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ABSTRACT

Twentv-six new explosion refraction profiles from the Mariana
island arc system and old Pacific plate along a 750 km east-west
line at about 18°K latitude are analyzed to determine crustal
structure across the Mariana basin (old Pacific plate), arc-trench
gap, Mariana ridge and Mariana trough. The Pacific plate east of
the Mariana trench has a crustal thickness of 6.8 km, similar to that
of average Pacific ocean crust, but has thicker than average layers
24 and 2B. This is most likely cue to lower velocity material
introduced by local seamount volcanism. Large scale vertical
faulting in the arc-trench gap is supported by the data in this study,
while plate accretion is not. Thick sequences of low-velocity
material are also found in the arc-trench gap, and no mantle velo-
cities are found. Crustal structure on the Mariana ridge is roughly
similar ;o that of the arc-trench gap. There is evidence here of
arrivals from a relatively high velocity body under the ridge,
possibly a volcanic plug or sill. 1In the Mariama trough, an average
crustal thickness of 5 km is found, with evidence of crustal thinning
toward the center of the trough. These data, together with depth-
age and depth-heat flow relationships, indicate crustal formation
in the Mariana marginal basin differs considerably from that at
mid-ocean ridges. Crust which forms in the marginal basin is

thinner, cools faster and sinks more quickly than oceanic crust.



TABLE OF CONTENTS

ACKNOWLEDGMENTS

ABSTRACT

LIST OF TABLES

LIST OF ILLUSTRATIONS

INTRODUCTION .

TECTONIC SETTING

DATA COLLECTION

DATA ANALYSIS . . . .

RESULTS

DISCUSSION OF RESULTS
Pacific Plate « & & s =
Arc-trench Gap . .
Mariana Ridge
Mariama Trough

SUMMARY 6F CONCLUSIONS

APPENDIX A: THEORY OF TRAVEL-TIME CORRECTIONS

APPENDIX B: TRAVEL TIME PLOTS AND
VELOCITY/DEPTH MODELS

BIBLIOGRAPHY .

Page
iii
iv
vi

vii

37
37
40
41
46
53

55

66

133



Table

(]

LIST OF TABLES

Seismic statioms-Mariana trough
to Mariana basin

Oceanic layer velocities and thicknesses
Mean layer velocity and thickness by
structural prevince for the Mariana

island arc system .

Delay times for anomalous body under
station 13

vi

Page

28

31

36

43



Figure

o

10

11

12

13

14

LIST OF ILLUSTRATIONS

Location of the Mariana Islands

Major tectonic features of the Mariana
island arc

Cross-section of a typical island arc
system

Detailed bathymetry of the survey area
showing the ship track for the refraction
shoot as well as sonobuoy launch positions.

Profile of bathymetry and gravity along
the shooting track and magnetics along
a parallel track

Sample sonobuoy record showing data recorded
on each channel

Summary of velocity~depth models determined
in this study

Velocities contoured at l-km intervals
from the models on Figure 7

Average two-, three-, and four-layer
oceanic crustal sections determined by
seismic refraction

Sketch of anomzlous body under frontal arc

Comparative crustal sections in marginal
basins of the Pacific

Depth versus age of crust for Mariana
trough and two JOIDES sites compared with
empirical depth versus age for the active
mid-ocean ridges

Mean elevations of the marginal basins in
the northwestern Pacific versus mean
heat flow

Illustration of burn time correction
cdalicullaEHiont v = & s % e ok w6 & e e

vii

Page

15

18

21

33

215

39

45

Sill

51

57



Figure

15

16

17

18

19

20

24

25

26

|95
=

32

LIST OF ILLUSTRATIONS (continued)

Ray path for refracted seismic wave
shcwing incident and refracted angles .

Incident angle used for apparent
velocity calculations

Sloping layer model with dips and
angles identified

Interpretec travel time plot with
bathymetry and velocity-depth model for
station 29

Same as above for station 28

Same as above for station 27

Same as above for station 26

Record section for station 25

Plot of bathymetry and velocity-depth
model for station 25

Interpreted travel time plot with bathymetry

and velocity-depth model for station 24
Same as above for station 23
Same as above for station 20
Same as above for station 19 . . . . .
Same as above for station 18
Same as above for station 17
Record section for station 16

Plot of bathymetry and velocitv-depth
model for station 16

Interpreted travel time plot with
bathymetry and velocity-depth model for
station 15

AR b

Page

61

61

63

68
70
72

74

76

78

80
82
84
86
88
90

92

94

96



ix

LIST OF ILLUSTRATIONS (continued)

Figure Page
33 Same as above for station 14 . . . . . . . . . . 98
34 Record section for station 13 . . . . . « .+ . . . 100
35 Plot of bathymetry and velocity-depth

model For statliom 18 « 4 & o & & & % & & #.5 & 102
36 Interpreted travel time plot with

bathymetry and velocity-depth model

forR SEAETOR 12 & - o b o s e ot e e m o ow e w63 104
37 Same as above for station 11 . . . . . . . 106
38 Record section for station 10 . 108
39 Plot of bathymetry and velocity-depth

model for station 10 . . . . . . . . . o ¢ o . . 110
40 Reecord sectiton for statien 9 & & = % = 5 = = o = 112
41 Plot of bathymetry and velocity-depth

modelt for SiFatilen 9 5 5 5 . 6 - . = % 5 i s b & s 114
42 Interpreted travel time plot with

‘bathymetry and velocityv-depth model

for station 8 . . . . . . it i 0 e e e e e e 116
43 Same as above for statiom 6 . . . . . . . . . . . 118
44 Same as above for station 5 . . . . . . . . . . . 120
45 Same as above for station 4 . . . . . . . . . . . 122
46 Record section for statiom 3 . & & & s « « s & s 124
47 Plot of bathymetry and velocity-depth

meded for istation 3 . . & . 5 5 & ¥ &2 s w5 B ¥ 126
48 Recond isection fior station 2 < » & & % & « = « < 128
49 Plot of bathymetry and velocity-depth

model for station 2 oI 130
50 Interpreted travel time plot bathymetry and 132

velocitv-depth model for station 1



INTRODUCTION

This thesis describes the first crustal structure interpreta-
tion across the entire Mariana island arc svstem using seismic
refraction data. Twenty-six new seismic refraction profiles,
extending from the Mariana trough eastward ontc the old Pacific
plate, are analyzed. While the Mariana island arc system was
extensively studied using other geophvsical techniques, such as heat
flow measurements, reflection profiling, dredging and DSDP coring
(Karig, 1971a), there have been no published seismic refraction
studies of the area. Velocity versus depth models determined from
the data analyzed in this report are, therefore, compared with
results from island arc systems other than the Mariana. A brief

description of the Mariana system follows.



TECTONIC SETTING

The Mariana island arc system is located in the northwest
Pacific, separating the Philippine Sea from the Pacific ocean proper.
Its surface expression is the Mariana Islands located south of the
Bonin and Volcano Islands on Figure 1. Figure 2 shows the tectonic
elements of the Mariana system in detail. A cross-section of a
tvpical island arc svstem with the terminology used in this paper is
shown in Figure 3.

The Pacific plate just east of the Mariana trench is thought to
contain some of the oldest material in the Pacific basin. Lack of
magnetic anomalies here places the age of this crust in one of the
Mesozoic quiet zones. Extrapolation backward from magnetic anomaly
lineations nearby indicates a Jurassic age for most of the Mariana
basin. Parts of the basin, however, mav be as young as upper
Cretaceo;s in age from DSDP drill site results and a more complex
early development of the Pacific plate (Hilde et al., 1977).
Structure here is complicated by the presence of a seamount province.
A significant problem in this area is determining the crustal
thickness and velocity structure of old sea floor crust.

The Mariana trench, where the Pacific plate is being subducted
under the Philippine plate, is defined on Figure 2 by the 6 km depth
contour, but is over 11 km deep at its deepest point (Fisher and

Hess, 1963, page 418). FEarthquake epicenters indicate that it dips

at an angle of 40° to 60° from the surface to a depth of 200 to
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Location of the Mariana Islands.
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Fiyer. 2.

Major tectonic features of the Mariana island arc svstem
outlined bv generalized depth contours in kilometers. An
approximation of the track line along whichk the data for
this study were collected (dashed line) is shown along with
DSDP drill sites closest to the study region. The starred
pattern indicates the approximate position of the mid-slope
basement high between the frontal arc and the trench, and
triangles mark the positions of recent andesitic volcanoes
(adapted from Karig, 1971a). -
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Cross section of a tyvpical island arc system,
showing tectonic units and terminology used in

this paper (adapted from Karig and Sharman, 1975).
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300 km. From there the dip becomes steeper until it is nearly

vertical at 700 km depth (Isack et al., 1968; Ratsumata and Sykes,

1969; Mogi, 1973). This configuration may be due tc the subducted
plate actually sinking and exerting an extensional force on the
plate at the surface (Mogi, 1973; Moberly, 1972), or simply to rapid
subduction (Katsumata and Sykes, 1969). However, rapid subduction
also occurs at the Peru-Chile trench and the seismic zone there dips
only 10° to 35° (Hussong et al., 1976). The steepening of the
Mariana seismic zone could be attributed to the recent (10 m.y. ago)
beginning of the Philippine trench just east of the Philippine
Islands (see Figure 1). This trench subducts the Philippine plate and,
in effect, pulls the island arc system westward, but the lower part
of the slab subducting in the Mariana trench sticks in the deeper
mantle, causing its dip angle to increase (Sclater, 1972).

The* arc-trench gap, consisting of the area between the Mariana
ridge and trench, which Karig terms the accretionary prism, is made
up of sediments from either the island arc vulcanism, scrapings off
the subducting plate or a mixture of both. Karig and Sharman (1975)
describe the buildup cf material in the arc-trench gap as the
accretion of the sediment and some of the igneous crust from the
downgoing plate in the form of thrust slices or sheared-off slabs.
The upper, more horizontal part of the arc-trench gap (Figure 3)

contains volcanic ash, pumice and other pyroclastics ranging in age

from Miocene to Recent in layered deposits (Shipboard Scientific
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Party, 1974; Fryer, 1977). Seismic data may show which of these
processes is more important in the Mariana system.

The Mariana ridge (frontal arc), the shallowest element of the
island arc system, in outlined in Figure 2 by the 3 km depth contour.
It ranges in width from over 250 km where it joins the Bonin ridge
to the north to less than 40 km wide near the survev area at 18°
north. The ridge contains the Mariana islands as well as active
submarine volcanoes. The structure of the ridge is not well known.
Evidence from other frontal arcs indicates that it is not simply a
constructional pile of volcanics. Mafic schists, with serpentinite
and peridotite bodies similar to those described under other frontal
arcs may occur beneath the volcanic rocks and calcareous rock of the
raised limestone islands (Karig, 1971a). On the other hand, it
could be built upon material from an old north-south fracture zone
along which it is postulated by Hilde et al. (1977) the original
Mariana trench subduction was initiated shortly after 45 m.y. ago.
Determining crustal thickness under the ridge might help resolve
its origin. Andesitic volcanoes located along the ridge's western
edge almost entirely bury the sharp fault scarp dividing this ridge
from the Mariana trough. This scarp is postulated (Karig, 1971a) to
have been split away from the West Mariana ridge (third arc) during
a cycle of back-arc spreading.

Sea floor spreading similar to that at mid-ocean ridges is
thought to have generated the marginal basins or troughs behind

island arcs, including the Mariana trough. Several hypotheses have



it
been put forth describing the mechanism of this spreading.
Moberly (1972) suggests that the sinking slab causes an extensional
region to form behind the island arc and trench, and that warm
asthenosphere pushed aside by the sinking slab simply moves upward
to fill in this extensional region. Karig (1971b), on the other
hand, postulates that shear-heated mantle material in the form of
diapirs wells up and causes the extension while building new crust.
There is considerable evidence for crustal extension in the trough,
including (1) steep normal fault zones bounding the basin, (2) thick
sediment covers on the outer flanks of the frontal arc and third arc
which bound the basin, and an almost sediment-free area in the basin
interior, (3) similarities in structure, morphology and sediment
distribution between the Mariana trough and the basin to the west,
which are successively older (Karig, 1971a). A ridge and trough
topography roughly parallel to the strike of the island arc dominates
the surface structure. The central part of the trough (the axial
high) is about 1 km shallower than the average basin depth. Heat
flow measurement show high values on and near the axial high with
abnormally low values away from the axis, possibly due to hydro-
thermal circulation (Anderson, 1975). Surface and body wave
attenuation studies may indicate the presence of a zone of low
velocity material in the upper mantle under the trough (Seekins and
Teng, 1977; Barazangi and Isacks, 1971; Aggarwal and Barazangi,

1972). Dredge hauls from the axial high have all contained fresh
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and very recent basalts (Karig, 197la: Hart et al., 1972; Fryer,
1977). Trace element analysis of such basalts by Hart et al.

(1972) indicate that they are similar to basalts dredged from mid-
ocean ridges.

Very little refraction data have been collected in active
marginal basins, almost none in the Mariana trough. 1In the area of
the Philippine Sea, Murauchi et al. (1968) ran 28 refraction profiles
across the Philippine and Parce Vela basins, and the Nansei Shoto,
Oki-Daito, Kyvushu-Palau and Honrshu-Mariana ridges. These authors
found velocities similar to oceanic crust beneath the basins with a
laver of 3.5 km/sec velocity material controlling the characteristi-
cally rough topography. Under the ridges they found crustal
thickening associated mainly with the thickening of the 3.5 km/sec
layer and a thick sectiorn of material with a velocity of 5.5 to
6.0 km/sec. Extreme crustal diversity was found in refraction
studies in the marginal basins of the Melanesian Borderland (the
area between Australia on the west and New Zealand and Tonga on the
east). In the Lau-Havre trough, an active marginal basin like the
Mariana trough, crustal thinning toward the center was found (Shor
et al., 1971). Interesting problems in the trough include

determining crustal thickness, locating the center or centers of

spreading and working out the age of the trough.
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DATA COLLECTION

In February, 1976, as a part of an IPOD reconnaissance survey
(KK76-01-03 Leg 2) a series of refraction profiles were shot for
500 km across the Mariana trough, ridge and trench, and an
additional 235 km series of profiles were shot out onto the Mariana
basin (Pacific plate). Using the R. V. Kana Keoki, single ship
refraction shooting techniques were employed. The line started at
17948.825'N, 143926.429'E with the deployment of the first receiver,
and ended at 17°955.437'N, 150°49.270'E with the last shot. The
location of the line is shown on Figure 2. Figure 4 shows detailed
bathymetry and the ship's track for the shot line.

Three tethered ocean bottom seismometers (TOBS), four pop-up
ocean bottom seismometers (POBS) and 32 U. S. Navy SSQ-41A sonobuoys
were used as receivers. The sonobuoy data are analyzed in this
paper.

The refraction shoot was continuous for 47 hours. Sonobuoys
were deployed an average of one every 90 minutes. The sonobuoy
positions are shown on the track line (Figure 4). Sources were 765
explosive charges made of Tovex Extra, ranging in weight from 1 to
240 pounds. The first 600 shots were spaced three minutes apart,
the remainder were spaced five minutes apart.

Sonobuoy data were telemetered by VHF radio to the Kana Keoki
and received by U. S. Navy sonobuoy receivers. Signals were divided
and filtered in four separate frequency ranges and recorded on four

channels of visual recorder.



Fig.

Detailed bathymetry of the survey area showing the
ship track for the refraction shoot as well as
sonobuoy launch positions.
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16
Bathymetry, gravity and magnetics were recorded continuously
for the whole leg and reflection records were obtained on all but
the shooting track. The profile of bathymetry and gravity along
the shooting track and magnetics along a parallel line is shown in
Figure 5. All navigation was satellite controlled. Positions were
interpolated between satellite fixes from continuously recorded

ship's heading and speed through the water.
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el 55

Profile of bathymetry and gravity along the shooting
track and magnetics along a parallel track.
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DATA ANALYSIS

Processing of Sonobuoy Data. The sonobuoy paper record

contains three sets of data channels with four channels each, for a
total of twelve data channels (see Figure 6 for a sample record).
Each set of data channels records one sonobuoy at four different
filter settings. Direct water wave and first reflection travel
times are picked most often from the high frequency channel since
they are less attenuated. Additional chamnels record the shot
detonation time from the towed hvdrophone array (Eel), one second
tic marks, binary-coded decimal reference time code (datum time),
Universal time (station JJY) and the 3.5 KHz echo sounder.

When each sonobuoy is launched, its signal is recorded on the
first channels until the signal becomes weak or noisy, or until the
average useful limiting range of these sonobuoys is reached, which-
ever occurs first. Then its signals are switched to the second set
of four channels and the newly launched sonobuoy is recorded on the
first set. In this wey, up to three sonobuoyvs are recorded
simultaneously for each shot. 1In practice, the third sonobuoy was
often bevond its useful range, so channels 9-12 often duplicated
channels 5-8. From the paper record of each shot, the following
times are picked:

(1) the shot break (detonation) time is read to the nearest

0.01 second off the datum time channel.
(2) the direct (water wave) arrival time is picked as the

time difference in seconds between the shot detonation
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Fig.

6

Sample sonobuoy record showing data recorded on each
channel.
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time and the arrival time to the nearest 0.01
second.

(3) in the same manner, arrival times for the first

reflected arrival and one or more refracted arrivals
are picked.

While these travel times are being picked, the reflection and
refraction arrival times are plotted versus water wave travel time
to obtain an initial velocity model.

Records were picked a minimum of three times. My system of
recording picked arrival times included a subjective evaluation of
the pick--good or gquestionable--depending on signal strength,
continuity of waveform from shot to shot, background noise level,
shot size and distance from the receiver. These evaluations were
reflected in the plots and gave more, or less, weight to each point.

Limitations of Sonobuov Data. The data for this study were

collected along single-ended refraction lines. Thus, the magnitude
and direction of any dip in the refracting layer cannot be calculated
as it can using & reversed or split profile, although it can be
inferred from depth differences in a refracting layer from adjacent
stations. Inverse slopes of the travel time curves will give
apparent velocities which are too high if the shots are up-dip from
the receiving position or too low if the shots are down-dip

(Ewing, 1963). This limitation could be especially severe in the
area of the arc-trench gap where its structure may be that of an
accretionary prism (large, high angle thrust fault slices) postu-

lated by Karig and Sharman (1975).
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Applying Corrections and Replotting. Several types of

corrections were applied to the refraction data. These include

(a) a burn time correction which corrects the shot detonation

time, (b) shot and receiver depth corrections which correct both
shot and receiver to the ocean's surface, (c) receiver drift
correction which corrects for the moderate westward current
encountered along much of the shooting leg, (d) shot and receiver
bathvmetry corrections which correct for variations between a sloping
"datum" line and the actual sea floor topography. FORTRAN programs
were developed which calculate these corrections as well as per-
forming shot and receiver location and bathymetry lookup functions.
A description of the corrections and theory used to generate them
are included in Appendix A.

These corrections were applied to the travel times and shot to
receiver distance, the times were replotted and a revised velocity
and intercept interpretation obtained. Final plots appear in
Appendix B.

Tracing Record Sections. 1In order to aid in the interpretation,

shots to one or more sonobuoys in each structural province were
traced onto a record section. Travel time and distance corrections
have been applied as well as a reducing velocity of 6.0 km/sec.
These record sections were then interpreted for velocities and
intercepts using 'best fit" straight lines. These lines were fitted
by eye through the data. Velocities were computed using the

relationship:
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D.
i
W = where V = apparent velocity
(T; + Di/RV) - T
D; = distance for Ty
RV = reducing velocity
TO = intercept time @ D = ¢
I; = arrival time @ [

Inversion of Travel Time Data and Development of Structure

Sections. 1Inversion of apparent velocity and intercept data to layer
velocity versus depth models was done using ray tracing in a
spherically stratified earth. The computer program SERIT (Spherical
Earth Refraction Inversion Technique, Odegard, 1975) inverts single-
ended seismic refraction data using a spherical earth coordinate
system, assuming that arrivals are head waves due to velocity
discontinuities at various depths. Given the intercepts and

apparent velocities, the program uses a bisection method of successive
approximations to iterate to the correct solution for each layer
velocity and depth. The output includes depth to layer, layer
thickness, velocity and critical distance.

A spherical earth ray tracing program (Gettrust, 1977,
Geophysical and Polar Research Center, University of Wisconsin) was
used to confirm the seismic model arrived at above. This program
numerically integrates through a velocity-depth function and produces
a table of p, X, T, dp/dA, and estimated amplitudes. Up to 200 ray

arrivals are plotted versus distance scaled to the user's original
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record section. Then the actual water depth and sediment thickness
from reflection records were added to the model, along with an
assumecd secdiment velocity. Layer depths were modified and velocity
gradients introduced sc that the ray arrival times matched the
travel times picked on the record sections. 1In this manner, seismic

velocity sections were obtained.
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RESULTS

The data presented here can only approximate the actual
structure of the survey area. First, because inversion of seismic
data is non-unique, the layer velocities and depths shown for each
sonobuoy are but one of several possible solutions. In addition to
this, the Pacific plate, the simplest structure sampled along the
refraction line, is complicated by secondary vulcanism from the
Magellan seamount province (Figure 2) as well as crustal deformation
caused by the subduction of the plate. From this structurally
"simple" region, the analysis extends behind the trench to an even
more complex structural province for which the basic assumptions for
interpretation--planar, homogeneous isovelocity layers--certainly
are only a rough approximation. Even so, consistent trends in
velocities and thicknesses of layers allow a generalized interpreta-
tion o£ the Mariana island arc structure to emerge.

Of the thirty-two stations at which data were collected,
twentyv-six are analyzed in this paper. Stations were numbered
sequentially from west to east, but will be discussed in reverse
order. A plot of picked and corrected travel times versus distance
and the inverted velocity-depth model is included in Appendix B for
each buoy, along with seven interpreted record sections for stations
2, 3, 9, 10, 16 and 25. 1In the following discussion of results by
structural province, reference will be made to oceanic layers 24,
2B, 3A and 3B. The velocity and layer thickness ranges defining

these layers are listed in Table 2. A summary of the velocity-depth
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models obtained in this study superimposed on a bathvmetry plot is
shown in Figure 7. Table 1 contains the corresponding tabulated
values of velocities, thicknesses and depth to mantle (where
determined), as well as station locations. To aid interpretation of
the crustal structure, the velocities on Figure 7 were contoured at
one km/sec intervals (Figure 8). Also, mean values of velocity and

layver thickness for each structural province are summarized in

Table 3.



Table 1:

Seigmic Statfons - Martana Trough

to Marfana Basin

']

Water Datum Total Depth
Station Position Pepth at Water To Mantle
Recefver Velocity (km/sec) Depth Thickness (km) (km)
(km) 1 2 3 4 5 6 7 (kem) € 1 p] 3 4 5 6

1 17748.8'N .50 2.44  3.28 3.78 7.77 h.65 0.85 0.90 4.20 10.60
141926 .6 'R

2 17°48.6" h.62 2000 2.8° 470 6.50 8.06 4.50  0.20 0.54 1.17 13.05 10.36
143737.4°

3 17°48.5" 4.60 3 3.2P 430 6.49 R.0n 4.5)  0.25 0.52 1.57 1.95 8,82
143945.3"

4 17948.6" 4.53 " 4.8 5.82 7.49 4.5 030 2.29 2.76 9.38
143055.0°"

5 17751.5' .06 - 3.0 S5.64 BR.18 h.20 - 1.6/ 2.18 8.2)
1448"13.2"

6 17°51.6" .23 - 3.60" 5.12 6.85 3.75 - 294 0.45
146023 .1°

] 17951.2° 3.05 - 4.51  A.95 3.30 - 3.as
1hhoya.n

9 17°51.0° 3.50 - 3.07  4.35 5.73 4.23 - 1.62 0.19
1446943 6"

Lo 7251920 3.42 2.00" 338 5.55 6.91 3.55 0.46 1.05 2.11
165°03 8"

i 17750.8" 1.63 @ 2.85 3.69 4.38 3.25 0.53 1.34 1.85
165716.9°*

12 17950, 2" 3.30 " 2.96  4.75 6.5) .10 1.12 L. 75 1.50

145°25.6"

8¢




Table 1: (continued) Selsamic Stations - Marfana Trough to Mariana Rasin
L4
Water Datim Total Depth
Station Position Depth at Water To Mantle
Receiver Velocity (km/sec) Depth  ~ ~ Thickness (km) (km)
(km) 1 : 4 5 6 (k) © 1 2 3 4 5
13 17°49.0" 2.97  2.56" 313 4.61 6.54 7.60  1.36 0.96 1.15
145°41.0"
14 17969.3" 2.72 2.007 331 4.6t 5.94 7.68 .03 1.37 1.48
1459542
15 17949.9" 2.69 N 31.63 4.7) 6.32 =2 2.8R5 .80 158 1,15 1.77
146°01.3"
16 17750.3" 2.78 " 3.8 4.61 6.55 31.07 49 1,315 2.04
176712.8"
1’7 17°50.4" 392 L 3.94 5.80 6.39 1.7 .00 2.22 1.1
146°26.7'
18 17950.6"' 3.43 " 4.29  6.15 3.52 40 2.93
1h6°404h 6"
19 17°50.8' 3.45 " .00 4.68 6.10 31.71 .29 1.44 1.99
146°55.6"
20 17951.4° 7.88 u h. 14 5.32 6.50 .00 60 1.53 1.79
1647°10.7"
23 17953.2" 6.49 " 4,11 5.19 6.92 20 6.25 225 .85 U3 1.28 10.96
In6C16.1"
24 17952.9" 6.01 " 1.50" 5.39 6.60 .91 5.89 .30 1.09 0.90 2.04 10.22
148°31. 7"

6¢




Tahle 1I: (continued) Secismic Stations - Mariana Trough to Mariana Rasin
4
Water Patum Total Depth
Station Position Depth at Water To Mautie
Recelver Velocity (km/sec) ___ Uepth ____ Thickness (km) (kem)
(lem) 1 2 3 h 5 6 7 (km) © 1 2 3 4 5 [0
25 17952.4" SENT, " 3.06b 4,11 5.89 6.54 J8 8.20 5.61 0.15 0.49 A3 092 1,20 2.90 12.40
148048.0"
26 17952.5" 5.56 " 4.007 5,88 6.85 8.0) 5.40 0,19 2.17 .91 1.8] 10.50
149704 .9
27 17852 1%’ 5.22 302" 45 s 6.53 5.00 0.78 0.55 .6}
149224 1"
2R 17952/ 57" 4.85 - 1.26 5.30 7.18 4.58 = 2.31 490,
149°37.3"
29 17°53.9' 4. 98 2.00% 4.29 5.86 7.B6 5.08  0.15 2.40 2.20

1419053 .2

fpgaumed veloclity

hAvcragv velocity - a gradient, not a discrete layer

cAvcragnd along the datum for each gtatfion

0¢




Table 2: Oceanic Layer Velocities and Thicknesses

31

Oceanic Oceanic Thickness*
Laver Velocity* (km)
(km/sec)
2A 2.5-3.8 0.5-1.5
2B 4.0-6.0 0.5-1.5
3A 6.5-6.8 2.0-3.0
3B 7.0-7.7 2.0-5.0
Mantle 8.1-8.3 ——

*After Clague and Straleyv,

1976, Table 1, page 135.
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Fig.

7

Summary of velocity-depth models determined in this study.




CORRECTED KILOMETERS

BATHYMETRY PROFILE WITH VELOCITY/DEPTH MODELS

10

1

124

DISTANCE IN KILOMETERS

9 610 |¢0 |§o 24140 390 BGIO 420 54;»0 600 6§0 7g0
' 144° ' 145° ) 146° ) 147° 149° ) 180° 3
MARIANA TROUGH MARIANA RIOGE MARIANA TRENCH MARIANA BASN
MARGINAL BASIN FRONTAL ARC ARC-~TRENCH GAP PACIFIC PLATE
AXIAL
HIGH
6 ,° (3]
5 20
et 28
......... —" 27
S 29
oy 38 31 E 26
{ o5 41 Nt .‘i"i:':. -.-'"-é EELRR st o
5. = - 2 o 43
il 40
- _ 856 _ 53 4] —_
e 57 ol s o 84 ik
85 6.8 A 5.4 59 53
58 — 7.0 s Py s i, 09 L £
—_— - 5.4 es e i
. [ ¥.) (Y3 6s
8 B s s i 4
78 e 89 _ 72
) [2) TRaCED RECORD SECTION — 74 79
¢ GRADENT 79
% vVELOQTY ASSUMED 20 KM/SEC 8.2 .0
82

SH3L3INOTIN Q3LO34H0D



34

Fig.

g.

Velocities contoured at 1l-km intervals from the models
on Figure 7.
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Table 3.

Mean Layer Velocity and Thickness by Structural

P'roviuce for

Marfana Island Are System

L3

Layer Veloclty - kw/see?

Crustal

Depth to

Layer Thickness - km Thickness Mant le
Structural () = standard deviation () = standard deviation kb km
Ihrlge RGP ST IA w4 0 1 2 A 3B
Marginal Basin
Stations 1-5 1.5 2.0 3.3 4.6 6.1 -- 7.9 4.5 0.4 0.9 289 220l 5.0 945
(-24) (1.10) (.52) -- .5V (.25 (.45) (.85 (1.73) (1.42)
Stations 6-11 155t 260 32 4.9 6.9 -— ~ 3.6 0.5 1.6 1.6 == -
(.64) (1.29) .07 -- - (.67) (.05 (.72) (2.66)
Frontal Arc
Stations 12-15 1.5 2.0 3.3 4.7 6.3 1.2° - 2.8 1.1 1.4 1.3 1.8 - ==
(.42) (L1 (.40) -- == (.34) (.33) (.50) (.34) ==
Arc-trench Gap
Stations 16-20 1.5 2.0 3.9 4.1 6.3 -— - 3.5 0.6 1.8 2.6 ==
(.08) (1.43) (.38) - - (.58) (.a4) (.62)(1.76) -
0O1d Pacific Plate
Stations 23-29
and 29 1.5 2.0 3.3 4.0 5.1 6.7  71.4% 8.0 5.6 0.2 0.8 1.8 1.3 1.6 2.9° 5.2 10.8
(-31) (16) (.53 (.31 - (.29 .76) 1) (420 Ca9)Good) (10 —-
a e " 1Y =2 1/2
Velocltles grouped accordling to oceaute layer veloclties (Table 2). NOTE: Standard deviation = [ = 111 (Xl -X)" |
n i<

b

Average crustal thickness =
“Water velocity assumed.
dSedlant velocity assumed.

¢
Not an average - only | value.

Depth to mantle mlous average water depth.

9¢
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DISCUSSION OF RESULTS

Pacific Plate. The Pacific plate just east of the Mariana

trench is thought to be Mesozoic in age, formed in either the
Jurassic or upper Cretaceous. Thus, the expected depth of water
would be between 5.5 and 6 km (Sclater and Francheteau, 1970).
Average depth is 5.4 km in this study. Oceanic crust has been
observed to increase in thickness with age (Woollard, 1975) and

this has been attributed to thickening of layer 3 (Goslin et al.,
1972; Clague and Straley, 1977; Epp and Suyenaga, 1978). The
expected crustal thickness of Pacific plate older than 70 m.y. would
be equal to or greater than that of average models for the Pacific.
In this study the average crustal thickness is 5 km (using the
average of all seven stations). This is quite thin compared to
other Pacific crustal sections (see Figure 9). However, depth to
Moho is b;st determined at station 25 (Figures 22 and 23). Crustal
thickness there is 6.8 km which is about the same as thicknesses in
the Woollard 3- and 4-layer models and only 0.3 kz less than the
Hussong 4-layer model (Figure 9). However, instead of a thick layer
3, layers 2A and 2B determined here are thicker than those shown in
other Pacific plate models. This could be due to deformation of the
crust during subduction. However, the deformation would not be
expected to be important over 150 km from the trench. The effect on
apparent velocities due to down-dip shooting would be to increase
those velocities slightly, so this does not account for the compara-

tively low velocities. There is evidence from several sonobuoy
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Fig 9.

Average two-, three-, and four-layer oceanic crustal
sections determined by seismic refraction compared
with the crustal section found at station 25 and an
average of the sections found at statioms 23 through
29 in this study. (Adapted from Clague and Straley,
1976 and Hussong et al., 1976).
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refraction studies that the thickness of layer 2A in Pacific crust
older than 110 m.y. is greater than its thickness in crust from 30-
110 m.y. old (Houtz and Ewing, 1976). These studies exclude areas of
seamount volcanism. In addition, volcanic aprons around seamounts
have the same seismic velocity as layer 2A and this velocity does not
increase with age, apparently due to the lack of fracturing which
prevents hvdrothermal alteration (Houtz, 1976). Thus the thick layer
2A found in this study could be due to a combination of consolidated
sediment and seamount volcanics. Other possible interpretations on
Pacific plate are that a low velocity zone exists within the crust,
lowering the apparent velocity; or that thrust faults exist over

100 km out onto the plate as in the Peru-Chile trench model by
Hussong et al. (1976). The data in this study supports neither of
these interpretations.

Arc-Trench Gap. The arc-trench gap is a region of fairly

shallow crust and low seismic velocities (refer to Table 3 and
Figures 7 and 8). The record section for station 16 (Figure 30) is
characteristic of this region. It has thick (1.5-3 km) sequences of
layer 2A material (4.0-6.0 km/sec). A few layer 3A determinations
were made as well as one layer with a velocity of 7.22 km/sec at a
depth of 8.1 km. No Moho velocities were found, so total crustal
thickness could not be determined here. In general, the thickness
of the uppermost sediments decreased while that of all other layers
increased as the trench was approached. The velocity contours on

Figure 8 show this trend well. The velocities determined in this
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study were low relative to those presented by Murauchi et al. (1968,
station 7) as representative of the arc-trench gap in the Bonin arc at
23.50N, but thickness trends agree. Velocities in this study are
similar to those obtained behind the New Hebrides trench by Shor et al.
(1971). Looking at the individual sonobuoys' velocity-depth models for
the arc-trench gap on Figure 7, it can be seen that the layers of a
given velocity jump in depth from buoy to buoy. This may support large
scale vertical faulting as seen in unpublished multichannel seismic
observations (Donald Hussong, personal communication, 1978). Karig's
model of accretionary building up of the arc-trench gap for the Mariana
area includes sheared-off slabs of sediment and basement successively
tucked under the inner wall of the trench (Karig and Sharman, 1975).

If refractors could be seen, they might be expected to have anomalously
high velocities due to the steep dip of these slabs. On the other hand,
deformatipn in such an accretionary prism might make discrete layers
impossible to see. Neither of these indications is present in the data
analyzed here. Perhaps the refraction data presented here is not on

as fine a scale as is needed to detect evidence of accretion. In any
case, there is no evidence from this study that material from the
Pacific plate is being accreted to the arc-trench gap region.

Mariana ridge. In general, velocities across the ridge are

very similar to those found in the arc-trench gap (refer to Table 3
and Figures 7 and 8). Depth to 6-6.5 km/sec material is fairly
constant at about 4 km. Layer 2B (4.0-6.0 km/sec) seems to be
represented across both the ridge and arc-trench gap with thick-

nesses ranging from 1 to 2 km. The layer 2A (2.5-3.8 km/sec)
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generally increases in velocity from the ridge to the trench. This
is to be expected if it represents mainly pyroclastic sediments
which become more consolidated further from the source at the
volcanic arc. The thickness of layer 2A remains fairly constant at
about 1.5 km. The ridge velocity structure determined here is
grossly similar to that across the Honshu-Mariana ridge at 23.5°N
(Murauchi et al., 1968). On the traced record section for station 13
(Figure 34), notice the anomalously early arrival times of refrac-
tions on shots 286-290 marked by the dotted line on the figure.

If these arrivals are used to determine a layer, its velocity would
be 8.4 km/sec and its depth 6.8 km. This seems unreasonable and
does not agree with refraction profiles at other stations on the
ridge or with those of other ridges (Murauchi et al., 1968 and

Shor et al., 1975) where the mantle is anomalously deep. The fact
that these shots are up-dip from the receiver will have the effect
of increasing the apparent velocity somewhat, but not enough to
fully explain these arrivals. One possible cause of these anomalous
arrivals could be a high velocity body at a shallow depth, which
would speed up rays passing through a lower velocity layer. For
example, if there is a body of 6.5 km/sec material within the

3.1 km/sec layer, it would cause the negative delay times shown in
Table 4. Using these and the velocity contrast, a crude estimate of
the size (assuming a depth of less than 5 km) of the body can be

made (see Figure 10). 1In this crude model the body could be shaped

like a volcanic plug or solidified magma chamber, or it could be a
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Table 4. Delav times for anomalous body under station 13.
Shot no. Distance from Delay time* Celculated width
Receiver (km) (sec) of body** (km)

286 13.8 - .98 3.4
287 14.6 ~1.14 3.9
288 15.5 -1.32 4.5
289 16.4 -1.48 Siank
290 17.2 -1.68 5.8

* Difference in arrival times between the 3.1 km/sec layer and
the 8.4 km/sec arrivals on the record section, Fig. 34.

**Assuming the ray traveled the entire shot-receiver distance
in the 3.1 km/sec laver and the anomalous high-velocity laver.
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Big. 10.

Sketches of anomalous body under fromtal arc. Top
models bodv as a sill, bottom as a volcanic plug.
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thin layer of high velocity material such as a sill. The free
air anomaly plotted with bathymetry in Figure 5 follows the depth
rather closely. However, a bodv this size would not be expected
to cause much of an anomaly. More information is needed to better
define the cause of this velocity anomaly.

Mariana trough. The trough represents the most complicated

structural region encountered in this study. Record sections for
stations 2 and 3 (Figures 48 and 46) represent the western side of
the trough, while sections for stations 9 and 10 (Figures 40 and 38)
are just east of the axial high. Looking at the velocity-depth
structure across the Mariana trough as a whole (Figures 7 and 8),
the interpretation of its formation by mid-ocean ridge type crustal
spreading is not obvious. There is a fairly consistent layer 3A
(6.5-6.8 km/sec) at a depth of about 7 km across the entire trough.
The thickness of the lower velocity layers, 2A and 2B, in general,
increases from west to east across the trough, with very little 2A
material found in the western most part. These twc generalities

agree with the Murauchi et (1968) interpretation, although no

|

comparable data was collected in that study. Shor et al. (1971)
presents an interpretation of the Havre trough showing nearly 6 km
of crustal thinning toward the center of the trough. Similar
evidence in the Mariana trough is the apparent decrease in depth of
mantle between stations 1 and 5 in the western part of the trough
(Figure 7 and Table 1). The mantle velocity and depth at station 5

(Figure 44) are poorly determined. Contoured velocities on
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Figure 8, however, do support about 1 km of crustal thinning toward
the center of the trough. 1In Table 3 crustal sections for stations
1 through 5 are averaged, and the average of crustal thicknesses is
5 km. This is much thinner than average Pacific crust as shown in
the models of Figure 9. A comparison of two averaged crustal sections
in the trough from this study with other sections in active and
inactive marginal basins is shown in Figure 11. The Mariana trough
crust is seen to be similar in structure to these basins.

Some other comparisons of marginal basin and oceanic crust
involve heat flow versus depth and age versus depth relationships.
Refer to Figures 12 and 13 for the following discussion. Active
mid-ocean ridges have a characteristic age versus depth relation-
ship discussed by Sclater et al. (1972) and shown on Figure 12.

Two JOIDES drill sites from the Parce Vela basin, an inactive
marginal basin (Karig, 1971b), plotted on this curve plot too deep
for their age when compared to mid-ocean ridges. The Mariana
trough is thought to be less than 5 m.y. old (Karig, 197la) and

it also plots too deep for its age. Even if its age was 10 m.y.,
this relationship would remain valid. Mid-ocean ridges also
exhibit a heat flow versus depth relationship which is shown on
Figure 13. Heat flow versus depth (mean elevation) for marginal
basins of the northwestern Pacific, including the Mariana trough,
plotted on this figure show that these basins are too hot for their
depths compared to the same data for mid-ocean ridges. The data for

the Mariana trough is an average of 9 heat flow readings on the
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Bige 11

Comparative crustal sections in marginal basins of the
Pacific showing two averaged Mariana trough sectiomns.
While velocities compare with the Lau - Havre trough,
the onlyv other active marginal basin in the western
Pacific, laver thicknesses and slopes are not directly
comparable. (Modified after Karig, 1971b).
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Fig. 12.

Fig. 13.

Depth versus age of crust for Mariana trough (open square)
and two JOIDES sites compared with empirical depth versus
age for the active mid-ocean ridges. All active ridges
except in the North Atlantic close tc Iceland fall

within +500 or -300 meters of the empirical curve (the
shaded area).

Mean elevations of the marginal basins in the northwestern
Pacific versus mean heat flow. The bars represent standard
error. The following symbols have been used: solid circle,
Okinawa trough; solid triangle, (1) Yamato basin,

(2) Northern Japan abyssal plain, (3) southern Japan
abyssal plain; solid diamond, eastern Skikoku basin, open
diamond, western Shikoku basin; asterisk, Sea of Okhotsk;
solid square, Parce Vela basin; star, Sulu basin; open
circle, Celebes basin; open triangle, western Philippine
basin; circled cross, northwestern Pacific; open square,
Mariana trough. For a normal mid-ocean ridge, a plot of
mean heat flow against mean depth should fall within

curves 2-5. (Revised after Sclater et al., 1972). Note:
standard error for the Mariana figure is +2.5 due to

large scatter.
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axial high (Anderson, 1975, page 4044, stations 5 through 13).
These values were used, rather than an overall average, because
crust less than 10 km away from the axial high cooled to an abnor-
mally low mean value, which may be due to hydrothermal circulation
(Anderson, 1975). Sclater et al. (1972) proposed that the best
explanation for these phenomena with data then available was a
thinner lithosphere than under mid-ocean ridges, allowing for much
faster loss of the heat of intrusion. This rapid cooling also
causes the voung crust to sink faster, explaining anomalously deep
marginal basin elevations.

Data from this study lends support to this thin crustal model

for marginal basins.
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SUMMARY OF CONCLUSIONS

The Pacific plate east of the Mariana trench is of similar total
thickness as average Pacific crust (6.8 km), but contains thicker
low velocity layers. Seamount volcanism introduces more low
velocity material onto the crust, and this combined with
consolidated sediments could explain the thicker low velocity
layers. The best data, from station 25, gives a structure very
similar to recent 4-layer models by Woollard and Hussong. Depth
of the crust below the ocean surface agrees with depth-age
relationships developed by Sclater.

The structure of the arc-trench gap is not very successfully

modeled by flat lying layers. The fact that no mantle velocites

(and only one higher than 7.0 km/sec) were seen may be due to
structure or an anomalously deep mantle here. Data from this
study supports the interpretation of large-scale vertical
faulting across this province. There is no evidence from this
study supporting an accretionary prism for the Mariana arc-
trench gap.

No mantle velocities were determined on the Mariana ridge. This
could mean that the mantle here is very deep and cannot be
resolved with the limited range of sonobuoys in rough terrain.
An anomalously high apparent velocity found at shallow depths
(less than 7 km) under station 13 could be caused by a volcanic

plug or other high velocity body. This needs further

investigation.
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The data from the trough support some crustal thinning toward
the center of the trough, but not as much as other authors have
found in other marginal basins. Crustal thickness as determined
in the western part of the trough is less than that of average
Pacific ocean crust. The trough is deeper for its age and has
higher heat flow for its depth than do mid-ocean ridges. These
data support Sclater's idea of a modified mid-ocean ridge type
of crustal formation. The marginal basin mechanism of spreading
produces thinner crust which:
(1) Makes for higher heat flow cver the spreading center
itself,
(2) Allows for faster cooling of the newly-formed crust
which, in turn,
(3) Produces a faster sinking crust and thus average

. depths greater than would be expected for voung crust.
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APPENDIX A

FORTRAN PROGRAMS FOR TRAVEL TIME CORRECTIONS

The following is a brief description of the theory and methods
used to calculate refraction corrections in the group of Fortran
programs called REFRAC. These corrections are divided into two types,
the burn time correction and the travel time and range corrections.
The burn time correction corrects the reference time of the shot
detonation and is not affected by changes in crustal structure or
water depth. The remaining corrections, however, do vary with water
depth and crustal structure, and are different for each shot-receiver
combination and each refracted ray.

Burn Time Correction. In marine explosion refraction surveys

shots are dropped off the after deck of the ship and explode some
seconds later at some depth which varies according tc shot size and
fuse length. The shot detonation time (shot break time) recorded by
the hydrophones towed behind the ship (called the eel) is
therefore some fractions of a second later that the actual detonation
time, which is needed as a reference for all seismic arrivals at the
sonobuoy or ocean bottom seismometer (OBS). Thus a time correction
must be made which is termed the burn time correction (BTC). The
burn time correction is made as follows: (refer to Fig. 14).

The BTC is the slant path from the shot to the end of the eel

(§E in Fig. 14) in seconds of travel time. To find this we determine

the shot depth (SD) and the shot to eel distance along the surface
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14.

Illustration of burn time correction calculation.




57

yidap 30ys

214

90UB]JSTpP AIADA-]0US

aoeJang




58

(BE) and use the pythagorean theorem. First, the shot depth is
calculated using a standard sinking rate for Tovex (Hussong, personal
communication, 1977) 1.19 meters per second, and burn time (BT)

which is recorded in the shot log.
SD(meters) + BT(seconds) * 1.19 (m/sec)

Then. the surface shot to eel distance is calculated from the

eel length in meters, the ship's speed (SS) in knots and the burn

time.

DIST. = BT(sec) * SS/3600 (n.m./sec) * 1852 (m/n.m.)

- eel length(meters)

The burn time correction then is:

2
BTC = [(SD)2 + (DIST)“] “/surface water velocity
in meters/sec

The actual shot break time is then:

SBTactual - SBTrecorded - BiIC

Or, to correct a travel time, apply BTC as follows:
TT = Arrival time - SBT .. rdeq * BTC

Travel Time and Range Corrections. In order to simplify the

inversion of travel time data from our marine seismic refraction

work, the programs used to make corrections are based on the layer
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solution method. This method assumes the following about the nature

of the velocity model (Ewing t al., 1939 and Ewing, 1963):

1. Velocities in successive layers increase as the depth
increases.

2. Velocities are constant throughout each lavyer.

3. Each layer is bounded top and bottom by planes.

4. Layers are thick compared to the seismic wavelength.

5. At the interface between two layers, the path of the seismic
wave is bent according to Snell's law, which, in a rec-
tangular coordinate system is sin €;/sin 82 = Vy/V;.
(Refer to Fig. 15).

6. A wave traveling in any layer with a velocity V, and
incident upon the surface of the layer abcve at an angle
@ with the normal, has an apparent velocity (phase

« velocity) V/sinx along the surface. (Fig. 16)

7. Any travel time will be unchanged if shot point and
recording point are interchanged.

The model is actually two-dimensional since data is collected

along "'lines'" and lateral homogeneity is assumed.

The program assumes a velocity structure of four (or less)
layers--water plus three sloping layers, usually termed sediment,
basement and refractors. Figure 17 shows the ray path and slopes,
incident and refracted angles of each layer.

ALl, AL2 and AL3 are the relative slopes (slope relative to

the layer above) of the sediment, basement and refractor, respectively.
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Eigs 15,

Fipg. 16e

Ray path for refracted seismic wave showing incident
and refracted angle.

Incident angle used for apparent velocity calculation.
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Fig. 17. Sloping layver model with dips and angles identified.
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Notice that we have assumed a horizontal refractor so that its
relative slope is - (ALl + AL2). Thus, since Voppalaft = Vactual/
sine, where ¢ is the emergent angle, the true velocity is always
less than or equal to the apparent velocity and so velocities are
always corrected downward in this model.
AT1A & B, AI2A & B and AI3 are incident angles while AR1A & B,
AR2A & B and AR3A & B are emergent cr refracted angles. Since the
wave is critically refracted at the refractor layer, the ray enters
and leaves this layer at the same angle AI3.
The types of corrections we want to make are these:
(1) Correcting the shot and the receiver to the same elevation,
i.e., to the surface of the ocean in this case,
(2) the consequent correction in shot to receiver distance, and
(3) correcting for deviations of the sediment layer (or ocearn
* bottom of whatever type) from a plane surface, which we will
call the datum line, at the ray entry and exit points. This
is called the bathymetry correction. It also includes path
length differences due to 2 sloping layer model rather than
a horizontal layer model.
It is this latter correction that requires the bulk of the
program system to calculate.
The data is organized by datum line, receiver number and shot
number. For each group of shots and receivers a datum is chosen
which best approximates the bottom slope. For each shot-receiver

pair, the refracted ray path is determined by calculating all the
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angles from (1) known slopes and (2) assumed layer velocities. Once
the rav path is known, the point where the ray enters the sea floor
(on the datum line) is known. We call this point, or more accurately
its image on the surface of the ocean, the migrated point. The ray
path length (in time) from the surface to the migrated point plus
the path through the sediments is calculated for both the shot and
the receiver end of the ray. Then the real bathymetry at the
migrated point is looked up. The ''real' sea floor and sediment layer
are modeled at this point as horizontal layers. The modeled ''real"
ray path length through water and sediment is then calculated. The
correction factor is the difference between this and the ''datum"
ray path length.

Correction of shot and receiver to the surface, and shot to
receiver distance are determined using simple trigonometry once the

ray path has been determined.
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APPENDIX B

TRAVEL TIME PLOTS AND VELOCITY/DEPTH MODELS

Interpreted travel time graphs for stations 1 through 29 in
reverse order, that is from east to west. The top part of each
figure is a plot of arrival time versus distance for the first
reflection and for the refractions. Slopes and intercepts of
the laver interpretations are given on the right side of each
figure. Bathvmetry along the datum line is also shown. The
bottom part of each figure shows the inverted velocity - depth
structure with each laver beginning at its computed critical distance.
Velocity of the unconsolidated sediments is assumed to be 2.00 km/sec
and thicknesses of these sediments are determined from reflection
profiles. Figures 25-31 are for the Pacific plate, Figures 32-36
are fog the Arc-trench gap, Figures 37-40 are for the Mariana

ridge, and Figures 41-50 are for the Mariana trough.



67

Fig. 18.

Interpreted travel time plot with bathymetry and
velocity/depth model for Station 29.
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Fig. 19. Interpreted travel time plot with bathymetry and
velocity/depth model for Station 28. Layer 1
velocity is too low.
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Fig.

20

Interpreted travel time plot with bathymetry and
velocitv/depth model for Station 27. The first

laver is assumed to grade from 2.0 to 4.25 km/sec

as only 0.20 sec of unconsclidated sediment is present
according to reflection records.
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Fig. 21. Interpreted travel time plot with bathymetry and
velocity/depth model for Station 26.
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Fig. 22. Record section for Station 25.
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Biig ¢

23

Interpreted travel time plot with bathymetry and
velocity/depth model for Station 25. The 2.00 layer
thickness is based on reflection records.
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Fig. 24.

Interpreted travel time plot with bathymetry and
velocity/depth model for Station 24. The second
layer velocity range was assumed. Sediment thickness

is based on reflection records.



80

SONCBUQY 24

WM

N[ A¥LINAHLIUY

SUNO YIS

NI

Bt

iLt

& i

3CTTC™ OR

SEA

.7

“NDATUM PLANE

N

N

REVAVRS T

A

({9

3.50

7200

(3]
g

N§)
O

[AY]

n.ll.

WM NI

H1d3d

-



81

i,

25.

Interpreted travel time plot with bathymetry and
velocity/depth model for Station 23.
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Fig. 26.

Interpreted travel time plot with bathymetry and
velocitv/depth model for Station 20.
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Fig. 27. Interpreted travel time plot with bathymetry and
velocity/depth model for Station 19.
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Fig. 28. Interpreted travel time plot with bathymetry and
velocity/depth model for Station 18.
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Fig.

29.

Interpreted travel time plot with bathvmetry and
velocitv/depth model for Station 17.
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Fig. 30. Record section for Station 16.
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Fig. 31. Interpreted travel time plot with bathymetry and
velocitv/depth model for Station 16.
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Fi g 325

Interpreted travel time plot with bathymetry and
velocitv/depth model for Station 15.
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Eitg.

33.

Interpreted travel time plot with bathyvmetry
velocity/depth model for Station 1l4.

and
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Fig. 34. Record section for Station 13.
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Fig. 35. Interpreted travel time plot with bathymetry and
velocity/depth model for Station 13.
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Fig. 36. Interpreted travel time plot with bathymetry and
velocity/depth model for Station 12.
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Fig. 37. Interpreted travel time plot with bathymetry and
velocity/depth model for Station 11.
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Fig. 38. Record section for Station 10.
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Fig. 39. Interpreted travel time plot with bathvmetry and
velocity/depth model for Station 10.
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Fig. 40. Record section for Station 9.
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Fig. 41. Interpreted travel time plot with bathymetry and
velocity/depth model for Statiom 9.
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Fig. 42. Interpreted travel time plot with bathymetry and
velocity/depth model for Station 8.
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Fig. 43. Interpreted travel time plot with bathymetry and
velocity/depth model for Station 6.
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Fig. 44. Interpreted travel time plot with bathymetry and
velocity/depth model for Statiom 5.
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Fig. 45. Interpreted travel time plot with bathymetry and
velocity/depth model for Station 4.
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Fig. 46. Record section for Station 3.
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Fig. 47. Interpreted travel time plot with bathymetry and
velocity/depth model for Station 3.
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Fig. 48. Record section for Station 2.
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Fig. 49. Interpreted travel time plot with bathymetry and
velocity/depth model for Statiom 2.
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Fig. 50.

Interpreted travel time plot with bathymetry and
velocity/depth model for Station 1. For this model
two datum planes were used because of the deep
sediment pond on the western half of the shots.

The transition depth from 3.28 km/sec to 3.78 km/sec
material is not known.
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