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ABSTRACT

The crustal structure across Amchitka was determined from
two in-line reversed-refraction profiles located northeast and southwest of
Amchitka. Both profiles employed 10 Ocean-Bottom Seismographs (OBS)
spaced at 20-km intervals and 5-ton shots detonated at 20-km intervals off each
end of the OBS line. Traveltimes were corrected to a reference plane 4.5 km

below sea level to minimize lateral velocity variations associated with the

large changes in water depth in the area. Depth to the Moho along the profile
was determined from first arrivals using standard refraction analysis, wave-
front methods, the time-term method and model perturbation techniques.
Calculations show the Moho refractor to be dipping towards Amchitka with the
root of the structure located 60 km north of Amchitka under Semisopochnoi

Island. The Moho velocity is 8.1 km/sec in the area.

Nearly all of the first arrivals were Moho refractions; therefore,
digital techniques were employed to enhance the capability of picking secondary
arrivals in order to obtain upper crustal velocity information. In general,
secondary arrivals were difficult to identify, and although some apparent
velocity measurements were obtained, the information could not be directly

incorporated into the crustal model.
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SECTION I

SUMMARY

The Ocean-Bottom Seismograph (OBS) Aleutian Islands Exper-
iment was conducted between 5 April 1967 and 31 October 1968. The objective
of the experiment was to determine the crustal structure across Amchitka
Island and subsequently to determine the effect of that structure on seismic
traveltime anomalies observed from the LONGSHOT explosion, which was

detonated on Amchitka on 29 October 1965.

Unit and equipment preparation, field operations, and data
analysis were the tasks performed under the experiment. These tasks have
been discussed in previous repozrts:

o Operations Report1 — a detailed description of
unit and equipment preparation and field operations

® System Response Ro.eport2 — a description of the
determination of vertical and horizontal amplitude
responses of the Ocean-Bottom Seismograph system

e Preliminary Analysis Report3— details of data
quality, basic reduction of the first-arrival data,

determination of charge depths using hydroacoustic
traveltime recordings and bubble-pulse-period

measurements, compilation of preliminary bulletin,
and a model of the crustal structure across Amchitka
obtained using standard refraction methods

Final results of the data analysis program are presented in

this report.

Data obtained from the Aleutian Islands Experiment were
collected in three phases. Instrument arrays (OBS) and shot arrays (5-ton

explosions) were deployed along a line N42°E across Amchitka for each phase.

I-1 science services division
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OBS instrument and shot locations for Phases I and IIl are shown in Figures
I-1 amd I-2, respectively. These two arrays were designed to record

ref - ction arrivals from the Moho in order to determine the crustal structure

alcug the profile.

Phase II instruments (Figure [-3) were deployed at longer
ranges with larger spacings than Phases I and IlI to record seismic waves
penetrating the upper mantle from the CHASE-VI explosion. However, CHASE

VI did not detonate, precluding direct upper mantle observations by the OBS.

The explosion recordings were edited onto digital tape and
played back, and first arrivals were picked. Due to significant changes in
water depth and structural environment across the profile (Figure [-4), the
traveltime data were corrected to a reference plane (4.5 km below sea level)
for interpretive purposes. The crustal parameters used in correcting the
data to a reference plane were estimated by a series of iterations. . Errors
resulting from incorrect velocity assumptions were minimized by choosing
the reference plane to approximate the water bottom on either side of the

Aleutian Ridge.

Nearly all of the first arrivals obtained were Moho-refracted
events; therefore, any upper crustal velocity information must necessarily be
derived from secondary arrivals. Digital techniques were employed to en-
hance the capability of picking secondary arrivals. Traces were gathered to
produce records consisting of all explosions recorded at one station and all
stations recording one explosion. Static corrections were applied to align the
traces at a velocity of 8 km/sec; trace amplitudes were equalized to reduce
signal variations across the records; and deconvolution filters were designed
and applied to remove reverberation effects. Some secondary arrivals were

picked, time-distance plots generated, and apparent velocities determined

I-2 science services divisicn



from least-square line fits. In general, however, secondary arrivals were
difficult to identify, even after processing. In addition, a positive identifi-
cation of the same secondary arrival from opposite directions across the
profile could not be made. Thus the velocity information derived, while
indicating the existence of intermediate refractors, is qualitative and cannot

be directly incorporated into the crustal model.

Section Il describes the four methods of crustal structure
determination used. Only first-arrival information was used for each method,
and the average crustal velocity was taken as 6.4 km/sec. The methods are
standard refraction, wavefront, time-term, and model perturbation. Figure
[-5 shows a comparison of the resulting model obtained using each method.
The structure obtained from each method is similar; however, differences

arise from the basic assumptions necessary to implement each method.

The standard refraction method assumes plane-dipping constant-
velocity layers across the profile. Phase I and Phase III OBS instrument arrays
and shot arrays were designed to divide the structure across the Aleutian
Ridge into four segments, each of which could be approximated by a plane-
dipping layer. A reverse-time mistie showed that the structure under Phase III

instruments could not be adequately represented by a plane-dipping layer. 3

The wavefront method (applied to the structure under Phase I
instruments only) indicated the adequacy of the method there and showed the

need for denser recording along the profile.

The time-term method produced distortion in the model associ-

ated with the root of the structure. Theoretical calculations verified the
distortion which was attributed to a deviation from the time-term assumption

of interface planarity within the cone of critical refraction.

1-3 science services division



a2

The traveltime model was determined by perturbation techniques.

Iterations were performed by

(1) Selecting a beginning model

(2) Calculating theoretical traveltimes for
the model

(3) Modifying the model based on differences
between calculated traveltimes and observed
traveltimes

(4) Repetitively applying steps 2 and 3 until a
best fit is determined

The model-perturbation method produces a model (not neces-
sarily unique) which fits the data by considering the actual ray paths involved
and is not restricted by the various assumptions which are necessary to im-
plement the other methods. In addition, the method utilizes every available
shot/station observation along the profile. For these reasons, the perturbation
model presented in Figure [-5 (bottom) is considered the most accurate
representation of the crustal structure across Amchitka which can be obtained

from the data collected in this experiment.

Section III compares traveltimes observed at distance ranges
of 16° to 24° for a Jeffreys-Bullen (JB) crustal model and the Aleutian crustal
model. Due primarily to the differences in average crustal velocity, variations
up to 1.5 sec are observed. The effect of a dipping structure can be seen, but
effect is less than 1 sec for the model used. This analysis is not exhaustive
but does suggest that a significant portion of the traveltime anomalies ob-

served from LONGSHOT is caused in the upper mantle.
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SECTION 11
CRUSTAL STUDY

The objective of the study presented in this section was to

determine the crustal structure across the Aleutian Ridge so that its effect
on seismic traveltime anomalies observed at teleseismic distances from the

= LONGSHOT explosion on Amchitka could be defined. Data used were collected
in Phase I and Phase III operations. Phase I (Figure I-1) consisted of a line
of 10 OBS instruments south of Amchitka spaced 20 km apart, with 10 ex-
plosions detonated in-line to the south and two explosions in-line to the north
of Amchitka. The Phase III array (Figure I-2) consisted of 10 OBS instruments
located north of Amchitka along the Petrel Bank, with eight explosions in-line

to the north and three in-line to the south of Amchitka.

Results of four crustal analysis methods using data from Phase
I and Phase IIl are presented in this section. The analysis methods are re-
fraction, wavefront, time-term, and model perturbation. The refraction

analysis was presented in the Preliminary Analysis Report3

along with details
of data quality and data handling. Those results are briefly reviewed here for

comparison with results from the other methods.

Because of the shot and seismometer geometry used in the ex-
periment, nearly all first arrivals were Moho-refracted events. Consequently,
a study of secondary arrivals was undertaken in order to obtain upper crustal
velocity information. Trace gathering, amplitude equalization, and deconvolu-
s tion techniques were applied to the digitized data to aid in the interpretation

of secondary arrivals.
. A. DATA REDUCTION
1. Correction to Reference Plane

Since all explosions and receivers were not located on the same

plane, the data were reduced to a reference plane for interpretive purposes.

-1 sclence services division
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The method, described in the Preliminary Analysis Report, 3 reduced the
raw traveltimes to traveltimes below a reference plane by stripping off the
time from explosion to reference plane and station to reference plane.

Figure II-1 illustrates this method. Computer programs were written to

process the arrival-time data.
The following parameters are input to the correction program:

Vy — water velocity

Vaa =— subwater velocity (low)
V,pg — subwater velocity (high)
v — refractor velocity

RP — reference-plane depth
DP — decision-plane depth

VRed — velocity used to compute reduced traveltime

tR; i. e. ]

to =t -
R
VRed

where

t = traveltime corrected to RP

4 = distance

The output of this program is then used to generate CalComp
plots of the raw, corrected, and reduced traveltimes vs distance. In addition,
a third program computes least-squares line fits to both the raw times and

corrected times.
2. First Arrivals and Secondaries

The refraction model developed during the preliminary analysis

was based on first arrivals. Those arrivals were grouped into three categories:

soience services division
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Pn, Pg, and shallow Pg arrivals. Based on first arrivals, portions of only

two refra‘cors above the Moho could be mapped. Therefore, additional upper

crustal velocity information must come from secondary arrivals.

Attempts to pick secondary arrivals from the field records did
not produce meaningful results; consequently, additional processing was per-
formed to enhance the capability of picking secondary arrivals. Digitized
explosion recordings (Figure II-2) from Phases I and IIT and the northern part

of Phase Il were used as input data for TIAC processing, which comprised

e Trace gathering
e Trace amplitude equalization

e Static correction

Paper playbacks (filtered and unfiltered)

The initial trace-gathering sequence consisted of gathering the
pressure and vertical traces for all explosions recorded by one station to form
one output record. The two horizontal traces were gathered in the same manner
to form a second record. Trace amplitudes were equalized and static cor-
rections applied to align the traces at a velocity of 8 km/sec (Figure II-3).
Equalization was performed by scaling the traces so that their mean absolute
values over the equalization gate (9.6 sec) were equal. This procedure gives
record-to-record equalization, as well as trace-to-trace equalization. Using
the records of the first gathering sequence, the traces were gathered to form

records consisting of all stations recording a single explosion (Figure II-4).

A second set of records was m.ade by applying static corrections
to individual traces in crder to vertically align the first motion of all traces
(Figures II-5 and II-6). After each gathering sequence, paper playbacks of
all records were made and frequency filters applied to further enhance the
signal quality. Examples of the secondary arrivals are shown in Figures II-7

through II-17.
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recorded by a station (pressure and vertical traces). The predominant arrival

Figures II-7 through II-10 are records showing all explosions

after the initial P-phase is the arrival corresponding to one air/water inter-
face surface reflection in the water layer at the receiver. Only in the case of
all explosions recorded by S10 (Figure II-7, top) could an arrival be followed

across all traces. Most of the later arrivals appear to be emergent.

Figures II-11 and II-12 show examples of the horizontal traces
for all explosions recorded at a single station. Stations S10 and S9 show the
best arrivals, but only two or three picks could be made. Records of S2 and
S1 show the cyclic nature of many of the arrivals. Also, it can be seen that

the moveout pattern is not consistent,

Shown in Figures II-13 through II-15 are examples of all stations
recording a single explosion (pressure and vertical traces). As in the other
examples, the secondary arrivals are emergent, with the number of picks
scattered from record to record. Figures II-13 (bottom) and II-14 (top) show

the air/water interface surface reflection at the station.

Phase III recordings are illustrated in Figures II-16 and II-17.
Figure II-16 shows the pressure and vertical traces for S31 and S23, and
Figure II-17 shows the horizontal traces for the same stations. All secondary
arrivals for Phase IIl were picked from recordings showing all explosions
recorded at one station. Records showing all stations recording one explosion
were of little value because of high noise levels or instrument problems at
many stations. Secondary arrivals from Phase II were insufficient to produce

meaningful data.

After all secondary arrivals had been picked, the times were
converted to GCT, punched on cards, and processed through the correction

program using the following parameters:
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V1 = 1.5 km/sec
V, = 2.1 km/sec
V,g = 5.0 km/sec
V, = 7.0 km/sec
RP = -4,5 km

DP = 33,5241 km
VRed = 8.0 km/sec

Output data from the reference-plane program were divided
into four groups for plotting:
® Pressure and vertical arrivals — all explosions
recorded at each station (Phase I)

® Pressure and vertical arrivals — all stations
recording each explosion (Phase I)

e Horizontal component arrivals (Phase I)

e All secondary arrivals (Phase III)

Plots of the raw times and corrected times (Figures II-18
through II[-25) were made. Comparison of the two sets of plots shows that
the largest effect of the reference-plane correction was to lower the points
by 2 to 4 sec (which is essentially the traveltime through the water layer from

shot to the water bottom).

Reduced traveltime plots of the four sets of data are shown
in Figures I[-26 through II-29. Lines connecting the points which represent
secondary picks across the records are shown. It is apparent that some picks
represent multiple reflections in the water layer. Water depth at station S2
is 1.44 km, which gives a 2-way traveltime through the water layer of about
2 sec. The three sets of secondary arrivals picked from the horizontal in-
struments at S2 (Figure I[-28) show a time separation of abour 2 sec, indicating

that the two latest sets were multiple reflections in the water layer. Similarly,

II-5 science services division
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the two latest sets of secondary arrivals (Figure II-29) picked from station
S31 (water depth of 1.58 km) show a time separation corresponding to mul-
tiple reflections in the water layer. Water depths for stations S5 through S10
(and the southern shots of Phase I) indicate a 2-way traveltime of 6 to 9 sec;
therefore, the secondary arrivals occurring in the 6- to 9-sec interval follow-

ing the initial arrival cannot be attributed to multiple reflections in the water

layer.

Least-square-error line fits (Table II-1) were made for each
set of arrivals having at least four picks. Line fits for Phase I explosions
recorded by individual stations (pressure and vertical traces) gave apparent
velocities ranging from 6.89 km/sec to 7.96 km/sec. Velocities from pressure
and vertical-trace picks of gathered records (stations recording explosions)
ranged from 5.70 km/sec to 6.65 km/sec. Individual line fits for secondary
arrivals picked from the horizontal traces gave velocities ranging from
5.13 km/sec to 7.53 km/sec. Due to the data quality of Phase III, only eight
line fits for expiosions recorded at stations could be determined. The velocities

ranged from 6.61 k. a/sec to 7.43 km/sec.

In addition to the individual line fits, the secondary arrivals
were grouped to determine average velocities (Table II-2). Phase I arrivals
from all explosions recorded at one station gave an average velocity of 7. 42
km/sec. Phase I secondary arrivals for all stations recording one explosion
gave an average velocity of 6.23 km/sec. The average velocity for Phase I
horizontal arrivals was 6. 67 km/sec. Phase Il arrivals gave an average
velocity of 7. 04 km/sec. The secondary arrivals indicate the existence of
intermediate refractors. A single intermediate refractor with a true velocity
of about 6. 8 km/sec and dipping toward Amchitka could explain most of the
measured apparent velocities under Phase I shots and stations. It was im-
possible to positively identify the same secondary arrival from two directions
across the profile; this is necessary to determine true velocity, dip, and

depth of the refractor.
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refraction arrivals, picking their onsets, and identifying the same arrival

Results of this study show the difficulty of identifying secondary

recorded from opposite directions. The techniques employed here — trace

. gathering, static correction, and trace amplitude equalization — optimize the
recorded data for interpretation; however, the results indicate the importance
of utilizing shooting and recording techniques which allow recording first

‘ arrivals from each interface. 4

Table II-1
LEAST-SQUARES LINE FITS

Phase I, Shots Recorded at Stations

Velocity Intercept
Station Explosion (km/sec) (sec) Slope
Sl E34, E3, E5, E6,
1 E30, E31, E32 7.32 2.54 0.1365
S2 E5, E6, E30,
| E31, E32 7.68 3.07 0.1302
|
S5 E2, E3, E4, E6,
E30, E31 7.27 3.63 0.1373
Sé6 E2, E3, E4, E5,
E32 7.57 3.57 0.1321
Sé Ee, E30, E31,
E32 7.96 3.31 0.1256
S7 E34, E2, E3, E4,
ES5, E6 7.24 4.40 0.1382
S9 E34, E3, E4, ES5 6.89 1.70 0.1452
»
S9 E3, E4, ES5, E6,
E30 7.42 2.75 0.1348
S10 E34, E2, E3, E4,
¢ ES, E6, E30, E31,
E32, E33 7.46 3.41 0.1341
L, ooy B4 B3 E3Z 7.41 6.68 0.1349
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Station

Sz,
Sz,
Sz,
Sé,
Sz,

81,
s10

s1,
S1,
S7,

Sl

S2

S2

S2

S9

S9

S10

S5,
S5,
S5,
S7,
S5,
S2,

Sz,
Sz,
S8,

S8

S7,
S7,
S9,
S7,
Sé6,

S6,
Sé6,

Sl0

S8
S9, S10
Slo0
S9, Slo0
S7, S8,

S9
S7, S8

Table II-1 (contd)

Phase I, Stations Recording Shots

Velocity

Explosion (km/sec)
E2 6.64
E4 6.44
E4 6.24
E4 6.47
E5 5.69
E5 6.15
E5 5.70
E3l 6.65
E31l 6.09

Phase I, Shots Recorded at Stations (Horizontal)

E3, E4
E6

E2, E3
E5, E6
E31

E2, E3
E5, E6
E31

E2, E3
E5, E6

E5, E6
E32

’ ES)

» E4,
» E30,

» E4,
, E30,

’ E4)

, E31,

E3, E4, ES)

E6

E3, E4
Eé6

’ ES)

6.

38

.44

.53

.21

.61

.36

.13

Intercept
(sec) Slope
2.39 0.1505
0.94 0.1552
8.89 0.1603
2.58 0.1646
2.42 0.1758
11.84 0.1627
12.87 0.1754
1.58 0.1504
-2.51 0. 1642
1,21 0.1568
4.50 0.1344
7.48 0.1328
8.69 0.1388
3.40 0.1513
10.86 0.1572
6.68 0.1948

II-8
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Table II-1 (contd)

Phase III, Shots Recorded at Stations

Velocity Intercept

Station Explosion (km/sec) (sec) Slope
S3l1 Elé, E17, E18, EI19,

E22 6.95 12. 14 0.1438
S31 Elé, E17, E18, E20,

E21, E22 7.18 14.58 0.1392
S30 Elé, E17, E19, E20 7.43 13.95 0.1345
S28 El5, E16, El17, EI18 6.61 21.84 0.1513
S23 El7, E18, E19, E20,

E21 6.79 3.61 0. 1473
S31 El5, E17, E19, E21 6.96 16.10 0.1436
S28 El5, E16, E17, E19,

E20 7.33 7.76 0.1364

Table II-2

AVERAGE VELOCITIES OF SECONDARY ARRIVALS

Velocity
(km/sec)
Phase I, Shots Recorded at Stations 7.42
Phase I, Stations Recording Shots 6.23
Phase I, Shots Recorded at Stations
(Horizontal) 6.67
Phase III, Shots Recorded at Stations 7.04
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Figure II-10. Gathered Traces of All Shots Recorded at S2 (top)
and S1 (bottom)
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Figure II-11. Gathered Traces of All Shots Recorded at S10 (top) and
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