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ABSTRACT 

Nineteen seismic records made over the Ontong Java Plateau, with 

the ASPER method, were analyzed using wide-angle reflection techniques 

to determine the velocity structure and stratigraphy of the approxi

mately 1 km of calcareous sediments encountered there. Four 

additional records from the eastern margin of the Plateau and one 

from the Central Pacific Basin were also analyzed. The reflection 

solutions from the Plateau were compared with refraction solutions 

obtained for 13 of the stations which exhibit head waves. The some

what erratic results obtained for the individual stations were 

combined to obtain two velocity-depth curves appropriate to the 

sediments on the Plateau. Continuous vertical reflection profiles 

established the flat-layered nature of the Plateau and permitted 

correlation from station to station. Results from DSDP Drilling Site 

64 in about 2 km of water have helped to establish the lithology and 

stratigraphic succession. Although a very thin veneer of sediment 

having a velocity lower than that of sea water is detected in a few 

places, normally the upper 0.20 km of sediment is characterized by a 

velocity of 1.65 to 1.70 km/sec and an essentially zero average 

velocity gradient. Below this a positive gradient exists increasing 

with depth and reaching a maximum value of about 3.6 sec-1 in the 

sediment directly above a ubiquitous middle Eocene chert horizon • 

The sediment below the chert horizon is characterized by an average 

velocity of 3.3 km/sec, compared to a value of 2.8 km/sec attained 

innnediately above the chert. The gradient, however, may remain 

constant at about 3.6 sec-1 down to the top of Layer 2 (5.6 km/sec) • 
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Chapter 1 

INTRODUCTION 

A major objective of this investigation was to determine, by 

wide-angle reflection methods in as much detail as possible, the 

velocity structure of the approximately 1-km-thick sediment column 

under the Ontong Java Plateau (Fig. 1), using as many of the large 

number of near-horizontal reflecting horizons within the sediments 

1 

as possible. Continuous vertical reflection profiles have revealed 

that the sediment column often contains as many as 15 to 20 of these 

reflecting horizons, which are probably as near the parallel~plane 

ideal as will be found in a geologically realizable situation. Many 

seismic records made with the use of air guns, sonobuoys, and precision 

echo recorders (the ASPER method) (Fig. Al) in the area are extremely 

detailed, with clear, dense, wide-angle reflection data for horizontal 

ranges of as much as 5 seconds of D (D is the surface-channeled direct 

water sound wave), and often with two or three lines interpreted as 

head-wave refractions (Figs. 2, 3, and 4). Theoretically, it is 

possible to find velocities for small vertical intervals, permitting 

construction of essentially smooth, continuous, velocity-depth 

curves. If the data lack the necessary precision for such small 

intervals, then larger intervals must be used, but they will still 

yield more detailed velocity-depth infonnation than is obtainable 

from the few head-waves that may be found on the records. 

In addition to being of interest for its own sake, precise 

knowledge of the velocity structure of the ocean floor in a given 

region is essential if unique depths and thicknesses are to be 
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Figure 1. Locations of the ASPER stations (see Table 1 also) on the 

Ontong Java Plateau. Bathymetry is largely schematic, 

especially in the vicinity of islands. Interval of 

approximate isobaths of Plateau is 500 meters. Water 

depth over Plateau is about 2 km; surrounding the Plateau 

it is about 4.5 kilometers. One additional station, D-22, 

near the Line Islands, is off the map. Triangle locates 

DSDP Drilling Site 64. 
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Figure 2. ASPER record from station D-3, exhibiting 16 resolvable 

reflection curves. Recorder sweep was 5 seconds. 

Results of the wide-angle reflection analysis is shown 

in the seismic section in the insert: interval velocity, 

in kilometers per second, is in the column; the scale to 

the right, in kilometers, shows depth below sea level 

(see also Figs. 6 and 17). This record also exhibits 

several strong multiples, which were utilized to 

determine sub-interface velocities. 
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Figure 3. ASPER record from station D-12, with thinner, simpler 

sediment column than that in Figure 2. Seismic section 

determined from wide-angle reflection analysis is in 

insert on right. Reflection curves and refraction 

lines in this record are unusually clear; note strong 

multiples. 
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Figure 4. ASPER record from station D-20, exhibiting clear reflec

tion curves and refraction lines, strong multiples, and 

the splitting of signal associated with greater than 

usual hydrophone depth (90 m). 
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detennined for the geologic section under investigation. Such know

ledge also helps to delimit the physical properties of the materials 

comprising the geologic sectiono A qualitative picture of the struc

ture of a region can be obtained by continuous vertical reflection 

(CVR) profiling, which gives a spatially unbroken, though distorted, 

cross section. But, unless independent infonnation is available on 

the seismic velocities of the penetrated strata, little can be 

positively stated about the thicknesses and dips in the section. In 

marine exploration this kind of information is most often obtainable 

from refraction surveys, and, where the shallower, thinner layers are 

concerned, from wide-angle reflection profiles. 

Where the geologic structure is known and the physical properties 

of the materials have been delimited, lithology and history can be 

inferred, and implications concerning the tectonic, depositional, 

erosional, climatic, and biological history of the region, or even 

of the earth, can be enumerated. Since the most profound advances in 

geology in a number of decades have resulted from work in the field 

of marine geology, the importance to science of this type of study 

is obviouso 

In the investigation reported here a set of 19 ASPER stations 

were made over the Plateau proper (Fig. l; Table 1), using techniques 

that will be described later, and the records were analyzed by wide

angle reflection methods (Tables 1 and 2) following those developed 

by Dix (1955), by refraction methods (Table 3), or both. In many 

respects the methods of analysis applied are similar to those used by 

Le Pichon et al., (1968). Drilling Site 64 of the Deep Sea Drilling 
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T6R111 1 

D-10 06°19'S 160°13'E 1.80 

D-11 06°19'S 160°22'E 1. 74 

Line H - H' 

D-4 02°27'S 157° 18'E 

D-7 03°16'5 158°10'E 1.85 

D-8 03°42•s 158°42'E 1.88 

D-9 03°52'5 160°04'E 2.11 

D-20 05°00'S 161°3l'E 1. 74 

h.U 
0.25 

1.80 
0.28 

1.69 
0.21 

1.69 
0 •. 16 

1.65 
0.33 

1.65 
0.17 

• 

2.00 
0.16 

• 

2.34 
0.38 

See line K - K' above 

2.12 
0.38 

1. 99 
0.28 

2.39 
0.18 

1. 95 
0.09 

2.81 
0.28 

2.64 
0.22 

2.44 
0.12 

2.40 
0,15 

• 

2.92 
0.34 

2.32 
0.21 

3.19 
0.27 

3.06 
0.34 

3.08 
0.46 

3.29 
0.28 

(t) In each layer the numerator is the interval velocity, and the denominator is the depth 
interval, while the length of the fraction bar indicates those layers included in the 
interval. Note that where they cannot be satisfactorily resolved two layers (in one case, 
three) may be combined into a single interval. Also note that in some cases the third 
layer is subdivided into .two parts, 3a and 3b. 

(*) An apparently lens-like layer underlies the re~ular second layer at stations D-2 and D-3. 

(t) In these isolated stations the position of this layer in the columns had to be decided 
solely from the velocity value. 

• • • 
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TABLE 2. COMBINED RESULTS OF WIDE-ANGLE REFLECTION ANALYSIS OF LINES 

K-K', L-L', AND M-M', INCLUDING STATISTICAL INFORMATION* 

Layer or Mean Standard Standard Mean Standard Standard 
Combination Occurrences Velocity Deviation Error Thickness Deviation Error 

of Layers (km/sec) (km/sec) (km/sec) (km) (km) (km) 

1 (12) 1.65 0.10 0.03 0.10 0.07 0.02 

1 & 2 (4) 1.80 0.05 0.03 0.30 0.05 0.02 

2 (9) 2.01 0.20 0.07 0.17 0.10 0.03 

2b (2) 2.36 0.14 

1,2, & 3 (1) 1.66 0.28 

2 & 3a (3) 2.05 0.25 0.15 0.18 0.06 0.04 

3a (5) 2.10 0.15 0.07 0.21 0.07 0.03 

3a & 3b (2) 2 .15 0.29 0.21 0.43 0.12 0.09 

3 (6) 2.54 0.18 0.08 0.26 0.13 0.06 

3b (7) 2.58 0.19 0.07 0.25 0.06 0.02 

3b & 4 (1) 2.92 0.34 

4 (14) 3.22 0.41 0.11 0.34 0.07 0.02 

4 (excluding (12) 3.33 0.31 0.09 0.35 0.06 0.02 
D-10 & D-23) 

*Since stations D-10 and D-23 seem to be much influenced by their close proximity to Ontong ..... 
Java Atoll, the average velocity and thickness of layer 4 exclusive of these stations is also N 

shown (bottom line). 
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• TABLE J. LOCATIONS AND SEISMIC SECTIONS FROM REFRACTION SOLUTIONS 

OF ASPER STATIONS* 

Velocity (km/scc)t 
Receiver Coord. 

Water Depth Thickness (km) 

• Profile 
(Ian) 

Lat. Long. 1 2 3 4 6 

Line K • K' 

D·l 00°44'5 159°21'1!: 2.45 1. 7 .k..L 1:§. 
o.19 0.8S 

• hL LL ~ hl D-2 Ol0 14'S 159°00'1!: 2.09 
0.35 0.20 0.72 

D·l 01°36'5 158°28'£ 2.01 Q.:12. l:..L !:.L hl 
0.28 0.62 0.50 

D-24 02°56'S 156°02'1': 1. 76 hL hL hl_ hl 
0.48 0.59 0.25 • D-4 02°27•5 157°18'1!: 1.67 hL hL hL hl 
0.50 0.30 0.39 

D·S 03°24'5 156°19'E 1.86 1. 7 !.:L ~ 
o.TI 0.32 

• Line L • L' 

D-5 03°24'S 156°19'E See line K - JC' above 

l>-6 03°42 'S 157°46'E 1. 79 LL !.,.L hL 
0.25 0.30 

1>·12 04°36'5 158°15'1': 1. 71 !:..L l:..L !.,.L !d 
0.09 0.07 0.17 

• 1>·10 06°19'S 160°13•r: 1.80 1h?.l !:..!. . 
0.21 

Line K - K' 

l>-4 02°27•5 151°1s•r: See line K • K' above 

• D•7 03°16'S 158°10'E 1.85 hL !.,.L hi. M 
0.21 0.21 0.39 

l>-8 03°42•5 158°42'£ 1.88 LL !.,.L ~ 
0.30 0.22 

l>-9 03°52'5 160°04'£ 2.11 1h?.l l:..L hl 

• 0.22 0.31 

ll-20 os0 oo•s 161°31'£ 1. 74 hL l:..L '-& 
o.34 0.23 

*Some of these data are previously reported in Hussong (1972b). 

• tFor each layer the numerator is the refraction velocity and the denominator ls layer thickness; 
parentheses indicate velocity assUI:Jed for thickne s~ calculations; blank denominator indicate• 
undetermined thickness • 

• 
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Project (DSDP) (Winterer et al., 1971) is about 22 km from one of 

these ASPER stations (Fig. 1). It provides useful control for 

interpretation of the seismic data from the Plateau. An additional 

station is located on the "spur" (see Chapter 2) of the Plateau 

about 1100 km east of the main group of stations; a pair of stations 

are located at the end of the spur where the .water deepens into the 

Ellice Basin; and a single station is located west of the Line 

Islands in the Central Basin of the Pacific. 

14 

Since 1963, the Hawaii Institute of Geophysics has conducted 

geological-geophysical investigations of the Ontong Java Plateau, its 

margins, and that portion of the Pacific in which it lies. As part 

of this program the Institute began in 1967 to develop and use the 

ASPER system (Sutton et al., 1971) for collecting seismic wide-angle 

reflection and refraction data. The investigation described in this 

paper arose as part of the ASPER experiments and is one of a set of 

three complementary seismic investigations of the geology of the 

Ontong Java Plateau and the surrounding area . The other two investi

gations are a deep crustal refraction study by Hussong (1972a) and a 

continuous vertical reflection mapping of the region by Kroenke (1972; 

and in press). Kroenke also examined in general the geologic and 

tectonic setting of the Plateau in the west central Pacific, while 

Halunen and Von Herzen (in press) investigated the heat flow of the 

region. 

Work already completed on the Plateau includes seismic refraction 

lines (Furumoto e t al . , 1970) and marine gravity and magnetic studies 
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(Rose et al., 1968). A considerable amount of additional gravity 

and magnetic data is now undergoing analysis. 

15 

Present-day geological convention divides the solid ocean bottom 

into four layers (Raitt, 1963): Layer 1, the unconsolidated sediments; 

Layer 2, variously called the consolidated sediments or the basaltic 

layer; Layer 3, the ocean crustal layer, and Layer 4, the mantle. 

The unconsolidated sediment comprising Layer 1 is usually thought to 

be extremely variable in composition, thickness, and geological 

structure, with little or no pattern to velocity distribution except 

that the velocity is generally expected to increase with depth below 

the ocean floor. Layers 2 and 3 are usually treated as single layers, 

with essentially uniform velocities ranging from 4.0 to 5.8 km/sec 

and from 6.0 to 7.0 km/sec, respectively. Actually, Layer 2 is 

structurally not as simple as often assumed (for example, see Sutton 

et al., 1971). Nor is Layer 3 everywhere a single layer; in the 

Pacific--at least--it more often consists of two layers (Sutton et al., 

1969, 1971; Maynard et al., 1969; Maynard, · 1970. See also Edgar 

~al., 1971). 

The properties of Layer 1 are of primary concern in this 

investigation • 
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Chapter 2 

GEOLOGICAL SETTING 

The Ontong Java Plateau (Fig. 1) comprises an area of the 

Pacific Ocean floor approximately 500 lan wide by 1000 lan long that 

stretches northward from the Solomon Islands to the Caroline Islands, 

with a "spur" that runs eastward essentially along the 4° South 

parallel almost to the Ellice and Gilbert Islands. The Plateau is 

composed of a thick, multi-layered, flat-lying, sedimentary sequence 

overlying a very thick crust. The sediments, about 1 km thick, 

overlie a fairly rough but low-relief basement. Water depth over 

the Plateau averages about 2 km, and in the area of the major part 

of this investigation, it varies from 1.7 to 2.1 kilometers. Water 

over the spur of the Plateau is about 3 km deep; surrounding the 

Plateau it is about 4 or 5 km deep. 

The many layers and the simple structure of the sedimentary 

column over the Ontong Java Plateau, as compared with that in other 

regions, makes this region nearly ideal for wide-angle reflection 

and refraction studies. If the properties of the geologic column can 

be successfully analyzed here, the results can possibly then be 

extended to less favorable situations. 

The Plateau apparently has long been at a shallow depth or, 

possibly, has been very slowly sinking with little disturbance for 

a long period of time. This is supported by the presence of the 

thick, uniformly layered accumulation of low-velocity sediments of 
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Layer 1 overlying a low-relief high-velocity basement, and by the 

presence of well-preserved calcareous nannofossils found throughout 

the section sampled at DSDP Site 64. 

The hypotheses of plate tectonics (Morgan, 1968; Le Pichon 

et al., 1968; Heirtzler, 1968) require that the Pacific plate, of 

which the Ontong Java Plateau is a part, be moving roughly west

northwestward, while the plate carrying Australia and New Guinea is 

probably moving northward or north-northeastward (Fig. 5). Largely 

based on earthquake epicenter distribution (Denham, 1969), the 

assumption is that the two plates are colliding obliquely along a 

front which approximately parallels the axis of the Solomon Islands 

and the north coast of New Guinea, with a diagonal offset through 

the Bismarck Sea and the island of New Britain. It seems reasonable 

that the influence of this collision would be felt over the Ontong 

Java Plateau; however, the Plateau appears as yet, to be little, if 

at all, disturbed, for the very small gravity anomalies over the 

Plateau indicate that it is still in near-perfect isostatic equili

brium. In contrast, the structure of the Solomon Islands, only a 

few tens of kilometers southwest of the Plateau, is indeed very 

complicated, as the works of Coleman (1965, 1966, 1967a, b, c), and 

17 

of Rose et al. (1968) emphasize. Kroenke et al. (1968) have des

cribed a structure that may typify the transition zone from the simple 

structure of the Plateau to the complicated island structure. The 

feature is a scarp, about 50 km northeast of and parallel to the 

islands of Choiseul and Santa Isabel. The upthrown or island-side 

of the scarp is very rough and broken, while the downthrown plateau-
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Figure 5. Approximate boundaries and directions of movement of 

tectonic plates in the region of the Solomon Islands 

and the Ontong Java Plateau. Base map is same as in 

Figure 1. 
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side appears as a little-disturbed, gently downward-flexing portion 

of the Plateau terminating against the scarp. On the plateau-side, 

distortion is limited to block faulting with a throw of a few meters, 

probably resulting from tension • 

Keeping in mind the fact that the Plateau is supposedly part of 

a deep, oceanic crustal plate, the shallow water-depth and the thick 

sediment deposit seem most irregular. Furthermore, despite consider

able uncertainty in the refraction measurements, the indications are 

that the crust here has a thickness of at least 20 km and up to 40 km 

(Hussong, personal corrnnunication; Furumoto et al., 1970). The 

regional gravity anomaly is small (near+ 20 mgal, free air), where 

it would not be unreasonable to expect a large negative anomaly with 

such a thick crust (Woollard, 1962). Away from the crest of the 

Solomon Islands ridge the essentially east-west trending magnetic 

anomalies of the region decrease in amplitude and increase in wave

length as the Plateau is entered, indicating a progressive increase 

in the depth to sources (Rose et al., 1968). Much more magnetic data 

for the Plateau is now at hand and undergoing analysis; however, 

preliminary results indicate no notable change from the apparent 

prevalence of small anomalies arising from linear sources deep under 

the Plateau. Based on the average of 10 points located north of the 

slope of the Solomon Islands but south of Ontong Java Island, the 

heat flow in that region is low at 0.84µ cal cm-2 sec-1 ; however, 

north of Ontong Java the heat flow approaches normal (Halunen and 

Von Herzen, in press) • 
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Chapter 3 

EXPERil1ENTAL TECHNIQUE 

The ASPER method, used in this study for both wide-angle 

reflection and refraction measurements, is the result of an evolu

tionary development and refinement of several previously existing 

techniques. The use of sonobuoys as research instruments has been 

described by several authors, among them Hill (1963), Clay and Rona 

(1965) and Le Pichon et al. (1968); _the use of air guns and other 

repetitive signal sources in marine geophysical work is now connnon

place; and long ago the unique convenience of such facsimile ' recorders 

as the precision echo recorder was recognized. While the combination 

of these different devices is not new, it is only recently that the 

combination's potential has begun to be realized. The release of 

large numbers of sonobuoys by the U. S. Navy first made their use 

economically practical in scientific seismic work. In addition to 

being excellent, low-noise receptors for seismic signals in two-ship 

refraction operations, sonobuoys have made such operations possible 

using one ship. When combined with the repetitive signal sources 

and precision echo recorders, an especially effective and convenient 

seismic system results (Le Pichon et al., 1968). Our version of 

such a system is called ASPER (Sutton et al., 1971). (The ASPER 

system is described in detail in Appendix l; Fig. A3 is a block 

diagram of the system.) 

Ship speed, signal sources, and their repetition rate, and 

shipboard receiving system passband filters were chosen during this 
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investigation such that the data obtained were optimum for the 

examination of the sediments of the Ontong Java Plateau. 

The two earliest records taken in this study were made using a 

7000-joule sparker as the signal source, thus making the acronym 

"ASPER" somewhat erroneous in those cases; but in all others, an 
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air gun either of 20- or of 40-cubic-inch chamber capacity was used, 

either alone or simultaneously with the sparker. The firing interval 

used in the study was 5 seconds, with one exception, station D-22, 

where the interval was 10 seconds. 

The lowest frequencies in the sparker's power spectrum are in 

the neighborhood of 50 Hz--very convenient for looking at the shallow, 

thinly layered upper sediments. The air gun provides a power spectrum 

rich in frequencies of 20 to 25 Hz and upward, especially when towed 

at the proper depth. These lower frequencies are necessary for deep 

penetration. 

The sonobuoys used in this study were either U. S. Navy model 

SSQ-38A or model SSQ-41A, mostly the latter. The latter responds to 

lower frequencies than does the fonner, but frequency response of 

both was quite adequate for this study, since the frequencies used 

were usually greater than 50 Hz. No alterations were made to the 

sonobuoys except to sometimes shorten the hydrophone cables. With a 

few exceptions, hydrophone depth was either 18 m or about 14 meters • 

This shallow depth was used in order to minimize problems associated 

with water-surface-reflected seismic signals; in those cases where 

20- to 25-Hz signals were used to achieve deep penetration, a 

quarter-wave reinforcing effect also resulted. During this investiga-
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tion the water-surface sound channel extended sufficiently deep so 

that, irrespective of the hydrophone depth, reception of the direct 

water-wave, D, was no particular problem. Normal sonobuoy battery 

life and radio transmission range are quite adequate for typical wide

angle reflection studies of the sediments, since horizontal range does 

not usually exceed 12 seconds of D. 

Aboard ship the signal from the sonobuoy is paralleled into 

several active, maximmn-flat, passband filters, each passing a fre

quency band one or two octaves wide. Generally three different pass

bands are used: a low-frequency band with corner frequencies of 

5 to 20 Hz and 25 to 40 Hz; an intermediate-frequency band with 

corners at about 50 and 150 Hz; and a high-frequency band with 

corners at 500 and 1500 to 2000 Hz. Experience has shown that many 

arrivals from deep seismic reflectors lie in the frequency range of 

about 20 to 25 Hz, and the low-frequency filter is always set to 

cover this range. The exact corner frequencies used depend upon 

what experimentation shows works best under the circumstances. While 

these low frequencies are essential for deep penetration, they lack 

the resolution necessary for resolving the thinner upper layers, and 

are below the spectrum of the sparker, which is particularly rich 

in the intermediate frequencies. This band offers a useful compromise 

between good resolution and good penetration. With the signal sources 

used, the intermediate frequencies penetrate a second or more of two

way travel time into the sediments, equivalent to at least a 

kilometer of depth. This frequency band is generally most useful 
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for wide-angle reflection studies of the upper kilometer of sediments • 

The direct water-wave is recorded well in the high-frequency range. 

If the center frequency and relative amplitude of the inter

mediate-frequency band are carefully chosen, seismic arrivals in this 

band usually show through the longer trains of low-frequency signals 

in the record, and produce "highlights" whicl). delineate thin upper 

layers not resolved by the low frequencies. At greater penetrations 

where intermediate frequencies have become attenuated, the low

frequency signal is essentially unaffected. Usually, more than one 

echo-sounding recorder is used (Fig. A3). As a rule, either , two 

recorders record the same frequency bands at different relative gains, 

or one records the mixed passbands while the other records only the 

low-frequency or the intermediate-frequency passband. During reflec

tion or refraction work requiring deep penetration, one precision 

echo recorder is used for low frequencies only, while a second 

records low frequencies, at a different amplification, plus inter

mediate- and high-frequency signals. On the other hand, only high

and intermediate-frequency recordings are made when shallow, detailed 

resolution is desired • 

The use of a silicon diode clipper between the amplifiers and 

recorders in the ASPER system has proved exceptionally effective in 

conditions of low signal-to-noise ratio. If clipping level is 

adjusted to barely above noise level, the seismic signal, which is 

correlated in phase, stands out clearly against the uncorrelated 

background noise, thus making possible the detection and analysis of 

very low-level signals. 
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Chapter 4 

THEORETICAL CONSIDERATIONS 

Where the geometry is sufficiently simple, refraction seismology 

gives accurate velocities and depths for geologic structure. The 

method has been widely used, especially in studies of deep crustal 

structure. However, where the structure is complicated or thinly 

layered (layers less than "a few" wavelengths thick) or where it 

contains velocity reversals or masked layers, the method fails 

despite its ability to "average" certain structural irregularities. 

Since Layer 1 usually has at least one or two of the foregoing 

undesirable attributes, refraction methods usually do not yield a 

sufficiently detailed velocity structure for most studies of the 

marine sediments • 

Although less often used for scientific investigation, the wide

angle reflection method (Fig. Al) has the virtue, in theory, of 

"seeing" the fine velocity structure in thinly laminated structures, 

of handling spurious reflectors, and of detecting velocity reversals 

under certain circumstances. However, it is even more sensitive to 

the disturbing influence of geometrical irregularities and variations 

in the geologic structure than are refraction methods. Equally 

important, the mathematical relationships between travel time and 

range are more complicated, making analysis much less straightforward 

than in refraction methods. Furthermore, the problem of getting good 

data is ever present; it is very difficult to obtain data which are 

dense enough and clear enough to unequivocally trace out individual 

reflection curves. In fact, the practical problems encountered in 
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application of the method and the poor precision that inherently 

results from the inevitable geological irregularities were suffi

ciently troublesome in this investigation to make the method 

unreliable for handling thin layers and velocity reversals. Yet, 

short of a sonic velocity well-log, the wide-angle reflection method, 

despite its shortcomings, usually remains the best method for 

determining the detailed velocity structure of the upper kilometer 

of thinly laminated ocean-bottom sediments. 

Refraction analysis theory and application is now well developed 

and is set forth in several standard treatises (Nettleton, 1940; 

Dix, 1952; Grant and West, 1965; Musgrave, 1967). Refraction, as 

usually treated, is a linear mathematical method especially easy to 

apply to ASPER data. However, the same. is not true of wide-angle 

reflection since the simplest case of reflection from the bottom of 

a single layer with uniform velocity gives a quadratic relationship 

between travel-time and distance,and further generalization involves 

higher order algebraic or transcendental relationships. 

Velocity determinations using "wide-angle" reflections were made 

by petroleum exploration organizations as early as about 1930 • 

Green (1938) set down the general mathematical relationship connnonly 

used in wide-angle reflection velocity determinations. A number of 

investigators worked on the problem thereafter; Steele (1941) 

examined the error introduced by linear gradients; Gardner (1947) 

studied the effects of "dipping" reflectors; and nUrbaum (1954) gave 

the general equation for wide-angle velocity determinations in terms 

of Maclaurin series expansions, but did not apply his theory beyond 
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the quadratic term. Dix (1952, 1955) showed how to use a reduced-

time versus reduced-distance method to reduce multiple-layer problems 

to a sequence of single-layer problems for the determination of 

interval velocities. He also used the limiting case of an approxi-

mation to derive a very useful equation for finding interval 

velocities: 

where: 

v2 
n 

n 

= [ VA(~) l 
i = 1 

v- 2 
A(n-1) 

n-1 

l 
i = 1 

= interval velocity of nth layer 

(1) 

Ti = two-way vertical travel time through nth layer 

V ? 
A(n) 

n 

\ 
=L 

i = 1 

v .2 
:l Ti 

n 

;) Ti 
'--' 
i = 1 

=mean square velocity to nth layer . 

(2) 

This proved to be an extremely useful special case of Dllrbaum's general 

equation. 
II 

Clay and Rona (1965) used Durbaum's method in a special form 

which included fourth order expansion terms; Le Pichon et al. (1968) 

used both DUrbaum's and Dix's developments in obtaining a computer-

derived fit between data and an inferred model; and Sutton and 

Maynard (1971) derived a relationship between critical-angle reflections 

and stepouts of large amplitudes in multiples (see Appendix 3). 

Thus the development of wide-angle ~eflection analysis theory 

could almost be said to have started with Green (1938) and to have 
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• been completed with Dllrbaum (1954) and Dix (1955). While a number of 

refinements in the application of this theory have been made since 

then (Clay and Rona, 1965; Le Pichon et al., 1968), little change has 

• been made in the basic theory. Wide -angle analysis today still rests 

" essentially on the methods of Durbaum and Dix, aided by the comparison 

of the data with calculated theoretical reflection and refraction 

• curves, and often with the assistance of computers in iterating the 

parameters of theoretical models in order to achieve a closer fit 

between the theoretical travel times and the data. Under certain 

• circumstances special features of the data may be utilized in 

analysis, as, for example, the increase in reflection amplitudes at 

critical range and beyond, especially in multiple reflections. 

• The theoretical bases for this investigation are Dix's eauation 

(eqn. 1) for the determination of interval velocities and a set of 

theoretical travel time curves for various combinations of uniform 

• velocity layers, masked low-velocity layers, positive and negative 

gradients, diving-waves, and head-waves. These theoretical curves 

were compared with the ASPER data in order to recognize similar 

• velocity structures in the sediments • (See Appendix 2 for these 

travel time curves and a detailed discussion of their features.) 

In this study (with a few exceptions as discussed in the follow-

• ing section of the paper), the .thinness and multiplicity of the 

layers, coupled with the fact that all of the reflection curves tend 

to "bunch" at crucial ranges, made analysis of intervals having 

• velocity gradients essentially a futile exercise, and all intervals 

were treated as having unifonn velocity • 

• 
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In the refraction analysis, it seems fairly certain that some 

events interpreted as head-waves were, in fact, wide-angle reflections, 

and some conceivably could have been diving-wave refractions. It is 

easy to hypothe.size different models which would give rise to travel 

time curves such that an Rs - Rd pair (Ewing, 1963) could be mistaken 

for a past-critical-range reflection and its associated head-wave, 

and conversely. It is also possible to construct models which give 

rise to combinations of events which could conceivably be mistaken 

for cusps formed by diving-waves. (See Appendix 2.) Such errors in 

identification could possibly be responsible for some of the dis

crepancies between wide-angle reflection and refraction solutions of 

an ASPER record. 

However, in spite of these uncertainties, treating such arrivals 

as head-wave refractions (generally) leads to reasonably accurate 

results in terms of the velocity that obtains at a given depth in the 

section. Uncertainties involved in interpretation of refraction data 

where masked layers or certain gradients exist are discussed by 

Berry (1971). 

In many, and probably most, ASPER records many patterns appear 

which are undoubtedly a consequence of the several-cycle duration of 

the air-gun signal and the resulting seismic phases. For example, it 

appears that interference between two head-wave refraction lines from 

layers with velocities v1 and v2 can sometimes produce a spurious 

"masked layer" with apparent velocity Vm = 2V1v2/(V1 + v2) between 
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the two real layers. The mechanism is simply that of the super-

position of two propagating sine waves of the same frequency but of 

differing velocity: 

S = sin 2Tif [ ~1- X - T J + sin 2nf [ ~1- X - T J 
V1 Vz 

2 cos 2nf [ l ( - 1 
- -

1 
) x J 

2 V1 Vz 

•sin 2nf [ l (~1~ + ~1~ "\) X - T J 
2 v1 v2 

The first factor is an amplitude term, and the second factor is a 

propagating sine wave of the same frequency as the two which were 

added but having slope of refraction line l/Vm. Furthermore, inter-

ference from the associated past-critical-range reflection probably 

accounts for the irregularities in slope and amplitude observed in 

some refraction lines • 
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Chapter 5 

DATA ANALYSIS AND SEISMOLOGICAL RESULTS 

In order to facilitate presentation of seismological results 

and to organiz~ them in such a way that geological trends could be 

detected and demonstrated, three lines were chosen on the Plateau 

such that they ·passed through, or very near, as many seismic stations 

as possible and formed a pattern on top of the Plateau (Fig. 1) • 

Seismic stations not on a line were projected to the nearest one. 

The wide-angle reflection analysis of the individual stations was 

then done in one or two, or, if necessary, three stages, the stages 

usually consisting of determining models with progressively fewer 

layers. Refraction solutions had already been obtained for several 

stations for which good refraction data had been obtained (Maynard 

et al., 1969; Hussong, 1972b) and these were compared with the corres

ponding reflection solutions. The velocity-depth results for all of 

the stations in the region were combined to obtain two standard or 

composite velocity-depth curves for the region: one uses the sea 

floor as a datum level, and the other uses the extremely pervasive 

and strongly reflecting chert horizon near the base of the section • 

These standard curves were compared with the combined refraction 

results, and with results obtained from the operations of the Deep 

Sea Drilling Project. They were also compared with similar results 

obtained elsewhere by Sutton et al. (1957), by Nafe and Drake (1957, 

1961, 1963), and by Houtz et al. (1968). The results of continuous 

vertical reflection profiling, utilized many times during analysis, 

served constantly as a standard of comparison. The porosity and 
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density were calculated using the Nafe-Drake curves. An attempt was 

made to find a compaction model appropriate to the velocity-depth 

function and the petrology, and, finally, an attempt was made to 

determine some sub-interface velocities from multiple reflections 

using the step-out of increases in amplitude and slopes of the curves 

at the onset of large amplitudes. 

The choice of records for this investigation was based not only 

on location, but also on the quality of the records and the simpli-

city of the geologic structure as revealed by continuous vertical 

reflection profiles. Since the wide-angle reflection method is so 

sensitive to departures from ideal structure (Dix, 1955; Le Pichon 

et al., 1968; Taner et al., 1970), it is especially important to 

choose geologic sections that are geometrically very simple • 

Furthermore, it proved useful to analyze the selected records in 

approximately increasing order of complexity so that insight gained 

on the simpler sections could be applied to the more complex . 

Each record was divided into intervals of D, usually quarter-

second intervals (third-second for D-20 and D-23; half-second for 

D-15), but with other points added where appropriate. The air-gun 

shot occurring nearest to this time was determined and the different 

reflections resulting from the shot were identified and their arrival 

times picked. The squared data were then plotted in T2 - x2 format 

on large-scale graph paper. The RMS velocities, VA(n) (eqn. 2), were 

found for each reflecting layer by measuring the slope of the T2 - x2 

curves (for convenience, actually T2 - n2) near the T2 - axis. In 

practice, the T2 - x2 data were visually fiL with a smooth curve, and 
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then all of the data short of the range at which curvature becomes 

significant were least-squares-fit to a line and the slope obtained 

from the line. In a surprisingly large percentage of cases most or 

all of the dat~ for a reflector could be used, and only in a very 

few cases could less than half of the data be used in the fitting 

process. 
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The slope at the T2 - intercept of the T2 - x2 curve was not 

found to be a satisfactory way to define VA(n)• Probably because 

normal incidence and wide-angle reflections often come from different 

levels for a given interface; and because at very short ranges the 

end of the T2 - x2 curve very frequently hooks sharply upward or 

downward. Least-squares-fitting the line to data covering as large 

a horizontal range as possible tended to give much more consistent 

results. Where the hook was quite sharp and was confined to very near 

the intercept of the curve, it seemed advisable to use the intercept 

of the fitted line in place of the vertical reflection time. Slopes 

and intercepts determined for the lines were sometimes modified 

according to information obtained from the visually fitted curves, 

the continuous vertical reflection profile, or the ASPER record itself • 

The theory clearly is valid only for small horizontal ranges, 

yet for practical reasons it was necessary to include data that were 

well away from the r 2 - intercept in the interval velocity calcula

tions. Using data from longer ranges stabilizes the solutions 

obtained, but doing so introduces velocities into the solutions which 

are systematically too high. For hypothetical crustal structures, 

typical of those found on the Ontong Java Plateau, theoretical 
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two-way reflection times were calculated to the nearest millisecond 

for various horizontal ranges. These synthetic data were then analyzed 

in the same manner as the field observations. Solutions were obtained 

for large horizontal ranges (D :::'!: 4 sec) and for ranges on the order of 

those used with the ASPER data to arrive at the models (D ~ 2 sec for 

certain deep interfaces). An example (D-12; see Figs. 1, 3, and 7) 

is as follows (excluding the water column): 

Velocity (lan/sec) 

LAYER Theoretical Model To D ~ 2 sec To D~4 sec 

1 1. 740 1. 747 1. 774 

2 2.111 2.134 2.212 

3 2.554 2.585 2.781 

4 3.104 3.233 3.478 

When large ranges are used, the curvature in the T2 - x2 function 

introduces substantial error for the deeper layers. However, for the 

water depths and sediment thicknesses encountered over the Plateau 

during this investigation, the systematic error can be reduced to a 

maximum of about 4 percent if data from a range no greater than 

about 2 seconds of D are used. For the shallower, lower velocity 

layers the systematic error is at most only 1 or 2 percent • 

Incidentally, for this example, the difference between the ASPER and 

the synthetic reflection times averages from 2 to 5 milliseconds, 

about the precision to which the data can be read, provided the doubt

ful picks from the ranges where the crossovers occur are excluded • 
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From the slopes and intercepts the two-way travel time between 

reflectors and the mean square velocities to the reflectors were 

determined, and the interval velocities (and subsequently, layer 

thicknesses) were calculated using Dix's equations. This information 

permitted the construction of tentative seismic-velocity versus 

vertical-reflection-time plots (row I of Figs. 6, 7, 8, and 9). 

The two-way reflection travel time was chosen in preference to 

thickness since it is independent of the calculated velocities, an 

important consideration when interval velocities are imaginary. 

After the interval velocities were calculated for all layers in 

the data, those velocities that obviously did not belong in the 

column were given further attention. Such velocities included 

extremely low or high or imaginary ones, which frequently result 

from internal multiples of various kinds (Hansen, 1948; Dix, 1955), 

or from layers that are too thin (Le Pichon et al., 1968), or from 

unreliable data of other types. Since the interval velocity can be 

calculated so easily and quickly, it is helpful to first calculate 

the interval velocities and then try to locate the offending reflec

tion rather than to attempt to deduce it directly from the records . 

Several persistent reflecting horizons, which Kroenke (1972) 

identified geologically and traced continuously in the continuous 

vertical reflection profiles through the region, were also of 

considerable assistance in eliminating spurious layers and geologi

cally untenable velocities. These horizons, called Ao (the sea floor), 

A1 , A2 , C, B0 , and B1 , were usually near to, and frequently directly 

on, fairly prominent reflectors in the ASPER records. After the 
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Figure 6. Wide-angle reflection solutions for the eight ASPER 

stations comprising the NE-SW trending line K-K' on the 

Ontong Java Plateau (see Fig. 1). Row I: The first, most 

detailed stage of analysis, wherein all resolvable reflec

tion curves in the record were used. The interval velocity 

is in kilometers per second, but the associated depth is 

given in seconds of two-way vertical travel time below 

the ocean floor. In those intervals for which no velocity 

is shown, the calculated interval velocity was imaginary. 

Row II: The second stage of analysis, using fewer inter

vals in each seismic section. The larger intervals 

resulted in the elimination of imaginary and extremely 

high and low velu1.,;it.:.e:> cw<l gave iseulul$.i.c.:ally reasonable 

results. On many records, a third stage of analysis 

using still fewer intervals was made (dotted lines), but 

the oversimplification generally resulted in a loss of 

useful information. Row III: The same seismic sections 

as in row II, but with depth converted from seconds of 

two-way travel time below the ocean floor to kilometers 

below the ocea~ surface. The superimposed hyperbola

like curve is from Figure 14, the composite interval 

velocity function referred to height above the Eocene 

chert interface, C. A1 , A2 , C, B0 , and B1 are interfaces 

in the geologic column identified and named by Kroenke 

(1972). See text. 
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Figure 7. Wide-angle reflection solutions for NW-SE trending line 

L ~L I v~ the: Cr,to1-,5 Jave.. Flc.i:eau. rUL' complete explana- • 
tion of figure, see Figure 6. 
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• 
Figure 8. Wide-angle reflection solutions for NW-SE trending line 

M-M' on th2 Ontong J&Vd PlKtedu, Fur complete explana- • 
tion of figure, see Figure 6. 
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Figure 9. Wide-angle reflection solutions comparing the stations at 

the SE ends of lines L-L' and M-M' on the Ontong Java 

Plateau and showing results from isolated stations 

located on the spur of the Ontong J~ve Plateau (station 

D-18), in deep water off the end of the spur (stations 

D-16 and D-21), and in the deep ocean near the Line 

Islands (station D-22). Refer to Figure 6 for a complete 

explanation of the figure. Note change in reference 

level in the water column for stations D-18, -16, -21, 

and -22. 
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initial solutions of the data (row I, Figs. 6, 7, 8, and 9) were 

simplified to give more reasonable results (solid lines in row II, 

Figs. 6, 7, 8, and 9), a third set of interval velocities were 

calculated using A1 , A2 , C, and B0 , or some other interface near 

them, as interval boundaries (the dotted lines in row II, Figs. 6, 7, 

8, and 9) in those cases where the solutions . differed from the second 

stage of solutions. In the few cases where it was not possible to 

get stable results using the reflector closest to A1 , A2 , and C, 

velocities resembling the "normal" for the region almost invariably 

resulted on using the next closest reflector • 

It should be kept in mind that when used simultaneously, 

continuous vertical reflection, wide-angle reflection, and refraction 

do not necessarily measure the same parts of a layer, or even the 

same layer. Very strong reflections in continuous vertical reflec

tion profiles sometimes produce very weak or practically no reflec

tion lines in a wide-angle reflection profile. On the other hand, 

a strong wide-angle reflection may come from an interface which is 

hardly visible in the continuous vertical reflection profile. An 

example of this phenomenon occurs in ASPER record D-3 (Fig. 2), 

reproduction quality of the figure notwithstanding . Reflector A1 

(layer 7) is a very prcminent reflector in the continuous vertical 

reflection record, especially on the right side. Yet the wide-angle 

reflection from this interface is traced with difficulty. On the 

other hand, layer 9 produced a prominent wide-angle reflection curve 

while remaining unobtrusive in the continuous vertical reflection 

profile. In D-12 (Fig. 3), reflector 4 gives an excellent wide-angle 
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reflection but a poorly resolved continuous vertical reflection • 

Furthermore, it frequently appears that refractions come from greater 

depths than do the associated wide-angle reflections. In addition, 

refraction methods measure a horizontal velocity, whereas wide-

angle reflection methods determine the interval velocity which is 

a kind of average vertical velocity. 

It is often difficult to explain why the different methods 

yield such different results for the same area. However, the 

phenomenon often seems to be related to the use of different signal 

frequencies in the two methods, and it seems fairly certain that 

interference phenomena often enter in. Again, in many cases the 

reflecting "interface" is not a first order discontinuity but, 

instead, is a transition zone between layers, often a complicated 

one with reflection characteristics related in complicated ways to 

wavelength (Nakamura and Howell, 1964) and to angle of incidence 

(Meissner, 1966). Furthermore, it is noted that in continuous 

vertical reflection profiles the reflection from an interface is 

sometimes seen to vary in strength with location, at times fading 

from a strong reflection to one too faint to be discernible, while 

above or below it another reflection may intensify from an imper

ceptible beginning to become a prominent seismic horizon. Similar 

variations occur in wide-angle reflections and refractions • 

Contrary to hopes at the beginning of the investigation, it 

was not possible to get extremely detailed yet regionally stable 

velocity-depth sections. When small intervals were used, the velo

cities varied widely and tended to include ·unreasonable values, even 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

46 

after internal multiples were eliminated. However, if the intervals 

were increased to, say 0.2 second, the velocity model, as a rule, 

became much more reasonable and varied less from station to station. 

Much scatter in velocity still remained, but it was then in almost 

all cases within 0.2 km/sec of the average for all stations and 

often was within 0.1 km/sec. 

When these larger intervals are used, the remaining reflectors 

correspond rather closely to Ao, Ai, A2, C, Bo, occasionally B1, and 

in a few cases, one reflector between Ao and Ai· Proceeding from K 

to K', (Figs. 6 and 10), all layers appear to be very uniform in 

thickness below A1• The aggregate of sub-layers between Ao and A1 

are a little less uniform in thickness. There appears to be a 

slight overall thinning toward the southwest. Proceeding southeast

ward from L to L' (Figs. 7 and 11) and from M to M' (Figs. 8 and 12), 

the layers above the chert, C, tend to thin slightly away from the 

crest of the Plateau. The individual reflectors seem to undulate more 

in this direction than in the direction perpendicular to it. 

Comparing stations at L' with those at M' indicates little change 

between L' and M' besides a slight thinning of the uppermost layer 

toward M' (Fig. 9). However, the structure can be summarized as 

being a series of horizontal, flat-lying sediment beds--consistent 

with the continuous vertical reflection profiles • 

To determine trial composite velocity-depth functions for the 

region, the midpoint of each layer in all seismic sections was 

calculated and plotted against the corresponding layer velocity in 

two different manners. In one composite the interval velocity of 
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Figure 10. Layered structure (layers 1, 2, 3, 3a, 3b, 4, and 5 

delineated by the dashed correlation line) of the Ontong 

Java Plateau along line K-K' (see Fig. 1) as inferred 

from the seismic sections detennined by wide-angle reflec

tion methods (Fig. 6, row III). At each station, 

indicated by a vertical line, a cross stroke enclosed in 

a circle indicates a boundary to an interval for which 

an interval velocity (the number adjacent to each inter

val in km/sec) was detennined. Without the circle, a 

cross stroke indicates the approximate depth of a reflec

tor which could not be used to obtain stable wide-angle 

reflection solutions. The half-cross strokes mark the 

calculated depths to the reflecting interfaces A1 , A2 , 

C, B0 , and Bi (where they do not coincide with a wide

angle reflection) identified and traced on continuous 

' vertical reflection profiles throughout the Plateau by 

Kroenke (1972). No cross stroke where a layer line 

intersects a station line indicates that wide-angle 

reflection analysis failed to indicate a corresponding 

interface. Oniy a refraction analysis was made for 

station D-24. 
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Figure 11. Structure of Ontong Java Plateau along line L-L' 

determined from wide-angle reflections (see Fig. l; 

and Fig. 7, row III). For explanation of figure 

refer to Figure 10. Only a refraction analysis was 

made for station D-6. 
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Figure 12. Structure of the Ontong Java Plateau along the line 

M-M' detennined from wide-angle reflections (see 

Fig. l; and Fig. 8, row Ill). For expianation of 

figure, refer to Figure 10. 
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each layer was plotted against the depth of the midpoint below the 

water-sediment interface (overburden). In the other composite, 

interval velocities were plotted against the height of the midpoint 

above the top of the chert layer (C). Since the thickness of the 

layers immediately above the chert is appreciably greater than that 

of the overlying layers, and since the chert · supposedly forms a 

horizon of uniform geologic time, this seemed an especially appro

priate datum level. 

The smooth curve which seems to best-fit the velocities plotted 

against depth below the sea floor (Fig. 13) is a curve with 'three 

rounded, terrace-like steps. This curve undulates very closely 

about a straight line defined by 

v V
0 

+KR (3) 

where 

v seismic interval velocity 

Vo = 1. 5' the velocity of water 

K 1. 95 sec-1 

H = depth below sea floor 

53 

indicating that the regional composite velocity function may be best 

approximated by a straight line, especially when the scatter in the 

points is considered. However, by choosing the middle of the sloping 

but essentially straight segments of the smooth curve, it is possible 

to construct a kind of "step function" velocity-depth profile having 

velocities of approximately 1.65, 2.25, 2.85, and 3.40 km/sec, 
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Figure 13. A composite of the interval velocities of all the ASPER 

stations plotted against depth below sea floor (over

burden) of the middle of the assumed layers. Round 

dots are those stations located on the Plateau proper. 

Squares are the station on the spur of the Plateau 

(D-18). Triangles are the stations located in the 

deep water at the end of the spur (D-16 and D-21). 

The dashed curve is a visual fit to the points; the 

solid line is the maximtnn likely estimator for the 

linear velocity versus depth below sea floor. 
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separated by interfaces at 0.19, 0.56, and 0.83 kilometers. Because 

of the degree of uncertainty in the velocities and the dividing 

depths in these "steps", the straight line which fits the points was 

sought • 

In fitting a line to a set of points of this type, the question 

arises as to whether the regression should be that of the interval 

velocity onto the depth, the depth onto the interval velocity, or 

neither. In fitting lines to T2 - x2 data, this is not a serious 

56 

problem, because the error in any value of T2 is so large relative to 

that in the corresponding value of x2 that the latter can be treated 

as an error-free independent variable, thus safely allowing the 

regression of T2 on x2. However, considerable error is known to 

exist in both the individual interval velocity values and the corres

ponding depths. Furthermore, noting the fact that the error in a 

velocity is carried into the estimation of the depth and there 

compounded with the error in the two-way vertical reflection time, 

both errors are on the same order of magnitude. Hence, it is mis

leading to use a simple regression of one variable on the other 

(Acton, 1959). For example, the linear regression of velocity on 

depth leads to the V-H relationship: 

v 1.41 + 2.07 H (4) 

whereas the regression in reverse order yields 

V = 1.55 + 1.76 H (5) 

clearly demonstrating the problem. (For both cases the correlation 
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coefficient is 0.92; however, standard deviation and standard error 

of the estimate are, respectively, 0.04 and 0.13 for the first case, 

and 0.09 and 0.25 for the second.) 

Since acco"rding to almost any reasonable criterion the best-fit 

line will pass through the centroid of the data points (The inter

section of the · two regression lines in the example at least provides 

this!) the problem is essentially that of finding the correct slope 

(Acton, 1959). A visually estimated slope of 1.95 sec-1 falls 

between the slopes of 1.76 and 2.07 sec-1 obtained above; the 

application of a method suitable for use when both V and H are in 

error yields 1.90 sec-1 as the maximum likely estimate of the slope 

(Acton, 1959). This leads to the V-H function 

v 1.49 + 1. 90 H. (6) 

Over a thickness of 0.98 km (the depth to the chert at DSDP Site 64) 

the time-average velocity for this function is 2.30 km/sec (Kaufman, 

1953). 

With the chert (horizon C) as the datum level (Fig. 14) the 

plotted data form four weak concentrations of points in a set other

wise rather uniformly distributed along a smooth, hyperbola-like 

curve with asymptotes V = 1.72 and V = 2.75 - 3.6 Y, where Y is the 

distance above chert. Computations show that the curve is not a 

hyperbola, however, for it approaches the asymptotes much too 

rapidly. Furthermore, it is not well approximated by functions of 

the forms V = aYb or V = abY • 

57 
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Figure 14. A composite of the interval velocities of all the ASPER 

stations plotted against the height of the middle of the 

layer above the widely prevalent Eocene chert surface 

(horizon C) near the base of the sediment column. The 

hyperbola-like curve is the fit to the points; the two 

dashed lines are asymptotes of the curve. Symbols are 

identified in the caption to Figure 13. 
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Since the data for both regional velocity-depth functions are 

the same, the differences between the two curves must arise solely 

from the choices of datum level. Where the sea floor is used as 

datum level, velocities for the shallow layers tend to fall close to 

1.65 lan/sec, while scatter becomes more severe with depth. Referred 

to the chert surface, scatter for the deeper· layers is not so severe, 

but the data points for the near-surface layers tend to scatter 

much more. These observations indicate that seismic velocity is 

not a simple function of burial depth, but that each persistent 

structural layer in the Plateau must tend to have its own charac-

teristic velocity which is somewhat, though by no means entirely, 

independent of depth. For example, if at a given depth the point 

haooens to fall between A, and A". thP velo~itv will tend tn be 
• • J. .:.- J 

somewhat lower than if it fell between A2 and C. This tendency to 

assume characteristic velocities is strikingly illustrated by sta-

tions D-16 and D-21 (Figs. 1 and 9), where the sediments are very 

thin and velocity exceeds 3.5 lan/sec at less than half the usual 

depth. Nonetheless, seismic velocities for the individual layers do 

seem to range somewhat higher when overburden is thicker; according 

to the velocity-porosity relations established by Wood (1941) the 

very high 3.6 sec-1 velocity gradient which seems to prevail near 

the chert surface may result in part from this sensitivity to depth 

instead of representing only a lithological or petrological change. 

On the other hand, if those velocities located below the chert are 
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ignored, a line fit to the ones above the chert has the equation 

v 2.7 - 1.7 Y. (7) 

Because the uppermost sediments generally have a velocity near 

1.65 km/sec and depth to the chert varies with location, the gradient 

indicated for the upper sediments is smaller when the velocity 

function is referred to the chert than when it is calculated from 

the sea floor downward. 

Comparing seismic sections determined by reflection and refrac

tion methods presents a number of problems. First, it involves 

comparing a horizontal head-wave velocity with a kind of average 

vertical velocity. Second, it means comparing a velocity applying 

to the upper boundary of a layer with one associated with the middle 

of the layer. One approach to this problem is to use the middle of 

the assumed constant velocity layer of the refraction solution, but 

with this approach a missed layer means not only that a velocity step 

is omitted but also that the velocity determined for the layer above 

will be placed at too great a depth. And third, the deepest layer 

for which a refraction velocity is found can have no meaningful mid

layer depth assigned to it. Whenever an appreciable positive velocity 

gradient exists below the refracting interface, as is suspected may 

frequently be the case on the Ontong Java Plateau, the second and 

third problems become less significant, and it may be more realistic 

to assume that the refraction velocities and the interface depths 

calculated for them, in fact, represent points on a more or less 
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continuously increasing velocity-depth curve. However it is done, 

it is still informative to compare the results of analysis by the 

two methods. 

Refraction solutions have been obtained for a nU.rnber of the 
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ASPER stations (Figs. 15, 16a and b; Table 3) (Maynard et al., 1969; 

Hussong, 1972b). In these solutions, certain velocities consistently 

occur in given ranges of depth. A pronounced tendency for velocities 

to cluster around 1.7, 109, 2.1, and 2.4 km/sec is immediately 

obvious. Beneath the 2.4 km/sec layer there is, in five cases, an 

interface having refraction velocity between 3 and 4 km/sec . 

Through the use of explosives, a uniform 506 km/sec was determined 

for Layer 2 at four stations (5.5 km/sec at a fifth station); the 

depth to this interface ranges from 1.04 to 1.40 kilometers • 

When the individual reflection and refraction seismic sections 

are considered (Figo 15), it is found that, as compared with the 

reflection models, the refraction solutions are generally less 

detailed, tend toward smaller velocity gradients, and of course show 

no velocity reversals. However, the overall character of both types 

of model is otherwise quite similar, with similar, but usually 

fewer, steps in velocity in the refraction model. Moreover, despite 

the errors known to exist in both types of solution, the variations 

in velocity that undoubtedly occur between individual stations, and 

the difficulties inherent in the comparisons, there is no conspicuously 

consistent difference between the results of reflection and refraction 

analysis • 
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Figure 15. Seismic sections determined by refraction analysis of 

several ASPER records on lines K-K', M-M', and L-L' 

on the Ontong Java Plateau (see Fig. l); seismic 

sections uetermined from wirie-angie refiections, where 

found, are superimposed (dashed lines) for comparison. 

Seismic velocity is plotted against depth below sea 

floor (overburden). 
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Figure 16a. Composite function for refraction velocities plotted 

against mid-layer depth below sea floor (overburden, 

solid curve). (Open circles represent deepest refrac-

t:i.vn plottt:~ dt :i.ii.i:erfd.Ce Jepi:h,) rOJ. l:Ulll);Jar'i.::;on, the 

corresponding reflection composite velocity function 

(V-H) is superimposed (dashed line; from Fig. 13). 
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Figure 16b. The composite of refraction velocities plotted against 

depth below sea floor (overburden) of the refracting 

interface (solid line; V = 1.6 + 2.0 H). Also shown 

is line (dash-doc; V = 1.7 + 1.8 ii) constrained to 

pass through 1.7 km/sec at sea floor (nine super

imposed data points). For comparison, the composite 

reflection velocity versus overburden is also super

imposed (dashed line; V = 1.49 + 1.90 H). 
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The composite of all refraction velocities plotted against mid

layer depth below sea floor (it does not seem practical to refer 

these velocities to the chert) indicates a relationship that is not 

quite linear, but instead one which tends to be concave upward 

(Fig. 16a). While this concavity is definitely not as pronounced 

as in the case· of the composite of reflection velocities referred 

69 

to height above chert (Fig. 14), it is still sufficient to cause 

perhaps more resemblance to that curve than to the straight line of 

the reflection velocities referred to the sea floor; in addition to 

being concave upward, both models have a velocity of about l '.7 km/sec 

near the sea floor which remains very nearly constant to a depth of 

at least 0.2 km, and both attain a velocity near 3.0 km/sec in the 

neighborhood of 1.0 km depth • 

Nevertheless, comparison of the composite of the refraction 

velocities versus depth below sea floor (overburden) to mid-layer with 

the composite reflection velocity versus overburden function 

(Fig. 16a), indicates substantial agreement between the two sets of 

data, particularly over the upper 0.5 kilometers. Below about 0.5 km 

the refraction velocities seem to be lower than those determined from 

reflections, particularly around 0.6 km depth. However, this dis

crepancy may not be real, but rather an artifact of the sparse 

refraction data, missed layers, and the impossibility of assigning 

appropriate mid-layer depths to deepest refractions; in fact, judging 

from the deepest refractions, these deeper layers could possibly have 

as high, or higher, velocities at given depths than that indicated by 
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the reflection data. This is especially true in the region between 

about 0.7 Ian depth and the top of Layer 2, where only five refraction 

velocities were obtained, one of these a deepest refractor having a 

velocity of 3.8 Ian/sec • 

The composite refraction velocity function is not as well 

determined as 'that for the reflections because of the smaller total 

number of points and the difficulty of assigning any meaningful mid

layer depth to the deepest refraction velocity in each seismic 

section. Under these circumstances, it is possible that a linear 

relationship is the only one warranted by the data. Determined 

under the assumption of a comparable degree of error in both 

coordinates, the linear refraction velocity versus sediment thick

ness above mid-layer relationship is 

V = 1.7 + 1.5 H (mid-layer). (8) 

When a composite is made of the refraction velocities versus 

overburden above the refracting interface (Fig. 16b), the distribu

tion of points is such that only a straight-line representation 

seems meaningful; under the assumption of comparable error in both 

coordinates this becomes 

V = 1.6 + 2.0 H (upper interface) • (9) 

Over a depth of 0.98 Ian, this function gives a time-average velocity 

of 2.45 Ian/sec. 

It is to be noted that at the sea floor there are nine values 

of 1.7 Ian/sec and a single 1.6 Ian/sec velocity. For computational 
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purposes, sea-floor values of 1.7 Ian/sec were assumed in three seismic 

sections. These three velocities are not included in the composite. 

It is interesting to see what occurs when the line is constrained to 

pass through l."7 Ian/sec at the sea floor as well as through the 

center of mass of the data. To two significant figures (the maximum 

precision felt merited in any case by the sparse, irregularly 

distributed refraction data) this gives 

v 1.7 + 1.8 H (upper interface) (10) 

which yields a time-average velocity over 0.98 Ian, only insignificantly 

higher (0.03 Ian/sec) than the previous function. 

Compared with the composite reflection V-H function, the 

gradient of the refraction V-H function is too high by 0.1 sec-1 

(or low by 0.1 sec-1 if the line is constrained to include 1.7 Ian/sec 

at the sea floor) and the velocity is consistently too high by about 

0.1 to 0.2 Ian/sec, increasing from the sea floor to about 1 Ian 

(decreasing for the line constrained to 1.7 Ian/sec at H = 0). 

As noted earlier, the scatter in the interval velocity values, 

due to what is apparently an inherent instability of reflection 

solutions where thin layers are concerned~ makes it impossible to 

determine the fine velocity structure of seismic sections. If 

complicated variations in velocity are to be resolved, this fine 

structure must be known. The only quantitative results which indicate 

velocity reversals and which can be accepted with considerable 

confidence were those obtained for two ASPER stations, D-2 and D-3 • 

Here, the velocity reversal (row III, Fig. '6) begins at a depth 
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below the sea floor of about 500 m, and the low-velocity zone happens 

to be about 250 m thick, enough to be resolved. There is some question 

whether this velocity reversal is the result of a local low-velocity 

zone or high-velocity cap . Compared with the composite V-Y function, 

the velocity of the zone at D-2 and D-3 is close to normal, while the 

velocities of 'the intervals both above and below are somewhat higher 

than average. However, compared with the V-H composite, the velo

cities above and below the zone are little, if any, higher than 

average, while that of the zone itself is definitely low. Further

more, correlation from station to station reveals nothing that 

positively selects one case instead of the other, even when the 

continuous vertical reflection profile correlations of Kroenke (1972) 

are used. Therefore, while it is possible to say that there is a 

thick layer of material having unusually low velocity present that 

results in a velocity reversal zone at stations D-2 and D-3, and 

possibly for some distance around them, the nature of the physical 

situation responsible for the velocity-depth pattern in the area is 

not apparent. 

Qualitative, but fairly definite, evidence indicates that in a 

few places on the Plateau there is a very thin layer of sediments 

with a velocity less than that of sea water overlying the more usual 

bottom material having a velocity of around 1.7 km/sec. The 

evidence is the behavior of the first sub-bottom reflection curve, 

which in most cases either approaches or crosses over the ocean

bottom reflection as source-receiver range increases. However, in 

some cases, the first sub-bottom reflectiort curve becomes parallel to 
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the bottom reflection curve as range increases, or actually diverges 

slightly from it, indicating, in the simplest explanation, that the 

first bottom layer has a lower velocity than the overlying water 

(see Appendix 2). It is possible, of course, to attribute such 

behavior to a negative vertical velocity gradient or to lateral 

changes in the velocity of the layer; however, since the layer in 

question is at most a very few tens of meters thick where it exists 

at all, and since the interval velocities calculated for the layer 

vary widely and often take on physically unrealistic values, it is 

meaningless to consider any explanation beyond the simplest for the 

behavior of the curves. 
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At this point it is convenient to summarize and connnent on the 

results of the seismic analyses. Except in a few places where there 

is a thin veneer of material with a seismic velocity lower than that 

of seawater, the uppermost material in the sediment column has a 

velocity of about 1.65 to 1.70 km/sec. Furthermore, the preponderance 

of evidence indicates that, on the average~ the velocity gradient is 

zero or very small throughout the first 100 to 200 m of sediment 

usually underlying the sea floor. Velocities for the topmost layers 

in the reflection velocity versus overburden composite could just 

as easily be considered as scatter about a value of 1.65 km/sec, 

constant with depth to about 150 m, as to fall on the sloping line; 

note the visually fitted curve (dotted) in Figure 13. 

At a depth somewhere in the neighborhood of 150 m, the gradient 

in the average velocity begins to be significant and velocities of 

1.8 to 2.2 km/sec begin to appear; the velocity is typically 2.2 to 
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2.3 km/sec by the time a depth of 300 to 400 m is reached. Since in 

most cases the depth below sea floor to the chert is between 700 m 

and somewhat more than 800 m (the extreme range is from about 500 to 

more than 900 m), this corresponds to the approximate middle of the 

sediment column above the chert. Below this level it is more 

appropriate to refer interval velocity to height above the chert, 

since in this frame of reference the average gradient is more 

accurately determined, as the position in the column of the different 

velocities can be more closely fixed. These data indicate that in 

the 250 to 300 m of material lying just above the chert the gradient 

increases from about 1.7 to about 3.0 sec-1 ; in the layer or, more 

accurately, interval innnediately above the chert interface, the 

velocity reaches a value of about 2.8 km/sec, especially where the 

interval for which the velocity is determined is quite small, but 

the velocity averages nearer to 2.5 km/sec in this layer. 

That the interval velocity of the first interval above the chert 

is related to the thickness of the interval--the larger the interval, 

the lower the interval velocity-supports the hypothesis that there 

is a large average gradient immediately above the chert. And while 

the smooth, general function of interval velocity versus height above 

chert continues unbroken right across the chert interface (at 

2.8 km/sec) and attains its maximum gradient of 3.6 sec-1 only a 

little more than 100 m below, it must not be assumed that this 

continuity or regularity applies to any individual station. Without 

doubt, the velocity in the neighborhood of the chert, and at other 

locations in the column as well, has not only many first order 
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discontinuities and velocity reversals, but also higher order 

transition zones and other complex variations as well. And while 
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it is clear that at least part of the composite gradient is a result 

of the averaging-out of first order discontinuities which exist in 

the individual stations, it is not clear how much of the gradient is 

a result of essentially continuous variations in velocity within the 

individual sediment units • 

Beneath the chert the velocities are scattered between about 

3.0 and 4.0 lan/sec, averaging about 3.3 lan/sec. However, gradients 

indicated for this region must be accepted with caution and with full 

recognition of what they are: artifices of the averaging or 

compositing of many stations for which the velocity versus depth 

varies considerably and irregularly in detail. The sub-chert 

portion of the column bottoms on a consistently 5.6 lan/sec Layer 2. 

A method for determining sub-bottom velocities by utilizing the 

onset at critical ranges of large amplitudes in multiple reflections, 

or the slopes of the reflection curves at those points, was reported 

by Sutton and Maynard (1971),who demonstrated the application of the 

method on an ASPER record made in the New Hebrides region exhibiting 

14 multiples. This method (see Appendix 2) was applied to the ASPER 

record from station D-20 (Fig, 4), a record with five or six 

exceptionally clear multiples, depending upon which of the two 

reflectors that were studied is chosen. 

For the shallower of these two reflectors, the slopes of the 

reflection curves at critical ranges gave velocities averaging 

2.25 lan/sec (standard deviation= 0.11; standard error= 0.06), 
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while step-out of critical ranges in successive multiples gave an 

average velocity of 2.11 km/sec (standard deviation = 0.05; 

standard error = 0.03) for five multiple reflections. For the 
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deeper reflector, the slopes gave a velocity of 2.92 km/sec (standard 

deviation= 0.17; standard error = 0.09) and critical ranges yielded 

2.75 km/sec (standard deviation= 0.36; standard error= 0.18). 

However, for this deep reflector, the velocity determined from the 

individual critical ranges fell from 3.40 to 2.37 km/sec between 

the first and sixth reflections. 

When these solutions are compared with those obtained by the 

refraction and wide-angle reflection methods, the results are not 

too encouraging. The refraction solution for D-20 (Figs. 4, 8, and 

15) shows velocities of 1.7 (assumed), 1.9, and 3.0 km/sec, the 

latter at a depth of 570 m, well below the deeper reflector con

sidered here. The wide-angle reflection solution shows velocities 

of 1.65, 1.95, 2.40, and 3.08 km/sec; again, none of which agree 

with either velocity determined from multiples. The reason for this 

lack of agreement is not apparent at this time. It is suspected 

that it results from a propagation of errors introduced by the known 

small, but perhaps significant, fluctuations in depth to the ocean 

floor and the various sub-bottom layers; however, the continuous 

vertical reflection record for this profile is not of sufficient 

quality to verify this • 
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Chapter 6 

SOME COMPARISONS AND THEIR IMPLICATIONS 

Deep Sea Drilling Project Site 64 (1°44.S'S, 158°36.S'E, 

August 31-September 6, 1969) (Winterer et al., 1971) provided 

considerable information on the composition and geological character 

of the Ontong Java Plateau. Coring operations, which stopped at 

983 m on the ubiquitous Eocene chert, revealed that above the chert 

the sediments are composed of from 80 to more than 90 percent 

calcareous nannofossils, with the remainder consisting of coarser

grained siliceous vitric ash, radiolarians, sponge spicules, and 

tests of planktonic and benthonic foraminifers. In general, the 

dominant sediment from Eocene to the present has been carbonate ooze, 

and indications are that diagenesis in the form of compaction and 

silicification has produced lithification that grades from chalk 

oozes to chalks to limestones. Composition and grade of diagenesis 

vary enough that oozes and chalks in the shallower parts of the 

section alternate with depth over much of the column, while farther 

down in the section friable chalks and non-friable limestones 

alternate with one another until the chert is reached. Undoubtedly, 

these variations are responsible for the many seismic reflections in 

the profiles taken in this area. 

While drilling rate has been and probably can only be approxi

mately correlated with changes in lithology, nonetheless, at depths 

of 430, 710, and 980 m the drilling rate at Site 64 decreased 

markedly; the cores taken near those depths indicate changes from 

predominantly calcareous oozes to chalks, from chalks to limestones, 
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and from limestones to cherty limestone, respectively (Fig. 17) • 

Furthermore, in continuous vertical reflection profiles these depths 

correspond at this site to those of three prominent reflectors which 

Kroenke has named A1 , A2 , and C, and has traced in unbroken, closed

loop networks over much of the Plateau. 

Station b-3 (1°36.0'S,
0

158°27.9'E) of this investigation is 

located about 22 km southeast of DSDP Site 64. Since the two 

locations are so close to each other it seemed not unreasonable 

to expect that changes in the lithology, stratigraphy, and velocity 

structure between them would be small. Also, the ASPER record from 

Station D-3 (Fig. 2) shows a large number of reflection curves, 16 
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of which can be resolved (13 above the chert interface), thus 

yielding an unusually detailed seismic section. In view of these 

facts, it was expected that depths to changes in drill penetration 

rate observed during operations at Site 64 could probably be matched 

with considerable confidence with calculated depths to reflectors at 

station D-3. In addition to providing a check on the latter, such a 

comparison should further verify the continuity of the A1 , A2 , and C 

interfaces on the Plateau and the possibility of using the reflection 

methods to resolve, identify, and trace them. Then, provided that 

allowances are made elsewhere on the Plateau for the disappearance 

of the combination of a thin high-velocity layer over a thick 

interval of unusually low velocity (for that thickness of sediments) 

associated with the velocity reversal prevailing in the neighborhood 

of D-2, D-3, and Site 64, this would permit the use throughout the 

Plateau of the information obtained from the drilling operations, 



79 

Figure 17. Comparison of detailed seismic section for D-3 (Fig. 6, 

row I), the nearest ASPER station, with drill penetra

tion rate at DSDP Site 64 (see Fig. 1). The Ai, A2, 

and Care after Kroenke (197l); in order for the various 

interfaces and discontinuities to correspond, the entire 

seismic section is shifted downward about 56 m relative 

to the sea floor. 
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especially the insights gained concerning the physical nature of the 

interfaces and layers responsible for the various reflection curves 

in the ASPER records. 
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In order to obtain good agreement between the reflections at 

ASPER station D-3 and the levels at which drilling rate changed at 

Site 64, it is· necessary to offset the sea floor downward about 56 m 

at D-3, as compared with Site 64 (Fig. 17). When this is done, 

reflectors Ai, A2 , and c, and several other noticeable breaks which 

occur in both graphs, then match up quite well. Most reflections in 

the seismic section appear to have a counterpart in the drilling rate 

changes; however in some cases this is probably fortuitous since many 

small changes in the drilling rate have no counterpart in the less

detailed seismic section . 

In this comparison, one puzzling aspect emerges: the contradic

tion between drilling rate and interval velocity in the vicinity of 

the A1 interface. Directly above A1 the interval velocity becomes 

quite high, but there is no concomitant decrease in drilling rate. 

On the other hand, inunediately below A1 , where a sharp decrease in 

drilling rate indicates that velocity should increase sharply, the 

opposite occurs. Part of the problem undoubtedly relates to the 

erratic velocity values which result from the thin intervals, and 

another part may well result from changes in drilling procedure made 

by the drill operators. In any case, as mentioned previously, there 

seems little doubt about the existence in the vicinity of D-2 and 

D-3 of a velocity reversal between A1 and Az, since it appears in 
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even the simplified seismic sections of both stations; and judging 

from the drilling rate, it appears not unreasonable that a similar 

situation exists at Site 64. 
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Another puzzling aspect of the comparison is that the two graphs 

have to be offset by 56 m relative to each other (station D-3 shifted 

downward) in order to agree. Since apparently only the topmost part 

of the sediment column is involved, the discrepancy probably results 

from some variation in deposition, erosion, or both, at the top of 

the column; but in an area remarkable for its uniform conditions and 

structure it is not clear what agent, or agents, could be responsible • 

However, Kroenke (1972) has noted evidence of extensive erosion, 

presumably submarine, in other sections of the Plateau. 

Aside from the foregoing, changes in lithification, as indicated 

by penetration rate at the drilling site, appear to correlate well 

with the adjusted (by 56 m) levels of the reflectors at the ASPER 

station. However, there is poor correlation between seismic velo

cities determined from ASPER data and sonic velocities obtained by 

velocimeter measurements on the drill cores. In this region of the 

Plateau, both the velocimeter and the reflection measurements indicate 

a velocity near that of sea water innnediately below the water-sediment 

interface, and both methods give velocities over much of the rest of 

the column that are substantially lower than those normally exhibited 

at those depths either by reflection or by refraction solutions; but 

generally the difference between the velocimeter and the wide-angle 

reflection velocity measurements is substantial. The interval 

velocity is, with few exceptions, 0.2 to more than 1.0 km/sec greater 
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than the corresponding value obtained from the velocimeter. However, 

it must be noted that the velocimeter measurements were not corrected 

for confining pressure at depth and that the core samples were much 

disturbed by the drilling operations, both circumstances tending to 

produce abnormally low velocities. 

It is interesting to compare average vertical velocities deter-

mined from data obtained at the drilling site with those obtained 
/ 

from ASPER results. The chert layer at Site 64 lies 983 m below the 

sea floor and the two-way vertical reflection time is 0.97 sec, 

indicating a time-average velocity of 2.03 km/sec through the 

sediment column above the chert. If a constant gradient is assumed, 

then any one of an infinite family of linear velocity-depth functions 

(Kaufman, 1953) will give this time-average velocity. A few members 

of the family are (in increments of gradient of 0.25 sec-1): 

V = 1.58 + 1.00 H 

V = 1.48 + 1.25 H 

V 1.38 + 1.50 H 

V 1.30 + l,75 H 

v 1.21 + 2.00 H 

In these equations, when the initial velocity is reasonable, the 

gradient is quite small: 1.00 sec-1 or perhaps a little more. This 

is not unreasonably different from what the velocity results at D-2 

and D-3 seem to indicate when they are considered separately from 

the other ASPER stations, and, in fact, this is a slightly larger 

gradient than the velocimeter results would lead one to expect • 
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Compared with the velocity versus overburden composite (Fig. 13), 

however, when the initial velocity is reasonable, the gradient is 
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too small, and when the gradient is close to that indicated by the 

composite, .the ·initial velocity is unreasonably low. Since the thick 

interval of low-velocity material indicated to lie beneath a velocity 

reversal at stations D-2 and D-3 is apparently limited in extent to 

a neighborhood including these stations and probably Site 64 

(Figs. 6 and 10), and since there seems to be an extra 56 m of 

sediment, as compared with D-3, on top of the column at Site 64 

(Fig. 17), some discrepancy should not perhaps be unexpected • 

It is also interesting to note that in the composite of velocity 

versus height above chert, the time-average velocity over 980 m 

(above chert; includes the 56 m difference) is 1.98 km/sec, slightly 

lower than the 2.03 km/sec indicated by the DSDP Site 64 data. 

Since the general shape of this composite velocity function is similar 

to what is believed may actually exist over most of the region 

(which, in general, seems to have no consistently appearing velocity 

reversals), the closeness of agreement between the two results is a 

little surprising . 

Several other people have made studies of the velocity structure 

of the ocean-bottom sediments. Sutton et al. (1957) made velocimeter 

measurements on cores from the North Atlantic Ocean. Although the 

cores were only from the upper few meters of the sediment column, 

their measurements show that the velocities in ocean-floor clays range 

from 1.43 to 1.70 km/sec, with a mean of about 1.55 km/sec; the lower 

ranges are not too different from what is t 'rue for the thin, low-
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velocity layer sometimes found on the Ontong Java Plateau, even 

though the latter is a calcareous ooze with a very small clay fraction. 

Sutton et al. also found that the velocity of calcarenites ranges from 

1.65 to 2.77 km/sec, with a mean of 1.7 km/sec; this mean is close to 

that for the calcareous sediments normally comprising the upper layer 

of the Plateau. However, their three longest cores (about 5 m) did 

not reach deeply enough to reveal any systematic tendency for velocity 

to increase with depth in the upper part of the sediment column, since 

in the range of porosities found in their study velocity varies little 

because it is near a minimum in the velocity-porosity relationship 

(Wood, 1941; also see paragraphs that follow). 

Fry and Raitt (1961) used the initial amplitudes of bottom

reflected sound to find the sonic velocity at the water-sediment 

interface of calcareous oozes. They compared their results (corrected 

to laboratory conditions) with the laboratory results of Laughton 

(1957), Sutton et al. (1957), and Shumway (1960), and both lines of 

evidence agree that the velocity of such sea-bottom oozes should be 

about the same as that of sea water, and sometimes slightly less, 

again consistent with what is inferred to be the case with the thin, 

sporadically appearing surficial layer on the Ontong Java Plateau. 

Houtz and Ewing (1963, 1964) studied the sediments of the North 

Atlantic using reflection and refraction methods. Most of their work 

was in deep water and in sediment types different from those inves

tigated here. Furthermore, this work was done using explosive 

charges and two ships, so the seismic models obtained are somewhat 

less detailed than those obtained later by Houtz et al. (1968), who 
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used air guns and sonobuoys. Houtz et al. (1968) also worked in a 

wider range of environments in the North Atlantic, the South Atlantic, 

the Gulf of Mexico, and the Pacific. Even though few, if any, of 

their sonobµoy stations were located in areas geologically comparable 

to the Ontong Java Plateau, and none seem to have been located over 

any other region characterized by thick, shallow-water, calcareous 

sediments, their results are closer to those presented here than is 

any other published study. Ewing et al. (1969) made four traverses 

with continuous vertical reflection profiling and some sonobuoy 

stations, across the Ontong Java Plateau and its inunediate surround

ings. While they do not give the location of the sonobuoy station 

for which results are given, the results agree well with the general 

results of this study, differing mostly in having less detail, 

notably, omission of the Ai horizon. 

The results obtained at station D-22 (Fig. 9) located in deep 

water near the Line Islands, are in substantial agreement with those 

obtained by Houtz et al. (1968) in the Pacific Ocean. However, the 

bulk of this investigation has no geologic counterpart in their work 

and comparisons are therefore difficult. Furthermore, the high

frequency content of the ASPER records gave conside rably greater 

resolution of the upper 1 km of the sediment column (although 

penetration was usually less) than that obtained by Houtz et al • 

Not too surprisingly, all the regional velocity curves at which they 

arrived differ substantially from the two composite velocity curves 

found for the Ontong Java Plateau. In particular, both of the 

curves reach substantially higher velocities in the upper kilometer 
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(about 0.5 sec one-way travel time) of the sediment column than do any 

of their curves, and the Plateau curves tend to be concave upward 

(when they can be called other than linear), in contrast to the 

tendency toward downward concavity in those depth ranges in the 

regional curves of Houtz et al., although one might question the 

existence of s·uch downward concavity if the curves were not constrained 

to pass through 1.52 km/sec at the ocean floor • 

Knox (1965), for a site north of the Puerto Rico Trench, used 

wide-angle reflections and r2 - x2 methods to obtain values of 

average velocity versus depth below sea floor (overburden), which he 

least-squares-fit with a third degree polynomial. From this curve 

he derived a velocity versus overburden function which has an initial 

velocity of 1.37 km/sec and a velocity gradient which is quite large 

near the sea floor but becomes progressively smaller with depth, so 

that the function is concave downward. Knox recognized that this 

curve predicts erroneously low velocities at shallow depths, and 

suggested that it be modified to include a constant 1.52 km/sec 

within the uppe r approximately 0.2 kilometers. With this modification, 

Knox's instantaneous velocity curve agrees with the velocity versus 

overburden curve (eqn. 6) from the Ontong Java Plateau within about 

0.1 km/sec down to a depth of at least 0.6 kilometers. Below this 

depth the downward concavity in Knox's function causes increasingly 

serious disparity between the two curves. 

It is informative to compare the results from the Ontong Java 

Plateau investigation with the compressional velocity versus depth of 

burial (overburden) data obtained by Nafe and Drake (1961), who 
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identified separately the data from different regions. They found 

that by a suitable choice of constants a and b, a V-H equation of 

general form V = a + 4.30 (1 - e-bH) could be empirically fit to the 

velocities .they found in many parts of the oceans; in particular, 

they found a= 1.70 km/sec and b ranging from 0.5 to 0.9 km-1 appro

priate for shallow water. While the water depth over the Ontong 
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Java Plateau would be of intermediate depth by their classification, 

nevertheless, using a = 1.49 km/sec, the initial velocity from the 

linear velocity versus overburden composite, and b = 0.6 km-1, the 

results from the Plateau can be closely represented by their equation, 

i.e., 

V = 1.49 + 4.30 (1 - e-0.6H). (11) 

Agreement is quite good to a depth of about 1 km, where curvature 

in the Nafe-Drake equation becomes significant. 

The works of Nafe and Drake (1957) were further employed in this 

study. Their empirical equation relating porosity, ~. and compressional 

velocity, V, is 

(12) 

where 

v compressional-wave velocity in sediments 

~ = porosity (fluid fraction) 

P1 = density of fluid fraction 

Pz density of solid particles 

p = ~pl + (1-~) Pz 
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k incompressibility of solid particles 

µ. rigidity of solid particles 

q (4/3) (µ./k) 

Vl' = c·ompress ional-wave velocity in fluid 

Vz = compressional-wave velocity in solid particles 

and 

(13) 

In decreasing order of likelihood, the values of n most likely 

to describe observed cp-V relationships in marine sediments are 5, 4, 

and 6. The Nafe-Drake equation was used with n = 4 and n = 5 to find 

porosities corresponding to the seismic velocities in both composite 

curves for the Plateau (Fig. 18). Referred to the sea floor (over

burden), with n = 5, the porosities predicted by the Nafe-Drake equa

tion range from 0.59 at the water-sediment interface to 0.26 just 

. above the chert surface. The porosity (cp) versus overburden function 

actually undulates slightly when plotted semi-logarithmically, but it 

is reasonably well approximated by 

cp = 0.58e-0.84H (14) 

and the cp versus H curve has the general character expected for a 

compaction process, If n = 4, the predicted porosities range from 

Oo70 at the sea floor surface to 0.32 at the chert, and the cp-H 

function is approximately 

cp = 0.68e-0.76H, (15) 
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Figure 18. Porosity, ~' predicted for the Ontong Java Plateau by 

the Nafe.-Drake (1961) curves using velocities from the 

two composite velocity functions. For each function, 

porosity was determined for n = 4 and n = 5 in the N-D 

equations (eqns. 12 and 13)o The resulting two curves 

based on the interval velocity versus depth below sea 

floor (V-H) are labelled OB; the applicable depth scale 

(in km) is on the left of the vertical axis. Porosity 

based on velocity versus height above the chert inter

face (V-Y) is labelled CH; the height scale is to the 

right of the axiso The chert interface, C, is shown 

at Oo98 km, its depth at DSDP Site 64. Porosities 

indicated by the solid circles were determined 

experimentally by Winterer et al. (1971) at Site 64. 
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Corresponding density (p), calculated from the equation 

p = 2.68 - 1.65~ ' (16) 

is given in Figure 19 for both n = 4 and n = 5 . 

Referred to the level of the chert, the calculated porosity 

(Fig. 18) has ·no simple algebraic, logarithmic or semi-logarithmic 

relationship to height above chert which is valid over the entire 

sediment column. However, from almost 500 m above the chert to 

possibly 200 m below, the porosity determined from the V-Y composite 

velocity curve is an almost linear function 

~ ~ 0.32 + 0.38Y , (17) 

and consequently, so is density over that range (Fig. 19) • 
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The porosities determined for the cores taken at DSDP Site 64 

are also shown in Figure 18. In the upper 200 m below the sea floor, 

the measured values are not too different from those predicted by the 

Nafe-Drake equation using n = 4 and velocities from the V-H composite 

function. Between about 200 m and 500 m the measured values lie 

between the n = 4 and n = 5 Nafe-Drake curves where velocity was 

taken from the composite V-Y function. Below about 600 m the measured 

porosities tend to be higher than predicted values and are likely to 

be the result of disturbance during the drilling and coring operations 

at DSDP Site 64. 

Laughton (1957) derived a relationship between compressional 

velocity and depth of burial in uncemented Globigerina oozes from the 
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Figure 19. Density, p, computed for the curves in Figure 18 using 

p = 2.68 - 1.65 ~. The scale to the left of the 

vertical axis gives H, the depth below sea floor; the 

corresponding curves are marked OB. The scale to the 

right shows Y, the height above the chert, C; corres

ponding curves are marked CH. The chert interface is 

shown at 0.98 km, as it is found at DSDP Site 64. 
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results of compaction experiments. His equation is 

V = 1.65 + 0.44H~ (18) 

and is considered to be the lower limit for calcareous sediment 

velocities at a given depth of burial. Since this equation predicts 

velocities which agree with the results of this investigation only at 

the sea floor, or slightly below, and thereafter predicts values far 

lower than those observed, it is necessary to look for a controlling 

factor other than compaction for these deeper lying velocities. 

Sutton et al. (1957) found that, while the velocities of low-carbonate 

ocean-bottom sediment samples closely follow the velocity-porosity 

relationship given by eqn. (13) (Wood, 1941), which disregards the 

rigidity of the "slurry", the velocities of sediments with high 

carbonate content tend to be higher than the equation predicts. 

Hamilton (1959) also noted this difficulty and noted that pressure

point solution and reprecipitation of calcite in sediments starts at 

quite-low pressures and at as little as perhaps 100 to 200 m of over

burden. Under such circumstances, even if cementation were negli

gible, the resulting closer fit between solid particles should lead 

to an increase in effective rigidity of the sediments and to velo

cities higher than predicted by the compaction theory of Laughton 

(1957). Shumway (1960) further pursued the difficulties of predicting 

the velocities in materials with high carbonate content, noting that 

velocity depends on carbonate content in a complicated way; and he 

also pointed out the need to consider the effective rigidity of such 

materials and the difficulty of determining it . 
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In summary, it is seen that compressional velocity in calcareous 

marine sediments commonly increases much more rapidly with burial 

depth than Laughton's theory can account for. It appears that 

cementatio~, and probably the mechanical interlocking of particles, 

resulting from pressure-point solution and reprecipitation, or some 

similar mechanism, plays a major role in causing this rapid increase. 

Consequently, any equation which is proposed to account for velocity 

as a function of porosity, and fails to consider the effective 

rigidity of the body of porous material under study, as does the 

corrnnonly used version of the Wood equation (eqn. 13), will fall short, 

and must be replaced by some equation which does consider the 

effective rigidity, as, for example, the Nafe-Drake equation (eqn. 12) 

or the generalized Wood (1941) equation (which reduces to eqn. 13 

when µ. = 0) : 

Vws :: [ (~s + 4/3µ) I (fsPs + fwPw) J ~ (19) 

where 

µ effective modulus of rigidity 

l<ws 
:: 1/ (fsSs + fwSw) effective bulk modulus 

fs volume fraction of solid particles 

fw :: volume fraction of fluid 

Ps density of solid particles 

Pw density of fluid 

~3s :: compressibility of solid particles 

Sw :: compressibility of fluid 
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The problem, of course, is how to determine a suitable effective 

rigidity (and modified incompressibility in N-D equation)--and herein 

lies the principal difficulty in use of the Nafe-Drake equation: the 

correct value of n in eqn. 12 must somehow be determined • 

Of course, an obvious converse to this problem is that if the 

velocity is known and the porosity can somehow be found from, say, a 

suitable choice of Nafe-Drake curve, then the effective rigidity 

(and incompressibility) can be estimated from the Nafe-Drake or the 

Wood equations. Meanwhile, how to predict velocity in calcareous 

sediments as a function of overburden remains an open problem, and in 

locations where the usual difficulties associated with calcareous 

sediments are further complicated by such factors as erratically 

distributed zones of silicification, as the cores from DSDP Site 64 

indicate to be the case on the Ontong Java Plateau, precise prediction 

of velocity in specific locations may well be impossible • 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Chapter 7 

CONCLUSIONS 

A striking feature of the Ontong Java Plateau established from 

seismic studies is the remarkable uniformity of sediment thickness 

and continuity throughout the region of certain key layers. This 

uniformity and continuity is particularly noticeable when the chert 

is used as the datum level. The continuous, horizontal, flat-lying 

nature of the reflecting interfaces bounding these key layers was 

first established by continuous vertical reflection profiles and 

then corroborated, first by refraction, and later by wide-angle 

reflection solutions of ASPER data. These solutions also provided 

velocity information which allowed the determination of absolute 

thicknesses and depths • 
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Another striking feature of the Plateau, established by the 

drilling of DSDP Site 64, is the uniformly calcareous nature of the 

entire geologic column down to the Eocene chert surface, a composition 

resulting from a 35-million-year accumulation of oozes consisting of 

80 to 90 percent, or more, of nannofossils. When it proved possible to 

correlate reflectors in the wide-angle reflection profile at D-3 

with changes in drilling rate at known depths at Site 64, it then 

became possible to identify the reflectors associated with changes in 

lithology noted in the cores. Because of the general consistency 

of the results obtained over the Plateau by the different seismic 

methods it is probable that changes in lithology observed at Site 64 

occur over the rest of the Plateau at, or at least near, the key 

reflecting horizons A1 , A2 , and C • 
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With the various reflectors identified and correlated throughout 

the region, using unbroken nets of continuous vertical reflection 

profiles (Kroenke, 1972), it was possible to obtain corresponding 

interval velocities from the wide-angle reflection data which then 

allowed the construction of composite velocity versus depth curves 

for the Plateau. Kroenke (1972) has used all available information 

to construct isopach maps of the entire region and deduce its geology • 

When mapping the sediments on the Plateau from continuous 

vertical reflection profiles, more accurate results will usually be 

obtained if the composite velocity function referred to the chert 

surface is usedo The linear composite velocity function (V = 1.49 + 

1.90 H; Fig. 13) which results when the velocities are referred to 

depth below the sea floor (overburden), H, probably is linear as a 

result of the combined effects of the low precision of the interval 

velocity values, the shape of the V-H curves for the individual 

stations, and a tendency toward independence of velocity from 

overburden for the various depositional units. The hyperbola-like 

composite velocity function, V-Y, (Fig. 14) which emerges when the 

velocities are referred to the chert surface is, except near the sea 

floor, probably a better approximation to the true situatiop. This 

is supported by, among other things, the fact that for individual 

stations more than half of the wide-angle reflection V-H functions, 

and about half of the refraction solutions, show an upward-concave 

overall character. And although the remaining refraction solutions 

could for most practical purposes be considered linear with depth, 

the remaining reflection solutions vary too· erratically from one 
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station to the other for any strong trend to be established. It 

would, of course, make sense to use the V-H function when doing work 

involving only the shallow portions of the sediment column, and the 

V-Y function when working exclusively near the chert • 

The apparent contradiction between the two composite velocity 

functions as respectively referred to the s ea floor and to the chert 

surface seems to have the following explanation. As noted earlier, 

each layer continuous throughout the region apparently tends to 

assume a characteristic velocity not too greatly modified by the 

amount of overburden. This means that at all stations certain 

characteristic velocities tend to appear in the velocity structures 

whether the sediment column thins or not. (In some cases it may be 

that the overburden was once thicker but has been partially stripped 

away by underwater erosional processes (Ewing et al., 1969; Kroenke, 

1972).) These velocities are distributed with depth in such a way 

that at any randomly chos en ASPER station the results of the wide

angle reflection and refraction analyses can in half or more of all 

cases be closely approximated by a continuous, upward-concave, 

smooth V-H curve with general shape similar to that of the V-Y curve 

in Figure 14. Irrespective of total sediment thickness, each curve 

will tend to exhibit at shallow depths a velocity in the neighborhood 

of 1.65 lan/sec and a gradient which is small or zero; at mid-depths 

a velocity around 2.0 lan/sec and a gradient which is just becoming 

significant; and at depths in the vicinity of the chert surface a 

velocity approaching 3.0 lan/sec and a gradient which is quite large, 

perhaps near 3.6 sec-1 • Referring all depths to the chert surface 
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tends to concentrate those data points in the strongly sloping part 

of the velocity-depth curve and to vertically scatter the velocities 

for those layers near the water-sediment interface where the velo

cities are much nearer to a constant value and the s6atter is 

smaller. Referring the depths to the sea floor, below which the 

velocities are usually reasonably uniform for more than 100 m, 

results in a vertical distribution of the sloping lower portions of 

a group of upward-concave individual velocity depth curves. When 

the additional scatter which results from the variation in layer 

thicknesses among these individual curves is superimposed on the 

already present rather large scatter in velocity values, an apparently 

linear velocity distribution results. 

The linear composite V-H function gives a time-average vertical 

velocity through the sediment column at DSDP Site 64 of 2.30 km/sec, 

which is 13 percent higher than the 2.03 km/sec determined for that 

location from the vertical reflection and drilling data; the time

average vertical velocity of 1.98 km/sec determined for the hyperbola

like composite V-Y function is 2.5 percent low. Comparisons of time

average vertical velocity as determined from the composite velocity 

functions with the time-average vertical velocity found at Site 64 

are complicated by the bias toward the high-velocity end of the 

linear V-H function and the low-velocity end of the V-Y curve, 

resulting from the fact that the sediments around Site 64 are probably 

thicker than anywhere else on the Plateau. Since the extra thickness 

occurs in the upper parts of the sediment column, mostly above the Ai 

horizon, this may at least partly explain the closer agreement of the 
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V-Y curve; in fact, extrapolating the V-H curve upward to 56 m above 

the sea floor and time-averaging over 0.98 km below that depth yields 

a time-average velocity of 2.18 km/sec; 7 percent greater than that 

obtained fr.om measurements at Site 64 as compared with 13 percent 

found using the unaltered V-H function. 

Velocity versus depth below sea floor (overburden) for the 

Ontong Java Plateau agrees generally with the upper kilometer range 

of the function found by Knox (1965) for the Puerto Rico outer ridge, 

especially if the latter is modified, as proposed by Knox, to include 

a constant velocity within the first 100 to 200 m below the sea floor, 

and provided that its slight downward-concavity over the upper kilo-

meter is ignored. The V-H function for the Plateau also closely fits 

the shallow-water measurements from the Gulf of Mexico, the Gulf of 

Cadiz, and the North Atlantic reported by Nafe and Drake (1961); in 

fact, their V-H equation in the general form, V =a+ 4.30 (1-e-bH), 

requires only the entry of the proper values of a and b to provide a 

reasonable fit for the composited data from the Plateau: 

V = 1.49 + 4.30(1 - e-0.6H) 0 (11) 

This places the Ontong Java Plateau results more or less between the 

Blake Plateau [ V = 1.70 + 4.30(1 - e-0.9H) J , and the deep oceans 

(V = 1.65 + 0.64 H~ , as Nafe and Drake also reported) • 

With n 5 and n = 4, the Nafe-Drake empirical relationship for 

porosity as a function of seismic velocity was used with both compo-

site velocity functions to determine corresponding porosities for 

the Plateau sediments. Plotted semi-logarithmically, the porosity, ~ • 
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indicated for the linear V-H function, forms a slightly sinuous curve 

which is approximated within 0.02 porosity by straight-line equations 

~ = 0.58 e-0. 84H, (n=5) 

0.68 e-0 • 74H, (n=4) 

(14) 

(15) 

Such exponential decrease of porosity with depth suggests self

compaction. However, this relationship is a consequence of the 

linear nature of the V-H function, which is not believed to represent 

the true physical situation, but is, as noted, thought to be a 

consequence of scatter in the values in the lower portions of a 

superposed family of upward-concave, hyperbola-like curves. In such 

a case, the foregoing ~-H equations, which, in effect, invoke the 

single mechanism of self-compaction and consequent reduction in 

porosity to account for increases in the values of elastic constants 

resulting from several mechanisms, predict smaller porosities at a 

given depth and a faster rate of compaction with increasing depth 

than is actually the case. As determined from the V-H function, 

porosity is always substantially lower than that measured on cores 

from DSDP Site 64, although it is thought that, as in the case of 

the too-low velocimeter measurements, the coring operation disturbed 

the cores enough to result in porosities that are too high. 

The porosity curves corresponding to the velocities in the 

composite V-Y function, referred to height above chert, are concave 

upward, in contrast to the downward concavity obtained when referred 

to the sea floor. Actually, between 500 m above the chert interface 
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and 200 m below it, porosity can be closely approximated by the line 

~ = 0.32 + 0.38 y • (17) 

Again, the .implication is that agents other than simple self

compaction have acted to reduce porosity at depth, and, in fact, 

Site 64 core samples do show that chemical processes have produced 

silicification and perhaps other forms of lithification, an occurrence 

common in shallow water. 

There are thus several pieces of evidence to suggest that the 

Ontong Java Plateau has been at approximately its present shallow 

depth since Eocene time. The seismic velocity versus overburden 

relationship is that for shallow water. The chemical action indicated 

in the cores is suggestive of shallow water. The overwhelming 

preponderance of nannofossils in the calcareous material making up 

the sediment colt.nnn between the sea floor and the chert surface suggests 

that shallow water has prevailed for about 35 million years, and, in 

fact, has probably prevailed in a climate not too different from 

that now existing in the region. As inferred by Winterer et al. 

(1971) at Site 64, the rate of accumulation has been, on the average, 

either steady or moderately increasing with time. All else being 

equal, this indicates that during that time water depth was at most, 

only a little deeper than at present, and in fact, was probably 

becoming somewhat shallower as sediment deposits built up and the 

basement simultaneously sank at a slightly slower rate to isostati

cally accommodate them. Ewing et al. (1969) also infer that the 

region is probably slowly sinking, and they· note the tendency for the 
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sediments to thin to the east on the spur of the Plateau as water 

depth increases, in agreement with what this study found as one 

moves off the Plateau proper and progresses through stations D-18 to 

D-16 and D-210 

The 5.75 km/sec Layer 2 found by Ewing et al. is in agreement 

with the quite uniform 5.6 km/sec determined by Hussong (1972b), and 

the depths found by both parties agree quite well. However, 

Kroenke (1972) believes that at least part of this acoustical base

ment is intruded rather than extruded basalt--as Ewing et al. 

thought--and Kroenke's postulate of a crust composed of a great 

thickness of submarine plateau or flood basalt flows is the best 

explanation yet put forward for the extremely thick, although 

isostatically compensated, oceanic crust • 

Although oceanic plateaus such as the Ontong Java Plateau do 

not appear to be a common geological occurrence, it would be sur

prising if it proved to be the only one of its kind in existence • 

Actually, the only other such plateau in a reasonably uncomplicated 

geological setting may be the smaller Manihiki Plateau (centered 

near 12°s-163°W)o The latter has been partially studied (Sutton 

et al., 1971) but it would be informative to subj ect it to a com

prehensive investigation similar to that of the Ontong Java Plateau. 

It would also be informative to make an intensive ASPER study 

of a small, preselected area on either the Ontong Java or the Manihiki 

plateaus and compare the results with those of the more extensive 

surveys as exemplified by this study. If an especially favorable 

area perhaps 25 km square, or less, were selected, and reversed ASPER 
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and CVR profiles were obtained in several directions over it, it should 

then be possible not only to determine the velocity structure with 

exceptional precision but also to find out much about the statistical 

variation to be· expected in this kind of work as well as to determine 

the relative importance of different sources of error. And while 

such an intensive survey would still lack the theoretical elegance of 

the conunon-point reflection method of Meissner (1966) and the 

convenience of Musgrave's (1962) expanding-spread arrangement, it 

would be a workable, economically feasible approach that would be 

practical at sea • 

The foregoing scheme for improving the accuracy of the velocity

depth function for a particular location requires no significant 

alteration either of instrumentation or of technique, and since 

neither is anywhere near ultimate development, both accuracy and 

detail in velocity-depth functions can be significantly improved with 

reasonable effort. A particularly obvious area for further develop

ment is in the instrumentation. 

As it presently exists, the ASPER system is an effective, 

versatile tool for seismic wide-angle reflection and refraction 

studies of the earth's crust beneath the oceans. When it is used 

instead of the second ship normally required in conventional seismic 

operations at sea, significant economies are realized; but even more 

important, its use also results in much denser, more detailed data. 

With minor adjustments, the same system can be used for refraction 

surveys of the deep crust or for refraction or wide-angle reflection 

surveys of the ocean-bottom sediments, in all cases with unprecedented 
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resolution of geologic detail. However, in this investigation, the 

ASPER system still fell short of the desired goals in resolution of 

very thin layers in the sediments, and improved resolution will 

certainly depend, at least in part, upon further innovation in 

instrumentation. For maximum improvement in results, the changes 

will probably have to be radical, but significant improvement should 

still accrue from less ambitious modifications • 

Among various seismic systems which operate along more or less 

conventional lines and which could possibly prove to be within the 

scope of present-day practical engineering capabilities, perhaps 

the most nearly ideal for detailed wide-angle reflection studies of 

the ocean-bottom sediments wculd be one wherein both signal source 

and receiver were located on the ocean floor and both moved from a 

common starting point, in opposite directions and at different rates 

which were adjusted to suit the structure prevailing at the survey 

site. Locating both source and receiver on the ocean floor would 

eliminate that portion of the total seismic travel time which, in 

ASPER records, results from the two-way traverse of the water column, 

and since in practically any area of the oceans other than the 

continental shelves this constitutes the greatest portion of the 

reflection travel time, removing it would result in an accentuation 

of the usually very small differences between reflection curves 

from successively deeper interfaces. 

Furthermore, the horizontal range which must be covered to 

acquire adequate data from a reflector at a given depth would be 

substantially reduced, with a concomitant reduction in the likelihood 
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of significant changes in geologic structure and composition within 

the area being surveyed. The fact that both source and receiver 

moved would allow the use of such techniques as the common-point 

reflection method (Meissner, 1966) or the expanding spread (Musgraves, 

1962). The location also creates the potential for greatly expanded 

utilization ot shear phases. It would also often result in improved 

transfer of energy from explosion-like sources into the solid ocean 

bottom (Cole, 1948). Even if only one of the two units were movable, 

the arrangement would still represent an improvement over surface 

operations, for such an arrangement would still result in, among 

other things, elimination of the water column travel time, reduction 

of required horizontal range, and expanded utilization of shear waves. 

However, no such seismic system has yet been successfully used • 

Perhaps the closest approach to it so far has been the successful use 

in refraction work of ocean-bottom seismometers in conjunction with 

near-surface explosive sources (Hussong, 1972b; Malahoff et al., 1971; 

Sutton et al., 1971),a line of development now being actively pursued 

by Hussong (personal communication). While this asymmetrical arrange

ment does introduce certain complications into analysis, it reduces 

the travel time through the water by half, shortens horizontal range 

necessary for good penetration, and greatly expands the use of shear 

phases • 

In its present configuration, the ASPER system owes much of its 

effectiveness to the rich spectrum of seismic frequencies available, 

especially where the air gun is supplemented with a sparker. This 

broad spectrum allows considerable latitude for manipulating 
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recording passbands and utilizing other signal-processing techniques • 

Odegard and Hussong (personal communication) and Kroenke (1972), 

among others, have been employing such techniques with increasing 

degrees of success in sea-going seismic work. Thus, one immediately 

obvious improvement to the present ASPER system would be the addition 

of a tape recorder of adequate dynamic range that would record the 

wide-band signal from the sonobuoy receiver and make possible later 

experimentation with various signal-processing methods not now 

practical with the usual on-line recording • 
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Appendix 1 

INSTRUMENTATION 

Although there were a few modifications in operating procedure, 

the seismic instrumentation used for this wide-angle reflection and 

refraction investigation (Fig. Al) was the same ASPER system that is 

now routinely used by the Hawaii Institute of Geophysics for crustal 

refraction work. As noted in Chapter 3, the principal signal source 

was an air gun using either a 20- or a 40-cubic-inch air chamber, 

supplemented by (and in a couple of cases, replaced by) a 7000-joule 

sparker, and fired at precise 5-second (10-seconds, in a couple of 

cases) intervals. As nearly as could be determined, towing depth for 

the air gun was 6 to 8 m; the sparker ran a little shallower • 

The firing times of the two sources were adjusted relative to 

each other until the first breaks of their ocean-bottom reflections 

coincided on the records. This procedure was sometimes complicated 

by the fact that in many areas there is a mantle of soft, surficial 

bottom sediments which is transparent to the low-frequency air-gun 

signal but which is a good reflector for the higher frequency sparker 

signalo Consequently, whenever possible, the two sources were 

synchronized over cleanly reflecting bottom, and usually in shallow 

water, in order to avoid such frequency-dependent variations in the 

depths to those surfaces which actually produced the reflectionso Of 

course, such circumstances as system breakdown at sea occasionally 

forced compromises in this procedure • 
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Figure Al. Schematic diagram illustrating various features of wide

angle reflection-refraction (ASPER) and continuous 

vertical reflection (CVR) profiling systems and their 

record. 
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As noted earlier, the sonobuoys used were unaltered U. S. Navy 

models SSQ-38A and SSQ-41A. In most cases the hydrophone depth was 

set at 18 m (60 feet); in the few exceptions to this rule hydrophone 

depth was usually 90 m (300 feet). Any improvements in signal 

reception at the greater depth were more than offset by the complica

tions introdu~ed into the record by interference between the seismic 

arrivals corning directly from the bottom to the hydrophone and the 

same arrivals reflected from the ocean surface back downward to the 

hydrophone (Fig. A2). In those few stations where the greater 

hydrophone depth was used (D-20, D-22, D-23, and D-24) the two 

components of the split arrivals from different sub-bottom inter

faces overlapped in such a way as to make unraveling the various 

reflection curves extremely difficult (Fig. 4) • 

The sonobuoy radio frequency range is between 160 and 180 MHz-

it falls in the band of frequencies lying between television channels 

6 and 7. Theoretically, transmission at such frequencies is line-of

sight, but in practice somewhat greater range is achieved, especially 

in rough water conditions. The explanation usually offered for the 

fact that radio reception of the FM sonobuoy signal is better in 

rough water than in calm is that in calm water conditions the direct

path signal and the signal specularly reflected from the smooth 

ocean-surface tend to interfere, whereas in rough water the latter is 

randomly scattered. The writer believes that diffraction may also 

enter into the increase in range beyond line-of-sight in rough 

weather. The many small "edges" and "points" introduced into the 

radio-wave front by water waves should be responsible for a downward 
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Figure A2. Splitting of wide-angle reflection curves due to 

difference in trave l time s of direct and surface

reflected arrivals. 
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bending of the electromagnetic rays. It is also conceivable that the 

higher concentration of wind-blown spray near the water surface 

raises the dielectric constant of the atmosphere there with respect 

to regions highe·r above, with a resulting downward refracting of 

electromagnetic waves. 

Shipboard antennas are an array of directional yagis (Fig . A3), 

either modified deep-fringe-area channel 7 television antennas or 

intermediate-band FM radio antennas. These are turned on edge 

because of the polarization of the sonobuoy signals, stacked in series 

pairs, and mounted on a 50-foot-high mast. One antenna is mounted on 

a rotator; the other is fixed and points dead astern. A sensitive 

mast-top preamplifier boosts the signal from the antenna and feeds 

the amplified signal down a coaxial cable to the sonobuoy receivers 

located in the laboratory; a second cable, without a preamplifier, 

also runs from the antenna to the sonobuoy receivers. When a trans

mitting sonobuoy is located near the ship, it is necessary to use 

such a preamplifier bypass in order to prevent overloading of the 

system. 

The shipboard sonobuoy receivers are borrowed from the Navy and 

are of a type suitable for use in aircraft. Therefore, they must be 

operated with a 60- to 400-Hz power converter. The receiver output, 

which has a maximum voltage swing of 40 volts peak-to-peak, is 

passed through an adjustable attenuator which reduces the output 

signal to a level which the filters can handle. 

As many as three separate filters are used; they are active, 

max imum-flat, passband filters (Kron-Hite model 3700) with 12 db/octave 



• 
117 

• 

• 

• 

• 

Figure A3. BlocK diagram of the ASPER system . • 

• 

• 

• 

• 

• 



• • • 

ANTENNA 

SONOBUOY 
RECEIVER 

• 

ATTENUATOR 

• • 

FILTER 

FILTER 

FILTER 

• • • • • 

CLIPPER RECORDER 

CLIPPER · RECORDER 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

119 

rolloffs. The output from each filter is put into a differential 

amplifier (Hewlett-Packard Model 8875), the output of which, in turn, 

is fed through a clipper and mixing network into the recorders. The 

selection of the passbands and the adjustment of their relative 

amplitudes when two or more are put on the same record were discussed 

earlier; the function of the silicon diode clipper was also explained. 

The recorders in the ASPER system are of the ubiquitous-facsimile 

type used essentially universally for precise echo-sounding bathy

metric work and seismic continuous vertical reflection profiling. In 

the ASPER system each stylus sweep in the recorder makes a segment of 

variable density seismogram. As a consequence of this, one charac

teristic, and especially advantageous, feature of the ASPER system 

is that· the precision echo recorder automatically plots a graph of 

seismic wave travel time versus ship travel time (Figs. 3, and Al), 

with horizontal distance implicit. The writing-point sweep is not 

interrupted in the ASPER system; that is, the stylus does not make a 

sweep and then stop. Instead, as the writing point gets close to 

the right edge of the paper another writing point starts sweeping 

from the left edge. The paper advances slightly during the sweep 

(about 37~ lines per cm and about 19.2 cm per hour to give, in effect, 

720 correlated variable density seismograms per hour at a 5-second 

signal-source firing interval) • 

The continuous recorder sweep and the synchronized, precise 

signal-source firing interval give the ASPER records several 
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characteristics that are different from those of systems in which the 

signal source firing at only approximately equal intervals triggers 

the recorder stylus sweep. One characteristic of such records is a 

11 foldback" phenomenon. This results from the fact that when the 

seismic travel time from the signal source down to the reflecting 

interface and back up to the sonobuoy is longer than the interval 

between signal pulses (and therefore longer than the recorder sweep 

time), the event will not be recorded on the same recorder sweep on 

which the signal pulse occurs but on some later stylus sweep. The 

ASPER record is about 50-cm wide on the seismic travel-time axis, 

corresponding to 5 seconds of two-way travel time (the precision echo 

recorder automatically puts time marks on the record), whereas the 

real-time record is essentially indefinitely long for each signal 

pulse. The effect then, is that an indefinitely long record has been 

cut into equal 5-second intervals and all sections superimposed. This 

foldback greatly complicates the record, especially when many multiple 

reflections are present. However, lengthening the signal source and 

recorder-sweep interval to reduce foldback also reduces data density 

and travel time precision. Five seconds are a workable compromise • 

Yet another peculiar feature results from the precise firing 

interval. Multiple reflections in the record are as coherent from 

shot to shot as are the primary reflection group. Of course, because 

of foldback, multiples sometimes obscure important seismic arrivals, 

and they always complicate the record; however, they often contain 

valuable additional data. Some refractions not appearing in the 

primary reflection group sometimes appear in a multiple. Furthermore, 
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the multiples often allow an increase in precision of analysis, since 

they are often merely double-scale, triple-scale, and so on, 

duplicates of the travel time curves in the primary group. This 

spreading out of the arrivals and increasing of scale· often helps to 

sort out and identify individual reflection curves. 

At critical reflection ranges the multiples also have interesting 

amplitude and geometrical properties. These are considered in 

Appendix 3 • 
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Appendix 2 

ANALYSIS OF THE SEISMOGRAMS 

A standard tool for the interpretation of wide-angle reflection 

and refraction seismograms is a catalog of theoretical travel time 

curves. While a few such curves can be found in a number of works 

(Ewing, 1963; Dix, 1952; Le Pichon~ al., 1968; Meissner, 1966, 

1967a, b; Slotnick, 1959), it appears that no reasonably complete 

collection of them is published anywhere. One difficulty facing 

anyone attempting to compile such a set of curves is the great diver

sity of the physical situations he must attempt to cover. Water 

depth, number of layers, layer thicknesses and various combinations 

thereof, and various types and magnitudes of velocity gradients are 

but a few of the considerations that face the modeler in even the 

classical flat-layer cases. In situations more complex than flat

layer, the difficulties are disporportionately greater still • 

In this investigation, several factors facilitated the construc

tion of such curves. The predominant water depth was rather uniform 

from station to station. The sub-bottom structure was generally quite 

simple and quite closely approximated the flat-layer ideal. Within 

certain limits, even the thickness and interval velocity of the layers 

were known. Knowing these things greatly reduced the number of models 

which had to be considered, made more meaningful than they ordinarily 

would have been those mode ls which were constructed, and, in parti

cular, made possible critical comparison of models giving only subtly 

differing travel time curves • 
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From clues in the character of the reflection curves, it is some-

times possible to infer the presence of low-velocity layers and 

velocity gradients. Since it is usually expected that such variations 

are most likely ·to occur in the uppermost part of the bottom sediments, 

it should be most instructive to examine various models which simulate 

a layer of sediment lying just beneath the water column and on top of 

a semi-infinite basement. Since, at the moment, attention is to be 

limited to the thin "sediment" layer, the velocity and other physical 

properties of the basement are immaterial as long as the acoustical 

impedance differs sufficiently from that of the overlying sediment 

layer to give a reflection, and one may as well set the velocity of 

the basement equal to that of the water column. It is then informative 

to examine three models in which the velocity of the sediment layer is, 

respectively: (1) equal to that of the water column; (2) greater than 

that of the water column, giving the familiar case of velocity 

increasing with depth; and (3) less than that of the water column, 

simulating a low-velocity "masked" layer. 

In R .. , let R mean "reflection", i be the order of the reflection 
1-J 

(i = 1 is the primary reflection; i 2 is the first multiple; and so 

on), and j be the number of the interface which produces the reflection 

(j = 0 is the ocean surface; j = 1 is the ocean floor; j = 2 is the 

first sub-bottom; and so on). Then, in the hypothetical case of all 

layers having the same uniform velocity--as noted, a situation in 

which the interfaces can give rise to reflections only because of some 

difference in acoustical impedance--both the R11 and the R12 reflection 

curves are asymptotic to D, and there are no head-wave refractions 
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(Fig. A4-a). Consider the second case, wherein the velocity of the 

second layer is higher than that of the upper (water) layer and the 

semi-infinite medium. Then R11 is asymptotic to D, and at critical 

range has tangent to it a head-wave refraction or "ground wave", c1 , 

to which the reflection R12 is asymptotic. R12 has no associated 

head-wave refraction (Fig. A4-b). In the third case, wherein the 

velocity of the second layer is lower than the velocity of the layers 

above or below, R11 is again asymptotic to D, but has no associated 

refraction. R12 , on the other hand, is now asymptotic to an imaginary 

line parallel to D and at a slightly larger travel time value. In 

other words, the difference between travel times for R11 and R12 

approaches a constant for a masked, low-velocity second layer. 

It is interesting to note that examples of all three cases can be 

found in the ASPER records. However, the layer most often involved, 

the topmost sediments, is rarely more than a few milliseconds thick 

in two-way travel time. Consequently, while it is usually possible 

to tell in a qualitative way that these sediments have seismic velo

city that is about that of sea water, slightly greater, or slightly 

less, there is no known method of analysis which utilizes these 

properties to obtain precision greater than that obtained by wide

angle reflection and refraction methods. 

Since quite large velocity gradients are often hypothesized to 

exist in the uppermost bottom sediments, it is necessary to examine 

the effects on travel time curves of gradients of different kinds. 

As will become apparent from examining the complicated effects of 

even the simplest of gradients, the linear, .attempting to intuitively 
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Figure A4. Theoretical travel time curves for three V-D functions 

in homogeneous, isotropic, horizontal, plane layers . 

In case "a" a difference in acoustical impedance is 

postulated at the two interfaces. 
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understand any more complicated gradient is probably an exercise in 

futility and therefore not worth the effort. Only linear gradients 

are considered here. 
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To understand the effects of a positive linear gradient, consider 

first the simplest case of a single, homogeneous, constant-velocity 

layer (it may be water) overlying a semi-infinite medium. Let the 

semi-infinite medium have a linear gradient, but assume that there is 

no first order discontinuity between the layer and the semi-infinite 

medium; i.e., above the interface the velocity is constant with depth, 

at the interface the layer and the underlying medium have the same 

velocity, and below the interface velocity increases indefinitely 

and linearly with increasing depth (Fig. AS-a). These are the condi

tions for the classical diving-wave pair, Rs - Ra (J. Ewing, 1963) • 

The raypaths in the semi-infinite medium of both diving waves are 

segments of circles (Slotnick, 19S9), and each wave gives rise to its 

own branch of a travel time curve, the branches bifurcating from the 

same point at some minimum range A (Fig. AS-a), and forming a cusp in 

the process. As horizontal range increases from A, the apparent 

velocity of Ra increases monotonically, while the later arriving Rs 

gradually approaches R11 , and in the process becomes asymptotic to D. 

In other words, depending upon what combination of thickness of over

lying layer and velocity gradient of the semi-infinite medium obtains, 

there is some angle of incidence on the interface for a ray which will 

emerge at the surface at range A. As this angle is decreased, the 

range for emergence increases, and the high-velocity Rd branch is 
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Figure A5. Theoretical travel time curves for three models 

involving a single, constant-velocity, horizontal, plane 

layer over a semi-infinite medium having a positive 

linear velocity gradient. A difference in acoustical 

impedance is asst.nned to exist at the interface in 

model "a". 
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formed; as the angle of incidence is increased the range for 

emergence again increases, but the diving ray penetrates less and less 

of the medium as the difference between Rs and R1 1 meanwhile becomes 

smaller • 

If there is a first order discontinuity to a lower initial 

velocity in the underlying semi-infinite medium so that a small "low

velocity zone" is formed (Fig. A5-b), then the refracted diving-wave 

arrivals first emerge at the surface at a range greater than A. In 

this case the deep-diving refraction Rd is very similar to that of 

the case of no first order discontinuity, but the shallow-diving 

refraction, Rs, becomes asymptotic to a line parallel to, and later 

than, D. The analog between this case and that of a gradient-free 

low-velocity layer between two other layers (Fig. A4-b) is obvious • 

If there is a positive step in velocity at the first order disconti

nuity (Fig. A5-c), then the Rs and Rd arrivals first appear at a 

range closer than A. Ra is very similar to both preceding cases • 

However, Rs terminates by merging with R11 at the critical (head

wave) refraction range. 

It is now necessary to consider the effects of a velocity 

gradient in a buried layer rather than a semi-infinite medium. In 

this model, assume an upper layer of constant velocity, a second 

layer with a linear gradient, and an underlying semi-infinite medium 

of constant velocity; and in order to remove the added complications 

of head-waves arising in the semi-infinite basement, it is convenient 

to assume that the latter has the same constant velocity as the 

topmost layer . 
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Once more make the assumptions that the top layer has a constant 

velocity which is also the initial velocity of the second layer (no 

first order discontinuity) and that the gradient in the second layer 

is positive (Figs. A6-a, b). Then R11 is, as usual, asymptotic to D • 

However, R12 terminates at that range at which the circular raypath 

of the diving waves in the second layer graze the bottom of that 

layer. Where R12 terminates, it joins one or the other of the 

branches of an Rs Rd diving-wave refraction pair. With which of 

these R12 merges is determined by the thickness of the second layer. 

If Layer 2 is thick enough that range A is included in the Rs - Rd 

curve, then a segment of Rd is formed, and R12 and Rd merge at some 

range and terminate at that point to form a cusp. As the second layer 

is made progressively thinner, the R12 curve assumes lower travel time 

values throughout its length, and simultaneously the segment of Rd 

becomes shorter as the R12 and Ra maintain the cusp (Fig. AS-a). If 

the second layer is made sufficiently thin, the entire Rd disappears, 

and R12 then merges smoothly into Rs at range A, or some greater 

distance. In this last case it will be extremely difficult, or 

impossible, to determine that the R12 converted to an Rs curve 

instead of continuing onward as a reflection curve: compare Figure 

A6-b with Figure A4-a. If a good interval velocity can be obtained 

and it indicates that the velocity of Layer 2 is greater than that of 

Layer 1, then a gradient can be suspected; otherwise, it will probably 

go undetected. Of course, where thicker layers are concerned the 

appearance of a cusp innnediately suggests a gradient . 
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Figure A6. Theoretical travel time curves for three cases of a buried 

horizontal plane layer having a er~dient. Case a: thick 

layer; case b: thin layer; case c: negative gradient. 
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Consider now a model which differs from the above only in that 

the velocity gradient in the second layer is negative instead of 

positive (Fig. A6-c)o Then R11 is, as usual, asymptotic to D, but 

R1z approaches ~ line parallel to, but delayed with respect to D . 

The behavior of R12 is similar to that of the case of a low-velocity 

layer of uniform velocity; the shapes of the two reflection curves 

may be different, but the difference is too small to be of practical 

use in analyzing ASPER records. 

In theory, then, the occurrence of a reflection curve with an 

asymptote that is parallel to D but delayed in time with respect to 

it indicates the presence of either a masked, low-velocity layer of 

uniform velocity (Fig. A4-c); of a negative first order discontinuity 

in velocity underlain by a positive gradient (Fig. AS-b); or of a 

layer having no first order discontinuity at the interface with the 

overlying layer but having a negative gradient (Fig. A6-c). However, 

it would be very difficult to distinguish between the first and third 

cases. Furthermore, in practice, it would probably not be possible to 

positively identify the second case, because in many reflection curves 

the arrivals at ranges shorter than critical (total reflection) are 

very weak, and it may be risky to assume their absence when they are 

not detected. 

All of the above three cases have one thing in common: each is 

a special case of a low-velocity zoneo Thus, while it may not be 

possible to determine the gradient, a criterion does exist for identi

fying the low-velocity zone: if a reflection curve is asymptotic, not 

to a head-wave refraction line but to a lirie parallel to, and 
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uniformly somewhat later than, this refraction line, then a masked 

layer of lower velocity than that of the overlying material is 

indicated (and it may have a zero, a positive, or a negative gradient). 

It is obvious that the preceding paragraphs and especially those 

parts concerning the analysis of gradients, apply primarily to thin 

layers. However, this should not imply that things are always much 

simpler when thicker layers are involved. There are conditions under 

which it would be possible to confuse ordinary reflection and head-wave 

refraction arrivals with those from diving waves. The problem would 

most likely arise because of the difficulty of distinguishing between 

a cusp due to a velocity gradient and a "pseudo-cusp" resulting from 

the amplitude increase at critical reflecting and refracting range in 

layers having uniform ve locities. In models consisting of a sequence 

of uniform, horizontal layers of constant velocity, each reflection 

usually has associated with it two head-wave refraction lines: its 

asymptote, and its own tangent refraction line (R1z, G1, and Gz in 

Fig. A7-a). Hence, if the arrivals from ranges shorter than critical 

reflection range are weak (as they frequently are), then it is 

possible that R12 and Gz could be mistaken for an Rs - Ra pair (note 

inserts in Fig. A7-a), falsely indicating a gradient. The converse 

also holds true. On the other hand, each head-wave refraction has two 

reflection curves associated with it: the curve to which the 

refraction is tangent, and the curve which is asymptotic to the 

refraction (Fig. A7-b) . Thus, the combination of R12 , G2 , and R13 

(or similarly , R11 , G1 , and R12 ) in a horizontal, constant-velocity 

layer situation -could conce ivably be confused with an R13 which had 
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Figure A7. Travel time curves illustrating some difficulties 

encountere d in distinguishing between reflections, 

diving-wave refractions, and head-wave refractions. 
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associated with it an Rs - Rd pair arising from a gradient, especially 

when the R13 reflection is weak. It should also be noted that the 

reflection curves and refraction lines tend to "bunch" at certain 

ranges, so that the identity of the individual curves is extremely 

difficult to maintain throughout the record. Therefore, it frequently 

is not possible to distinguish between the reflections and refractions. 

However, for practical purposes, if reflections near the critical 

angle are mistaken for refractions and are analyzed as such, not too 

much error results, for both tend to fade out quickly with range in 

thick sediments, insuring that the reflection is actually very little 

different from the refraction in arrival time. 

A last observation pertinent to these models should be made. 

When Figures A4-a and A6-b are compared, one notes that it would be 

extremely difficult to distinguish between the cases of a reflection 

coming from interfaces between a pair of layers having the same 

constant velocity (but different acoustical impedance) and a 

reflection that converts to an Rs diving-wave refraction at some 

range beyond A because of the effects of a positive gradient. Even 

more effectively than in the case of a low-velocity, or so-called 

masked, layer, such a thin layer with a positive gradient would be 

well hidden, and it would be difficult indeed to determine its 

velocity structure. In a case where the data were exceptionally good 

or the layer were thick enough, it might be possible to detect the 

higher interval velocity by wide-angle reflection methods, but due to 

the unknown effects of whatever gradient existed, such results would 
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always be somewhat doubtful. It is interesting to note that although 

the interval velocities determined from ASPER records tend to increase 

regularly with depth, in many cases the deeper reflection curves, 

rather than crossing over reflection curves from shallower layers, 

tend to merge into a parallel bunch with them. 

The foregoing compilation of models and associated travel time 

curves, together with a few standard cases of the same type were the 

basis for the qualitative analysis of the ASPER records for departures 

from the classical constant-velocity, flat-layer type of velocity 

structure. With the few exceptions noted in the main text, such 

analysis was not especially rewarding. Of course, when qualitative 

analysis failed to indicate the applicable models, it was pointless 

to calculate precis e synthetic travel time curves for comparison, 

even though by now M. Odegard and G. Fryer had developed and perfected 

ray-trace computer programs capable of handling models even more 

complex than any anticipated here • 
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Appendix 3 

SUB-INTERFACE VELOCITY FROM MULTIPLE REFLECTIONS 

As noted e·arlier, the precisely equal intervals between signal 

pulses in the ASPER system results in multiples as well-correlated 

as the primary reflection group (Figs. 2, 4, and AlO). In fact, if 

the reflection occurs in the necessary mode, the multiples on the 

ASPER record are in many respects simply 2X, 3X, 4X ••• magnifications 

of the scale of the primary group . 

The multiples may be in either of two simple modes, or possibly 

in some combination of the two. In the first mode, the primary group, 

including all of the sub-bottom reflections, is simply reflected 

intact several times from the seafloor , or possibly from some under

lying strong reflector (Fig. A8-a). In the other mode, the arrivals 

from the individual layer may be reflected many times off the parent 

reflector, that is, the reflector that first produced it (Fig. A8-b) . 

This later arrangement, when it occurs, very effectively enlarges 

and "spreads out" the various arrivals (Fig, A9). It is often 

possible to find events in these spread-out multiples which cannot be 

identified, or perhaps even found, in the primary group. This 

apparently includes refractions; however, it may be that these events 

actually are reflections or diving-wave refractions from layers with 

gradients. All of these multiply-reflected arrivals are especially 

strong near the critical reflection-refraction angles and ranges. 

These critical-angle multiply-reflected phenomena provide the 

basis of a method for determining the sub-reflector velocity (Sutton 
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Figure A8. Two modes of multiple reflection found in ASPER records . 
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Figure A9. Geometrical relationships between the multiple reflec

tion curves at the critical reflecting ;:i_ncl rPfracting 

ranges. "M" denotes slopes of lines. 
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and Maynard, 1970). In this method, we differentiate the equation 

T~x) = T~o) + (l/V 
2

) x2 

to obtain 

dT/dX = (l/V 
2

) (X/T) • 

Note (Fig. A9) that a line from the origin intersecting the primary 

reflection curve at (X,T) will intersect the nth reflection at 

(nX, nT), implying that the line has an "apparent velocity", VL, 

such that 

VL = nX/nT X/T • 

Then the familiar apparent horizontal velocity is 

-2 
dX/dT = V (T/X) 

In particular, at critical range Xe, dX/dT 

V = V 2 
/V 

2 c 

giving sub-interface velocity without refraction, provided xc can be 

determined from amplitudes. 

It should be noted that in the multiples, the onset of increases 

in amplitude should sharpen with successive reflections due to the 

multiplicative nature of the reflection coefficient. 

Therefore, we note that velocity can be determined from three 

sets of data: first, refractions; second, dX/dT of the reflection 

curve at critical range (M1 , M2 , or M3 in Fig. A9); and third, 

nX/nT (Mc in Fig. A9) • 
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The first attempt to use the step-out of large-amplitude 

arrivals in successive multiples was made on a record having 14 

multiple reflections (Fig. AlO) which was made over a flat bottom in 

the New Hebrid~s region. The water-sediment interface apparently did 

not produce the many reflections. Instead, they appeared to come 

from an interface below the near-water-velocity upper sediments. 

The shallowest layer in the refraction solution is a 2.96 km/sec 

layer at a depth of 300 m below seafloor. Computed from dX/dT of the 

reflection curve at critical range, the velocity is 2.54 km/sec 

(standard deviation= 0.43; standard error= 0.14). Computed from 

the coordinates (nX, nT), velocity is 2.62 km/sec (standard deviation= 

0.56; standard error= 0.16). 

The agreement of results obtained by the two different methods 

was not especially good. However, since the method described here 

has the virtue of measuring velocities where they could not be 

obtained either by reflection or by refraction methods it seems to 

merit further development; it is quite possible that the particular 

seismogram used for this initial test was for some reason or other 

not suitable for application of the method. In fact, even though 

the analysis of a second record by the method was but little more 

encouraging (see main text) , the method seems so straightforward 

that it should, after further refinement, yield useful results • 
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Figure AlO. ~SPER record, made in the New Hebrides, exhibiting 14 

multiple reflections which were analyzed to determine 

sub-interface velocities. 
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