N of events (on |og-scale) with magnitudes ¥, and largerwtw,,
Heavy line represents the relation log ¥ = A - b, with A= 7.85 and b = 0.85; Llighe
l'ines represent error AA = #0.13,
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Table 3.4.1 represented in this form Dependi ng on the method of
curve-f itt ing one obtains different A and b values and associ ated
errors with them  Maximum |ikelihood methods (Figure 3.4.6) enphasize
the slope and absolute nunber of events close to the average magnitude
which is very close to the |lower bound of considered magnitudes in the
data sanple. Because of the inportance of the great events (in terns
of strain energy or noment rel ease) we have (against common practice)

given here nore weight towards a regular straight-line |east-squares
regression and/or ‘eye-ball fit’ wth assigning errors (AA and ab) for
the constants such that not a single observation in the range 6.7 £
MJ < 9.2 falls outside the regression and assigned error range.

Wth this approach we obtain

logjg N~ (7.85 & .13) - (0.85 £ 0.10) M,

shown as straight lines in Figure 3.4.5 (botton.

Clearly, the total nunmber in the data-sanple is too small to
attach great significance to any of these fits when extrapolating to
magni tudes outside the observational range. Di sregarding, however
this warning we nevertheless proceed to derive recurrence time
estimates fromthis relationship. To do SO we have to keep in mnd
that the data conprise a tine period To = 85 years and arc-length
Lo = 3,600 k. To scal e the nunber of cumulative occurrences
N(L, To, M, to another arc length L and tine period T, a
vertical shift of the (logarithmc) intercept from A(L, To,
M,=0) to a new intercept A(L, To, My=0) + log(LeT/LgyeTy)
nmust be performed. Choosing arc length L = 300 km for all magnitudes
MJ < 8.5, and larger values of L for the greatest earthquakes (M >
9.0) because they require larger rupture zones; and setting T =1
year, we calculate, first, the nunmber (or fractional nunber) of
occurrences per year by using T and L in

logyo N(L,T,My)) = A(Lg,To) + logyy (L/L. .T/To) -bM
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Havi ng cal cul ated the nunber of events per year, then the inverse of
this nunber yields recurrence times, i.e. |,

TR~ Nl (L, T=1,M,)

The results of these calculations are summarized in Table 3.4.2, where
the recurrence times Tayrs Tmins Tmax fefer to the usage of
A(L, To) = 7.85, and of the marginal values A t AA respectively,
where AA = 0.13

The recurrence times derived from the exponential relation (Table
3.4.2) for magnitudes M, = 7 and M, = 7.8 agree well with those
earlier determined fromthe nean occurrence rates (chapter 3.4.2)
whi ch nmeasured about 10 and 60 years, respectively. The so-calcul ated
recurrence tinmes for the greatest events (M, > 9.0), neasure up to
several hundred years.

Extrapol ation to smaller magnitudes than those covered by this
data set (i.e., to M, < 7) yield recurrence times for events in a
300-km | ong arc-segnent that are very close to those derived from
network data (Figure 3.1.6) or those fromteleseisns (Figure 3.2.4).
Normalizing the different log-linear relationships derived from the
different data sets to a 300-km arc length and a |-year period yields
the values summarized in Table 3.4.3. The different relationships
give recurrence times (when extrapolated, for instance, to a conmon
magnitude m = 5.0) that all lie within a factor of 2 to 3.5. This
variation is remarkably small considering that both the magnitude
range covered (2 < m< 9.2) and the nethod of mmagnitude determnation
vary strongly anong those data sets

3.4.5 Arc-wi de. instrumentally determned seismic nonent
rel ease,  1898-1982. Monment M, (dyn cn) is related to nonent
magni tude M, by the relationship

log My = 16.1 - 1.5 M,

assumng a constant and conplete stress drop (as = 50 bar) and
constant shear nodulus (u = 5 x 10'! dyn cm®) (Kanamori, 1977).
Because nmoment magnitudes are known for all events listed in Table
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TABLE 3.4.2. Estimates of mninmum, average-, and nmaxinmum recurrence tines
derived fromthe b-value plot for the entire arc. The times are scaled to
represent the occurrence of one event of magnitude ¥; within a sector of
length L along the arc.

L T, T T

m n +av max
L (km) (years, except for m = months)
5 300 2m 3m 4m
6 300 1.3 1.8 2.4
7 300 9.5 13 17
7.8 300 45 61 82
8 300 67 91 123
8.5 300 180 240 380
9 600 240 320 430
9.2 800 260 360 480
9.5 1000 380 510 690
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TABLE 3.4.3. Conparison of A and b values and recurrence times TRfor m = 5.0 events using different data sources.

L T
(oserved Mag-  Number of i, *“To Tr(m=5.0)

Sour ce nitude Range Events ALy, To) (knfkm x (YY) A(L=300,T=1) b (yea rs)
Shumagin network, 2.5-6.0 631 4.72 300 1.0 3.94 0.75 + 0.06 0.643
all depth, (1977- 400 4.5
1981)
Shumagin net work, 3.0-5.5 306 5.10 300 o 1.0 4.32 0.85 + 0.09 0.848
all depth, (1977- 400 4.5
1981)
Teleseismic, al | 4.4-6.3 310 6.52 300 1.0 5.26 0.92 +0.10 0.216
depths (1973-1981) 600 9.0
Teleseismic, al | 4.5-6.3 275 7.12 300 1.0 5. 86 1.04 + 0.12 0.216
depths (1973-1981) 600 9.0
Large equ., all 6.7-9.2 116 7.85 300 o _L_ 4. 84 0.85 + 0.10 0. 256
deptha (1898-1982) 3600 85
Average of above (2.5-9.2) - 4.847 0.882 0. 366




3.4.1, we can cal cul ate the cumul ative nmonent for the Al eutian arc as
a function of time from 1898 to 1982. The individual nmonents so
calculated fromM, are listed in Table 3.4.1 and their cumulative
values are plotted in Figure 3.4.7.

The features of activity, earlier discussed on the basis of
seismcity rates, are anplified by this seismc nonent vs. time plot:
a rapid moment release lasting from 1898 to about 1907 is followed by
a period of slow monent release from 1907 to about 1957, when a major *
sequence of events conmences that lasts from 1957 to 1965. Since
1965, seism c nonent release has again been extrenmely |ow and has
remained so for the last 17 to 18 years.

The cunul ative seismc nonent released during the last 85 years
measures 1.75 x 10 dyn em (equivalent to a single M, = 9.43
event) . The mean-rate for the entire 85-year period anpunts to fdo =
2 x 10®dyn cm y~! (equivalent to one M, = 8.14 per year).

These nunbers and Figure 3.4.7 denonstrate several seismcity
features very clearly:

1) Monent release is alnost conpletely dom nated by the |argest
events.

2) Seismic activity throughout the Aleutian arc appears to occur
periodically, with two peaks of activity during the last 85 years that
are about 60 years apart.

3) During the quiescent interval (<« 50 years) few great
eart hquakes occur contributing to an average rate of nonent release
that is only about 3 x 107 dyn cmy™! (equivalent to one ¥, = 7.6
event per year), or one to two orders of nagnitude |ower than in the
short intervals (<= 15 y) of very high monent release (8.6 x 10*dyn
cmy~!, equivalent to one event of about M, = 8.5 per year).

3.4.6 Plate-kinematic strain accunulation rates. To conpare the
observed seismc noment release wth one derived froma sinple
pl ate-ki nemati ¢ nodel we nmake the follow ng assunptions:

1) Seismicity that actually occurs spread out over a volunme at
and near the plate boundary, is assumed to be released on a single
brittle fault contact of area A = L x W(kn?) that takes up the entire
relative plate notion o (cmy) by periodic seisnic slip events (i.e.,
seismic efficiency a "ugeigmic/Utoral® 1)
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Figure 3.4.7. Arc-wide seismc mmnt release (heavy solid 1tme) for the Aleutian arc during the period 1898 to 1982
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2) CQutside the brittle fault contact, slip of the plates past
one another and relative to the mantle occurs entirely ductile and
aseismc (a = 0).

3) The downdip width W (km) of the dipping fault contact that is
assumed to have a full seismc efficiency of a = 1, is only a portion
of the entire arc-trench distance. Estimates of this seismc width
W are obtained for individual arc segnents i with lengths Li by
measuring the updip distances between the 'aseismic front’ , generally
| ocated at a depth of about 40 km and the ‘seismc front', generally
at a depth of about 10 km along the ‘main thrust zone’ (for definition
of these ternms, see “House and Jacob, 1983; Davies and House, 1979,
Yoshii, 1975).

Wth these assunptions, we calculate the plate-kinematic noment
rates

Moi =4 ¢ Li e+ W« uj
for each arc segnment of length Li, and fromtheir sum
Mo arc =) Mo i

the arc-w de noment release is obtained.

W assume a constant shear modulus of y =5 x 101! dyn cm’for
the elastic properties of the plates near the fault contact; selecting
the fault widths W for arc segnents of length Lij, and the rates
of relative notion iii between the North American and Pacific plates
(after Mnster and Jordan (1978), as indicated in Table 3.4.4), one
obtains respective nonent rates M,; listed in the same table, and a
total moment rate for the arc. This arc-wide rate is

Mo are » 1.2 x 10®°dyn cmy"l

itcorresponds to one event with magnitude M, = 8.0 per year if it
were released at such an unrealistically even node.

The calcul ated rate, based on plate kinematic assunptions, vyields
only 60% of the seismc noment that is instrumentally observed as
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TABLE 3.4.4. Paraneters for plate-kinematic nodel of seisnic monent rel ease.

Slip Rate  Length W dth Area A Moment Rate M,? M,/100 km Stress Rate §
Zone t(em y1) L (km W(km) (10% km2) (10* dyn cm y=1) (10* dyn” em y~1/100 km (bar/y)
Yakut at- 6.0 200 100 2.0 6.0 3.00 0.30
Yakataga
1964-rupture 6.5 800 180 14.4 46.8 5.85 0.18
(200-150)
1938-rupture 7.0 350 120 4.2 14.7 4.20 0.29
Shumagin Gap 7.5 300 100 3.0 11,25 3.75 0.38
1946-rupture 7.5 150 80 1.2 4.5 3.00 0.47
Unalaska Gap 8.0 200 60 1.2 4.8 2.40 0.68
1957-rupture 8.0 800 50 4.0 16.0 2.00 0.80
1965-rupture 8.5 700 50 3.5 14.875 2.125 0.85
Entire Arc 7.11 35002,% 95,71 33.52 118.925 3.398 0.37!
3600 3.303
lyetghted average.
2gum over arc segments, cm.

Iassuming B = 5 x 10!1 dyn

“Sum of zome | engths falls short of total arc length (3,600 kn) because of ninor under-Iap.

SStress rate & = pa/w,



mean-rate during the last 85 years (Figure 3.4.7). Either the node
underestimates fault width, plate motion, or shear nodulus by that
much, or their product by some conbination of either. Alternatively

one may conclude that the calculated rate of My are™ 1.2 x 10 dyn
cmy~lis a correct |ower bound for a |long-termaverage, but that the
sequence of great events between 1957 and 1965, including the giant
1964 event, was unusually seisnogenic and rel eased a |arger nonent
than the arc typically does during one of its regular seismc cycles.

Using the plate-kinematic nmonent rates for each individual arc
segment as listed in Table 3.4.4 and the nonents for the |ast sequence
of great earthquakes, we can calculate hypothetical recharge periods,
i.e., the time required to accunulate by plate motion the rmoment that
was released during the last great event. Furthernore, we can
calculate the percentage of the full recharge tine that has passed
between the year of that event and now (1983). That value is >100% i f
the recharge date has been exceeded and <100% if it will be reached in
the future. The results of these calculations are summarized in Table
3.4.5. They show that the Shumagin gap and the 1938-rupture zone are
‘overcharged , i.e. , they have stored seismc nonent far beyond that
rel eased during their last significant events. Next in that sequence
rank the 1946 rupture zone and the Yakataga gap which have restored
less than half of their moment released last. In contrast, the 1964-,
1957-, and 1965-rupture zones have recovered less than 10 to 20% of
their moments released in their last great events.

Note that for the purpose of these calculations we placed the
1903 (M,= 8.3) event in the Shumagin Gap al though there is little
reason to believe it ruptured (the shallow or any portion of) the
Shumagin Gap. Hence, the Shumagin gap may be charged nore than here
indicated fromthe instrunentally recorded events alone. W therefore
consi der the next historical record to see when in fact this gap had
experienced sone nmgjor strain relief prior to 1898.

3.4.7 Esti mates of nonment rel ease associated with historic
earthquakes. ~ The Shumagin and probably the potential Unalaska seismc
gaps experienced very little or virtually no moment release fromtruly
great earthquakes during the instrunmental period since 1898. W
therefore consider the historic seismc record of the Aleutian Arc
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TABLE 3.4.5.

Recharge status of Rupture Zones or 6aps Since Last Significant Events.

Rechar ge Tine P
Year of Peri od Lapsed Due Years Yeara Per cent age
Arc Segnent Even t M, (years) (years) Dat e Left Overdue of Recharge

Yakut at - Yaket aga Gap 1899 8.68! 221 84 2120 137 -- " 38%
1964- zone 1964 9.2 170 19 2134 151 -- 117
1938- zone 1938 8.4 34 45 1972 --- 1 132%
Shumagin Gap 1948 7.5 2 35 1950 -— 33 > 1000%
Shumagin Gap 1917 7.8 6 66 1926 --- 57 > 1000%
Shumagin Gap 19032 8.3 31 80 1934 --- 49 258%
Shumagin GAp 1847/ 1788 8.78'¢ 136/ 195° 136/ 195° 1983’ o 03 100%3
1946- zone 1946 8.3 79 31 2025 42 -- 47%
Unalaska Gap 1878 8.4 1053 1053 1983° 03 03 1 00%8
1957-zone 1957 9.0 249 26 2206 223 -- 10%
1965- zone 1965 8.7 95 18 2060 77 -- 19%
Kommand.-Gap 1849/ 59 8.6913 1263 129° 1983° 03 03 10098

lgomposite value Of several events.

2piq probably not rupture Shumagin Gap.

Ycomputed val ue if event would recur in 1983.



that (at present) dates back to about 1784 (Sykes et al. , 1980, 1981;

Davies et al. , 1981). Because for historic events no instrunentally
determ ned rmonents or nmagnitudes are directly available, and because
intensity reports are spatially very inconplete due to | ow popul ation
density, we have essentially only a few means to assess the sizes of
events. For a few events their rupture Iengths can be inferred from
sparse intensity reports or tsunam reports at widely spaced
localities for the sane day. Another and new nmethod, which we wll

apply here systematically, is t he concept of the
“time-predictabl e’ nodel (Shimazaki and Nakata, 1980). It postul ates
that the time AT (of seismc quiescence) between two great earthquakes
on the sanme plate boundary segnment is proportional to the nonent
rel ease M, of the first of the two events, “and they are related to
the long-term plate-tectonic slip-rate & (cmy) by the relation

My = WL uAT

If we know the rupture length L for the event preceding the tine
interval AT between two great events, and use the same parameters W
4u, u as before (see chapter 3.4.6) then we can calculate a rough
nonment estimate for the event that preceeds the period aT (Table
3.4.6)

Note that the above equation can also be solved for

L = My/(u W U AT)

W use this relation for those post-1898 events for which a noment and
succeeding time-interval AT is known but no rupture-length is known
because of poor aftershock coverage. W use this fornula to estimte
rupture length for seven great events (M, > 7.8) that occurred
bet ween 1898 and 1929 and for which either no or only insufficient
intensity reports exist. Applying this relation we find that between
1898 and 1929 about 60% of the 700 km long arc segment that broke in
the single 1965 M, = 8.7 event, had broken by a sequence of snaller
events with magnitudes 7.8 <M, < 8.2 (Figure 3.4.8).
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TABLE 3.4.6. List of great historic eventa and inferred source paraneters based on the 'time predictable’ nodel.

M, L W Ag 122 AT ® Parti ci pating

Dat e M, (1028 dyn cm) (km) (km) (bar) () Zomnes”
7/1788 8.76 17.88 650 130( 100- 180) 16 56,59 64,38,56G
8/1788  8.63 to 8.77  11.09 to 18.00 150 to 300 111(100- 120) 50 158, 195 G, 46
1792 8.4 5.01 150 180 10 62 64
1844 8.6 10. 00 150 180 21 120 64
1847 8.76 14.136 500 114(100- 120) 226 1,70,91,136° 38,56
1848 8.04 1. 26 865 865 205 32 38
1849 8,56 7.08 250 50 1106 1348 KG
1854 8.6 10.00 150 180 10 110 64
1859 8.56 7.08 250 50 1106 124° KG
1878 8. 4° 5.01 200 60 706 1056 i[H
1880 8.0 1.26° 865 865 205 23 38
Col um 8.47 8.43 245 112 41 92
Aver agea (27.43)

Ligimple stress drop* aeg = m.L7ly 2
2Note that 10° dyn cm-2"=") bar .
3T are the years until the succeeding event(s) on the sane rupture zone.

“Maanitude is estimated, not calculated from_'tine-predictable model*.

Ssource parameters inferred by assuming Aas 20 bar.

minimm val ue which increases if succeeding event occurs later than 1983.

770nes coded by year, i.e., 64 = 1964 ruPtUre zone. §g.= Shumagin Gap, KG = Konmandorski Gap,
‘Calculated from average M, L, W

UG = Unalaska Cap.



W enphasize that for all these and the follow ng cal culations
the sane idealized assunptions apply that were used earlier: no
aseismic slip nmust occur within the width Wof the fault and the slip
released in the quakes constitutes the entire plate notion when
averaged over long periods of time (i.e., over many seismc cycles).

In many instances, we don’t know the rupture length of historic
events very well. To conpute at |east sone very rough nonent
estimates we assune their spatial limts from whatever limted
information is available. These assunptions are depicted in Figure
3.4.8 and closely agree, except for some mnor details, with those of
Sykes et al. (1980, 1981) and Davies et al. (1981). Where these
authors left lateral extent of events undetermned we arbitrarily
made ruptures terminate at the nearest boundary of a tectonic
subdivision. The Figure 3.4.8 shows the monents derived for historic
events based on these assunptions and on the plate kinematic and
time-predictable nodels. The calculated nonents and magnitudes should
not be taken as real, but as an indication whether our nodels and
assunptions produce magnitude values that are at least plausible. In
that sense they provide a test of the nodel assunptions.

Several r emar kabl e results enmerge fromthis exercise. None of
the magnitudes M, calculated from the inferred noments M, (these
magni tudes M, are shown in parentheses in Figure 3.4.8) are
unreasonably large for any of the historic events. The largest events
considered, i.e., those in 1847 and 1788, are all smaller in
magni t udes than those of the great 1957 and 1964 events, i.e. , none of
the cal culated magnitudes are required to exceed M, = 8.09. Thi s
finding may not necessarily support, but also does not contradict our
earlier notion that the 1957-, 1964-, 1965-event sequence of truly
great earthquakes may have been somewhat exceptional

Furthermore, we have cal cul ated hypothetical monent magnitudes
M, for unreported events that might have occurred, say, at about
1760. Using the arc-specific noment rates and the tinme-predictable
model these hypothetical events serve to justify the |ong periods of
apparent quiescence for which no inportant events are reported during
both Russian and early U. S. ownership of Alaska. These hypothetica
maxi mum si ze events (assunmed at 1760) are indicated near the bottom of
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Figure 3.4.8 by unbracketed magnitude synbols M. For instance,
except for the M, = 7.9 event in 1905 and a normal faulting event
My = 7.9 near the trench in 1929, virtually no great event has been
reported in the 1957-zone since 1760, when Russian fur-trade and
hunt ing expeditions in the arc near Amchitka and Attu were well
under way, al bei t Wi t hout conti nuous Russi an settlenents
Nevert heless, the magnitude M,  8.93 that is required in order to
be succeeded by such an extended quiescence - whether real or not - is
still smaller than that of M; = 9.0 for the 1957 event. We conclude
that, while this quiescence since at |least 1760 nay not be real, it is
perm ssible without requiring an unrealistically gigantic earthquake
to preceed it just prior to the arrival of Russian traders.
Simlarly, the 139-year long ‘quiescence’ beween 1760 and 1899 in the
Yakataga gap requires ‘only’ a M, = 8.55 event at or prior to 1760;
this magnitude is smaller than one derived fromthe conbined monments
of the 1899 Yakut at- Yakataga sequence.

As pointed out by Sykes et al. (1980, 1981) the historic record
near the Shumagins and Kodiak is probably nore conplete than el sewhere
along the arc. This applies to events since 1788 because of permanent
Russi an presence at Unalaska, Unga, Sanak, and Kodiak from at | atest
1784 onward. \Wether the nmore frequent reports of great events there
reflect sinply a difference in recurrence times (say 60 to 100 years)
conpared to nore than 200 years in the 1957 zone cannot be resolved at
present. The magnitudes and recurrence tines permt either a true
difference along the arc, a regular variance fromone seismc cycle to
the next, or inconplete historic records for large arc segnents. If
the latter is the case, the 1957 and 1964 events should be fol |l owed by
above- average (quiescent) recurrence periods

If the 1847 event with an inferred M, 8.7 ruptured only the
eastern half of the Shumagin gap and not also the western half, and if
the same applies to the July 22, 1788 event (inferred M, 8.76),
then the event of August 7, 1788, can be calculated to have had a
magni tude of at |east M, = 8.63 to cause the near-quiescence of the
Shumagin gap lasting until now (1983). Shoul d that event al so have
ruptured the entire 1946-zone then the inferred m nimum magnitude for
the August 1788 event increases to-M, = 8.77. Ei ther magnitude
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woul d be consistent with the tsunam effects at Sanak and the Al aska
Peni nsul a described by historic reports (Sykes et al., 1980, 1981;
Davies et al., 1981).

Because the hypothetical monent release for the August 1788-event
may come fromonly a 150 to 300 kmlong sezment it nmay have required
rather high stress drops and/or stiffer elastic plates (increased )
and thus may signify the Shumagin gap as a hard-to-break asperity. If
t he Shumagin gap constitutes such an anomaly, recurrence tines for
major events to break the gap could be prolonged over those of
adj acent arc portions (i.e., the 1938 zone where they may nmeasure as
short as 60 years). Barring any misinterpretations during the
instrunental period it seems that the western and eastern half
portions of the Shumagin Gap were quiet for truly great events (M>
8.0) for 195 and 136 years, respectively.

On the other hand, as shown earlier (Table 3.4.5), the expected,
ongoi ng qui escent periods (or recharge periods) in the 1957 and 1964
zones could last for 249 and 151 years, respectively, if the proposed
plate-kinematic and tine-predictable nodel is correct. Therefore the
Shumagin gap may not be anonal ous, but reflects the regular variations
in the same segment of arc that may occur between different seisnic
cycles.

The ‘time-predictable nmodel’ can be viewed as one extreme nodel
which is contrasted by the ‘slip-predictable nodel (Shinmazaki and
Nakata, 1980) . In the latter case the slip (and thus nonent) of the
earthquake succeeding the quiescent period is proportional to the
duration AT of that period. If this nodel were valid we can calculate
the magnitude of future great earthquakes breaking any given arc
segment . For instance given the virtual quiescence (for M, > 8) of
136 and 195 years of the eastern and western halves of the 300 km | ong
Shumagin seismc gap we obtain a hypothetical magnitude ¥, = 8.72
for the year 1983in that gap, that would increase by small anounts
each year. W have cal cul ated these hypothetical magnitudes for the
year 1983 for each arc segnent. They are indicated near the top of
Figure 3.4.8 (at year 1983) by the inverted brackets )(.
Reinterpreting these magnitudes ,( by the ‘tine-predictable’” node
inplies, that wherever they are 1less than the nmgnitude of the
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previous great earthquake in the same arc segnent a great earthquake
is not yet likely. \ere they exceed the nagnitude of the preceding
event, a great event is overdue but may have a magnitude different
fromthe one indicated by M,(. Note that the highest value anong
the magnitudes )JM,( has been deternmined for the Shumagin gap
despite its associated short arc length of only 300 km. Thi s
indicates the inplied readiness of that gap for a great event,
what ever its actual nagnitude may be. In fact the adjacent rupture
zone of the M, = 8.4 event of 1938 shows a val ue )M,( = 8.48 which
exceeds that of 1938 and thus nay break together with the Shumagin gap
in an event that could neasure as great as M, = 8.8 to 8.9.
Sinilarly the probable Unalaska gap shows a high value J)M,( 8.4
for its small (200 km) arc length provided it has not or was only
partially ruptured in 1957.

Finally, we can make a present-day bal ance between the stored
cunul ative nonent that is generated by the plate-kinenatic process
froma certain year onward up to date, and the cunul ative nonent

released by great, historically and instrumentally reported
earthquakes. W choose the arbitrary limts of this period to be 1760
and 1983. The results fromthis balance are indicated in Table

3.4.7. Assum ng all underlying assunptions are correct, which nost
likely they are not, it shows that the 1964, 1946, and 1957 zone may
have ‘overspent’ someof the (inferred) available nmoment (or slip),
while the 1938, Shumagin and Unalaska Gaps, and, surprisingly, the
1965 zone woul d be capable of significant events at this time. In
this assessnent, the Yakataga gap woul d have just recently reached a
monent bal ance. Note that the arc as a whole is nearly bal anced by
having to spare not nore than the equivalent of a M, = 8.8 to 8.9 at
present. Since a balance in each arc segment depends highly on the
accuracy of the instrunentally determned magnitudes and conpl eteness
of historic record as well as the choice of starting (1760) and
termnation (1983) of the period considered, little credibility should
be attached to the noment bal ances for sone of the arc segnents with
poor data quality.
3.4.8 Statistics of recurrence tines and probabilities for great

ear t hquakes. Figure 3.4.8 shows that since 1788 several of the arc
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TABLE 3.4.7. Monent Balance (expressed in equivalent M, since 17eo.
Lar gest Moment Bal ance Year s Years

Arc Segment M, (measured in equiv., M) Left Over due
Yakataga Gap 8.68! +1, 32 2
1964 zone 9.2 -8.49 15
1938 zone 8.4 +8.29 23
Shumagin Gap 8.781°2 +8. 29 31
1946 zone 8.3 -7.80 14
Unalaska Gap 8.4 +8. 44 118
1957 zone 9.0 -8.40 31
1965 zone 8.7 +8. 70 24
Kommandorski Gap 8.691 ‘° +8, 60 95
Entire Arc +8. 86 18.8
lcomposite of several events.

2computed from time-predictabl e wmodel,



segnents broke more than once in great events. For instance, the 1938
rupture zone broke in 1847 and also in 1788; simlarly, various
subsections of the 1965 rupture zone broke around the turn of the
century. Taking all observations of repeated ruptures of arc
segnents, and conbinations or subdivisions thereof, we can nake a |ist
of recurrence intervals between all |ead and successor events that
bracket the recurrence intervals. Such alisting is conpiled in Table
3.4.8. There are 11 observed recurrence intervals with [ead events
between 1788 and 1880, during the historic period. To those 11 data,
a set of five mninumrecurrence intervals canbe added assum ng that
a successor event would occur in 1983 or later (see Footnote 1 of
Table 3.4.8). This brings the total to 16 recurrence periods
followng 11 historic lead events (see also Table 3.4.6). There are 8
observed recurrence periods fromas many |ead events during the
I nst runent al period 1898-1982 to which 5 ‘observations’ of
m ni mum periods can be added if we assume that the Shumagin (1917) and
Yakataga gaps (1899) and the 1938 rupture zone will break in 1983 or
some time soon. Note that according to the plate-kinematic
calculations, these zones, except for the Yakataga gap (see Table
3.4.5), have recovered their nonents since their last event sequences,
and hence this assunption is--within the plate kinemtic
model --marginal ly permssible.

Furthernore, there are the four great earthquakes of 1946, 1957,
1964 and 1965 that occurred too recently to have ruptured again. For
these we can estimate recurrence periods fromthe ‘time-predictable’
nmodel (see ‘recharge-periods’ in Table 3.4.5). These estinmates are
likely maxinum values conpared to most oOthers since they are
associated with lead events with rather large monents.

In summary, Table 3.4.8 contains a total of 33 data points of
which 19 are observed, and 14 are conputed val ues. W can rank the
order of recurrence periods of Table 3.4.8 by their increasing
magni tude (duration) and then assess the statistical properties of
this data sanple. In doing so we obtain:
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TABLE 3.4.8. (Chserved or conputed recurrence times for rupture zones
whi ch broke during the historic and instrunental period 1788 to 1965.

Lead Event Successor Event Recurrence Period
Year M, Year M, (years)
1788 8.8 1844 8.6 56
1788 8.8 1847 8.7 59
1788 (8.7)1 (1983) ? (195)
1788 8.7 1946 8.3 158
1792 8.4 1854 8.6 62
1844 8.6 1964 9.2 120
1847 8.7 1848 8.0 1
1847 8.7 1938 8.4 91
1847 8.7 1917 7.8 70
1847 (8.7) (1983) ? (136)
1848 8.0 1880 8.0 32
1849 (8.5) (1983) ? (134)
1854 8.6 196. 4 9.2 110
1859 (8.5) (1983) ? (124)
1878 (8.4) (1983) ? (105)
1880 8.0 1903 8.3 23
1898 8.0 1965 8.7 67
1899 8.5 (1983) ? ( 84)
1899 8.4 (1983) ? ( 84)
1899 7.8 (1983) . (84)
1900 8.1 1964 9.2 64
1903 8.3 1938 .8.4 35
1905 7.9 1957 9.0 52
1906 8.2 1965 8.7 59
1907 7.8 1965 8.7 58
1917 7.8 (1983) ? ( 66)
1929 7.9 1957 9.0 28
1929 7.8 1965 8.7 36
1938 8.4 (1983) ? ( 45)
1946 8.3 [2025]° ? [ 79]
1957 9.0 [2206] ? [249 1
1964 9.2 [2134] ? [170 1
1965 8.7 [2060] ? [ 95]

IThe values in parentheses () are mininum val ues which increase if
the successor event is not occurring in 1983 but at a later tine.
“The values in brackets [] are likely to be maxi num values and are
calcul ated by the ‘tine-predictable’ nodel from the magnitude M;

of the |ead-event.
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Nunber of data points: 33
Smal | est value: 1 year
Largest value: 249 years
Median value: 70 years
Mean value: u = 86 years

Standard Deviation: ¢ = £ 53 y rs
Mean + Standard Deviati on u + o = 139 years
Mean - Standard Deviation: u = 33 years

The nedi an and nmean val ues should coincide if the sanple
popul ation follows a normal distribution; the above results show,

however, that this is not the case for these data. Therefore, we
search for other distributions that provide a better approximtion to
t he data. Elimnating the |owest value TR=1 year, we find that

the remai nder of the data are nearly log-nornally distributed.
Therefore we plot a histogram of the occurrences of the |ogarithm of
recurrence tinmes (i.e., y “log TR) in Figure 3.4.9 (bottonm). This
sanpl e of data has the follow ng properties:

Nunber of data points: 32
Smal | est value: 23 years
Largest value: 249 years
Median value: 74 years

Logarithm c mean: uy = 1.88 (i.e., T, 76 years)
Standard Deviation: ¢y = £0.25 (i.e “r“+°/Tu ©1.78%)
Mean + Standard Deviati‘on: = 135 years

Mean - Standard Deviation: T,‘j‘ii,’ 43 years

Thus, after a double coordinate transformation

y = log TR
7" (y - uy)/Oy

we can find a normal (Gaussian) distribution for the scaled variable z
that has the new properties (Bendat and Pierson, 1981):

Mean: u, = O
Standard Deviation: g, =1
Variance: ¢,%2 = 1
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The associated probability density function p(z) and (cunulative)
probability function P(z) are:

n(z) “(2m)~1/2 e *22/2
z 2

P(2) :(21:)'1/2[ eE/2 4
00

The cunul ative probability P(z) is plotted as the snmooth curve in
Figure 3.4.9 (upper frane) in conparison with the cunul ative
occurrence of observed recurrence periods (incremental curve), both of
whi ch have the sane |ogarithm c mean y, and standard deviation ¢ from
the mean.

The distribution P(z) shows that in the Aleutian arc there is a
probability of only about 1% that the area of a great earthquake wl|
rupture again in a great event after only 20 years, a probability of
50%thatit wll rupture after about 76 years, and of 90% after about
160 years. Table 3.4.9 |lists selected values of probability P and
associ ated recurrence periods TR

We have plotted in Figure 3.4.9 (near the upper margin) the
holding times (up to 1983) for the last major earthquakes in each
maj or arc segnent. Proj ecting down fromthese values TrRin Figure
3.4.9 to the probability distribution P(z) yields the probability as
of 1983 that each arc segnent has attained for the occurrence of a
great event (M> 7.8). These probabilities P(1983) are listed in
Tabl e 3.4.10. W note, for instance, that the two segments of the
Shumagi n gap that have last ruptured in 1788 and 1847, respectively,
have reached respective probabilities as high as 95 and 85% whereas
the 1938 zone has reached (by 1983) a probability of only 18%

3.4.9. Condi tional probability and annual probability rate of
occurrence. \Wiile it is interesting to know that the Shumagin gap has
not yet broken despite such high cunulative probabilities, it is nore
important to ask the question: what is the probability that the
Shumagin gap will rupture during the next, say 10 or 20 years, given
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Figure 3.4.9. Statistical properties of recurrence periods. Bottom: Discrete probability density distribution
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equivalent log-normal probability distribution (smooth curve) with the same logarithmic mean p (Ty = 76 years) and
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to break in a given future period;*see text and Table 3.4.10.



TABLE 3.4.9. Probabilities P(% for Recurrence periods Tg(years).

P(A TR(Y)
| 20
5 29
10 36
20 47
30 56
40 66
50 76
60 88
70 102
80 123,
85 138
90 159
95 195
98 247
99 288
100 ®
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the condition that it has not ruptured during the last 136 or 195
years, respectively?

To answer this question we use the concept of the conditiona
probability defined as

P*(TR/Tp+AT) = (P(Tp+aT)-P(TR)) (I -P(TR))-I

It constitutes the probability gain during the interval AT (during
which the holding tine increases from T.,to TR+ AT), divided by
the remaining probability increment (I-P(TR)) which reflects the
assuned certainty (P=1) that the gap will break sonetine between Tr
and T=w.

W have listed (Table 3.4.10) these conditional probabilities P*
whi ch describe the chances (in percent) that any of the considered
gaps or zones w |l break during the next one or two decades (i.e.,
during the periods 1983-1993 and 1983-2003, respectively). Note that
these conditional probabilities P* for the next 10 or 20 years vary
much less (by a factor <= 5) fromone region to another than do the
probabilities P. Note also that the cunulative probability for the
Shumagin gap increases by only <2% between 1983 and 2003 (from 95.0 to
96.5% for the August 1788 rupture segnent), while the conditiona
probability «x7983/2003 that a great Shumagin event W || occur
bet ween now (1983) and 2003, neasures 30% (anounting to an average
annual probability P* of about 1.5% per year). Hence, to maxim ze the
chance for catching a great earthquake, say, for the purpose of
monitoring strong notions froma great event, the chances to do so
successfully in the next decade is about 4 to 5 tines higher in any of
the four gaps (Shumagin, Kommandorski, Unalaska, and Yakataga) than,
for instance, in the 1964 or 1965 rupture zones.  Correspondingly the
hazards ratio is simlar.

Wien studying all the particular tectonic and physical properties
of a particular gap or arc segment, its specific behavior may very
wel | be explicable partly deterministically. For instance, in the
present analysis we have ignored the possible underlying physica
causes for sone systematic variations in recurrence tinmes TR W
did not account for the possible systematic effect that the known
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variations along the arc of plate rates a (cmy), contact width Wand
average stress drop As, or the shear nodulus y may have.

The determnistic fornulation for recurrence tine TR's ‘f ‘he
form (nodified after Sykes and Quittneyer, 1981):

Tr = (ac/w)/(W/E) = Mg/M,

W call Ao~ M /LW? ‘ sinple stress’ by inplying that the usually
associ ated geonetrical constant C to be of uniformorder 1, regardl ess
of fault geonetry. G ven the dependence of T.on Ag, u, Wand 4, we
could have first carried out a nultivariate regression of the observed
recurrence times (Table 3.4.8), then we could have renoved the
systematic effects of 4, W As, or u if they existed, and woul d have
obtained a new data set Tg' that presumably would have had a smaller

2 of the recurrence tinmes from their new mean, provided a

variance ¢
significant correlation between the original T,and |ocal values of
i, W Ao, and A¢ exi sted. W have abstai ned here from using such
regression methods which will be reserved for future refinenents.
3.4.10. Wien will the Shumagin Gap break? The key question
remai ns: when will the Shumagin gap (or any of the other gaps)
break? According to the determnistic nodels (that use only a

si ngl e-val ue average behavior) the Shumagin gap shoul d have ruptured

several decades ago. \Wen treated as part of a random process, it had
a probability of about 90% to have broken by now  Gven the fact it
has not utilized the 90% probability, we can only estimate the
probability, rather than a date itself, that it may rupture in, say,
the next one or two decades. These conditional probabilities are
‘only’ about 16 and 30% respectively, implying a 84 to 70%
probability that this gap will not break in the next one or two
decades, respectively. It remains to be seen whether the actual
behavi or of the gap happens to follow nore closely the deterministic
prediction of overdue inmnence, or whether it will ride out the full
range of unlikely high, but permssible cumulative probabilities that
may be as high as 96% during the next 20 years while the annual
probabilities are not exceeding a few percentage points. In all
instances, a constant long-term preparedness for a great event is
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warranted, that may have to be maintained for nore than 2 decades
Shorter-term warnings can only be issued if a variety of seismc and
ot her geophysical earthquake precursors are monitored and identified
at a sufficient signal to noise ratio. These precursors can then be
used to calculate tenporary probability gains (Aki, 1981) that nmay
raise the effective probability rates over and above those of the
basi ¢ annual probability rates listed in Table 3.4.10 by factors of 30
or nore

Dependi ng on when the Shumagin gap is ready to break, it may have
a chance to rupture in a giant event, whose maxinum extent (Figure
3.4.2) could include the 1938 rupture zone, the Shumagin gap proper
the Unalaska gap, and even may weakly rerupture the 1946 zone. Such
an event, however unlikely, would have a maxi num magnitude {cal cul ated
froma slip-predictable nodel) of about M, = 8.9 to 9.0, depending
on when it would occur.

3.4.11. Aternative probability model. 1In section 3.4.8 we have
pointed out that a log-normal distribution yields a fit to the
recurrence time data that is superior to that obtainable for a norna
distribution. This conclusion may be largely due to the fact that we
tried to nmake a statistical statenment about recurrence tines for the
entire arc. Ni shenko and Sykes (in b}éparation) made an anal ysis of
recurrence tines on restricted segments of the San Andreas fault and
for portions of the Chile subduction zone. They argue that recurrence
times for restricted portions of a fault that repeatedly break the
name tectonic units are normally distributed. They find also that the
standard deviation is only about 1/3 of the mean recurrence tine T,
i.e., much smaller than in the case one obtains for the variation of
recurrence tines along the entire fault system

Because of a basically different behavior of probabilities in a
normally and a log-normally distributed data set for times
TR » Tu+s, We present here for conpleteness an alternative nodel
the results of which illustrate the great uncertainties that stil
exist in these assessments when the known seismc history covers at
best only 2 to 3 mean recurrence intervals.

For this alternative nodel we elimnate the smallest (TR = 1
year) and the four largest recurrence tinmes (T,= 249, 195, 170 and
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TABLE 3.4.10,

Cunul ative, conditional.,

and annual

probabilities foOr great earthquakes in 1983,

1993 and 2003, and fntervals

in between, respectively, for mejor Aleutian rupture zones and gapa for log-normelly distributed recurrence periods

(N =32 T, = 76X 1,781 years).

Lapsed Tine Condi tional Probabilities P*()%  Annual, Rate

Year of Tplyears)  Cumulative Probabilities P(%)2 T983-1993  1983-2003 Lr/y)"

Zone Last Event Until 1983 1983 1993 2003 (ATR=10y)  (ATp=20y) (10 vear ave.)
Shumagin 1788 195 95.0 95.8  96.5 16.0 30.00 1.6
Shumagin 1847 136 84.5 87,2 89.5 17.4 32.3 1.7
Kommandorski 18541 129* 82.2 85.3 88. 17.4 32.6 1.7
Unalaska 1878 105 71.4 76.5 80.7 17.8 32.6 1.8
Yakataga 1899 84 57.1 63.2 71.4 18.9 33.3 1.9
1938-rupture 1938 45 18.2 28.8 39.4 13.0 25.9 1.3
1946-rupture 1946 37 10.6 20.3 “30.9 10.9 22.7 1.1
1957-rupture 1957 26 3.1 9.8 19.3 6.9 16.7 0.7
1964-rupture 1964 19 0.8 4.7 18.4 4.0 11.7 0.4
1965-rupt ure 1965 18 0.6 4.2 11.3 3.6 10.7 ().4

laverage for 1849/ 59.

2gee curve in Figure 3.4:9.

3p%(1983 to year X) = (P,~P;
bpx o PH/ATp, Wit h

)/ (1~ ).
aTp = year B3 3983
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158 years) fromthe data set of Table 3.4.8. This yields a new
restricted data set with smaller variance, to which we can narginally
fit anormal (rather than a |og-normal) distribution.

The new data set has the properties:

Nunber of data points: 28

Smal | est value: 23 years

Largest value: 136 years

Median value: 66.5 years

Mean value: u = 73 years

Standard deviation: o = #32 years

Mean + Standard Deviation: u + ¢ = 105 years
Mean - Standard Deviation: p- ¢ = 41 years

The histogram (probability density) of recurrence times T,and
the associated cunulative probability function P.(%) are shown in
Figure 3.4.10 and the probabilities and conditional probabilities
derived for the various arc segments fromthis normal distribution are
sumarized in Table 3.4.11. The latter differ fromthose in Table
3.4.10 (log-normal distribution) in several inportant ways.

Most prominently, the cunmulative probabilities increase to values
very close to 100% for gaps whose holding times T, exceed
substantially Tu+s 105 years (i.e., the Shumagin and Kommandor sk
gaps) . Moreover, the conditional probabilities for a great event to
occur during the next 10- or 20-year periods increase nonotonically
with increasing holding time T,and neasure up to about 5 tines
hi gher than those for the log-normal distribution. The same applies
of course to the annual probability rates.

The basic reason for” these differences lies in the fact that the
conditional probability P* for a fixed small tine interval AT (into

the future) is in the two cases, respectively

normal distribution: P* = (p(z) /(1-P (2)))aT/o
| og-normal distribution: P* = (p(2)/(1-P(2)))AT/(Tg)

wher e
p(z) = (2m)71/2 eZ]2

‘ z _,2
P(z) - (2m) /2 [ & 24

-Co
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Flgure 3,4.10. Same as Figure 3.4.9 except that a normal (rather than a log-normal) distribution (solid line;
is fitted to observed recurrence times distribution which consists of a reduced number (N = 28) of samples.
Note the poorer misfit (RMS = 5,25%) between fitted curve and observations compared to that (RMS = 2.8?%)
achieved for a log-normal distribution shown in Figure 3,4.9,
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TABLE 3.4.11. Cunulative, conditional, and annual orobabilities for great earthquakes in 1983, 1993 and 2003, for mgjor

Aleutian rupture zones assuming normal |y distributed recurrence periods (N =28 ; T,.; = 73.5 + 32 years).

Lapsed Tine Condi tional Probabilities P*(9 Annual Rate
Year of Tr(years) Curul ative Probabilities P(% - 1983- P(%Y)
Zone Laat Event Unt1l 1983 1983 1993 2003 (ATR=10y)  (ATg=20y)
1983- 1993
Shumagin 1788 195 99.99 92,999 99.9999 A90 99, 9
Shumagtn 1847 136 97.5 98.8 99.5 54.3 80. 3 5.4
Kommandorski 1854 129 95.9 98.0 99.1 50. 4 77.6 5.0
Unalaska 1878 105 83.8 919" 94.6 49.7 66.8 5.0
Yakataga 1899 84 62.9 73.9 83.1 29.7 54.4 3.0
1938-rupture 1938 45 18.6 28.2 39.6 11.7 25.7 1.2
1946-rupt ure 1946 37 12.6 20.4 30.3 8.9 20.3 0.9
1957-rupture 1957 26 6.9 12.1 19.5 56 13.6 0.6
1964-rupture 1964 19 4.4 8.1 14.1 4.0 10.1 0.4

1965-rupture 1965 18 4.1 7.7 13.4 3.8 9.6 0.4




o standard devi ation around nmean u, and T holding tine. Not e t hat
(T-u)/o for normal distribution, and z = (logT=-u)/o for |og-normal

di stribution.

Z

Thus, wth increasing T the values P* for the |og-nornal case
gradual | y decrease again, while they nonotonically increase for the
normal distribution.

The consequences for hazards assessment of these differences in
the statistical nmodels are summarized in the pertinent hazards
assessnent section (Section 4.1).
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3.5 Historical Eruptive Activity of Pavlief, Akutan, and Makushin

Vol canoes

In order to better understand their eruption styles, we nade a
detailed, systematic, and thorough search of all available literature
pertaining to historic activity of the 4 vol canoes, Pavlof, Pavlof
Sister, Akutan, and Makushin!. Results of the conpilation of historic
records are shown in Tables 3.5.1-3.5.4. This conpilation updates and
conpl etes that given in Simkin et al. (1981) (our Table 3.5.5).
Synbol s are standard synbols used in the Bulletin Of Volcanic
Eruptions (see figure caption). VW find that Pavloef and Akutan
vol canoes, with 27 and 28 reported eruptions since 1760, respectively,
are two of the nost active volcanoes in North Anerica. Fi gures
3.5.1a,b,c show the nunber of years per decade with reported eruptions
for Pavlof, Akutan, and Makushin from 1760 to the present tine.
Pavlof and Akutan show nore reported eruptions in recent years than in
the past, suggesting that the nore numerous reports during the past 60
years may represent nerely better reporting, rather than a real
increase in activity. Makushin, however, appears to be |less active
today than it was approximtely 150 years ago (Figure 3.5.lc).

1973-1982 eruptive activity of Pavlef Vol cano. Based on the

study of seismcity associated with volcanic activity at Pavlof, we
have identified two nmain eruption styles (McNutt, 1981a,b; McNutt and
Beavan, 1981) (see also Appendix 7.5). One is a vigorous effusion of
lava lasting 1-2 days acconpanied by strong volcanic trenor.
Significant anmounts of ash are often erupted to heights as great as
37,000° during these eruptions, and | ava commonly flows down t he
fl anks of the volcano to distances of 3-4lm. The second eruption
style consists of nunerous small explosions, as many as 13 per hour,
whi ch occur during episodes |lasting from several days to about 2
nonths.  The explosions are acconpani ed by B-type earthquakes (shallow

1p. Shackelford and S. McNutt conpleted the job of cross-referencing
and verifying all reports as originally conpiled by S. H ckman at
Lamont - Doherty Ceol ogi cal Cbservatory in 1978-1980.
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in the highest

whi ch occur

emergent events |acking a clear S-phase),

numbers a few days before the onset of explosive activity (McNute and

t he seismicity acconpanying each of these

Examples of
eruption types are shown in Appendix 7.5.

Beavan, 1981).
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TABLES 3.5.1-3.5.4. Data fromliterature search on eruptive activity
at Pavlof, Pavlof Sister, Akutan, and Makushin Volcanoes. Conpilation
by D. Shackelford, S. Hickman, and s, McNutt, 1982, 1980, and 1983,
respectively. Synbols used are standard synbols fromthe Catalogue of
Active Vol canoes of the Wrld and the Bulletin of Volcanic Eruptions.
Synbols are shown below. (Note: all neasurenents are given as they
appear in the original reports (for exanple, mles are still mles)

to preserve original accuracy.)

CONVENTIONAL SYMBOLS used in the Catalogue and
t he Bulletin Of Volcanic Eruptions

O  Eruption in the central crat er A extrusion 0f a Spine

o  eruption in a parasitic crater A phreatic explosions, mud eruptions
©  eruption in a radial fissure ~  mud flows

= eruption in a regional fissure A  subglacial eruptions

t  normal explosions 7  submarine eruptions

—  eruptions producing nufes ardentes* * islets formed by submari ne eruptions
=» lava SOWS s t{idal vaves (tsumamis)

@ eruptions in a crater lake 3  solfatara fields, vapours

@  eruptions in a lava lake G2  destruction of arable | and

a t casuaities

extrasion of a lava dome
(* including ash flow, pumice flow etc. )

a8l 3. 5 1 Pavlof sister (55 45*X 161 87*W

| nf ormation

Date Activity Addi ti onal

1762-17S6 09 ? n') Eruptive period Wi t h stromg eruption in 1786. The 17S6 eruption
. H acconpani ed by a stromg earthquake (X on Rossi-Forel scale) *. It

may be that only 17S6 is from Pavlef Sister, the OCher eruotions

may be from Pavief (identity of active volcano is unclear). Ob-

servations in 1928 found Eissure or breach on the cone, and there
wag a summt choloid. Both features likely forned in 1786, aa

reports suggest violent activity (“mountain ctop fell in") .

*A recent invest igation by Sykes et al. (1981) showed chat a S trong earthguake occurred on July 22, 17SS, vet no men-
tion is nade of a strong quake in 1786. Since X is che highest intensity on t he Rossi-Forel scale, we infer thac the

correct date for both the earthquake and che eruption probably should be 1788.
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TABLE 3.S.2. Pavief (55.42°N, 161.90°W)

Dat e
1762- 1786

1790
1817
1825
1838
1843, 12 August

1846, August

1852, early August

1866, 14 March

1886
1892
1894
1901
1906- 1911

1914, 06 July

1917, October
1922, 24 Decenber-1925

1928, 28 June

1929, March-1931, sumrer

1936- 1948

1950, 31 July-

1953, 25 Novenber

1958, 17 May-28 August

1960, ca. -1963, Ca
1966, 15 March

1973, 12-13 YNovember

Act ivity

]

ot

ot

of’

o=

01
o4

o 1=7)

Addi tional | nformation

Wth felt earthquake, probably Pavlef Sister (see footnote, TABLE
3.5.1).

Lapilli falls.

Eruption of unknown character.

Snoki ng.

Powerful eruption of gl owing tephra,

G owi ng tephra erupted fromvent near summit, ash falling 55 mi.
to E (Unga 1.) with lava flow down E flank.

Not an eruption, steaming fromvent high on N flank.

Identity of volcano uncertain. Ashfall on Kodiak 1. (?) left 3"
of aeh during 15 minute period at ca. 0300.

Red glares,
“Fire” at night, from summit,

“Fire” at night, from summit,

Continuous mnor eruptions from summit from 1906-1911. The nost
powerful historic eruption of Pavlof took place in Decenmber of 1911,
most notably 6-7 Decenber. The N flank opened, there was lava flow-
age, ejection of |arge bloeks, roarings heard at Urga I. (55 ni.
away), and felt earthquakes took place {possib le nueee ardent es, too.
See 1928) .

4sh fell on Unge |. between 1430 and 1800. Al so, eruptions may have
taken place on 15-16 July, but this date is |ikely to be that of 6
July .

Ashfalls, felt earthquake at Xing Cove.

Not abl e eruptions on 24 Decenber 1922 (glow |ight up Belkofski vil-
lage), in winter 1923, and on 17 January 1924,

Observations by Jaggar found the 1911 f dissure still pres emt, with
two, concent ric and small cinder cones at its upper end at the s-
mit, With surrounding lava field. Evidence of |owangle blast from
tha summit crater,

Period of minor, continuous ash emi ssions with increased eruptivity
in Decenber 1929 and 30 March and 20 May 1931.

Significant eruptions in 1936, July 1937, and 1942. Lava fl ow may
have been extruded in Mav 1948. Otherwise, m nor, nearly continuous
ash emissions, Photo taken in 1242 shows 1911 fissure no longer
present (the wound had been healed) , and a single cinder cone on
upper NE flank (moat between this cone and summit, but £lanks of
cinder cone nerged with Pavlef proper elsewhere) .

Period of intermttent, occasionally strong ash eruptions. Power-
ful eruption on 1 August 1959, with gl owi ng tephra rising ! km
Strong activity in November 1951, in Wi nter of 1951- 19S2, and on
25 Novenber 1953 (glow from eruption seen in Pribilef Is. ) .

Smal | eruptions of pumice and dust fromvent shifting around the
upper NNE flank. Lava flow (root less ?) or lava cascades noved
downs | ope on 17 My,

M1d ash eruptions, especially July 1962-June 1963.

Note: during the 1950's and 1960's, the active vent was never
exactly located, it shifted around with each eruption high on NE
or NNE flamk.

Brief, high-anp litude exp 10S ive eruption (lava flow may have occur-
red) with harnonic tremor. Possibl e nuees ardemtes down NE flank.

Ash fell on Cold Bay, 35 =i, away.



1974, 02 Septenber-
1975, 06 January

1974, 16-26 March -

1975, 13 Septenber-
1977, March

1979, Jul y
1980, early July

1980, 8-i3 November

1981, 30 March-28 May

1981, 25-27 Septenber

o
o1

Ot =x(~)

3
3
ofT=

o*?
O N

Mbder at e ash eruptions, pl ume rising to max, 6 km a.s.l. Reports of
lava flow may be incorrect. Exp lesioas and intermittent trenor re=-
cor ded.

Period of probable weak aah emissions. Explosion earthquakes rze=
cor ded.

eriod of general |y weak ash emissionms, Often Likened to the chygging
of a locomotive, Strong activity 18 Septenber-6 Cctober 1975, 6- 12
Cct ober 1976, 2-22 November 1976. Both harmonic tremor and explosion
earthquakea recorded. S tromg explosions, sone felt. Short-Lived
lava flows in October 1975, in February and Decenber 1976, and nonein
1977.  Sores may be lahars, or rootless, spatter-fed |ava £lows.

Summit venting Of light steam pl une.
Steaning and possi bl e weak aah emission in early Juiy 1980.

Seismic activity began 8 Novenber. Strong eruption from 11-13 Nov-
enber fromvent on ¥E shoul der, |ava fountaining 300 m high, plunes
to 11 km a.s.l., and lava flow down N flank. Harnonic trenor re-
cor ded.

Period of probable weak ash em ssions. Explosien earthquakes
recor ded.

Strong eruption, with eruptive plumes to 10.5 kma.s. 1., lava flow
( from vent 100 m bel ow summit on N flank) to 600 ma.s .1. on WW
flank, and glow visible over some distance. Ce. 1 cmof ash fell
at Squaw Harbor (Unga Xx.) as fine sand., Medium-coarse sand fell on
Pavlof Bay. The lava f low may have been rootless and spatter-fed.
Both B-type earthquakes and harmonic tremor recorded.
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TAME 3.5.3. Akutan (54.13°8, 166. 00%

Date
1760' s
1778
1785
1790
1828~ 1830
1838
1845
1848, early March
1852, 01 Septenber
1862
1865, 04-05 Septenber
1867
1880
1883
1887

1892, July-23 September

18947
1896
1907

1908, 22 February
1911-1912

1920's, mid or late
1927-1928

1929, May- Decenber

1931, May-11 August

Sonetime between 1942 end
sumrer 1944

1946, De cenb er-
1947, January

1947-1953

1972, 17 Septenber?-
1973, after 22 ¥May

1974, 11 February

1976, Fall-
1977, May ?

1978, Late Septenber-
6 Cctober (or beyond)

1980, July

Activity

none

ot~

O M7

ot

0 = 4 (27)

ot

01>
Ofoa?

Addit fomal | nformation

W despread glow visible.

Explosions audible 30 m. away. Plumes 1,000 high on 23 Septenber,

with felt earthquake.

This may be the 1892 eruption, or may be active from 1892-1894.

Year-round expl osive activity from the central cone, which appeared
to be nush iowerthen present. Felt earthquake on 22 August.

Ash fell on Akstan village in 1911
Imprecise date of possible eruption on W f lamk (Lava Point).
Activity stronger in 1928. Wek, felt earthquakes in 1927.

Possible lava flow in My. Lava flow in Decenber through caldera
gorge on NW generacing a nudflow. Earthquakes felt.

Intermttent eruptions fromthe central cone. Cent ral cone des-
cribed as 600° tall end uniformy hot. Lake on S or SW fleor
of caldera; hot on side adj scent to cone.

Central cone still hot (or, perhaps, ash-covered).

Lava flow in Decenber 1946, and another in January 1967 from SW base
of central cone.The 1947 flow was 3/4 mi. x < 1/2 mi. in extent,
confined to caldera, and had anded by &4 January.

I'n August 1948, central cone ca. 700° tall. Eruption plumes L mi.
high. The August 1948 observations showed two |akes in the caldera,
perhaps recemt (post- 1931) lava flows had divided the original |ake.
Lava f£low possible in May 1948.

Eruptive plumes wseveral kmin ht.

Eruption observed at 0900z. Oiginal report of lava now appears
to be in error. Eruption site originally indicated as N flank, but
this is not clear at present.

Periodi c Vulcanian eruptions, still erupting on 9 May 1977.

Strong explosions |ofted large, glowing (car-sized) blocks 100 =

overcrater. Probable lava flow into caldera gorge.

Smal | ash eruptions, plumes 0.5 to 1.0 km in ht.



ABLE

Dat e
1760' s
1768- 1769
1778
1790, 07 June-1792
1795
1802
1816- 1817
1818
1826, June-1338

1844
1845
1865
1867
1871-1874
1880
1883
1891
1892

18947
1895
1907

1912

1926, 30 Decenber

1931
1938, Cctober

1944, September

1951, 20 Decenber
1952
1953, Decenber

1980

Makusghi

166.93°W

Activity
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Additional | nformation

Maj or expl osive eruption.
Not active.

Periodic eruptione.

Of SE coast, identity uncertain.

Maj or explosive eruption, With greae earthquakes.
Quiet.
Wth felt earthquakes.

Strong explosive eruption im June 1826, with two felt earthquakes,
then minor activity (“snoking”) into 1838.

Eruption very doubtful.
Eruption from a fissure (site unspecified).
Eruption very doubtful.

Eruption doubtful.

M nor ash eruption.

In July, main vent of central
steaming, W th occasi onal

cone Showed incense,
subterranean expl osions.

hi gh- pressure

May be 1892.

Observations on 3 July found Strong thermal activity on N portion
o f central cone, and other areas within the caldera, New crater
found within caldera ( "Technology crater”), apparently between cen-
tral cone and ¥ rimof caldera.

Eruption of evening of 30 December, with “fire fountains” and
s Mght f ele earthquake.

Quiet, no st eami ng.
Minor expl osive eruption.

Strong thermal activity (on ¥ flank?) of central
wal |, and onto caldera f lank.

cone, caldera

H gh steam colum with ash on snow.

Eruption doubtful.

St eam plumes, eruption very doubtful.

Observations on 8 July found thernmal activity on summit Of central

cone. Also, juet below summit on S flank, a new, small expl osion
crater with tephra and inpact pits extending 60 m toSEfroOm vent.
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TABLE 3.5.5 Data on eruptive activity of Alaskan and Aeutian vol-
canoes from \olcanoes of the World by Simkin et al. (1981). Com-

pare with our Tables 3.5.1-3.5.4.

ERUPTIVE CHARACTERISTICS

CAVW
c= Central Crater eruption O @
E= Excentric (parasitic) crater ® 2
R=Radial fissure er uption o= 3
F= Regional fissure eruption = &

+S = Submarine eruption, ;=
1 = Island-forming €r uption A 2
G = Subglacjal eruption n <
c= Qater lake eruption o 2
e=Expl 0si ve (normat expl 0si ons) + =
N= Nuees Srdentee, pyroclastic flows 2=
P oPhreatie expl 0si ons =
S = Solfataric activity $ E
F= Lava flow(s) = -
L = Lava lake éruption w 3
D= Done extrusion a g
S = Spine extrusion A =
F = Fatalities, casualties T ‘5
D = Destruction of iand, property & <
M= Mid flows (ahars) ~ =
T = Tsunam (giant Sea waves) -

% = recorded - = not recorded
cavw col um shows symbol used in CAVW Catalogs

VOLCAND NAME (SUSREGION) LAT LONG ELEV TYPE NUMBER STATUS START STOP ERUPTIVE CMARACTERISTICS
AREA OFACTIVETY . . . .. .. .. ... .. .. ... .. YEAR M=DY P YEAR M~DY CERF SIGC ENPS FLDS FDMT vEl
VSEVIDOF (UMNAKT) . . . ... ... .. SS.13 N18B. B8 W «2148 STRA 1101-27 H|3Tq,f‘e1|‘c‘ —
74790 0s30 . . . . . . . . ———————— mene = o - aeee
WM, 1T - - — - — — — 3 2
SOUTHWEST ENO. . .. .. ... .. ... ... .. ... 1930 ... —— e cmme mtee caes
MESTELANK [FISSURE . . ................ 878 . ... SX- —- X-- X— -- 2
?Me80 .. ——— emme ee—e - - -
WEST FLANK (FISSURE . . .. .............. 1957 0311 1SS7 0312 =—K= === Xk~ ==== -- 2
RECHESCHNOT (UMNAK I} . . . . . . . . . 53,15 N 168.55 We | 040 STRA 1101~28= HOLOCENE
OXKMOX (UMNAK L) . ... ... ... ... .. SS.42 M 168.13 W #1073 STRA 1101=29~ M!ste::g
1817 030t 1820 . . . . =—e= <= X— —- — 3
1824 .. 1829 ———— . — —
1830 ... - - -
1878 ... ... ... Koo - X 3?
1899 ... — = K— — ---
21931 9321 +7193% 9513> - - —a
7M936 ... ——- e —mme c—ae c———
1938 . L -
943 m.. . . . . .  Xee —e Xee —e e
SW COANER OF THE CALDERA 1945 0604 o 1945 240 x-- —- X— X--- — 2
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VOLTANG NAME ( SUSREGION )

SOGOSLOF (ALEUTIAN 1S)

MAKUSMIN (Una LASKA 1)

AKUTAN (ALEUTIAN1S) .

GILBERT, MOUNT (AKUN 1)

POGROMNI (UNIMAKT) . .

WESTDAML (UNIMAK 11 . .

FISHER {UNIMAK D) . . . .

SHISHALDIN (UNIMAK 3)

LA ELEV TYPE NUMBEN
Aiu 0’7 ACT\ vl TY

$3.93 N 188.03 ¥ +0048 SUBS 1 | ot - 30- HWISTBAIC
CASTLE ROCI

K, 17ss Gs.

mu
1506
ntrur.r le. uccm.l.ouoc PEAK.
TAHOMA PEAK, .. ...................
1913
1926
1931

1951
S3.90 M 16S.93 We a03s STRA $301=31~ HISTORIC
1

1883
21887
1883
1907
k4L Ik
92

SOUTH FLANK (80 M BELOwW SUMMIT)
S4.13 N 1S6.00 W #1303 STRA 19 01=-32- N!S;ORIC

?1s3s
‘31 031
71845

KW FLANK, 5.8 KM FROM XIT

WESTFLANK . . . .. .. .. ...

1
54.25 N 185.85 w 40819 HYOR 1101-37~ FuMAROL
34,57 N 1€64.70 W +3002 STAA '1101=34A HISTORI
179
179
102

184
64.52 N184. 85 W +1580 STRA 1101=34B HISTOR]
198

197
S4. 87 N 164.35 W 41094 675x 1101-35= HISTOR]
-£711

192
84, 75 N 163.97 & +2837 STRA 1 *at-3a- HISTORI
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STATYS STaar STOP
YEAR M=DY p YEAR M-DY

1883 0927<+ 18958
1908 030+ P+ 1907
1909 00. . 1910

18442, ., ..

ERUPTIVE CHARACTERISTICS
CERF SI1GC ENPS FLOS FOMT vEl

sier — Rikee s —
— - X = — —

—— amme Kmm—m Xmee e=== 2
o Kfew Kemwe emwgea " 3
.

XRee Xmoe omg= - 3

X-x- — 37
+ 1823

X - —
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——- Axem Koww e=Xw eee= P
—— ]

v wmme Feee fme-

— fewe  wwm ——e-

———— J4e
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LT

WNN NN W
-
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092SE -
e7? . . N

caescarorara - - — X — — - x - 4

— — - — X — - X
—— e Ko—— ———

e me—e Joen co—— —

0310 41988 0416 <X==
0204 197@ 0202 X —

........ L Xee —-
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X
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VOLCAMD NAME (SUSREGION) LAT LANG ELEV TYPE NUMEBER STATUS STAAT stoP ERUPTIVE CHARACTENISTICS
AREAOFACTIVETY ... .. ... ... ... .. ... YEAR M~OY P YEAR M=OY CERFf Sioc ENPS FLOS FOMT VEL
1928 . . .. ... — e feee o= e 2
1929 Lo L. ke emme ceme Reme =—ee @
1932 0201 % 1932 05.. emm= =emm Xe=e Xe—= =————
1S46 09. . o 194701 .. - — x — — — 2
1948 . . . . .. - x — — — 3
1951 04, + 1951 10.. - - — ——— v— 3
1953 . . . ... ... ———— e Koo —wem e 3
1988 . . ... —— e e e -
1563 t228 - - X— — —2
1967 o128 . .. . R RS
1978 0913 1978 1026E X— — X— X— ==X 2
1976 0406 1976 0929 X=w= mmus Kome =m—= ==X= 3 @
1978 0208 19780208 x — -- x — — —- 2
1979 02. S
ISANQTSKI (UNIMAK 1) . . . 64.7S N 163.73 W +2446 STRA 1101=37- HISTORIC
1795 . . . . ... L. -
1825 0310 . . .
1830 11 . L X
1831 03. 1931 0s07 -x-
s . . .
ROUNDYQP (UNIMAX T} . . . . . . . . . . . 54.80 N 163.60 ¥ #1871 STRA 1101=36= n0 Loczgllls
AMAK (A LEUTIANIS) . . ... ... ... S5.42 M 1S3.1S W +0513 STRA 1181=3%9= HISTORIC
1700 . . . . 1710 . ——— - e —— ——
ALASKA o Swjsswx
FROSTY (ALASKA PENINSULA) . . . . . SS.47 N 152,02 W+1783 S7TRA  tao2-0*- WNOLOCENE
EMMONS (ALASKA PENINSULA) . . SS.33 N182.07 w #1326 CALD 1102-02- FUMAROLIC
PAVLOF (ALASKA ¢ XOLINSULS) .. . . . S5.42N 161. 90 W e 3510 572A 1 302-03- Ml STORIC
1790 . . ..
162S . . . .
7838 . . . .
1244 Q8.
848 o*.
852 . . .
1868 03.
1880 . . .
1gas
71892
1894
?160s
910 .
191 4 07062
1947 10.
1922 1224
1923 . . . .
1924 0117
1929 !
1931 6%20
1936 ... e
1937 (7. C
1942 . co
1948  060s -
21667 ..., e
1948 Os. . el
1050 0731 19851 Q5.. ==w= weme femw ook
1951 10.. ¢ 1ss2 03 2 wmee o= J=es c=ee _
1950 1128 . . X=== === cmes ccee cee
1962 07 ? 1983 0 6 ?2 — — - X — —2
1986 oats - eemm x 3 — — 2
1973 1112 . SX-—-—a— —2
1974 1015Q ... . - — - ——a
1975 0913 1977 93 > ge—e= - X 2.
1s60 ozoea .. .. . X --— 2
1980 11089 1988 1192 x — — - x — x — — 3
PAVLOF SISTER (ALASKA PENINSULA S5.43 N (81.87 w +2142 STRA 1! 02~04~ NIS‘I‘O%S
1 veen 1768 ——— e o Sw—— aees T
OANA (ALASKA PENINSULA) . . . . . .. $5.62 N 161 .22 W +1280 STRA 1102-05= HOLATENE
KUPREANGF (ALASKA PENINSULA) . 58.02 N 159. SO W +157S STRA 1102-06~ SGLFATARIC
VENIAMINGF (ALASKA PENINSULA) . S6.17 N159.3@we '2507 STRA 1103-07- HISTORIC
-cl 7s’0? .. ..
1630 .
21662
21874
14s2 .
1930 .
1939 0523 + 1039 0627 - X — — — 2
1939 1. - X = = — 2
1844 . . . . seus e Wmmm Smmm eosue Smee ————
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3.6 Geology and Ceodetic Surveys “

To suppl enent the seismic nonitoring, L-DGO scientists have
carried out some geol ogic mapping and geodetic leveling in the
Shumagin | sl ands region since 1972. D. M A Wnslow was in charge
of the geologic mapping that mainly consisted of determnining Hol ocene
uplift rat es by surveying, sanpling, and dating uplifted marine
terraces. Dr. J. Beavan was in charge of annual resurveying and
expandi ng the geodetic leveling network up to 9 lines that are |ocated
on different islands. The purpose of maintaining the |eveling lines
is to determ ne the pre-, co- and postseisnic deformation resulting
fromthe forecast great earthquake.

Wnsl ow (1982) presents the results of the geol ogic surveys and
bel ow we have included a summary of the main results.

Hol ocene uplift. The results on the ages and el evations of

marine terraces indicate that the Al aska Peninsula and |Inner Shumagin
I slands have been uplifting tectonically at an average rate of about 7
mm year over the past 10,000 years. The Quter Shumagins show a nore
conpl ex history, possibly involving tectonic subsidence as well as
uplift. None of the identified uplifted surfaces could be identified
as being the result of one specific earthquake. The presence of large
deposi tional or wave cut surfaces represent relatively |ong periods of
stability near sealevel which were followed by sudden uplift of a
sufficient magnitude to raise these features above the inter-tida
zone. Al though we were unable to establish recurrence intervals
bet ween i ndi vidual events, the presence of terrace |evels can be
expl ained only by sudden energence due to ngjor earthquakes. Thus ,
the 7 mm/yr average uplift rate is the slope of a curve which is
actual |y episodic.

Recent faulting. A critical appraisal of aerial photography was
done between the 1979 and 1980 field seasons. Two faults on which we

suspect Hol ocene motion have been bracketed with benchmarks in case
they are reactivated by a nmajor earthquake. One fault intersects the
Korovin level line, and the other is a high angle fault which
separates Popof Head fromthe remai nder of Popof Island. Sever al
other recent faults were noted in the area including ones on northwest
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Korovin and sout heast Unga, and at Zachary Bay, Squaw Harbor (Unga)
and Cape Aliaksin (peninsula). Holocene displacements are recognized
by abrupt offsets in terrace heights, fault scarps intersecting till,
or by devel opnent of fault scarps in soft sedinent with linear trends
of several kiloneters. Al'l of these faults are high angle faults
striking NNW-SSE or NE-SW The displacenment history is presently
unknown on all of these faults. Due to the ratio of water to land and
the linear nature of several coasts, it is likely that major faults
lie between islands. In fact, the linear segnents of sonme coasts
defined by seacliffs of rock and sediment and the |ack of a wi de shelf
all suggest fault control, especially those areas where streans
intersect the coast as waterfalls.

The levelling network that is described by Beavan et al. (1983)
presently consists of nine short level lines which are neasured,
annual ly if possible, to first order standards. The lines vary in
| ength between 600 and 1200 m  Their |ocations and azinuths are shown
in Figure 3.6.1. Line Ll at SQH was established in 1972, line L2 at
SPA in 1977 and the others since then. Figure 3.6.2 shows the results
fromall the lines which have been neasured nore than once.

The two dots plotted for each year represent the results of the
forward and backward runs of levelling. The error bars are standard
devi ations (%lg) calculated fromthe scatter of several readings of
each stadia rod fromeach tripod position. \Wen the error bars from
forward and backward runs overlap we can be nore confident that no

systematic error or blunder has occurred during the run.

The clearest feature of the SQH data is the trend between 1972
and 1978 which corresponds to tilting downwards towards the trench of
0.9 + 0.3 yrad/yr~!. It is followed by a tilt reversal of 2.2 + 1.0
prad/yr~! between 1978 and 1980.  The agreement from 1978 to 1982
between SQH and SPA lines, which are separated by about 10 km adds
credence to the signal measured by the SQH line. O the other lines,
sMP has been measured nost often. itshows no tilt significant at the
95% confi dence | evel, but does show the sane general shape of tilt up
towards the trench between 1978 and 1980, and tilt down towards the
trench between 1980 and 1982. The differences between the SWP and
SQH/SPA lines are not surprising in view of the fact that sMPis in a
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arly the 0.9 + 0.3 urad/year down towards the Al eutian trench between
The tilt apparently reverses (2.2 + 1.0 urad/vear) between 197

rates of dlfferent

and 1980. The L1 data are corroborated by those from line L2 which T's about 10 km away. L3,
which is much closer to the trench, shows a similar pattern though with tilt
magni tudes. A1l the other NWSE ori ent ed lines show a tilt down towards the trench between

1981 and 1982.
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quite different part of the arc-trench gap, some 80 km distant from
SH . W nsl ow (1982) suspects that the two sites are on different
crustal bl ocks. The renaining lines show | ess consistency of signal,
but there is a general trend down towards the trench between 1981 and
1982. The 1979 KOR value is open to question because the |ine was not
reversed. The other lines show a tendency to peak in 1981, as opposed
to the 1980 peak shown by SQH, SPA and sMp. The two lines (sMH and a
component of PRS) which neasure tilt along the trench axis show no
significant tilt between 1981, when they were installed, and 1982

We note that the tilt down toward the trench observed between
1972 and 1978 is of the correct sense to be interpretable as due to
| oading of the overlying plate by subduction at depth. Conversely the
tilt downwards away fromthe trench between 1978 and 1980 m ght be
interpretable as due to aseismic slip relieving part of the
accunul ated stress on the Benioff zone beneath the islands.

251



3.7 Seismcity Recorded by the Unalaska Array 1980-1982

Since 1975 Lanent-Doherty Geol ogi cal Cbservatory has operated a
smal|l seismic array on Unalaska Island in the eastern Al eutian
I'slands, Alaska (see Figure 3.7.1). The purpose of operating this
array was to nonitor the seismc activity of Makushin Vol cano and
Akutan Vol cano as well as to nonitor the regional seismicity.
Unfortunately, there were never enough funds available to analyze the
data collected by this array.

Only an approxinmate daily event count has been carried out to
compare the level of activity with that recorded by the Shumagin
network (see Figures 3.7.2 and 3.7.3). These event counts are based
on daily records fromtwo helicorders that recorded a short period
sei snoneter and an internediate period seisnonmeter |ocated at the
central recording site. The short period seisnoneter was usually a
renote seismc station such as MAK, SDK or USR (see Figure 3.7.1).
The event counts are somewhat discontinuous since the station operator
rarely was able to repair mnor equipment failures, which resulted in
long gaps in the data. Nonet hel ess, the event counts indicate an
average level of activity consisting of approximtely 30 events per
month with S P time less than 5 seconds and approximately 60-90 events
per nonth with S-P tinme between 5 and 50 seconds. This |evel of
activity is considerably higher than the level of activity recorded by
t he Shumagin networ k. Al'though it is not possible toexplain this
difference without actually locating the earthquakes, one could
specul ate that sonme of this activity consists of aftershocks of the
1957 Andreanof - Fox |slands earthquake. It had a magnitude My; = 9.0
and ruptured a 1200 km | ong segment of the plate boundary to the east
of Unalaska (House et al., 1981). Some of the earthquake data were
al so recorded on anal og magnetic tapes that will be analyzed in the
near future.

In conclusion, the nunber of earthquakes recorded by the Unalaska
array indicates that the level of seismcity is considerably higher in
t he Unalaska region than the level in the Shumagin seismc gap.
Significant mcroearthquake activity with S P time less than 5 seconds
(or with epicentral distancelessthan 40km)is observed by seismc
stations |ocated on Unalaska |sland.
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Figure 3.7.1. Dutch Harbor Array, Eastern Al eutians, operated by Lanont-Doherty
Ceol ogi cal Cbservatory. -The array consist of four renote stations, MAK, USR,
SDK, and AKA with short-period, vertical seismonmeters. At the central recording
station, DUT, a set of two horizontal and one vertical seisnoneters are operated
in addition to an independent strong notion accelerograph (SMA-G1). The BLH'is
a repeater station for signals that are telemetered fromthe renote stations and
recorded at the central station.
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3.8. Tsunam Data

Since Cox and Pararas-Carayanis (1976) conpiled tsunam data for
Al aska, sone revisions and additions to this data set (mostly for the
historic period prior to 1898) have been made by Davies et al. (1981),
Sykes et al. (1980, 1981), MCann et al. (1980), and by House et al
(1981) specifically for the great 1957 event (M; 9.0).

A thorough analysis of all tsunam data for Alaska is still
outstanding. The present report does not alleviate this problem W
merely reproduce here a figure (Figure 3.8.1) taken from Davies et

al.  (1981) that is based on an assessnent of the Sanak-Kodiak
tsunam (s) of 1788 by Soloviev (1968). That interpretation may be
representative for the kind of tsunam run-up heights that could be
expected from a great earthquake rupturing the Shumagin Gap, and
perhaps portions of the 1938-rupture zone. Figure 3.8.1 shows that

tsunam -run up heights nay have been as high as 30 mon particularly
exposed, southeasterly-facing shorelines and inlets of the islands on
the outer shelf platform while the inlying SE-facing shorelines of
the Alaska Peninsula may have received run up heights of only about 5
neters, although data for the latter are poorly docunmented. In
specific cases tsunam heights on inlying, sout h-facing shorelines may
be nuch higher as has been dramatically shown by the 1946-tsunam that

conpl etely destroyed the Scotch-Cap |ighthouse on Unimak |sland. The
base of the lighthouse was about 10 meters above seal evel, yet tsunam

run-up heights may have exceeded 30 neters for this unusually
tsunamigenic event (Ml ~9.3, Abe (1979)).

CGeneral Iy tsunam heights on north-facing shorelines and inlets
of the Alaska Peninsula and of nmgjor islands of the Al eutian chain are
substantially smaller for Aleutian subduction-zone events, and rarely
seemto exceed 1 min height. The effects of seiches, however,
(standing wave patterns in contained bodies of waters, narrow bays and
inlets) should not be neglected since they can produce |ocally higher
waves, particularly as a secondary effect from |andslides or vol canic
eruptions. In such cases debris may reach bodies of water and
partially displace them as transient waves.
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Figure 3.8.1. Diagram (after Davies et al. , 1981) show ng tsunam run-up heights
(in neters) and inferred earthquake source region of the 1788 event(s) as deter-
m ned by Soloviev (1968). The synbols in the |egend imply: 1) hypothetica

| ocation of rupture zone, 2) positive known places of appearance of tsunam,

3) probabl e places of appearance of tsunam , and 4) approxi mate height of tsunam
in nmeters
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One particular event affecting the Bering Sea side of Unalaska
Island is of special interest. W do not have a detailed description
of the tsunam of 1878 that apparently destroyed the Aleut settlenent
in Makushin Bay on Unalaska Island. W assune, however, that run up
hei ghts nust have exceeded here 5 m or nore, despite the fact that
portions of Unalaska shelter the Makushin Bay from a direct southerly

exposure. The Bay is located on a northwesterly pronontory on the
Bering Sea side of Unalaska |sland; the bay itself faces, however,
west to sout hwest. It is conceivable that the causative earthquake

for this tsunam was |ocated on the Bering-Sea side of the arc rather
than on the Pacific side, and may have been induced vol canically.
Therefore it is of special interest. It suggests that occasionally
the Bering Sea side may be also exposed to tsunamigenic events. This
exanpl e shows that m nimum hei ghts above seal evel exceeding 10 m or
more should be required for the base of all critical installations on
shores facing the Bering Sea, and probably 30 mor nore on shores
facing the Pacific ocean. H gher el evations should be sought if
technically feasible.
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4*  RESULTS

4.1 Sei sm ¢ Hazards

Finite seismc hazards do clearly exist for any future offshore,
nearshore, and onshore structures that would be associated wth
successful exploration and devel opment of oil or gas resources in the
three | ease-sale planning areas presently known as the “St. George
Basin”, the “North Aleutian Basin”, both |ocated on the Bering Sea
side, and the "shumagin Basin” |ocated on the Pacific side of the
Al eutian arc.

W have undertaken a prelimnary quantification of the hazard
contribution in the St. George Basin that originates from the
moderately active local seismc sources on the Bering Sea Shelf itself
that lie directly within the region of the st. George Basin (Appendi x
7.6). W find from considering the |ocal earthquake sources al one
I.e., excluding contributions from great subduction zone earthquakes
near the Aleutian trench, that the probabilities for peak
accelerations to exceed 0.2 and 0.5 g (1g = earth’s gravitationa
accel eration) measure about 10 and 2 1/2 percent, respectively, during
any 40-year period of interest. These probability values should be
taken as only prelimnary since the accel eration-vs.-distance curves
(attenuation laws) that were used are only poorly constrained and the
seismc record is very short and probably inconplete. Mreover, these
probabilities do not reflect contributions from great Al eutian thrust
zone earthquakes to be discussed next.

At this tine, and because of absence of sufficient strong noti
data in subduction zones in general and from great earthquakes in
particular, we cannot determine with sufficient certainty the
probabilities of exceedence of certain |evels of groundmotion that
wi Il be associated with great earthquakes that occur on the main
thrust zone of the Al eutian arc.

Therefore we have limted ourselves to calculating the
conditional probabilities for great earthquakes (M > 7.8) that can
be expected to occur in the various segnents of the Aleutian arc
(including several Aleutian seisnmc gaps). These probabilities are

259

on



shown in Figure 4. 1.1 for periods of the next one and two decades.
The nost inportant result of this calculation is that probabilities in
the Shumagin seismic gap could be as high as =90% for the 10-year
period 1983-1993, and =99% for the 10-year period 1983-2003. If a
40-year period is envisioned as the likely time of interest for oil
exploration in the St. George, North Aleutian, and Shumagin Basin
lease planning areas, it should be considered virtually a certainty
that in their wvicinity a great earthquake wll occur either
individually in the Shumagin Gap (near 160°W), the Unalaska Gap
(»164°W), the 1983-rupture zone (»156°W), or at all of them

We point out that the probabilities quoted above are those for
normal Iy distributed recurrence times and if |og-normal distribution
of recurrence times applies (see chapter 3.4), than the |ower val ues
(shown in solid shading of Figure 4.1.1) would apply.

Wi ch levels and durations of groundnotions would be caused in
the three | ease-sale planning regions by great earthquakes is at
present highly uncertain since strong notion data from any great
subduction zone earthquake (M, > 7.8) have never been recorded (see
chapter 3.3); noreover, the few strong notion data points for the
Al aska subduction-zone environment that have been collected for
noder at e-si zed events (chapter 3.3) have been nostly anal yzed only
with regard to uncorrected (for i nstrunment response) peak
accel eration. Since many tall off-shore platform structures and
near-shore oil storage and tanker facilities have their natural nodes
of response at |onger periods (1-10 see) than those (=0.1 see) that
det erm ne peak accel erations, the nmost inportant (i.e., dangerous)
aspects of groundmotions from great earthquakes to tall structures at
or near subduction-zone environnments remains poorly researched and
t herefore cannot be adequately accounted for in the designs. Unt i1
this gap in know edge (and ground motion data) is filled, no accurate,
or at least economc, risk assessment to Alaska-Al eutian offshore
structures can be made. The consequence is either costly overdesign of
engineering structures or, alternatively, a high risk of [oss.

In short, a quantitative seismc hazards assessment in the
Al aska- Al eutian setting at or near the subduction zone has progressed
to date only to the state of a rather conplete and quantitative
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seism c source definition. Until actual groundnotion measurenents
become available the hazards assessment cannot be carried beyond this
initial stage except Dby using very tenuous extrapolations of
groundmotion attenuation and scaling |aws (see chapter 3.3) nostly
from other tectonic settings which are unproven for the Al eutian
tectonic setting and therefore may or nay not apply. The future
collection of strong notion data in Alaska from|large and great
Al aska- Al eutian subduction zone earthquakes energes as the singlenost
inportant conclusion fromthis (negative) assessnent.

The early termnation of the seisnologic conponents of the
NOAA- OCSEAP program severely jeopardizes two such existing efforts to
coll ect the necessary strong notion data (i.e., by Lament-Doherty in
the Shumagin seisnmic gap, and by the U.Ss.6.S. in the Yakataga seisnic
ga) . No fully funded substitute programs have yet energed to date.

Besides the direct seisnic hazards associated with groundshaking,
indirect seismc effects fromsoil liquefaction, ice-, rock- and
nud-slides, crustal deformation (coastal changes), faulting and
tsunams can be severe and nust be accounted for. Effects from
changes of coastlines due to crustal deformation and of tsunami can be
mnimzed if coastal structures on the Pacific-facing shorelines have
their foundations at elevations not below 30 neters above sealevel
(high tide), and on the Bering Sea facing shorelines not below 10
met ers above sealevel.

If protective bays, inlets and other narrow bodies of waters at
steep coastlines are considered for engineering facilities, site
specific studies should be carried out to assess their potential for
seiches or surges related to earthquake-induced rock-falls, or to
sudden discharges of large volunmes of nud, ice, volcanic debris or
| akes into such constrained inlets or bodies or water (e.g., surge in
Lituya Bay SE-Alaska during 1958 earthquake).

SEABEAM SEAMARK, bat hynetric precision profiler, and single- or
mul ti channel reflection surveys are either still required, or existing
ones need to be specifically analyzed for near-surface faulting of the
ocean floor, if pipeline routes on the ocean floor wll be
contenplated at a |later stage of devel opnent. The near-surface
seismicity patterns obtained from the local and regional seismc
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network data and reported for the Shumagin segnent in chapters 3.1 and
3.2 (e.g., Figure 3.1.8) can be an inportant guide where such faulting
may be expected to be presently active.
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4.2 Vol canic Hazards

Introduction

Over 74 active Vvolcanoes are located in the Aleutian

Islands/Alaska Peninsula regi on (Simkin et al., 1981). O these, ten
or nore are located in the i mediate study areas, including Pavlof,
Pavlof Sister, Akutan, and Makushin vol canoes. Their locations are

shown in Figures 4.2.1 and 4.2.2. Al of these vol canoes are typical
andesitic island arc vol canoes.

We have assessed vol canic hazards in two ways: 1) tenporally,
that is the rate of occurrence of eruptions; and 2) spatially, by
delineating the areas of greatest hazard near each volcano. For

tenmporal estimtes of eruption rate, we have exam ned: 1) long-term
rates of recurrence as recorded by deep sea ash layers (0-2.8 nillion
years B. P.); 2) internediate-termeruption rates as recorded by ash
| ayers found in marine terrace deposits (0-10,000 years B.P.); 3)
literature search of historic records of eruptions (1760-1982); and 4)
documentation of eruptions of Pavlief Vol cano from 1973 to the present
time based on results of studies of seismicity associated with recent
eruptive activity (McNutt and Beavan, 1981; McNutt, 1981a,b; McNutt,
1982a,b; McNutt and Mori, 1982). (Items (3) and (4) above are
described in detail earlier in this report.) Spatial zones of
greatest hazards are shown in maps (Figures 4.2.1-4.2.2). Delineation
of hazard zones is based on study of mapped deposits and eruptions of
vol canoes in Al aska and el sewhere. O special interest is the
identification of possible volcanic hazards zones in the Rupreanof
area, based largely on results of the seismc nmonitoring efforts in
addition to field observations.

Tenporal Hazards Assessnent

Long-term eruptions rates. Vol canic ash layers fromcores
recovered south of the Aleutians and the seaward extent of these ashes

are shown in Figure 4.2.3. At least 20 large andesitic eruptions have
occurred since 1.8 million years B.P. (Hays and Ninkovich, 1970).
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However, cores dating from1.8 to 2.8 mllion years B.P.in this area
contain no ashes, suggesting that the |ower Pleistocene (1.8 ny.
B.P.) was the beginning of the present cycle of volcanism  Dorm and
Ni nkovi ch (1980) report rates of explosive Cenozoic volcanismin the
North Atlantic varying between 3 and 65 eruptions per mllion years.
Based on the northern Pacific data, we estimate that for the entire
Aleutian arc an explosive eruption large enough to produce sufficient
ash to form a deep-sea ash layer will occur on the average every
90, 000 years during the present cycle of activity. Unfortunately the
eruptions which deposited the ash |ayers cannot be attributed to any
specific vol cano

Internediate term eruption rates. Cores were taken in narine
terraces in the Shumagin Islands region during the sumrer of 1980 by
M Wnslow, T. Ray, and C. Heusser (personal communication, 1982).
Figures 4.2.4a,b are maps show ng | ocations of cores. Peat layers
contained in the cores were dated by the Carbon 14 nethod, and yield a
maxi mum age of 9540 * 260 years for the ol dest and deepest dated

| ayer.

Prelimnary study of ash distribution in the cores shows sone
spatial and/or tenporal variation; 2 typical cores are shown in
Figures 4.2.5a,b. Based on study of these cores (Table 4.2.1) we
estimate the |ikelihood of an eruption large enough to deposit 1 cm of
conpacted ash or nore in the Shumagin |slands region to be
approxi mately once every 1,900 years. Again, these eruptions cannot
be ascribed to any specific volcano in the study area.

Tenporal hazards summary.  The information from deep sea cores,
marine terrace cores, and records of historic eruptive activity have
been conpiled and plotted on a magnitude vs. frequency of occurrence
plot (Figure 4.2.6). The plot shows the log;, of the nunber of
eruptions of a given size per 100 years per volcano versus the log,g

of the volume of erupted naterial. In preparing this plot, we made
several assunptions. First, we assunmed that each of the 74 active
vol canic centers could have been, a source for the 20 large eruptions

produci ng deep sea ash cores. W then normalized the result to the
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Figures 4.2.4 a,b. Sanple locality maps in Shumagin | sl ands and adj acent
peninsula. Inner Shumagi ns include Unga, Popof, Korovin, Andronica, Karpa
and Henderson |slands. Quter Shumagins i nclude Nagai, Big and Little
Koniuji and the islands between them  Simeonof, Chernabura, and Bird |s-

| ands are considered to be separate fromthe Quter Shumagins in this paper.
(Source - M Wnslow, witten comunication, 1982 (used with perm ssion)).

269



0¢L2

0 KARPA |.
—— o 30’
3’

1$0*

f:ﬂi,mm..c, .

>
%unum .

LTTWE KONIUJ

3 (1] L) 20
HH1a 1 —)

KILOMETERS

% K ‘F”z
CHE RNABURA

e Ay~ |‘_' o ._.l-u-«.
i~ 50" 30’

Figure 4.2.4(h). (Source - M Wnslow, witten comunication, 1982 (used with pernission)).



DEPTH, m  STRATIGRAPHY

CORE PE -6

ALASKAN PENINSULA,
ALASKA

dEE ASH

a—————
~enmm—

==— ORGANICS

CORE U-13

UNGA ISLAND
SHUMAGIN ISLANDS
ALASKA

Figures 4.2.5 a,b. Exanples of volcanic ash layers in cores taken on
marine terraces by M Wnslow, C_Heusser, and T. Ray, summer 1979. The
ol dest dated peat |layer gives a Carbon 14 age of 9540 + 260 years. The

maxi num nunber of ash layers in a core is four (core U-13) .
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TABLE 4.2.1. Carbon 14 Dates and Nunber of Volcanic Ash Layers for Marine
Terrace Cores.

# Ash
1979 Sanpl es Years B.P. Layers
Andronica | sl and AN-1A 460 |
Korovin Island K-1 7580 + 220 1
Nagai |sland N3 6050 + 230 1
Popof I sl and P-2 9180 + 340 1
Peni nsul a PE-5 2970 + 170 1
Peni nsul a PE-6 2360 + 140 3
Peni nsul a PE-10 6320 + 260 1
Simeonof | sl and Si-1 4160 + 160 0
Simeonof | sl and S1-4 4460 + 150 0
Unga | sl and u-7 7500 + 180 1
Unga | sl and U-8 2030 + 130 3
Unga Island U 13 9130 + 250 4
Unga I sl and U-14 9540 + 260 3
(SOUI'CG - M W nsl ow, written communication, 1982)
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Figure 4.2.6. Log,, of the cunulative nunber of eruptions of a given size
perhundred years per volcano vs. the logjg of the volume of eruptive products.
The volume isacrude neasure of the energy of an eruption. The line is a

| east squares fit to the 4 data points to the right and has a slope of -2.3.
Detection is probably not conplete for ewenssnaller than a vol une of

3 x 106 m3. An eruption of volume 7 x 107 m3 is likely to occur at each

volcano once per 100 years.
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nunber of such eruptions per 100 years per volcano. |f, however, only
half the volcanic centers are capable of producing such large
eruptions (109-5 - jpll.5 md of ejects) then the rate of
occurrence woul d be greater by a factor of 2 (log, 0.3) as shown by
the vertical error bar on the plot. The plotted point thus represents
a mnimumrate of occurrence. The horizontal error bars, one order of
magni tude in each direction froma value of 1019.3 ni, indicate that
a“ smaller close-by eruption and a larger but nore distant eruption
could have the same ash accunulation at a given location. Simlarly,
we assunmed that the eruptions producing the ash layers in marine
terrace cores could have originated fromany one of 15 * 5 volcanic
centers, with volunes of 10°- 1019 m

Lastly, we assumed that the recent catalogue of Simkin et al.
(1981) (plus 1982 supplenent) is conplete for Alaska for eruptions >
vol cano explosivity index 2 (corresponding to volunes > 10'm) for
the period 1942-1982. Mlitary flights took place alnost daily during
Wrld War 1, and comercial or mlitary flights have occurred al nost
daily ever since. Thus , we think it unlikely that an eruption with
VEI > 2 would have been nmi ssed. Further, 3 great earthquakes have
occurred in 1957, 1964, and 1965, rupturing a large portion of the
Aleutian arc.  Since some authors have argued that volcanic activity
may be increased both before |arge earthquakes (Kimura, 1978) and
after them (carr, 1977), we note that the time period since WWII
contains nearly as many years prior to a great earthquake as years
after a great earthquake, and hence should be free of possible bias.
From the plot, we estimate that the largest eruption likely to occur
at any volcano in a one-hundred year time interval would have a
volune of 7.0 x 10'nfof ejects (£ a factor of 2). The 1976 eruption
of M. Augustine roughly corresponds to this volune. The vol une
estimate then forns part of the basis for our delineation of spatial
hazards, as outlined in the next section of this report.

Spatial hazards assessnent. Vol cani ¢ hazards which can affect
life and property in the vicinity of a volcano include: 1)
pyroclastic surges, flows and nuees ardentes; 2) lava flows; 3) debris
and nmud flows and floods; 4) wind blown ash; 5) noxious funes,
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poi sonous gases and acid rains; and 6) volcanic earthquakes. The first

four of these hazards are displayed on hazards nmaps of the western
Al aska Peninsula, and Unalaska and Umnak |slands (Figures 4.2.1 and
4.2.2). The rationale for each of the mapped hazard zones, as well as
the unmapped hazards, are given bel ow.

Pyroclastic surges, flows and nuees ardentes represent the nost
catastrophic potential hazards. These features generally originate
frompresently active vents or adjacent vents, hence the positions of
all known Quaternary active vents, cinder cones, etc., are also shown
on the hazards naps. The main driving force for the pyroclastic
surges, flows and nuees ardentes (as well as lava flows) is gravity;

generally the material is erupted to sone hei ght above the vol cano,
and the resulting gravitational collapse of the cooling eruption
colum feeds the flow Lateral blasts, such as M. St. Helens, are
not very common. Mbst known surges and flows are linited to distances
of about 10-20 km from the vol canoes, and flows usually die out at the
t opographi ¢ base of the volcanoes (D. MIler, personal conmunication,
1982; MIller et al., 1982). Hence the smaller vol canoes are assigned
a 10 wm fl owage hazard zone, Oknok Vol cano is assigned a 15tm zone,
and the largest volcano in the study area, M. Veniam noff, which is
substantially larger than the others, is assigned a x2wnmfl Owage
hazard zone. The extent of known Pleistocene to Recent lava flows and
pyroclastic surge and fl ow deposits as mapped by Burke (1965),
Detterman et al. (1981a,b), Drewes et al. (1961), Waldron (1961), and
Byers (1959), are included on the hazards maps, and show good general
agreenent with the assigned 10 to 20 km fl owage hazard zones.

Mudf | ows, debris flows, and floods represent an inportant hazard
for the Al askan/ Al eutian vol canoes. Most of the vol canoes are
covered by glaciers, hence a large anount of water is available to
formlandslides of nud and debris. Md and debris flows are generally
restricted to valleys except for the uppernost portion of the
vol canoes, and the flows can travel great distances--several tens of

kil ometers--from the vol cano. Thus we have identified all mgjor
valleys and rivers draining each volcano as likely sites of future nud
and debris flows and fl oods. Mapped holocene nudflows from M.
Veni ami nof f (Detterman et al., 1981) denonstrate the areal extent of
this hazard.
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Wnd blown ash is probably the most cormon and pervasive vol canic
hazard. Some ash is emtted during alnmost every eruption, but except
for large eruptions, nost of the ash is deposited quite close to the
source. The azimuth of greatest ash thickness is strongly controlled
by prevailing wind direction which is highly variable in the
Aleutians. Figure 4.2.7 shows the maxi num ash thickness vs. distance
for a number of large eruptions, including several eruptions of size
conparable to our estinmated one-per-hundred year eruption, wth a
volume of 7.0 x 10'mi(x a factor of 2). As shown in that figure,
typically 10 cm of ash can be deposited at a distance of 21 km and a
t hi ckness of 4 cm of ash can be expected at a distance of 40 km.
These two ash thicknesses are plotted on the hazards maps. The
prevailing wind directions are shown in rose diagrams on the maps. W
note that nost of the time the wind blows towards the east; however,
we have chosen to draw the ash fall hazard zones as circles centered
on the volcanoes to enphasize the fact that significant ash
accunul ation can occur in any direction if the wind happens to be
blow ng that way during an eruption.

Di stribution of noxious fumes, poisonous gasses, and acid rains
al so depends strongly on wind speed and direction. In general, their
distribution will resenble that of the ash fall hazard zones. Again
we enphasize that the often strong (up to 100 knots) and highly
variable wnds typical of the Aleutians make accurate spatial
assessment of these hazards very difficult.

Vol cani ¢ earthquakes generally occur in high nunbers around the
times of eruptions. For purposes of this report, there are 3 basic
types of volcanic earthquakes (other authors have used many different
classification schenes): 1) shallow, lowfrequency, trenor-like
signals of small magnitude such as the events observed at Pavlof; 2)
| arger (up to about magnitude 5) events acconpanyi ng or precedi ng
| arge expl osive eruptions, for exanple M. St. Helens; and 3) large
events probably related to subsurface novenents of nmagma but not
necessarily related to eruptions, such as recent earthquakes in
Iceland and Hawaii, (e.g., Einarsson and Brandsdottir, 1980; Wss et
al., 1981) . Most vol canic earthquakes originate under or in the
imediate vicinity of a vol cano. Because of their snaller size the
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Figure 4.2.7, Maximmash thickness in cmvs. distance from the vent. Sources of data are given
helow.
Maxi mum Ash Thi ckness vs. Distance
#ton Plot Vol cano N¥ame and Year of Eruption Vol une

1 Par{ cut in 7.0 x107
2 Cerro Negro, 1968 1.7 =107
3 Cerro Negro, 1971 7 x 107
4 Fuego, 1971 107
5 Hekla, 1947 1.7 x 108
6 Me. St. Helens, 1980, May 18 1.5 x 107
1 Mt. St. Helens, 1842 107
8 Quizapu, 1932 3 x 109
9 Santa Maria, 1902 5  x109
10 Katmai, 1912 3 X tol?
11 Mt, St. Helens, layer T 108
12 Mt. St. Helens, laver Yn 1-3 x 109
13 ¥t. Shasta, (layer R B.) 108
14 Mt. St. Helens, 1980, May 25 1.4 x 107
15 Fuego, 1974 (cctober) 2.1 X 108
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seism ¢ hazard due to volcanic earthquakes is quite small conpared to
the seisnmic hazard fromlarge subduction zone events.

Shallow seismicity along volcanic axis. Shal | ow seisnmicity (at
depth less than 30 km) recorded by the Shumagin |slands network from
1973-1982 is plotted in Figure 3.1.2. Al ong the volcanic axis the
seismcity is generally low, wth the exception of two pron nent
clusters. One of these is located =20 km sout hwest of Kupreanof
vol cano (lat. 56N, long. 159W). The site is the same |ocation as

several sightings of steam em ssion, fumarolic activity and snow
di scol oration near the sumit of an unnamed nmountain atthe head of
Stepovac Bay.

The second cluster is located at lat. 56N, |ong. 160w, near Port
Moller. This area contains several hot springs, one of whose
tenperatures was neasured at about 140°F during the summer of 1979
(T. Ray, personal communication, 1979). It is interesting to note
that the average vol cano spacing for this section of the Aleutian arc
is about 40 km  However, a gap appears in the Port Moller area. It
is possible, but unlikely that a new volcano is being forned here.

Wi le the identification of clusters of seismicity does not al one
unanbi guously delineate the possible locations of vol canoes, continued
geophysical nonitoring and nore detailed studies may help to establish
the extent to which these two areas may be likely sites of future
vol canic activity. Further, we note that Pavlof vol cano, which has
erupted frequently during the last 9 years, has not had such clusters
of seismcity |ocated beneath it. Pavlof's seismicity instead
includes volcanic trenor, B-type events, and expl osions, as outlined
el sewhere in this report. Thus, it is likely that any future volcanic
activity associated with the two clusters of seisnmicity may have a
different character than the activity observed at Pavlof.

278



5. CONCLUSI ONS

The prine purpose of this study is to attenpt arather conplete
and up-to-date instrunmental and historic data base of the seismc and
volcanic activity associated with the Aleutian arc. W include those
adj acent regions in the Pacific and Bering Sea Shelves that fall
within or affect the Lease Sal e Planning regions known as the "St.
George Basin", the "North Aleutian Basin" and the "Shumagin Basin.
As part of this effort we have operated a tel emetered seismc network
in the shumagin | sl ands segnent of the arc (and Alaska Peninsula), and
for short periods of tinme, at Unalaska |sland and the Pribilof
| sl ands. The seismc study has |ead to a remarkably good spati al
seismc source definition and a consistent tectonic nodel which is
i nportant for devel oping probabilistic predictions of the future
space-ti ne behavior of seismcity, especially of great Al eutian
subducti on-zone earthquakes.

The study has had little opportunity to contribute to solving the
open question of severe groundmotions associated w th major subduction
zone earthquakes. The study clearly points to the fact that this open
probl em of groundmotions need to be resolved before attenpting any
further statistical exposure calculations. The nerits of such
cal culations remains doubtful as long as they are not based on solid
data of groundmotions of noderate to great subduction zone
eart hquakes.

Notwi thstanding this severe deficiency we conclude that, based
only on potential source distributions and on probabilities of
occurrences of noderate to great earthquakes in the arc, the seisnic
hazard near the Shumagin, Unalaska and (to a | esser degree) near the
1938 rupture zone is severe for a forthcom ng period of interest, and
may decrease to nore noderate levels (see Appendix 7.6) in the
northern portions of the St. George Basin, where local sources nay be
an inmportant contributing hazards factor.

Vol canic hazards «clearly exist and should be accounted for
especially when planning for an operational stage of resource
extraction. But , except for local and near-shore conditions, they
appear to be a less restrictive regional hazards factor in nost

of fshore regi ons when conpared with the seisnic hazards.
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Crustal deformation and tsunam effects are expected to be severe
on the Pacific side of the Aleutian Arc (including the Al aska
Peninsula and outlying islands wth pacific exposure). The
historically observed tsunam run-up heights of up to 30 m and
coastal vertical |evel changes approaching 10 mor nore should set a
guideline for preventive measures.

W have established a conprehend ive database for future
quantitative exposure mapping in the subject region. The act ual
quantitative probabilistic mapping is not within the scope of this
project and remains to be carried out by taking into account the data
presented here.
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6. UNRESOLVED PROBLEMS

W have discussed throughout this report a variety of unresolved
problenms that need to be addressed in future efforts if hazards
assessment  shall progress from producing qualitative to yielding
quantitative results. In order of perceived inportance we repeat and
list the followng items:

1) Col l ection of strong notion data from noderate to great
earthquakes within the Al eutian arc.

2) Thorough, digital analysis of these Al eutian groundmotion
data to derive paraneterizations of groundnotions (duration,
attenuation, etc.) both in the time and spectral domains that are of
direct use to engineering design nethods. The inportance of data from
great earthquakes is stressed.

3) I nprove the understanding of statistics of recurrence times
of great events in the arc to reduce uncertainties in conditional
probabilities (i.e., resolve the question whether recurrence time data
conform to normal or long-normal distributions?, is the Markov-process
a useful nodel or not?)

4) Develop a quantitative method to characterize volcanic
activity (by volune of ejects, energy,etc.) and of volcanic effects
on engi neering structures.

5) Continue nonitoring seismic, geodetic, sea level and other,
tect oni c-vol cani c dat a t hat have a potenti al to i nprove
medi umto-short term forecasting methods of hazardous events. This
phase of data collection has to preceed resource production stages by
many years in order to establish false-alarm rates. Fal se-al arm rates
need to be known in order to not overestimate |levels of risk during a
‘precursory’ phase of observation, preceding a suspected or imminent
event. Medi umto-short term forecasting may be useful only to affect
operational nodes of hazards mitigation. They do not affect the basic
long-term hazards assessment inportant for |ease-sale planning and
engi neering design deci sions. Given, however, certain post-lease sale
devel opnents and design implementations, such shorter-term neasures
may considerably reduce damage from an event 1f preparedness 1is
properly inplenmented (tenporary reduction of storage or production,
removal of tanker or service fleets, etc.).
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7. APPENDI CES

7.1 Earthguake Data Processing Methods

Since 1973 the Shumagin network data have been recorded by

several types of instrunments. Initially, from July 1973 to August
1975 sl ow speed, direct, analog tape recorders that recor ded
continuously were in use. The devel ocorder that records the data

continuously on film served as the main recorder from Septenber 1975
until the end of April 1981. Since April 1980 anal og, four channel,
Teat tape recorders that are event triggered and record FM nodul ated
signals, have provided data that can be digitized at L-DGO. Such data
can be analyzed using the PDP 11/70-UN X system as any other digital
dat a. Currently, the Teat tape recorders record data only as a
back-up to the digital system

The event triggered, digital data acquisition system (DDAS) t hat
today is the main recording system for the network Was installed in
Decenber 1980. During nost of 1981 we had severe problens with
operating the DDAS and the data recovery was |ess than 30% In late
Decenber it becane quite clear that the room tenperature at the
central station should be kept below 74°F so that the DDAS would
function properly. During 1982 we have had al nbst 100% data recovery
from the DDAS. The DDAS was connected to a separate digital event
detector in October 1981. The new digital event detector can be
accessed (by phone nodens) from the L-DGO PDP 11/70-UN X conputer and
rel evant paraneters can be reset. For wvisual recording the Shumagin
network had from the beginning one or two helicorders. During the
|ast three years the nunber of helicorders was increased from two to
five and to eight in October 1981.

Devel ocorder data processing. Usual Iy, the devel ocorder data

that consisted of continuous seisnmobgram traces from up to 14 stations
and two time code channels, were processed in batches. The purpose
was to deternmine hypocenter and rmagnitude of every locatable
earthquake that occurred within 400 km distance and was recorded by
t he Shumagin network. Initially, the films are scanned for recorded
earthquakes and the date and time to the nearest minute of |ocatable
earthquakes are witten on a sunmary sheet (see also Figure 7.1.1).

The next step consisted of wusing a ruler to neasure the arrival time
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Figure 7.1.1.A bl ock diagram showing how the routine develocorder data processing was
carried out for t he Shumagin seismic network, eastern Al eutians, Al aska
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of P- and S-waves and amplitude information on a develocorder-
Vi ewscr een. A batch of arrival times from 40 to 50 earthquakes was
punched on conputer cards, or later tapes into a conputer file from a
terminal, for calculating earthquake hypocenter and magni tude. |f the
cal cul ated hypocenter was found to be of low quality, the arrival
times were checked for possible typographical errors or possible
erroneous picking of p- or S-wave arrival tinmes. Al though this
procedure was repeated normally at least three tinmes, often a few
“difficult” earthquakes still had low quality hypocenter solutions.
Digital data processing. The purpose of the routine digital data

processing also is to determ ne hypocenter and magnitude of every
| ocatabl e  earthquake. The follow ng description of the data
processing is based on the block diagram shown in Figure 7.1.2.

First, the arrival time to the nearest mnute and the peak
anplitude of all the earthquakes that show up on the helicorder
records are recorded in a |ogbook. The DDAS writes 25 to 30 events on

the source tape at Sand Point. The table of content is generated both

on site and at L-DGO using a program called trdla. The table of
content is conpared with the |ogbook to determ ne what files on the
digital tape are earthquakes and which ones are false triggers or
bursts of noi se. To facilitate further processing hard copies or
sei smograns are made of each earthquake. Once the hard copies are
avail able the events are classified as local (wthin 400 km distance),
regional (400-1200 km, teleseismc (greater than 1200 km), volcanic
events or calibration pul ses.

The local events are denultiplexed and stored tenporarily on an
rll disk. The interactive programping is run froma Tectroni x 4014
graphics termnal and a data anal yst picks arrival times, anplitudes
and periods using cursor controls as is shown in Figures 7.1.3 and

7.1.4. The program addchdv adds instrunent codes and attenuation
settings to the pickfile. The program trgndm changes anplitude
values from digital counts to nanoneters of ground notion. The

conput er program HYPOINVERSE (Klein, 1978) is used to calculate
hypocenter and magnitude using the data stored in the pick file.
HYPOINVERSE stores the results in four different files as denonstrated
in Figure 7.1.5. In Figure 7.1.5 it is shown al so how each event is
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Figure 73, 3,A summary display of seisnic traces fromthe program ping. The
analyst can choose which trace he wants to anplify (see Figure 7.1.4). The data
anal yst can also conpare his P- and S-wave picks at the different stations, *
and pick coda lengths. Note in this node the data are shown strongly deci mated.
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given a name that is the date and time, when the digital or anal og

event detector declared the onset of an event. Currently, all five
files, -p, -c, -0, -7, -h, are stored in an event directory (Wth a
suffix -L) within the bulletin library. The seisnograns or the

demultiplexed waveform data are stored in two files on archive tapes
with suffixes -d and -D where -d contains the data and -D contains
header information. The pickfile or the -p files are stored al so on
the archive tape.

Figure 7.1.6 contains a sinple but very useful graphical
representation of the arrival time data. The prograns that create
this output fromthe -c file are described by N cholson and Sinpson

(1983) . The wadati and Riznichenko di agrans give an independent
estimate of the origin time and of the depth of the hypocenter.
Furt her, they also provide an easy way to check for data

i nconsi stenci es.

In conclusion, the mgjor advantages of digital data processing
can be summarized as follows:

1) No neasurenments done by hand using a ruler are required. The
data anal yst never needs to copy down by hand such information as, for
exanpl e, station code, wave type or arrival time. Thus a large source
of potential error is elimnated.

2) Using the program ping the seisnmogranms can be band-pass
filtered and often signals can be restored that without filtering are
just white noise. The Tectronix graphics termnal allows the data
analyst to anplify or attenuate the data such that the whol e dynamc
range of 72dB can be exploited. A develocorder record had a typical
dynami ¢ range of only 20dB.

3) The digital data are processed as single events, and no event
is archived until a satisfactory hypocentral sol ution has been found.
The devel ocorder data were usually batch processed and al though 3-5%
of the events were not properly located the data processing was
terminated, since chasing a few “difficult” earthquakes was not
consi dered wort hwhil e.
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7.2 Magni t ude Det erm nati ons

Qbj ecti ves. One of the purposes of operating the Shumagin
seismc network is to determne the magnitude of |ocal earthquakes.
Ei ther the body wave magnitude or the coda |ength nagnitude for |oca
events can be determined. A body wave nagnitude is a nore useful
measure of the size of a local earthquake since it represents the
measured ground notion at the respective seismc station. The coda
| ength magnitude can be nore easily deternmined since no calibrations
of the instruments are needed as long as they remain unchanged. The

coda length nagnitude, however, is not a known function of ground
motion and is sometimes dependent on the S-P-arrival tinme of the |oca
eart hquake. Prior to 1980 we determned coda |ength nmagnitudes for
earthquakes that occurred within our network. Since nuch of our

instrumentation was upgraded in 1980 and 1981 ‘we were faced with the
“task of redetermning our coda length nagnitude scale or to calibrate
our instrumentation to facilitate the calculation of body wave
magni t udes. We decided to calibrate our instrunmentation since that
permtted us to use the network to achieve other scientific goals (for
exanple, attenuation studies, calculation of source parameters) in
addition to enabling us to determ ne body wave magnitudes.

The calibration of the seismc network was carried out in two
different ways. First, all individual conponents were calibrated in
the laboratory or specifications on instrument characteristics were
obtai ned from the respective manufacturer. This information (see
Figure 7.2.1) was conbined into a total. system response as described
bel ow t o deternine ground notion in nanoneters (rim 10°m.  Second,
the seismc stations were calibrated in the field during the Cctober
1981 field trip. A constant-current-square-wave signal of 10 second
period was applied to the calibration coil of the seismmeter. These
calibration pulses can be used to confirmthe results obtained using
the first method. Further, at 10 seismc stations in the network a
calibration signal is generated automatically every 24 hours to check
if the station’s calibration changes with tine.
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Figure 7&l. Sensor responses and recorder responses shown as a function of fre-

guency for seismic stations in the Shumagin Network. The sensors are short

peri od

vertical (8PZ) and internediate period vertical (IPZ). The SPZ sensors are either
NORSAR HS-10 or Mark L&-C/6202, 1B Seisnoneters. The |PZ sensors are broad band
(Baby Benioff) Seisnoneters. The recorders are continuous recording on a film
(DEVELOCORDER), an event triggered anal og tape recorder (Teac) and an event trig-
gered digital tape recorder (DIGTAL). Above the horizontal axis the range of
typically observed frequencies is shown. The sensor and the recorder responses

are conbined to get the total, systemresponse as described in the text.




Calibration of the total system response. The total seisnograph
system reponse, TSS(f) at frequency, f, is the product of the sensor
response SR(f) and recorder response RR(f) (see Figure 7.2.1).

TSS(f) SR(f) X RR(f)

The sensor response, SR(f), is the product of the seisnoneter
response, S(f), and the anplifier response, A(f), or

SR 1) = S(f) x ACE)

The seisnoneter response as a function of frequency was
calculated with the follow ng fornula:

s(f) = y e
- [v/Imm]
[(Fo2-£2)% + 4B 2F2g2)1/2
where Geis the effective motor constant [ VI i see]

F. is the natural frequency [Hz]
By is the danmping ratio (parallel or series)

The anplifier response vs. frequency (A(f)) was nmeasured during a
calibration sequence in the |aboratory. This is a relative function
that is nornalized to 1.0 on the flat portion of its response curve.
The sensor response is nornalized to a 42 db attenuation of the
station anplifier VCO[i.e., total gain is 90 db, (EMIEL 6242), or 120
db (pEVELCO 6202), hence attenuation 42 db is equivalent to gain 48
db or 78 db, respectively) since that is a commonly used value in our
network. Since July 1982 the total gain is 72 db for the EMIEL 6242.

Further, the sensor response is nornalized to 1.0 at 2.51 Hz for
nunerical convenience. The actual value of SR (2.51] constitutes the
sensor gain G$, or

SR(2.51) =G
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The recorder response function, RR(f) is the product of telemetry
gain, T(f) and recording device sensitivity, R(f).

RR(f) = T(f) * R(f)

The telenetry gain is always set equal to one. The recorder
sensitivity is determned by the particular input filters that were

calibrated in the laberatory. The recorder response is normalized
at 2.51 Hz and the actual value of RR(2.51) constitutes the recorder
gain, G.

Therefore, the normalized seismobgram system response is
determ ned by the SR(f) and RR(f) as shown in Figure 7.2.1. To obtain
the total system response these curves have to be nultiplied by the
sensor gain, 68 and recorder gain G. If the VCO attenuation
setting differs from -42dB it is taken into account when cal cul ating
GS.

Typical nmagnification curves for data recorded by the digita
data acquisition system are shown in Figure 7.2.2. The purpose of
operating the low gain and the ultra-low gain instrunents is to enable
us to determne magnitudes for |arger earthquakes.

Conversion of recorded anplitudes to true ground notion. A
program was devel oped to convert the measured anplitudes to ground
motion in nanoneters. The appropriate TSS functions are stored for
the sei snmoneter, VCO, recorder conbinations that are listed bel ow.
Al'so stored are the total gain factors for each TSS and an attenuation
| ook-up file for handling the VCO attenuation setting variability, and
extra danpi ng pads.

Geophones

Mark L4-C, 1B

Geospace HS-10 (3 main coil resistances, 3 external clanpings)
Nor sar HS-10

Broad Band (Baby Benioff) SP, 1P

Anplifiers-VCO s

Emtel 6242 (90 db)
Develco 6202 (120 db)
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Figure 7.22.Magnification curves for a typical high gain short-period station (NG&
at 48 db Amp/VCO gain); the |ow gain short-period seismoneters at Sand Point (SASZ)
end the ultra-low gain internediate period seisnmometers at Sand Point (SAIZ). The

magnification curve for a strong NDti ON accelerogrash (1G sMa-1) i S shown for com
parison.
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Recor ders

Develocorder

TEAC analog to digital

Digital system(apc gain 1, 2)
Helicorder

Crown anal og tape

Sanganmo anal og tape

True ground notion is sinply the recorded anplitude divided by
the product of the total seisnograph system response, total gain and
attenuation factors.

Cal cul ation of earthquake nagnitude. To determine the |ocal
magni tude scal e such that it is calibrated with respect to the body

wave magnitude, mg published in nonthly PDE bulletins, the follow ng
approach is taken:

From Richter (1958) we have for aWod-Anderson instrunent

My, = log A - log A,

where A is tke zero to peak of the largest phase on the record in mm
and A, is a distance correction. Wien correcting for the gain of
the WA we obtain

M, = log (A/2800) - log A. + log 2800

M, = log (A) - 6 + log 2800 - |og A,
wher e Aq now is measured ground notion in nanoneters (rim. | nst ead
of neasuring the largest phase on the record which in our case is nost
often a surface wave or an S-wave, we neasure the largest anplitude in

the P-wave train. This permits us to detemne a local body wave
magni tude as

mp = log Apq - 2-55 - log A,.
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VW prefer to use the largest P-wave anplitude (A,) since it is less
often saturated or clipped than the s- or surface wave anplitudes.

To conpare the values of magnitudes determ ned by the Shumagin
network with values published by the National Earthquake Infornmation
Service (NEIS) in monthly or weekly PDE bulletins, we have plotted in
Figure 7.2.3 magnitudes from PDE agai nst nmagni tudes from the Shumagin
network. The data are tabulated also in Table 7.2.1. W note that
nearly all the PDE or PMR nmgnitudes are greater than 4.0.
Unfortunately, this is the range where the Shumagin network starts
saturating and anplitudes of earthquakes |arger than magnitude 4.0 may
be clipped. Nonet hel ess, the data plotted in Figure 7.2.3 indicate
that the Shumagin magnitudes in the range from3.0 to 5.0 are
underestimated by 0.3-0.5 magnitude units. (These Shumagi n magnitudes
are shown in colums 73-75 in data files submtted to NOAA)

Coda length magnitude. In rare cases we still report coda |ength

magni t udes when a body wave magnitude cannot be determ ned. The
surface wave magnitude, i.e., coda |length nmagnitude, reoprted (as
shown in cols. 61-63 in data files submtted to NOAA) are determ ned
using the FMAG fornul ation of J.C. Lahr (1980) and his enpirica
constants derived for Al aska.

¢, 2.0 ¢, “0.007

Cs may be determined in the future with a larger data set “to

conpensate for the nonlinear relationship of 1log (coda) and
magni t ude.”

F=FPtim, masured fromP onset to 1 cmp-p anmplitude cut-off

A - epicentral distance (km

Z = hypocentral depth (km

¥ = station correction (1 used here)
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(PDE ®) or (PMR O)

MAGNITUDE, My,

0 1 2 3 4 5 >
SHUMAGIN MAGNITUDE, Mp

. < Shumagin network
Figure 7.2.3. Comparison between magnitude values determined by .. gin netwo

! X The straight
and val ues published by NEI'S in nmonthly anggieekly PDE-bulletins. € g
line has a slope of one. Open circles are magni t udes.
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TABLE 7.2.1. Earthquakes Located by 8oth the Shumagin Network and PDE

The respective matnidues are plotted in Figure 7.2.3.

Shumagin
Dept h
Date.Time Latitude Longi t ude (km Xmag. PMR MB Avg. Msz
810107. 165917 55N50 154 1 6 3.4 4,5m 4,8m 4.8
810417. 232919 57N59 154406 94* 5.3 4.5w/b.6m 4.6
810510. 225302 56N22 16121 200 4.0 4, w/m 4.3
810524. 102339 55N58 159024 118 3.2
810605. 070951 52N24 164W52 11#% 4.7 4, %/n 5.5w/m 5.5 4. 6w
810607. 175257 53N24 164W51 17% 4.3 4.6w/m 5.0w/m 5.0
810613. 132129 53N25 163wW13 3 4.3 4.,9%/5.0m 5.0 4. 4w/m
810625. 013632 S4N50 159W45 31 4.1 5.2w/m 4.8w/m 4.8
810801. 014319 59N21 150054 . 160* 5.2 5.1w/5.2m 5.2
810815. 103113 56N06 156W46 77 4.1 5.1w 5.1
810818. 225548 55N39 158W43 39 3.6 4.4w/m 4.4
810906. 132045 56N32 156W09 45* 3.8 4, /m 4.3
810913. 201210 S54N16 163W43 66 3.0 4.0m
810927. 121347 57N09 153025 154* 3.6
811114. 004324 53N44 164W30 81 4.6 5. lw/m 5.1
811118. 193511 53N22 163458 30 3.6 4.7m 4.7
811209. 122. 304 52N50 154437 33* 4.5 4. % 4.9w/m 4.9
811228. 102821 54N44 160W37 30 . 3.7 3. 8w 3.8
820102. 202712 55N35 157W13 13+ 4.1 4.3m 4. 4m 4.4
820122. 090046 55N49 159%00 84 4.0 4 Gw/m 4.4
820129. 140307 53N31 163W55 3 3.4 4, 2u/m 4.7w/m 4.7
820131. 112437 58N52 153W31 68% 4.4 4. 3u/m 4.3
820216. 180231 156W21 8 4.0 4,.7w/m 4.7
820219. 025102 53N36 164W35 10 4.4 4,7w/4.6m 4.7
820315. 145325 52N42 162W00 4 3.8 5.1w/5.0m 5.1 4. 3u/m
820404. 234113 52N45 167W15 1% 3.9 4.3w/m 4.3
820415. 162109 S4NO1 16128 23* 4.8 5.3w/m 53,
820416. 084700 53N21 163wW09 11* 35 4,2w/m 4.2
820416. 084946 53N2 3 163W06 6 3.6 3.6u/m 3.6

*Assigned depth of hypocenter;w-weekly,m-monthly PDE Bul | etin, Aug. - PDE magnitude plotted in Fig. 7.2.3.



7.3 Annual Plots of Shumagin Network Seismicity 1973-1982

As a necessary step in preparing this report we put a |large
effort into reorganizing, refining and reconpiling all the arrival
time data recorded by the Shunagin network and the conputed
hypocenters since 1973 to the mddle of 1982.

First the arrival time data was organized into nmonthly pickfiles
(e.g., files containing all the arrival tinmes of all the events
recorded during that nonth) in a standard HYPOINVERSE fornat. Then
the whole data set was relocated using HYPOINVERSE (Kl ein, 1978). To
choose a reasonable trial depth each nmonth of data was passed through
afilter that sinulates a Reyners and Coles (1982) cross section. If
a hypocenter happened to be |ocated outside of the filter boundaries,
several different possible values of trial depth were tried until a
consi stent solution was found.

The results of this effort are shown below in Figures 7.3.1
through 7.3.11. Table 7.3.1 contains the total nunmber of |ocated

eart hquakes each year. In Figure 7.3.11 we have plotted all the
earthquakes that were |ocated by the Shumagin network from 1973 to
1981. Each year of data, which contains all |ocatable earthquakes

observed during that year, is shown also separately in Figures 7.3.1
t hrough 7.3.10. Al though the continuity of data recording varies
considerably through time, the annual seismicity naps and cross
sections indicate how the seismc activity changes in space from one
year toanot her. Both variations in the scattered background
seismicity and tenporal occurrence of seismicity clusters can be seen
in the annual plots. Each cross section is taken along the line shown
on the respective map striking north 30° west. The different synbols
indicate wthin which depth range the earthquake is located,
(triangles: 0-40 km; x: 40-120 km; dianonds:  120-250 km  and
rectangles: depth greater than 250 km). No magnitude information is
included in Figures 7.3.1 through 7.3.11

We have used the flat-layered earth model that is shown in Table
7.3.2 to locate earthquakes beneath the Shumagin Islands network.
Some of the features in the cross sections show linear clusters of
hypocenters at constant depths which coincide with the [|ayer
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boundaries in this nodel. This artifact is caused by poor depth
control which mainly results from inconplete network coverage in
of f shore regions.

As an aid for studying Figures 7.3.1 through 7.3.11 we sumari ze
the nmost inportant characteristics of each data set bel ow

1973 (Figure 7.3.1). Cenerally scattered seismicity,
simlar to the patterns observed in 1975 and 1981. A
cluster of seismcity is |ocated bel ow Kupreanof
Vol cano on the Al aska Peninsul a.

1974 (Figure 7.3.2). The large cluster located at the
southern end of the Nagai Island included two noderate
si ze earthquakes (mp = 5.8, 6.0).

1975 (Figure 7.3.3). Generally” scattered seismicity simlar
to the pattern observed in 1981. The Cold Bay |ink was
installed and hence, event detection was inproved west
and south of Cold Bay and Sanak |sland.

1976 (Figure 7.3.4). Scattered seismicity and sone smal
clusters near the Nagai |sland.

1977 (Figure 7.3.5). The seismcity is evenly scattered
t hroughout the Shumagin Islands region.

1978 (Figure 7.3.6). Concentrated activity |located west of
t he Shumagin |Islands. A cluster of activity near the
Korovin Island continues in 1979.

1979 (Figure 7.3.7). Several earthquakes deeper than 200 km
were observed. High level of activity along and above
the | ower edge of the main thrust zone accounts for the
doubling of number of earthquakes located in 1979. A
mai n shock of magnitude (Ms) 6.5 was |located at 55.1°N
and 157.0°W.
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1980

1981

1982

1973-1981

(Figure 7.3.8). The seismcity is |ess scattered than
during 1981. A wide band of seismicity subparallel to
the Sanak Basin and concentrated clusters in the Port
Moller region and near Nagai Island are prom nent
features during 1980.

(Figure 7.3.9). The seismicity iS evenly scattered
t hroughout nost of the Shumagin region. A cluster of
seismicity appears east of Sanak Island.

(Figure 7.3.10). Promnent cluster of shallow activity
| ocated west of Deer Island. The |ower plane of the
Beni of f zone is unusually quiescent. H gh | evel of
activity south and west of Sanak |sland.

(Figure 7.3.11). Note the high level of acivity al ong
the | ower edge of the main thrust zone and within the
upper plate along the southeastern part of the Shelf.
This activity may indicate the existence of possible
imbricate thrust faults. The main thrust zone is a
region of low level of activity. Horizontal bands of
seismcity (seen in the cross section) are caused by
the lack of depth control. The upper plane of the
Beni of f zone has a higher level of seismc activity
then the |ower plane.
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TABLE 7.3.1. Nunber of Earthquakes Located by the Shumagin Network and

NEIS/PDE Bul | etin per year in the Region 52°-57°N gnq 156°-165°W

Shumagin PDE
Year Net wor k Bul | etin
1973 211 22
1974 328 25
1975 302 20
1976 279 10
1977 118 15
1978 475 19
1979 808 42
1980 448 25
1981 438 17

TABLE 7.3.2

Fl at- Layered P=Veloeity Model for the Shumagian |slands Array Region

?-Wave Velocity of Layer Depth to Top of Layer
(kms- ") (km)

0.00
©1.79
3.65
10.18
22.63
38.51
90.19

oo~N~NOOYOT W

L]
NOgo~Vou N
OO kDo DN

Aratio of P-wave velocity to S-wave velocity of 1.73 was adopted
for all layers.
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7.4 shumagin Network Status 1973-1982

One of the goals of operating a seismc network is to collect a
data set that is continuous both in time and space. Such a conplete
data set is needed to facilitate studies of possible tenporal and/or
spatial patterns in the seismcity.

Mai ntaining a seismc network in continuous operation in the
hostile environment of the eastern Aleutians, however, has proven to
be a challenging undertaking. Both failures of antiquated recording
equipment and individual seismic stations have contributed to
substantial gaps in the data

In Figure 7.4.1 we show the 1982 station configuration of the
Shumagin network and in Table 7.4.1 we list station nanmes and
geographi cal coordi nat es. The three station network on St. Paul
Island in the Pribilofs was renoved in August-1981. Furthernore, in
1982 we closed down the Unalaska network and under atenporary
agreenent we nade the central station equipment in Dutch Harbor
available to Dr. John Davies who is now the state seisnologist for the
State of Al aska.

The continuity of data recording varies considerably through tine
as is shown in Figures 7.4.2 to 7.4.6. In Figures 7.4.2 to 7.4.6 we
use the following notation: 1) a solid bar means the station operated
continuously and data were being recorded; 2) a hatched bar neans that
the station operated intermttently and data were being recorded; 3)
an open bar nmeans that the station was not operating although data
were being recorded; 4) a gap in the histograns showi ng no station
status indicates that no data was recorded during that tine period by
the main recording device. One or two helicorders, however, have
operated fairly continuously since 1973.

During the early years, 1973-1977, significant gaps in the data
were caused by the frequent failures of obsolete equipment such as an
aging tape recorder or develocorder, which in sone instances |asted
for extended periods of time before repairs could be carried out. The
nunber of stations in the Shumagin network has increased through
tinme. Initially, in 1973 seven renote stations were installed. In
1975 the number of stations had increased to 14. In 1976 the
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12-station Pavlof subarray was installed. Today, the Shumagin network
i's trimed back and consists of 13 stations where five stations are
three-conponent stations and the Pavlof subarray consist of four
stations. The data coverage since 1978 has been fairly continuous
both in terns of recording, and in terms of station survival rate
through the winter. Both quality and continuity of the retrieved data
are presently excellent.
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i1¢

Network_

Shumagin

Pavlof

Station

Chernabura | sl and

Nagai Island
Squaw Har bor
[ vanof Bay

Bi g Keniuji I sl and

San Diego Bay
Vést  Unga
Port Moller
Sand Poi nt

Fal se Pass
Baldy Mountain
Sanak | sl and
Deer Island
Dolgoi |sland
Coal Har bor
Paviof Vol cano
Black Hill
Beaver Bay

Pavlef Nor
Pavlof North
Black Hll

Pavlof Sout h-
Pavlof South
Pavlof South
Pavlof Sout h-
Zachery Bay

TABLE 7.4.1

Code

CUR
PVV
BLH
BVB

PN4
PN6
PN7
PN8
BLH
Ps|

P S2A
PS3
PS4
ZRR

Conponent s N. Lat
SPZ,E,N 54749.22’
SPz 55”02.36’
SPZ,E,N 55"13.20’
SPz 55"73.75%
SPz 55”09.40’
SPZ,E,N 55”32.75’
SPz 55"19.87’
SPZ 55*58.72’
SPZ & N 55”20.40’
1PZ,E,N

SPz 54"57.2’
SPZ 55"11.593
SPz 5472S.44’
SPzZ 54"55.41’
SPz 55”08.46’
R 55719.9’
SPZ,E,N 55"22.4571’
SPZ,E,N 55"42.1%
R 55”31.9’
SPz 55”2S.819’
SPZ 55"27.118’
SPZ 55"26.591’
SPz 55”26.623’
R 55"42.1%
SPz 55" 25.339’
SPZ 55”24.205’
SPZ 55"23.517"
SPZ 55°21.238’
R 55"18.66’

EASTERN ALEUTIAN REGIONAL RETWORKS OPERATED BY LAMoNr-pomERtY G=O.odl cAL OBSERVATORY,

W _Long

159" 35. 30’
160" 04. 15’
160" 33. 74’
159°31. 80’
159" 33. 53’
160" 27. 23’
160" 44. 40’
160°29. 83’
160" 29. 83’

163" 27. 4
162" 47. 208’
162" 46. 52'
162"16. 99’
161°50. 15’
160" 44. 4
161”47. 399’
162" 03. 95’
160"59. 2’

162°01. 369
161" 54. 888’
161°56. 781
162" 01. 246’
162°03. 95’

161"44. 173
161"48. 189
161"49. 014’
161"52. 091’
160" 44. 43’

1973-19S2
Error(m* Elev.(m/f)
50(2 90 295
27(2 240 787
30?(2 360 1181
22%2% 275 902
30%0; 146 480
31(2 275 902
150 492
320 1050
22(2) 23 75
30( 1; 200 660
1(6 360 1180
70(6) 159 522
25(2) 380 1246
32(2) 367 1204
500(3) 150 492
lo(5) 164 538
40(6) 390 1279
1000( 1) 518 1700
[ o(5) 434 1424
lo(5) 814 2670
[ o(5) 750 2258
lo(5) 605 1984
40(6) 390 1279
lo(5) 300 93
20(6) 455 1465
lo(5) 450 1476
lo(5) 520 1707
10(6) 183 600



81¢

TASLE 7.4.1 (con't.)

Net wor k Station Code  Conponents N. Lat W Long Error(m* Elev.(m/f)
Dut ch Har bor Dut ch Har bor DUT SPZ,E,N 53"53.9 166" 32.2' 1000(3) 60 197
1PZ,E,N .
Bal | yhoo BHR R 53*54. 8’ 166"31. 9’ 2000( 8) 427 1400
Akutan VoI cano A1 SPZ 54"06. 7' 166"03. 1’ 1000(8) 457 1500
Makushin VoIl cano MAK SPzZ 53"54. 9’ 166" 47.9' 1000(8) 366 1200
Upper Shaishnikof River  USR SPz 53"46. 0’ 166" 41. 75’ 1000(9) 610 2000
Sedanka | S| and SDK SPZ 53740’ 166" 08’ 2000(9) 366 1200
Legend: *Source Codes:

R = repeater Only, high gain

SPZ,E,N = short period, high gain vertical,
horizontal eaat and north

1PZ,E,N = internediate period, |low gain vertical,

gO) theodolite survey. Surveyor crew 13 June 1978
1
(2
(3
horizontal east and north 54
5
(6
(7
(
(

picked from C and GS chart 8802, Septenber 1978
pi cked from1:63k maps, May 1978
pi cked from 1:250K maps, May 1978
taken from Cctober 1975 list of station coordinates
geodi neter/theodolite survey made June-August 1977
measured from nearby benchmark, June-August 1977, August 1978
proposed from C and s charts 8994, 8995
" proposed from 1:250k USGS mepa
proposed from 1:14 Aeronautical Chart CE-13

N

)
9
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Figure 7.4,1.The Shumagin seisnic network, Alaska. Filled circles are short period,
single (vertical) conponent seismc stations. The hexagons are short period,
three conponent seismic stations. Open circles are seisnmc stations that have
been renmoved. Strong motion accelerographs (SMA-1) are |located at the seismic
stations SNK, DRR, DLG, SGB, SAN, NGI, BKJ, |VF, and CNB and 3 SMA-1's are | ocated
separately at CDB, SEM, and SIM (shown as triangles).
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SHUMAGIN NETWORK STATUS 1973
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SHUMAGIN NETWORK STATUS 1975
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SHUMAGIN NETWORK STATUS 1977
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SHUMAGIN NETWORK STATUS 198l
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7.5 Seismic_and Eruptive Activity of Pavlof Volcano, 1973-1982

Pavlof Vol cano has had 5 nmjor eruptions and several episodes of
m nor explosions since seismc nonitoring began in fall 1973. The
maj or eruptions occurred in 1973, 1975, 1976, 1980, and 1981 (Table
7.5.1). Station PW 7.5 km to the SE of the volcano's summt (Figure
7.5.1), has been used as the seismc monitoring Station. Data have
been continuously displayed on helicorder records since fall 1973,
except during short periods of tinme when the station mal functioned.
The station consisted of a single short-period (1 Hz) seismometer from
1973 until 1982; in sunmer 1982 the station was upgraded to 3
conponents. (The vertical component is still displayed on the
helicorder). An equipment change in 1979 resulted in a gain reduction
of about a factor of three. Wien feasible, other stations of the
| ocal network installed in 1976 were displayed on the helicorder if
station PV mal functioned.

Four types of seismc events of probable volcanic origin have
been observed on pavlof seisnmograms and are shown in Figure 7.5.2:
hi gh-frequency trenors, B-type earthquakes (shallow events wth
energent arrivals and no clear S-phase), explosion earthquakes, and
vol canic trenor. Magnitudes of B-type events range from-0.2 to 1.0.
B-type events have b-values (negative slope of magnitude-frequency
relation) ranging between 1.9 and 2.6 (McNutt, 198la,b; McNutt and
Beavan, 1981; McNutt, 1982a,b; McNutt and Mori, 1983). Fi gures
7.5.3-7.5.7 show the nunbers of B-type earthquakes and expl osions per
day for all data from 1973, 1974, nost of 1975, and all of 1981 and
1982. Data for the remainder of 1975, 1976-1980, and 1983 are still
bei ng anal yzed, however, all records have been scanned. Table 7.5.1
was prepared based on detailed study of reduced data as well as
scanning of remaining records. Aso, there were virtually no volcanic
events recorded from spring of 1977 until fall of 1980, so the data
set presented here is actually nore conplete than it may appear.

During major eruptions wth strong lava fountaining the
seismicity increases from a background |evel of several 10's of events
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per day to several thousand events per day and/or continuous high
anplitude volcanic tremor. This can be seen in Figures 7.5.3, 7.5.5,
and 7.5.6. The increase in seismicity and onset of eruption occur
quite abruptly, that is on a scale of a few hours. The snaller
eruption episodes consisting of numerous explosions are acconpanied by
increases in seismcity to a level of several hundred events per day
(Figures 7.5.4 and 7.5.6) . The increase takes place on a scale of 3-4
days, during which tinme seismicity has been observed to correlate with
the solid earth tides (McNutt and Beavan, 1981).

To date, only the two eruption styles and acconpanying seismicity
descri bed above have been observed. The historic record, however,
contains sone descriptions of other perhaps nore vigorous activity
(Table 3.5 .2-see years 1845 and 1906-1911). W can only specul ate
about the seismcity acconmpanying these eruptions. However, several
“descriptions of felt earthquakes (which remain to be verified) suggest
that perhaps |arger shocks than those which have been recorded to date
(up to about nagnitude 1.0) have occurred at the volcano in the past.
W further note that no | ocatabl e events have occurred at shall ow
depths beneath the volcano, and only four |ocated events have occurred
within 15 km of the volcano from 1973 to 1982. W specul ate that the
vol cano has erupted so frequently that the conduit has remained open and
has not permtted | arge enough stresses to build up to cause |arger
eart hquakes.

Lastly, the volcano sits roughly in the mddle of the Shumagin
seismc gap. The historic record gives an indication that sone
eruptions may have occurred at the tine of |arge nearby earthquakes
(Tables 3.5.1 and 3.5.2, see years 1786 and 1917) . Thus, we have sone
reason to anticipate possible eruptive activity acconpanying the
expected large or great earthquake. W feel we are in an excellent
position to conpare the seismic and eruptive activity of Pavlof
Vol cano during the pre-seisnic, co-seismc and post-seismc periods of
seismcity at the adjacent Pacific-North Anerican Plate boundary.
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TABLE 7.5.1. Prelimnary list of Pavlef Vol cano eruptions

Dat e

Nov. 13-14, 1973

Mar. 12-14, 1974
before Sep. 1-21, 1974
Cct. 29 - Nov. 17, 1974
Nov. 25 - Dec. 16, 1974
Dec. 25 - Jan. 06, 1975
Sep. 13-15, 1975
before Sep. 18-21, 1975
Sep. 23-24, 1975

Sep. 25 - Cct. 06, 1975
at’. 06-12, 1976
Nov. 02-04, 1976
Nov. 10-22, 1976

Nov. 11-12, 1980

bef ore? Mar, 30 - May 28, 1981
Sep. 26-27, 1981

*b-type earthquakes al ways occur,

Description of Activity

maj or magmatic

expl osi ve
expl osi ve
expl osi ve
expl osi ve
expl osi ve
magmatic

expl osi ons
magmatic

expl osi ons
magmatic(?) & expl osive
expl osi ve

magmatic
maj Or magmatic

expl osi ve
MBj OF magmatic

Sei snogram Characteri stics*

vol canic trenor

expl osi on quakes
expl osion quakes
expl osi on quakea
expl osi on quakes
expl osi on quakes
vol canic trenor

expl osi on quakes
vol canic tremor

expl osion quakea
vol canic trenor & explosion quakes
expl osi on quakes

volcanic tremor (note-long duration
but |ow anplitude)

vol canic trenor

expl osi on quakes
vol canic tremor

but in higher numbers during eruptions.

1973- 1983, deduced from seismicity.

Confirmation

phot ograph-1 ava foun-
taining & ash colum

phot ograph-1 ava foun-
taining & ash col um

phot ogr aph-l ava foun-
taining & ash colum

field party-wtnessed
lava flow
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7.6, Prelimnary Risk Assessment in the St. George Basin

SEISMICITY

Historic Record

Dat a. The earthquake record prior to the devel opnent of
sensitive seisnographs in the late 1890's and early 1900's relies on
observations of the effects of earthquakes on people and objects. For
southern Alaska, the Aleutians in particular, these observations are
nmost conpl ete during the period of the Russian occupancy, generally
from about 1740 to 1870. Earthquakes for this period have been
catal oged by Davis and Echols (1962), Coffman and vonHake (1973), and
Ki ssinger et al. (manuscript in preparation); these references will
be abbreviated 1, 2, and 3, respectively.

Pribilof |sl ands. The historic record of earthquakes in the

Pribilof Islands region is summarized in Tab. 7.6.%, Because the
epi centers and maximum intensities of these events are so poorly known
it is not possible to conpare the occurrence rate for this period,
1815-1861, to that conputed bel ow from the teleseismic record for the
period 1957-1978. Significant, 1is the observation that the 1836
earthquake caused damage rated at Modified-Mercalli Intensity X on the
Pribilof |slands thensel ves. This event, those of 1847 and 1954,
which were felt with intensity (M.M.) V-VI, and those of 1925, 1942,
1958, and 1959 with magnitudes of 7.2, 6.75, 6.38, and 6.50,
respectively (Tab. 7.6.2) denonstrate that I|arge earthquakes have
occurred in the St. CGeorge region, the Pribilef Islands in particular,
and nust be expected in the future. This expectation is quantified in
the section bel ow on the teleseismic record.

335



9¢¢

TABLE 7.6.1

Al Events in the Greater St. Ceorge Basin Region for the Period 1925 through 1978

Date HrMn fcc Lat Long Depth Mag Date HrVh Sec lat Long Depth Mag
708086 1854 15.9¢ 55 .66 168 .00 .1 4.10
238919 1207 27.30 55 14 A8 10 a9 55 T-2% 67/3939 315 20.88 54 12.g9 168 42.00 142700  3.90
339427 1156 6.80 55 .55155 00 00 00 671130 937 12.00 66 .00 163 .90 .00 4.30
378718 161 12.08 5 5 .02 165 ¥ 00 00 671213 1756 45.p8 54 18.00 172 24.8¢ 33.00 4.00
410501 707 48.88 57 36.08 166 36.80 00 00 680114 1331 35.00 55 . 164 . m . 4.89
418806 615 4.98 55 38.98 163 . .68 12800 00 680305 530 27.88 55 12.0¢ 163 42.06 .58 4.05
412896 615 6.00 55 45.00 163 .00 150.00  6.75 gggggg 1625 %‘16‘5 gg 213-%% %gg 18.49 186.00 ﬁ-gg
439886 615 12,08 55 42.88 162 24.00 200.00 .00 8§ a7 : 54.00 . .
410928 533 18.8%9 56 .88 164 00 00 00 690729 539 47.00 54 48.88 165 6.88 . 3.50
420618 1478 .00 57 30.88 163 043 .98 .88 690861 326 9.9 54 46.98 165 6.90 & 358
190929 1908 1400 o7 3000 169 et P " 699802 438 29.88 54 48.90 i65 6.90 3.40
470S25 1554 48.88 57 30.00 169 00 00 [ 699828 502 21.00 54 48.00 165 6.00 "1} 3.40
511081 1011 44.88 55 8% 166 T 00 00 691 186 459 54 .g8 54 18.8@ 167 36.00 .60 3.59
558717 2158 23.88 54 24.00 166 18,088 00 00 691123 1815 20.00 55 42.88 166 . 33.90 ]
§78318 2034 60 55 0.0 166 0% ‘o9 ‘o9 691127 711 37 .#8 55 46.20 164 .88 33.% . o8
570312 449 30.00 55 8% 164 00 00 00 691129 1652 .00 54 is.g@ 167 36.00 .00 3.88
570323 1029 1#.B8 54 30.00 165 34.08 00 o8 691139 421 2.88 56 24 .08 166 48.00 . % 3.69
570328 1251 4500 55 00 166 15.00 o0 00 691207 13 13.80 54 3$. a9 171 .00 33.00 .09
570521 1581 53.00 55 00 164 00 00 09 691212 351 1.06 55 18.2@ 164 54.00 154.9¢ 4.20
570531 1619 39.00 55 .00 169 .00 00 N7 708126 833 49.00 57 18.08 163 .00 33.60 ]
570689 2051 33.04 55 00 167 30.00 00 00 780427 552 6.8 54 18.@@ 167 36.00 .00 3.45
580383 1618 23. 55 37.20 166 20.40 45.00 6.3B* 700783 437 .00 57 6.00 164 .00 a5.08 .08
590421 1242 50.00 56 00 162 308.80 ‘ag "99 791128 228 57.8% 54 12.00 168 18.00 . 3.58
500512 @457 39.20 55 9.00 168 14.40 17.00 6. 5g* 781202 1814 50.50 55 54.60 163 58.28 221.09 4.78
602109 1749 7.88 55 30.00 165 .00 .00 .00 781 283 646 15.50 54 18.00 167 36.09 .0 3.39
601030 2156 20.60 56 36.00 167 12.8% 70.00 .00 ;8%%%% 345 2.8 54 18.g9 167 36.00 .8 3.58
610114 1639 9.00 55 38.09 165 .88 .00 5.75 1517 21.8% 64 18.00 167 36.8% .00 3.50
619326 2010 31.78 55 42.60 164 .60 6O.88 - O 710805 1351 9.30 55 43.08 164 55.20 33.00 5.10
610326 2018 44.48 55 36.60 163 48,89 176.00 T 711231 844 47.20 54 S1.96 164 23.22 33.00 4.58
620408 2209 31.40 54 48.60 165 .60 25.88 .00 ;gggég 1%8? 26.19 54 54.86 166 36.66 .00 ]
630508 850 54.88 55 30.00 163 48.88 90 5.50 138858 25265 2%%8 54 4;%% llgﬁ 38. 82 . .00
649311 450 45.680 54 42.090 169 54.00 33.09 4.20 749609 606 18, 55 4f. 6 61.78 .00 4.48
640339 1921 51.80 55 30.8% 168 6.00 39.80 4.30 .79 54 7.80 17H 48.54 7 7
649501 1557 28.98 56 4.8 167 36.00 33.00 4.30 ey 1916 56.30 55 48.#8 162 15.05 113.00  4.19
640584 226 33.70 55 57.60 162 48.88 200.00  4.50 16129 1821 gi‘gg 54 ?,(7)2421 %9% 19.89 .00 4.30
640827 31819.48 54 6.00 167 24.00 33.00 4.35 729210 . 55 U 29.04 .00 . 60
640912 432 34.00 54 48.88 170 .s8 33.8¢ 4. 00 1295 1%%‘ f9.43 54 59.94 169 36.78 .00 4.00
650215 043 4.30 55 48.89 166 42.09 36.88 4. 50 e -11 54 34.68 169 9.66 .66 4.56
650325 2008 18.80 S5 25.28 155 6.88 33.00 4. 20 413444 1%2% ‘2‘; %8 57 38.88 110 25.08 33.08 . W
650406 1737 35.50 55 30.99 166 48.29 33.0¢ 4.20 BRI05% 332 31 oa 2o 48 2 32.94  75.00 .00
651022 1626 48.48 56 37.20 169 40.20 7.A8 4.78 31.88 55 2.64 165 55.32 188.40 4.78
666717 153 4.00 56 29.4¢ 167 2.49 4.0. 00 4°80 761025 1124 7,76 57 8.82 165 56.58 33.80 4. 65
ce113¢ 56 25.86 55° .ge 167 - 00 W ios 778327 1841 57.90 57 34.mp 169 57.00 33.08 4.20
B7030% 62 35.30 54 27 9% ven .00 120.08 4 10 781207 16 49.247 54 A®.70 165 36.80 127.90 4,60

*NB: 'S8and'S9eventsadded after analysis; both dept hs for ‘f 1 eventinadvertentlv fnelude dinanalvaf s



Shal | ow Events

TABLE 7.6.2

in the Limted St.

George Basin Region

for the Period 1957 through 1978

Dat e

570310
570312
570323
570328
570521
570609
600109
601030
610114
610326
620408
630508
640330
640501
650215
650325
650406
651022
660717
661130
671130
6S0114
680305
690729
690801
690802
690828
691123
691127
691130
710805
711231
720513
730820
741019
751118
770327
780626

H M Sec Lat Long Depth Mag
2034 .00 55 .00 165 .00 .00 .Bg
449 30.00 55 .00 164 .90 .00 .00
1029 10.00 54 30.00 165 30.00 .98 .00
1251 45.00 55 .00 166 15.0% .00 .00
1501 53.00 55 .00 164 .00 .00 .00
2051 33.00 55 .00 167 30.00 .00 .00
1749 7.00 55 30.00 16S .00 .00 .00
2156 20.60 56 36.00 167 12.00 7£.@% .00
1639 9.00 55 30.00 165 .00 2.22 5.75
2010 31.70 55 42.60 164 .60 50.00 .00
2209 31.40 54 48.60 165 .60 25.00 .00
850 54.00 55 30.00 163 48.00 .00 5.50
1921 51.00 55 30.00 168 6.00 30.00 4.30
1557 28.90 56 4.80 167 36.00 33.00 4.30
943 4.38 55 48.00 166 42.00 35.00 4.50
2000 19.80 55 25.20 165 6.00 33.00 4.20
1737 35.50 55 30.00 166 48.00 33.00 4.20
1626 48.40 56 37.20 169 40.20 7.00 4.70
103 4.00 56 29.40 167 2.40 40.00 4.80
56 25.00 55 .00 167 .00 1.11 4.20
937 12.00 56 .00 163 .00 2.22 4.30
1331 35.00 55 .00 164 .00 .00 4000
530 27.00 55 12.00 163 42.0% .00 4.00
539 47.00 54 48.00 165 6.00 .00 3.50
326 9.00 54 48.00 165 6.00 2.22 3.50
438 29.00 54 48.00 165 6.00 2..22 3.40
502 21.00 54 48.00 165 6.00 .00 3*4B
1815 20.00 55 42.00 166 .00 33.00 .00
711 37.00 55 46.20 164 .00 33.00 .00
421 2.00 56 24.00 166 48.00 1.11 3.60
1351 9.30 55 43.08 164 55.20 33.00 5.10
844 47.20 54 51.06 164 23.22 33.00 4.50
1309 26.10 54 54.06 166 36.66 .00 .00
2226 28.60 55 47.16 166 51.78 1.11 4.40
54 44,60 54 37.62 165 10.80 .00 4.30
1303 47.16 57 30.66 170 25.08 33.00 .00
1841 57.90 57 34.80 169 57.00 33.00 4.28
252 56.60 57 37.20 169 55.80 33.00 4.28
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Teleseismic Record

Data. Theteleseismically | ocated earthquakes conpiled in Tab. 7.6.
2 are derived fromfour sources: (1) ISC (International Seisnological
Center), (2) PDE (Prelimnary Determ nation of Epicenters, published
by the USGS and archived by NOAA), (3) relocations by Tobin and Sykes
(1966), and (4) relocations by Sykes (1971). These events are mapped
in Fig 7.6.1. Ve restrict this analysis to events in the crustal
material containing the St. George Basin; therefore, deep events
(depth greater than 110 km shown by dashed circles in Fig, 7.6.1)are
excl uded. Fromtheir |locations (Fig 7.6.1) it can be seen that these
deep events occur within the northernmost |inb of the downgoing slab
of Pacific lithosphere.

Interspersed with the epicenters of the deep events are those of
about 30 events, the depths of which are unknown. Since we would like
to account for these events in our analysis we observe that in the
same area there are 7 shallow events and 13 deep events. Ve will
assunme that the sane ratio of shallowto-deep events holds for 30
events nentioned above.

To the northwest of this band of interspersed epicenters of deep
and shallow events there are 19 additional events w th unknown
depths. W assune fromtheir locations that these are shall ow and,
for purposes of identification assign themthe depth 1.11 km (Tabl es
7.6.2 and 7.6.3).

| Fig 7.6.1 _i.nters appear to be concentrated in the inmediate
region of the St. George Basin. A second concentration is centered in
t he sout hwest corner of the search area; these events are in the
vicinity of the Umnak Plateau and the Bering Canyon. Lastly, a few
outliers occur in the northeast part of the area. W further restrict
the analysis by reducing the geographic area to the inmmediate St.
George Basin region as shown in Fig 7.6.2 and the time interval to the
22 year period 1957-1978 as shown in Figure 3B. The resultant data

set (Table 7,6.3) d1s the basis for theanalysisthat follows,
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Fig, 7.6.1 Earthquake epicenters, greater St. George Basin area, 1925 through 1978.

Epi center synbols are scaled by nagnitude according to hei %ht (minutes = g 5+ 1 @A M)
crosses represent events with unkanown depth; x's those with depths mferreg‘to b]e shal- ?
low; solid circles, those known to be shallow (Z < 75 kn); dashed circles, those known

ta be deep (Z > 113 km. The greater St. George Basin area i s bounded on the north,
and west by the edges of the region shown; the southern boundary is the heavy line

east,
along 54-N to its intersection wWith the Aleutian arc and then along the northern edge
of the arc. The potential |ease areas are enconpassed by the |ight rectangular boxes

Isobaths are in neters.
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TABLE 7.6.3

Freguency of Qccurrence by Mgnitude

=

1.606
1.606
1.606
1.606
3.212
1.606
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TOTALS 18 28.908
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1.606
3.212
4.818
6.424
9.636
11.242
16.060
24.090
25.696
27.302
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Fig 7.6.2 Epicenters of shallow (Z < 70 km) earthquakes, limted St. George Basin area,
1957 through 1978. Symbols are aa in Fg 7.6.1. The linmited St. George Basin area is
bounded approxi mately by the heavy line.
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Frequency of Qccurrence for Events in Various Magnitude Ranges

Thi s calculationissummarizedin Tab 7.6.4. From Tab 7.6.3 we have
14 events for which both the magnitude and depth are known or
inferred. A'so, there are 10 events of unknown depth whose magnitudes
are known. W assunme that every third one of these (in order of
decreasing magni tude) 1is shallow and for identification assign them a
depth of 2.22. This results in a total of 18 events with known
magni t udes that are known or inferred to be shallow.  The magnitudes
of these events and the number at each magnitude are listed in colums
2 and 3, respectively. In addition to these 18 events there are 6 for
whi ch only the depth is known (or inferred) and 14 for which the depth
I s unknown. The epicenters of the latter 14 are above the northern
limb of the downgoing slab, so sone of them are probably deep. W
assune that the same ratio of shallowto-deep events holds for these
14 as held for the 20 (7 shallow, 13 deep) enumerated above fromthe
data set in Tab 7.6.2. Therefore, we infer that 4.9 of these 14 were
shallow. Adding these 4.9 to the 6 known to be shallow we obtain an
additional 10.9 shallow events for which to account that have unknown
magni tudes. Thus , the total nunber of shallow events that occurred in
the limted St. George basin region during the years 1957 through 1978
is 28.9. W assune that these additional 10.9 events are distributed
by magnitude the same as the 18 for which magnitudes are known;
therefore, since 28.9 is 1.606 times 18 we nultiply the n in colum 3
of Tab 7.64by r = 1.606 to obtain the nr listed in colum 4. Thus, nr
is the estimated nunber of events at each nmagnitude for the specified
region and tine interval. W next obtain the cumulative nunber at
successively smaller magnitudes, N, by summing the ar down colum and
listing the partial suns in colum 5. That is:

N = 2 (nr)i
i=1

Thus Nj is the nunber of events larger than or equal to M where |
is the row nunber. The last colum is sinply the logarithm (base 10)
of the corresponding entry in the previous one. This is conputed for
the b-val ue plot shown in Figure 7.6.4.

342



eEve

TABLE 7.6.4

Reports of Volcanic Activity in the Eastern Aleutian Arc from ckmok Vol cano,
Unnak | Sl and to Pavlef Vol cano, Al aska Peninsula

Report of Activity Eruption! Number Of Reports?
Vol cano Earliest  Latest Pot enti al A EQI Remar ka

Okmok 1805 - 1958 5 199432 1878, Makushin Village destroyed

Bogoslof 1796 - 1926 5 14 12 1 27 1796, 1883,1926: island-forning events

Makushin 1768 - 1980 5 22 7 2 31 two vol canoes active in 1768, Bishop

‘ Pt. nudflow 30m high at shore

Akutan 1790 - 1980 5 3516 2 53 mud flow 1929, 1 km lava flow 1978

Akun 1828 - 1880 1 3003 no historic eruptions, deeply disected

Pogromni 1795 - 1965 4 9 7117

Westdahl 1826 - 1979 4 4408 In of ash fell on Scotch Cap forcing
evacuation, damaging light, floods washed
our road, 1978

Fi sher 1826 - 1826 1 1001 questionable report of eruption, 1826

Shishaldin 1775 - 1979 5 47 230 70 1978 Sept. 28, caused radio interference

Isanotski 1690 - 1845 3 64111 1825: mudslides, ash to Pavlef Bay

Roundt op none o 00O0O no reports

Frosty 1768 - 1951 1 40014 reports for Walrus 6 Morshova assi gned
to Frosty (3)

Amak 1700 - 1715 1 1001 no activity since 1804 at 1latest

Emmona 1768 - 1953 1 40014 reporta for Medviednikof assigned to
Emmons ( 4)

Pavlof 1790 - 1980 5 49 30 180 1914 eruption: 5 cm of sand on Unga

Pavliof's Sister 1762 - 1786 2 T e w7t not active since major eruption in 1786




Footnotes for Table 7.6.4

(1) Eruption Potential: scale O5

- no historic activity

no historic eruptions, but snoke or steam reported
- last eruption in 1700’ s

| ast eruption in 1800's

- last eruption in 1900 s

- last eruption in 1900's and | > 25

GOl R~ —0O
1

(2) A = reports of activity
E = reports of activity including eruptions
Q = reports of eruptions with earthquakes
I = A+E+Q

Note that A includes E and E includes Q so that reports of earthquakes are
added 3 tines into the index, |,-and reports of eruptions 2 tines, whereas
reports of activity (snmoke, steam etc.) are only counted once.

(3) Morzhovoi = Wlrus (Orth, 1967) but Walrus Peak is nonvol canic. Waldron
(1961) thinks Mrshova and Frosty are the same. W tentatively agree.

(4) Medvi ed = Bear; Medvedni kova Zaliv = Bear Bay on Al aska Peninsula at 162°W
(orth, 1967). Since Emmons Vol cano is at 162°W it seens possible that the
ol d (< 1850) reports for Medviedni kof refer to Emmons. Note that Emmons
received itS present name ~ 1940.
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Fig. 7.6.4 Logarithm cunul ative nunber of earthquakes vs. magnitude for the
[imted St. CGeorge Basin region during the period 1957 through 1978. Light
line labeled b = 1.0 is a plot of the relation log N = a - bMwith a = 5. 58184
and b = 1.0. The shal | ow sl ope of the heavy curve below M= 4.2 indicates
that the data set is inconplete below this magnitude; i.e., M=4.2 is the
detection threshold for this region and period. The increasing slope near

M= 50 suggests that more events of > 5 were observed than would usually
be the case for this tine inteval,
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The b-value is the absolute value of the slope of the well-known

relation
log N = a = bMj, (1)

W expect a b-value of about 1.0 which is the slope of the reference
line plotted in Fig 7.6.4. The shape of the curve in this plot is
controlled by the nunbers of events actually observed at each
magnitude listed in Tab 7.6.4, column 3. The shal | ow sl ope above
magnitude 4.2 indicates that M~ 4.2 is about the detection threshold
for this data set. The increase in slope toward higher magnitude
inplies that nore events with M > 5.0 were observed than woul d usual ly
be the case for this region and interval. W note that the slope in
the magnitude range 4.2 < M < 5.0 is very close to 1.0. To determine
the value of “a” in (1) it 1is best to use the values of M and N
corresponding to the |owest magnitude above the detection threshold;
viz., M = 4.2 and N ~ 24.09. This maxi m zes the nunber of
observations used and hence mninm zes the inportance of observing or
not observing any given event. Using the above values we obtain

a = log (24.09) + 4.2 = 5.58184 (2)

where we have assumed b "1.0.
Using (1) and (2) we can conpute the number of events expected

within any magnitude range from
N (Mj,M5) = Ny = Nj; M < M. (3)

We next assume that N (Mj,M3;) is the expected value for the St.
George basin region for any 22 year interval and that the nunber of
events per unit time is distributed according to the Poisson
function. W can then wite (Hald, 1952, p. 732) the probability for
the occurrence of one or nore events in a given range M < M £ ¥j
and tine interval T~ t years ® 22 is given by

-N (M5,M4)7T
“ij (one or more) =1 - Pjj (none) "1 -e (4)
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Using (1) through (4) and t = 40. years we find:

(one tOTre)

N NM _,,M) P

104 il =L Fimrg (o
1 4 38.18 -— ot
2 5 3.818 34.36 1.0000
3 6 3818 3.436 0.9981
4 7 .03818 3436 0.4646
5 8 .003818 .03436 0.0606

The probability for the occurrence of an event of a certain size
is not directly of interest: what is of nore interest is the joint
probability that the event will occur and that it will cause damage.
we will reduce the problemto the exceedence of tw specific
accel erations; viz., 0.2and 0.5g. The conditional probability that
given an event of a certain size it will cause accelerations greater

3

than or equal to a is

P (ij|a) = "fri_.lz(a) (5)
A

where rjj(a) is the radius fromthe site of interest wthin which
the event nust occur if the acceleration is to reach a, and A = 80,770
xm® is the total area of the linmited St. George Basin region as
outlined in Fig 7.6&3. Therefore, the joint probability that an event
of a certain size will occur and it will be close enough to exceed an

acceleration of ais given by

P(ij and a) = p.1j (one or wmore) P (ij {a). (6)

Finally, the total (or marginal) probability that a will be exceeded
is the sumof the probabilities of each of the possible cases,
neglecting terns of order (P (ij and a? and hi gher: i.e.,
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]
P (d = }Pj-1 ,j (one or more) P (j-1 ,j ’a) (7)
j=2

where, as above, j=l corresponds to M= 4.0, 2 to 5.0, etc.

The radii, rij(“) are scal ed from the pl ot  of
accel eration-vs.-distance given in Fig 7.6.5 Most of the data in this
figure were conpiled by Page et al. (1972) for the western U.S. The
| arger symbols represent data collected at Sand Point, in the Shumagin
Islands. The Aleutian data show systematically higher accelerations
at a given distance than do those of the western U.S. Therefore these
data are used to determne the intercepts of the lines |abeled 4.5,
5.5, etc., inFig 7.6.5 while the western U.S. data are used to
determ ne the sl opes. The line labeled 4.5 is used to specify the
accel eration-vs. -distance relation for earthquakes ia the magnitude
range 4.0 < M< 5.0, that |abeled 5.5 for the range 5.0 < M< 6.0,
etc. Thus, for exanple, the radius from a given site within which an
earthquake in the range 6.0 < M < 7.0 nust occur if the acceleration
Is to exceed 0.59g is 30 km. From (5) the conditional probability that
shoul d such an earthquake occur in the St. George Basin region it will
be close enough to a given site to cause an accel eration greater than
059 i s

P (3,4|o.5)= T 30°= 0.035 (8)
80,770

Cal culation of the probabilities for the ground acceleration to
exceed 0.2 or 0.5 in 40 years for a site within the St. George Basin
region is summarized in Tab 7,65, The values in this table are
deternined using (1) through (7) and the relations plotted in Figure

7.6.5.These calculations indicate for the limted St. George Basin
region in a 40 year period the probability to exceed 0.2g is about 11%
and that to exceed 0.5g is about 3%
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Local Record

Dat a. A Geospace HS-10/1B sei snoneter was installed in the
Seismc Cottage (near the National Wather Service Cbservatory) on
St. Paul Island during Cctober 1975. This instrument is recorded on a
Hel i corder with a magnification at 5 Hz of about 17, 500. The
magni fication of the St. Paul seismograph is linmted by the surf noise
propagated by the alluvium on which the Seisnic Cottage is | ocated.

In an attenpt to determine the azimuth of the events recorded by
this station, tw remote stations were installed on St. Paul Island in
July 1980. None of the Zoecal events recorded since then have been
impul sive enough so that arrival times could be read with any
confidence. Therefore, all of the data discussed in thins section were
recorded by the |ocal, sho-t period, vertical seisnograph at St. Paul
| sl and.

Table 7.6.6 gives arrival times, distances (f::om S-Ptimes), and
magni tudes for events detected at St. Paul (sNP) which mght have
occurred in the St. George Basin; wthout azimuths, only the distance
can be specified. Magni t udes were cal cul ated using Richter’s (1958,
p. 342) local scale and a correction determ ned by conparing the SNP
magni tudes for the larger events to those listed in the PDE. Sone
larger (M= 5) events in the Aleutian arc between the Fox Islands and
the Alaska Peninsula were included for this analysis.

Conparison of Seismc Rate

Figure 7.6.6 is a plot of magnitude vs. distance which shows that
the magnitude threshold at about 450 km is approximately 4.0. In other
words, an earthquake in the southern St. CGeorge Basin nust have a
magni tude greater than or equal to 4.0 to be detected at SNP.
Therefore, in conparing seismcity rates, t he anal ysis nust be
restricted to events of 4.0 and |arger.

There are only 3 such events listed in Table 7.6.6., all between
M= 4 and M = 5. Thus, in the nomenclature of the previous section,
N{(My ,M5) = 3 which can be extrapolated (assunming a b-value of 1.0) to:
N(Ms,Ms) 0.3, N(Me,My) = 0.03, and N(M7,Mg) = 0.003. Using (4) from
that section and the above N(Mj-1,j), the Pj-1 3 (one or nore) for
j=2 through 5 are 1.00, 0.98, 0.32, and 0.04, respectively. These are



TABLE 7.6.5

Probability for Acceleration to Exceed 0.2 or 0.5 in
40 Years for a Site Wthin the St. George Basin Region

3 nj rjz:;:)’(c) Pj-l.j {one or more} P{j-1.1|a} ®{3-1,j and a}

foro =0.2g and t = 40 vears:

1 40 — -

2 5.0 5 1.0000 0.00097 0.00097
3 6.0 20 0.9981 0.016 0.02597
4 7.0 60 0.4646 0.14 0.06504
5 8.0 100 0.0606 0.39 0.02363

P(0.2) - 0.10561

for a-0.5g and t = 40 years:

1 4.0 -_— ——
2 5.0 2.5 1.0000 0.00024 0.00024
3 6.0 10 0.9981 0.0039 0.00389
4 7.0 30 0.4646 0.035 0.01626
5 8.0 50 0.0606 0.097 0.00588
P(0.5) = 0.02627

TABLE 7.6.6

Events Decected o t SNPin o Distance Range Such That Origin in
St.Ceorgedasin 1S Possible
Time Interval: May 1977- July 1980

Distance Discancs
Date Time (des.) (i) Magnituds
77 @8 20 12:50 0.58 b4 2.2
770720 21:19 1.34 149 2.7
770721 12:56 2.17 240 3.8
770s 11 01:54 2.4s 272 3.8
170923 17:21 0.71 8s 2.1
77 11 30 00:15 0.92 102 2.0
780307 02:56 0.77 8s 4.1
7807 13 13126 2.17 241 4.5
7a 07 24 14:52 0.16 68 3.0
780806 01:51 3.88 431 4.0
78 0624 09: 01 2.21 252 3.6
780924 16:43 0.79 88 3.0
78 11 28 17:42 1.01 112 2.5
790429 14:16 0.3s 42 1.8
60 020s 13:38 0.69 77 2.8
600322 10: 31 2.08 231 3.5
0807'23 17:13 0.46 51 1.6
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the probabilities that an earthquake in the respective range of
magni tudes will occur within 40 years. The conparable probabilities
computed from the teleseismc data are 1.00, 0.998, 0.46, and 0. 06.
Thus , the local data over a 3 1/6 year span indicate the same order of
activity as do the telessismicdataover a 22 year span.
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VOLCANI C ACTIVITY

Pribilofs. Mushketov and Orlov (1893, p. 198) report “a
submarine earthquake and eruption” northeast of St. George in 1815.
Barth (1956) references Landgrebe (1855) for the statenent that
“flames have been seen to_rise fromthe sea northeast of the Pribilof
| sl ands”. It is likely that both of these reports are based on a
report from Kotzebue around 1821 to 1828 which we have not been able
to find. Barth (1956, p. 154) concludes “However, in spite of these
assertions any present volcanic activity nust be regarded as
doubtful”. Hopkins (1976) similarly concludes “The volcanic hazard is
small on and near St. Paul Island and negligible el sewhere”. He also
states “The numerous isol ated shocks in the vicinity of the Pribilof
sl ands are probably [enphasis ours] nostly ancient, eroded, volcanic

centers. . . appropriate paleontological Or radiometric nethods [should
be] used to establish their age”. W conclude that volcanic activity
is unlikely but suggest that Hopkins’ advice be followed if any
structures are to be built on or near St. Paul and St. Ceorge.
Makushin Bay. In 1878 the village of Makushin was destroyed by
an earthquake (Mushketov-Orlov, 1893, p. 468). The earthquake and
associ ated tsunam have been reported as part of a crater-formng

event at Okmok Vol cano (Hantke, 1951). Apparently the village was
destroyed by the tsunam that swept along the north shore of Unalaska
Island. Note that Makushin Bay is al so exposed to Bogoslof Vol cano at
a distance roughly equal to that of Okmok.

Scotch Cap. The 1978 eruption of Westdahl deposited 1 m of ash
on the U.S. Coast Guard light station at Scotch Cap. The ash damaged
the light and forced the evacuation of the site, meltwater fl oods
washed out the road to Cape Sarichef.

O her Vol canic Activity. Tab 7.6.7 is a summary of reports of

vol canic activity (H ckman, unpublished files) in the eastern Aleutian
arc from Okmok Vol cano on Umnak |sland to Pavlef Vol cano on the Al aska
Peni nsul a. O the 16 volcanoes listed, 8 are rated as having a high
potential for eruption (4,5 on a scale of O5; see footnote 1, Table
1.6.7) : Oknok, Bogoslof, Makushin, Akut an, Pogromi , Westdahl,
Shishal din, and Pavlof. 1Isanotski iS given a noderate potential (3)
and the remaining seven are rated at a low to negligible potential
(2-0).



For the purpose of siting a pipeline termnal/tanker facility
t hose vol canoes with a high potential for eruption should be regarded
as likely to produce the follow ng hazards:
(1) 1lavaflows, mudslides, floods , incandescent  bonbs, and
nuee ardent on the flanks and in valleys around the vol cano.
(2) ash and sand cl ouds capabl e of depositing up to a nmeter of
materi al several tens of km downw nd from the volcano and a
few centineters of material at 100 to 150 km The fine
particles will produce a plume in which planes should not
fly 100 to 200 km wi de and 200 to 500 km long. This phase
may persist for hours to days.
(3) local tsunams to distances of 100 to 150 km
(4) several hours to 10’s of hours of radio interference during
the eruption.
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