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This i s r the f i s ca 1 r 1977 and incl res ts of 

our routine operations and analysis for the Hanford seismic network as well 

as the resul s ci fi c s es i ch 1 p lem of ea 

q hazards in eas rn The d i several 1 

in wi s 

The routine operations of the network are reported on quarterly. We give 

here a summary of those reports with additional detail covering changes in the 

array configuration, operational problems we have had and an outline of chan 

and improvements to come. We next address the subject of regional seismicity 

and how it has changed or appeared to change since we took over the array 

operations in 1975. We include comments on our detectability and locatability 

thresholds and address the problem of uniformity of data. Since regional 

velocity structure is important to accurate hypocentra1 determination, we 

include a section on our work in this area. We have expanded the work reported 

in a preliminary report by Eaton to cover the northern half of the array. 

Of special interest to hazards evaluation is the section on magnitude and 

attenuation relations. We report on our development of a new coda-length 

magnitude relation and a progress report on our work on the seismic attenuation 

properties of the region. Two areas have been studied in tai 1 during the past 

year. data analysis the Wooded Island swarm is nearly complete with 

i resting resul as to the charac ristics of the local velocity structure. 

area hi r an normal seis ty south of Lake 1 an is being studi 

in some detail. Un 1i ke the majority of the earthquakes in Han rd region, 

events appeared to ori n ng in the basement basalt. 

0 t' sections 1 with on.going ti 1 t r study and al projects. 
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ons 

During fi s ca l r 1977 the extended Han rd seismic array been 

in continuous ration. esti of down time r a r 

the a 

r failure lm jam, chemical clog) and power ilures. 

mes e in area d 1 r. even 

t ivt = 2 l WOU 1 d be l by helicorder records and neighboring 

arrays. There were no events wi in the array larger than ML = 2 l/2 which 

were not locatable. 

Individual station outages have been an annoying problem requiring a good 

deal of technician time to remedy. We have had some problems with the USGS 

tube type VCO'S center frequency drift. The majority of our problems have 

been with telemetry by the phone company. This has been a particularly severe 

problem in the area to the north serviced by General Telephone. An example 

of a day with more than the usual problems is given below in a note by our 

chnician who was constantly on the telephone to the lease line trouble board 

trying to get the situation cleared up. 

June , 1977 - Carrier lure on line 4GD0971 during which no 

signals came in for 5 hours. When it came back up there was a 

grounding problem at Midway which caused excessive noise and the loss 

of three signals (MDW, GBL, WAH) for two days. lost 

three signals on line 4GD9715 to phone problems in Hanford 

reservation. finally van i on line 4KD0921 

which had been down because of phone company work for over a day. 

{three hours of technician times t aling with prob 1 ems) 

loss of individual s ons from time to time not seriously 

ct our 1 ion ability for earthquakes than 2.0 r 
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ire consi e e sure ou i rapidly. 

During the in the array confi ration have 

pl1 ace . Tab 1 el 

ti ons. Fi re 1 s 

During the past 

list the stations in eas rn Washington r loca-

s ions and anned locations ons. 

r the worl dwi s on rt, Washington

to the r re s ions lle ( n i 

were at , and 

station at Colville (COL) has been removed due to lowseismicity and a noisy 

site. 

New stations have been started as of July 1, 1977 at Plain near Lake 

Wenatchee (PLN) and Winthrop {WTH). A new site has been located for the 

Hermiston (HER) station 10 km to the west which should reduce the cultural 

noise there and improve the array geometry. New stations are planned 

in the central Cascades with support from WPPSS. Possible 

locations for several of these stations are shown on figure 1. 
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Table 1. Station Locations and Delays 
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Under lin d d lays are from time t rm analy s 
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Figure la. Stations in the extended Hanford network operated by the 
University of Washington. COL marked X was discontinued 
in March, 1977. ENT and WAT were added in Dec. 1976. 
PLN and WTP were added July 1, 1977. Line divides north 
and south model areas. 
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Stations in the U.S. Geological Surv ne ork as of 
1975 when the Universi of Washington took over array 
operations. 



In is section we 

hin 

unifo of the exis ng 

the network, anal the 

obtain a uni 

s the on of the sei ci 1 

have occurred in last seven 

in t i 

7 

in eastern 

the 

ons rated 

and had different array configurations, it is difficult 

over en re ri 

is p em and i lications of our interpretations in the ll owing 

section. 

We have obtained the final summary cards of the USGS locations from the 

Hanford area covering the period March 1969 - December 1974; however, we.have 

not received their final report on their interpretations. With only limited 

information on the uniformity of their data as far as detectability, location 

biases and magnitude estimations, we can do nothing but accept their data set 

as complete, and unbiased. From personal communications, we understand that 

their method of computing magnitude changed sometime in 1971 and that the array 

configuration underwent several changes in the early years. We, therefore, know 

that their data set is not uniform though have no way of estimating how non-

uniform it may be or in what s cific way. do address the problem of magnitude 

biases in a later section. For this section we used the USGS magnitudes as reported 

on their final summary cards. 

For the University of Washington data all events previously reported 

have been reexamined for reading errors, the scanning sheets were gone over to 

events by rator error, and blasts were for and 

fl d. All events were relocated using new models and station corrections 

discu in the stru resection of this repo itudes were recalcula d 

using new magnitu length rel on scussed el in this report. 



a 
A list of all s 1 ' 19 • 19 is 

included in the appendix to this report. Pun d summary cards are available 

to anyone's file who requests 

To address the problem the me stationarity of the seismi 

a Hanford rea, we plotted all the earthquakes grea 

r 12 month riods from 1 to the present (Figure 2 ). 

ince bl ve 

in the 

than 

r b1 as 

are set off in the late afternoon, a histogram of number of events versus time 

of day should show a peak in the late afternoon if there were many blasts left 

in the data set. Figure 3 is such a plot for the data in Figure 2 • It 

shows that the events are distributed fairly uniformly in time and that the 

data should not be strongly contaminated with unidentified blasts. Because 

of major discontinuities in array geometry and operations chniques, we have 

selected the twelve month intervals such as to exclude periods of great change. 

The area chosen includes all events greater than ML= 1.6 for all array configurations 

including the present. We feel that fewevents of Ml = 1.6 or greater would have 

been missed within this area since recording began. The number of events in 

magnitude categories are plotted in a histogram in Figure 4 . Note at the 

12 month period in 1969-1970 has many more 1 a events than any other period 

and fewer small events. We feel this is due to the different magnitude scale 

being used by the USGS duirng this time and does not represent a real change 

in sei c energy release. For the four rs 1972-1975 there occurred an average 

of events 1 arger than ML = 1.6 each year and an ave of 16 events 1 a rger 

than = It rs 19 3 \'las s l i tly 1 ow ave and 1 as t 12 

months, 7 is considerably low ave with only 12 even r 

= 1.6 occurring. this is a rea 1 e ct and represen a lull 

in seismic energy release in the·Hanford area. The second qu r of 1977 is 
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presently ng p and ve more is 

area resenting a return to more levels of seismicity. presence 

or ce of swarms strongly influences lity in time of the vity. 

We next address problem of the tectability and l i 1 i ty of events 

in eas rn Washington area using the present array con on. have 

a see ned areas in eas rn Washington where we are e to t certain 

1 s' s on was ana ly

in the form of a distance-magnitude plot. An example is shown in Figure 5 . 

Each dot represen a located epicenter using that particular station along 

with at least three other stations. A line is drawn under the plotted points 

to reflect a distance-magnitude detectability under the most advantageous 

conditions for recording an earthquake at that station. These conditions may 

include the path traveled from epicenter to station, the particular earth-

quake mechanism, lack of noise at the recording site at the time of the 

recording, and the skill of the person scanning and picking signals off the channel 

from that station. It is therefore a best condition slope of detectability 

which we plot. The data used is from 1975 and 1976. The distances from each 

station for a magnitude 2.0 and 1.5 earthquake are used as a radius and a line 

was drawn outlining areas where four or more stations could see those magnitude 

earthquakes (see Figure 6 ) • 

Since these curves represent optimal conditions for detecting earthquakes, 

not all events 1 r than ML = 1.5 have been located within the inner curve. 

The rectangle centered on the Hanford area represen the area from which we 

all events la r than = 1. 7 have 1 d based on curvature 

N versus M curve discus in a se on. Based on a similar 

anal is of a la r area we 1 that a 11 s 1 a r than = 2.0 have 

loc within 1.5·line on Figure 6. ide this line there 



is no si 

to in a conve ng 

1 i event 

to loc the 

we can not say that 

ne re onal 

event 11 s 

tral rmi 

is 1 consi rably 

la r events which fall 

even ve 

seismic ttern 

loca since 

y 

outsi the 

outsi the 

rs. 

X 

1 0 

ilit

d on 

boundaries. 

1 . 5 1 i ne 

rs, we di vi 

1 

larger than M = 2 in eastern Washington in Figure 7 • One must r that 

the array is much larger for the last riod shown and therefore the greater 

number of events outside the immediate Hanford area is an artifact of the array 

geometry. In Figure 8 we show all events greater than M = 2.0 from 1969 to 

the present. The area of greatest activity is just north and northeast of the 

Hanford reservation and the area just south of Lake Chelan. There is a scat-

tering of events to the west and a smaller group of events to the southwest. 

There appears to be no geographical association of these areas of higher seismicity 

and the major structural features in the area. 

Since most of the events shown in Figure 8 are shallow events occurring 

within the basalt flows, they may not be representative of possible large 

regional structurescapable of large events. next examine the deeper events, 

those with depths greater than 8 km. Since there are few of these events, 

we drop our magnitude cut off to ML = 1.5 for the plot shown in Figure 9 . 

on the magnitu -frequen relation discus in a later section, we expect 

of the magnitude M = 1.5 to be missing from this plot since they were not 

on enou s ions to be we 11 l oc 

array boundaries have poor depth control; thus 

not be well lcoated and 

Even 

sl 

at 1 i e ou i 

even to 

ng ~vhen 1 ooki 

the 

west 

at the of Hanford 

whole area. events to south t of Hanford are well located 
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resent a concen ion ea s. 1 r of 

e occurred in the secon r of 19 the ng 

the net University of Washington processed the data. of problems 

wi quality contro 1 we plan to reex ne data to insure that locations 

are rest of the even to s in si 1 ar areas 

as ll a hint of no -sou 

rese on. s ion i 1 is r in 

Cas , better control on events to the west should be available. 
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An accurate ve lo for an area is an i t element in the 

1 ity to locate earthquakes accura ly. ous investi ons into the 

ve 1 ocity structure in eas rn in un rtaken in t. 

1i studies whi have a di ri on ou r work are r l e 

ill ) 1om son (1975). rt 

on Han on did a rm 

analysis of explosions in the central Columbia Basin to examine the thickness 

of the crust and upper crustal basalt flows. This work and earlier work 

by Pitt (1971) provided the basis for the velocity model we have been using 

for routine analysis (Table2 ). This model is almost identical to that used 

by the USGS for their routine analysis. Thus all hypocenters published by 

both ourselves and the USGS are based on essentially the same velocity model 

(Model A, Table 2 ), which is an attempt at averaging the lateral variations 

in structure over the central basin. The deeper layers are due to inferred 

velocity contrasts determined primarily from the Hill work (1972). 

In this report we present additional work on the velocity structure 

investigations and a way of handling the gross lateral variations for 

hypocentral determinations. Since the array has been expanded to the north 

from the original USGS configuration it was i rative to do structural 

investigations in this area to compare with the better known area to the south.

A modified time rm method was used to in 

4 This method requires th 

gate the basalt thickness 

layers have only slowly varying no 

thic s and the velocity be constant within a layer. We criteria 

are fairly well met r the rn in. 

Five qu si were identifi su severa 1 ts 1t1ere recorded 
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of s A rela ve me renee 

was su that origin time was not Arrivals were pi within 

.Ol sec and the s dard error of the mean of several blasts at one s ion 

was typi ly .06 sec. case for there one dominant re r 

whi has rst vals ng to 1 east 100 was evi severa 1 

individual travel time curves. An ex le is own in lines 

r on vel around 

8.0 km/sec occurs at about a distance of 125 km, implying a crustal thick-

ness of about 25 km. 

The time term technique was used to investigate the delays or time terms 

associated with individual stations which lay along the approximately 6 km/sec 

refractor. The simultaneous inversion of the data from the five blast sites 

and 12 stations yield a refractor velocity of 6.05 ~ .05 km/sec. The time 

terms for this inversion are given in Table 1 . These time terms may be 

converted to basalt thickness using 5.25 km/sec for the average basalt velocity. 

Figure 1 1shows a north-south cross section of the basalt thickness (data 

for the central basin are from the preliminary report by Eaton). It appears 

to be one to two kilometers thick over most of the north-central basin though 

there are deviations in the time terms to indicate some roughness to the 

interface. For stations not on the basalt such as CBW and FPW the time terms 

are near zero. OMK, to the north, has a significant delay though the basalt 

is not present in this region. This delay is interpreted as a la ral 

variation in the basement rocks. 

results this is and previous rs ve 

combined into a model for use in loca ng earthquakes throu eas rn i ngton. 

re is such a large difference in the upper crustal structure 

be the Hanford on and the north central basin we have 
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divi all e in as in ca es on r 

roximate loc on. This is necessa nee it is presently not possible 

to in a 

We b 

location rou ne a l ra 11y 

re on into two sections; one re 

ng velocity structure. 

basalt is more 

4 km i and another it is less than 4 i ck. Fi ure 1 

the division tvm areas as a line and Table 

wes we 

the proper model and thus even though the basalt does not remain thick near 

Cascade range we nevertheless use the thick basalt model for events 

in this area since the nearest stations are in such an area. We have also 

derived station delay terms to be used in the location routine to make up for 

the discrepancy between the known local velocity structure under a station and 

the average ve 1 ocity mode1 used for events in the region. Thus for an 

earthquake in the Hanford region, the "south 11 model would be used with a set 

of station delays which are generally negative for stations in the north. 

Conversely for events in the Chelan region the "north" model is used with 

station delays becoming more positive as you go south (Table 1 ). 

feel that this dual model location routine greatly increases the 

accuracy of locations, particularly for even to the north. For example, 

the average RMS va 1 ue for severa 1 even in the Chelan area decreased by a 

factor of three when using the "north" mode 1 and i associated delays. 

events reported on in the seismicity ion of this report are the events 

since 1975 and ve been re loca using this dua 1 model All subsequent 

rly 11 use is ique r tral te na ons. 

nor us as s ions are and 

more available; r, 11 most confi 

to of the current and ld little influence on loc ions 
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in current In icul r, we rove our knowl 

crustal structure to and west. With additional stations of 

in we anti ci r understanding of crus 1 structure. 

There is a need to know 

s of detail ructure in ci ni of the 

reservation in rticular the area of 11 1 imament. 

is is 1 a i c re res en a 

on which a large earthquake could occur. To address this question information 

on the subsurface structure would be useful. It has been suggested th long 

seismic refraction lines be run across this area to attempt to obtain such 

information. We do not advocate such an approach for several reasons. 

Previous refraction work in the area suggeststhat major velocity changes 

within the basalt do not exist and thereofre the first major refraction arrival 

is from the basement rock beneath the basalt. From the Rattlesnake #1 well 

and Eaton's time term analysis it appears the basalt is quite thick in this 

area, more than 10 km. Given our estimates of the velocities of the major 

units, the critical cross over distance for refraction from the base of 

the basalt would be greater than 75 km. To detect changes in the basalt 

thickness across a region with enough resolution to identify a fault like 

contact by conventional refraction lines would be very difficult. 1 

there are better methods to address this problem. One of these methods has 

already been done and another may have been done. Eaton's time term method 

is a refraction technique which incorporates three dimensionality of the 

problem. feel that this work is a significant nni looki at 

i 1 ed structure of the area and t that his fi na 1 report given 

strong consi ration. also feel there must exist reflection data for the 

area around Rattlesnake #l well. It is inconceivable that a 10 km well 
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d 11 t some re e on work ing in area. 

su at the company dri 11 ing the 1 contacted about re on data 

that avail ab 1 e for area. If these data are not available or 

are not extensive enough, we suggest vibrosei s as a technique with unique 

po ti for types of structural studies. Since we do not have s al 

ctise in vibroseis we s t co rae wi r o on r 

in i on. 
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TABLE 2. Eastern Veloci Models. 

A. Old Routine Model 

3. 70 o.o 
4.70 0.8 
5.10 1.5 

7.5 

8.00 28.0 
B. North Model 

5.1 o. 
6.05 0.5 
7.20 19 .o 
8.0 24.5 

c. South Model 

3.7 0.0 
4.7 0.8 
5.15 1.2 
6.05 7.5 
7.20 19.0 

8.00 28.0 



35 

i and ion St

a coda length itude relationship has never been established 

using the local magnitude definition by Richter fore rn Washington, we 

ve been using relationship 

Si nee we l t it was important 

ca lly r eas rn 

i ca 1ly used for California events. 

rmine 

set 

ropri scaling relation 

i 

r. Two wethods have been used whi give similar results. One involves 

using the permanent telemetry stations in eastern Washington and a pseudo-Wood-

Anderson response by obtaining well calibrated recordings on magnetic tape 

of earthquakes, while the other involves using a single standard Wood-Anderson 

seismograph to obtain recordings. These techniques are described and compared 

below. 

Pseudo-Wood-Anderson. Twelve events that occurred during January to March 

1977 in the Chelan area were used to study magnitude determination (Table 3 ). 

All these events were recorded on analog FM tape as part of the Chelan 

area study and then digitized by a 12-bit digitizer of the Varian computer. 

The maximum zero to peak trace amplitudes of the digitized seismograms were 

measured and the frequency estimated by counting peak in a time domain. 

The amplitude was then multiplied by the inverse response of the recording 

system giving the true ground displacement. The corresponding Wood-Anderson 

maximum trace amplitude was calculated by using the response curve of the 

Standard Torsion ismometer (To = 0.8 sec, V = 2800, h = 0.8) (Figure 12). 

This can done by ass the frequency of the maximum litu is 

same in both systems, the frequency range falls within fl on 

W response curve. The hypocentral di ce than epicentral distance 

was used when Richter's (1 local magnitude rmula was appli becausethe 
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proximi of even and s A co on of was also 1 i 

cause all the were ve cal component (Eaton, 1970) and Richter's 

formula is desi be used with horizontal component instruments. An 

example the procedure is own in Table 4 • The final magnitude results 

was 

these 

of 

otted versus 

nts ( 

coda length and a best git line drawn through 

gure 13). The 1 ine fit through data is our es 

i p. 

It matches very closely the one used in western Washington determined 

by Robert Crosson (1972). The previously used relationship is illustrated 

by the dashed curve determined by the USGS for centra 1 California and has a 

more gentle slope and a larger vertical intersection. 

True Wood-Anderson. Wood-Anderson instruments were installed at Entiat, 

Washington in the latter part of January 1977, to record small local earth-

quakes for better magnitude determination. This location was chosen because 

of the relatively higher seismic activity during the late part of 1976 in 

this general area. 

We experienced large drift problems of the instruments, and because of 

the high magnification, data gathering was intermittnet for the first month 

and a half. Originally, we hoped to record at 10,200 magnification; however, 

due to the drift problem we reduced the magnification to 5,600. At this 

magnification, we should be able to see most earthquakes of magnitude 2.5 

within 50 of Entiat. 

ve recorded five events on the Wood-Anderson instrun~nts which 

were also recorded and l on central ton array. A arison 

of coda length and Wood An rson magnitu is shown in Table3 and Figurel3. 

Most of the earthqu listed in Figure 13have a epicentral distance of less 

than km. This short distance· creates a problem in computing a true 
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Rich i ( r, 1 ). will probably 

at this location through 

and 

fall be ng the ins to a location 

on the Hanford 

As can seen in Fi re 13 

itude estimations ned by 

re 1 a on can be 

ation is essen al as 

is good reemen t the 

scaling 

is 

two methods and an i ri 

e 

wes rn Wa in even th 

geology and average earthquake depth are quite different is amazing. 

We do not have an explanation for this result other than a combination of 

effects are involved which fortuitously result:in similar scaling laws. 

The earthquakes reported on in the seismicity section of this report 

include this new magnitude-coda length relationship in their reported magnitudes 

and should supercede the events listed in our previous quarterly reports. 

feel that these magnitudes more closely reflect true local magnitude as 

defined by Gutenberg and Richter (1946). 

Using our revised magnitude relation we may estimate the magnitude 

threshold over which all events are located. If the log of the cumulative 

number of earthquakes greater than a ven magnitude is plotted against that 

magnitude the points should fall along a straight line whose slope gives 

a relationship between the number of small events versus large ones in a 

given time period. This sl or "b" value is usually around -.7 to -.9 

for tectonic areas characteri by large through going faults and large 

ic structures. Values forb from -1.0 to -1.5 are ch ristic of 

areas with smaller scale tectonics s as volcanic or swarm areas. A "b 

value plot for the Hanford on is venin Figure14 for the riod April 

19 throu March 1977. uare outline in Figure 6 shows areal 



t o r this 1 

removed fore plotting. 

the fit is not excellent. 

curve 

even 

f 

ns deviate from 

th i s i tude are 

events in that qua 

n 

the 1ocatability of events in 

r sus 

of this curve is 

losions were 

-. 8 though 
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that r magnitu less than = 2. 0 

linear rtion in eating 

sse d. le 

r are in 

1 is ves a on 

Hanford area. 

From the digitized records in the period 

of January to March, 1977, 15 earthquakes and three blasts were selected. 

A standard data processing technique was applied to all of the selected 

events. The first S wave arrivals were picked by inspection, and then checked 

by the travel time obtained from the velocity model and locations. A rectangular 

time window of 1.024 sec long, 128 samples correspondingly, was then applied 

to the S arrivals. The S arrivals picked were assumed to be direct arrivals 

since the crossover distance for the second layerS arrivals is 148.8 km for 

a surface source and the epicentral distances of the events studied fall 

within this range (Figure 10). 

The Fourier amplitude density spectra of signals were calculated 

by using a library routine SPEC in the Varian computer, and the inst 

responses were removed. To obtain a spectral noise esti , a section of 

record pre 

procedure. 

r 

1 on 

{i.e. 

ng P-wave onset for each event was analyzed usi 

i the effe source and um lexities 

rs ich will cause la ance f s ra s 

dri of recording sys , the i lsive nature of 

are non-s tati ona ry si ls), the length of the time win 

tive background noise. re, a three ints smoothi win

same 

re are 

as 

Si a 1 

and the 

was 
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1 ist even 

15 a 1 

and 

on s cs 

tuati on ation is 

a hypocentral distance r. 

Rewriti this in logarithmic 

Since many additional factors affect the observed A values, a di plot 

of these values for any frequency versus r define a value r n. 

, a fi l teri procedure was applied to the smoothed spectra. 
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smoo in n in es hi r t corresponding lf 

1 ength of the time ndow. 

t the 1 1 og p 1 of observed spectra showed corner frequencies 

around 10-15 Hz. of 

causing a la 

in the i nte 

on. 

stations a spectral 

variance of n value. 

peak around this 

ce, i 

lp ni 

rally, the signal to noise ratio in the high frequency range (18-24Hz) 

is 1 a rger than two The di recti vi ty of a propagating source is the most 

important cause of the large variance of the amplitude density in this frequency 

range (Ben-Meneham, 1961). For earthquakes with small magnitude, this effect 

is not very prominent. Additionally, the amplitude density in this frequency 

range corresponds to the flat part of the acceleration spectrum. This is 

advantageous because this portion of the acceleration spectrum represents the 

maximum acceleration over the duration of the signal. 

In order to eliminate the effects of the unknown directivity and the 

radiation pattern of each earthquake, the stations were selected so that at 

1 east two were aligned with the epicenter or so that the difference between

the azimuthal angle was approximately 90°. B 

the n values were estimated for the 1 ow and hi 

upon the above discussions, 

frequency ranges. The ave 

n value for the low frequency range was 1.400 +0.281, and 1.852 ~ 0.447 

for the high frequency range. Table 6 shows the events and stations that 

were used and the n value for each station pair. These results suggest 

that uation is t, ich is at one would 

if crust is anelastic. In the near future an attempt to estimate the 

qual i factor Q (which cri the anelasticity) in the crust for this 

ion will be made. · 



3 List even to termine magnitude. 

PSEUDO - WOOD-ANDERSON 

H c LONG ML E 

01 21 5. 120- 40.03 3.70 1. 0. 1 .5 6 

01 16 15. 1 13. 5. 1.76 0.4 .0 4.3 

01 16 13 31 . 19 1 . 74 8.00 1.00 0. 13.3 2 

77 21 11 37. 120- 3. 4.37 1.40 0.2 . 3 3.1 

1l 19 .47 120- 8.84 6. 1.50 0.4 .6 2. 1 

77 19 11. 8. 11 9.61 l. 1. 0. .2 6.5 

11 9. 47- 40. 120- 19. 8.00 1.39 0.2 .7 2.4 

17 21 1 .42 3.00 1. 31 0.18 .5 1.5 

- 41. 120- 2. 7. 13 1. o. .8 1.0 

77 11.19 J20- 24. ].50 2. 0.13 8 

10 10 4 120- 12.32 7.42 ].76 0.23 . 5 2.3 

15 - 39. 120- 12.05 7.30 1. 01 0.2 7.3 1.6 

77 11.19 .9 1 24.8 1.5 2.7 6.2 

77 23 - 43.4 1 13.4 14.3 2.5 4.9 

12 - 40.2 120- 07.5 0.1 2.0 14.3 

77 17 13 . 19 47- 39.1 120- 23.4 0. 1 1.8 4.7 

77 11 16 .5 l 13. 1 7.2 2. 1 3.5 
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4. proce of magni determination, ions as i have not 
of 1 a de vi ati on. The ave magnitude is 1. 0. , then has 

reason given in the text. 

Ground 
f In. t~lotion 

(hz) xl xlo- 5mm -2 x10 mm

. 5 12.4 9. 724 2792 27.1 

= 7. 13 14 3. 1 9.063 2794 . 321 L 1.0 

12.4 2. 5. 2 16.391 1. o. 
p 15 1. 3.846 2795 10.749 2. L 

E 14 10 l. 1.496 2 4.175 2.61 1. 

11.5 15 3.401 3. 911 2795 10.932 2. 1.61 

19 14 3. 6.597 2794 18.431 2. 2.14 

7 3.1 13. 9. 25.744 I 2 • L 
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Figure 14. Log N verses M or "b" value plot r U.of W. located 
earthquakes in Han rd area. Slope is -0.8. 
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il es 

re were two fi c areas i ch were i nvo l in studies. 

data Island swarm of 1 5 has ana lysed in some detaiL 

anisotropic vel ty model is bei used to relocate ea with 

that 1 isms 11 more cons is t. rea just 

s 1 i t 

active area in the north central basin. 

The area around the south end of Lake Chelan has been 

known to be sei smi ca lly active for some time. Rasmussen ( 1967) reports over 

60 earthquakes cen red in that region and felt during historic time. The 

largest of these was probably one in April, 1958 which was most strongly felt 

just north of Lake Chelan on the Columbia river and had a maximum intensity 

of VI+. It is also possible that the large north Cascades earthquake of 1872 

was cen red in this area though much of the intensity data suggests an epicenter 

farther north. 

During the years the USGS ran the Hanford seismic net over a dozen events 

were located by them in the Chelan-Entiat area even though their nearest station 

was over 60 km away. The University of Washington ran a single s ion 

near the to\'m of Chelan from 1973 to 1975. Many local events were noted on 

this station though they could not be located and many were thought to be local 

quarry bl a In 19 v1ith the expanded Hanford array several events per month 

were located in this region. In la 19 two new stations were 

area { 

reco 

WAT) and in early 1977 all 

on our portab 1 e array c 

ti ng and first motion picks were available. 

far in .this area. 

stations in this 

such 

low 

to the 

i roved 

of 



52 

From mid 19 until 1 \ve ve loca d ven in ral 

Lake 1 an are a i ch are not b 1 as and ich ve roll 

wi me residuals, val less 1/4 second. events are plotted 

i n g u re 1 7 . For even in immedia ENT-WAT area ave 

error in epi cen r is around 1 and in is 1. 5 For 

to east near EPH and central error is arou 1.5 while 

(error 

Figure 18 is a blow up of the ENT-WAT area \'Jhere the symbols are a 

function of depth. The depth histogram shows that most of the events are 

around 5 or 6 km deep with few deeper than 10 km or shallower than 3 km. 

es ti 

There appear to be no obvious line up of events from which a fault or 

controlling structure caul d be inferred. The group of events just to the 

east-south-east of ENT have a distribution of depths in no obvious pattern. 

Farther to the east lie a group of events which could be argued to line 

up roughly north-south extending almost to CBW. Another such north-south 

line up may extend north from ENT, and a possible roughly east-west line up 

may exist to the east of ENT. All of the above observations are quite 

tentative since there exists no strong evidence for any of the above line ups. 

We do feel that the rather confused distribution of hypocenters is real 

and not an artifact of the station distribution or location procedure. 

In an attempt to make some sense from these da first motion p 1 ots 

have been using the events which v<ere well reco d on a n r of 

stations including ENT and WAT. These events are shown in Fi 19 re 

all events are 1 r than ML = 1.5 ave central e r r 

even is less than 1/2 km and error less 1 Since 

no single event enough firstt on avail e these nine events 

were composited onto 'one pl shown in Figure20. It is vious t no 

rs 
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si le fault plane solution is possibl these The cture remains 

as con d as ever. We hope that new s ions installed July l will help 

solve this problem and plan put our portable ne rk in the area this 

fa 11 i f need be . 

We have examined the effect of the layering of the basalts (aniso-

tropy) on seismic energy propagation in an effort to explain questionable 

results from the standard analytical tool of Wadati plots. Our results 

show that the medium at Wooded Island must indeed be considered as aniso-

tropic (transversely isotropic) when attempting to locate earthquakes 

from a distance of no greater than a couple hypocentral depths. We are 

presently developing a technique to locate earthquakes in such a medium 

in an attempt to better resolve details of the spatial distribution (i.e. 

fault planes, if they exist) of the swarm at Wooded Island. 

We chose events with three or more pickable shear phases and attempted 

to construct Wadati plots. The basic assumptions of Wadati \vas that P and 

S take the same path and that the elastic parameters didn't vary over the 

path. If one plots P time versus S-P time, and the above assumptions are 

true, the slope of the best fitting straight line yields the ratio of the 

compressional to shear wave velocities. 

obtained Wadati ts by the 

shows the V /V values p s 

least squares 

1.72 ) which is close to the average measured for most rocks. 
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If a medium is anisot the assumptions of Wadati are not valid. 

, if the medium at Wooded Island can shown to be anisot 

the of the \,'adati ts to converge on a s 

characteristic of the medium may be 

e value of V /V p s 

To exarnine in particular the medium at Wooded Island, we obtained 

the elastic parameters for basalt and terial from 

the elastic 

elastic wave , others have shown that the velocity of compressional 

and shear waves is highly d on angle of incidence to the axis of 

symmetry (i.e. perpendicluar to the layering). Others have also shown 

that there is a splitting of the shear wave energy into particle motion 

parallel (SH, horizontally polarized shear) and perpendicular (SV, verti-

cally polarized shear) to the layering. In addition to this splitting, 

the SV wavefront, or picture of the energy discontinuity at a particular 

time, is not a simple smooth surface, but contains a cusp. Figure 22 

shows the wavefronts at T = 1 sec (solid line) and T = 2 sec (dashed 

line). Note that depending on the source-receiver geometry anywhere 

from 2 to 5 direct body phases may be observed. 

We are currently examining from the 1975 Hooded Island 

swarm to determine if the multiple shear wave arrivals predicted by the 

anisotropic theory are indeed observed. If the indicate 

that the medium does it and the theorized body waves, we 

should proceed to relocate the ear uakes of the Wooded 1975 

swarm as recorded the small portable array. Al others have 

studied pro of the elastic waves in aniso media, no one, 

to our addressed the of determination 

in such a medium. 
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Map of all located earthquakes in the southern Lake 
Chelan area from July 1975 to March 1977. 
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Figure 19. Earthquakes south of Lake Chelan located after ENT 
and WAT were installed. These events are larger than 
ML = 1.5 and were used for the first motion plot of fig.20. 
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The two kinemetrics TM-1 biaxial borehole tiltmeters were verified 

to be in order at them to a seismic pier. Further 

involved a 

on the same seismic 

with the tera- servo accelerometers 

r. Tilts measured by both the kinemetrics and tera 

prevent a more detailed calibrating and test. 

Since the kinemetrics tiltmeters are to be installed in remote loca-

tions, a telemetry system for each instrument was constructed to send the 

data to the University of Washington over the telephone lines. The trans-

mitter multiplexes each component of tilt; digitizes the reading to 12 bits 

of resolution; then frequency shifts a 440 Hz voltage controled oscillator. 

The receiver decodes the F.S.K. from the phone line using a phase locked 

loop discriminator. The digital word is reconstructed by using another 

P.L.L. to recreate the transmitter's clock. The clock demultiplexes each 

tilt component to monitored continuously on a mult-channel strip chart 

recorder. Each tilt component is sampled once every 4 seconds. By using 

an inverter, two 2.5 volt, 1000 amp- air cells will power both a tilt-

meter and its transmitter for about 1/2 year. C-MOS integrated circuits 

and a C-MOS A/D converter kept power dissipation in the transmitter to a 

minimum. The transmitter and inverter are housed along with the tiltmeter 

electronics in the kinemetric weather proof box. The only external 

connections are the power and phone lines. 

The transmitter was tested for environmental stability. term 

tes done at showed no functional failures and an vco 



drift of 4 Hzx from its room 

rature test at about 

VCO drift. 

rature center frequency. Short term 

showed no functional failures and 
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The use bubble-

for this 

tiltmeters such as those the U.S. 

is a ect over which there is consi-

derable controversy at this time. Results from tiltmeter arrays in Cali-

that 

the local site conditions. In addition, some instruments appear to be 

noisy and it is not clear if the problem is in the instruments, or in the 

site conditions. To make tilt observations at Wooded Island we feel it 

is absolutely necessary to first have a direct measure of the instrument 

calibration and drift. Since the capabilities of these instruments exceed 

the kinds of tilt controlled environments available in a laboratory, or 

even on our seismic pier, we plan to install the two instruments side by 

side in the field to make a direct comparison between them. If they track 

satisfactorily, one of the instruments will then be moved to a more distant 

site. 

Since there is only one phone drop with only one channel open, one of 

the transmitters and receivers is going through minor modifications to 

allow both components of both tiltmeters to be multiplexed together. Cycle 

time will be doubled to 8 seconds. The tiltmeters should be installed by 

early July and functional soon afterwards. 
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