
Rock P Vp Vs a
(g/cm3) (km/sec) (km/sec)

Serpentinite 2.53 5.05 2.45 0.35
Trondhjemite 2.69 6.33 3.67 0.25
Spilite 2.72 5.80 3.18 0.28
Metagabbro (greenschist facies) 2.81 6.52 3.62 0.28
Metagabbro (amphibolite facies) 2.99 6.95 3.73 0.29
Gabbro 3.00 7.20 3.80 0.31
Pyroxenite 3.24 7.82 4.25 0.29

TectonophYi>ics,47 (1978) 131-157
@ Elsevier Scientific Publishing Company, Amsterdam - Printed in The Netherlands

131

OPHIOLITES, SEISMIC VELOCITIES AND OCEANIC CRUSTAL
STRUCTURE

NIKOLAS I. CHRISTENSEN

Department of Geological Sciences and Graduate Program in Geophysics, University of
Washington, Seattle, Wash. 98195 (U.S.A.)

(Received April 25, 1977; revised version accepted September 21, 1977)

ABSTRACT

Christensen, N.I., 1978. Ophiolites, seismic velocities and oceanic crustal structure.
Tectonophysics, 47: 131-157.

Seismic velocities have been measured to pressures of 10 kbars for 96 cores of 36 rocks
collected from ophiolite complexes. Average densities (p), compressional wave velocities
(Vp), shear wave velocities (Vs) and Poisson's ratios (a) at 1 kbar for major rock types are

as follows:

Velocities in metagabbro and gabbro, the probable constituents of the lower oceanic
crust, are highly dependent on mineralogy and mineral orientation. Both can be signifi-
cantly anisotropic, the anisotropies originating from preferred hornblende orientation in
metagabbro and olivine orientation in cumulate gabbro. Velocities in serpentinites depend
upon amounts of relic olivine and pyroxene and serpentine mineralogy. Of significance,
antigorite is faster than lizardite and chrysotile. Due primarily to a high quartz content,
trondhjemite has a low Poisson's ratio. Velocity profiles constructed from reported
petrology for the V ourinos, Troodos, Semail, Papua and Bay of Islands Massifs have much
in common with seismic profiles of the oceanic crust. Major seismic discontinuities result
from (1) increasing metamorphic grade with depth (the layer 2-3 boundary) and (2) a
transition from gabbro, anorthosite and troctolite to dunite and peridotite (the
Mohorovicic discontinuity).

INTRODUCTION

Oceanic crustal structure has been well defined by numerous seismic
refraction studies and more recently by reflection profiling using multichan-
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nel techniques. Of fundamental importance in interpreting seismic velocities
in terms of petrology are laboratory investigations of elastic wave velocities
in rocks. During the past few years the view that the ophiolite suite repre-
sents oceanic crust and upper mantle has gained considerable support and
therefore it seems appropriate that a detailed study of velocities of different
rock types from ophiolites be undertaken to test this hypothesis.

Velocities have been reported at elevated pressures for several rocks simi-
lar to those found in ophiolites. These include compressional wave velocities
in basalt, diabase, quartz diorite, gabbro, anorthosite, dunite, serpentinite,
amphibolite and greenstone (Birch, 1960; Christensen, 1965, 1966a, 1970;
Manghnani and Woollard, 1968) and shear wave velocities in quartz diorite,
gabbro, anorthosite, serpentinite and dunite (Simmons, 1964; Christensen,
1966a,b). More recently velocities have been reported for a variety of rocks
dredged from the ocean floor (e.g., Christensen and Shaw, 1970; Barrett and
Aumento, 1970; Fox et al., 1973; Christensen and Salisbury, 1975) and col-
lected from several well known ophiolite localities (Poster, 1973, Peterson et
al., 1974; Kroenke et al., 1976). To add to this large amount of data already
available may seem unnecessary; however there is a need for more systematic
sampling, especially of the metamorphic rocks common in many ophiolites.
Also shear velocities and elastic parameters, such as Poisson's ratios which
are particularly diagnostic of certain rock types (Christensen, 1972), are
poorly known for many rocks common in ophiolites. Another important
parameter, which greatly influences velocities in the pressure range of the
oceanic crust, is water saturation (NuT and Simmons, 1969; Christensen and
Salisbury, 1975). The earlier measurements cited above, including many of
the velocities from ophiolites and dredged rocks, were not made on water
saturated specimens, thereby creating some difficulty in using the data for
the interpretation of oceanic refraction velocities in terms of petrology.

In this paper compressional and shear velocities are presented to hydro-
static confining pressures of 10 kbars for a variety of rock types collected
from several ophiolite localities within the western United States. The sam-
ples have been water saturated prior to the runs, the directional dependence
of velocity has been examined in detail and elastic constants have been cal-
culated for each rock at several pressures. The velocity data are used to
place the various rock types at appropriate levels within the oceanic crust
and to construct detailed velocity profiles for several major ophiolite massifs.

EXPERIMENTAL DETAILS, SAMPLES AND NUMERICAL DATA

Velocities have been measured using the pulse transmission technique
described in detail by Birch (1960). To investigate anisotropy, three cores,
2.54 cm in diameter and 5-8 cm in length, were cut with mutually perpen-
dicular axes from most specimens. The reported densities are bulk densities
calculated from the weights and dimensions of the cylindrical samples.

The sample, transducer and electrode assembly was similar to that
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described by Birch (1960) and Simmons (1964). The transducers were
2.54 cm diameter barium titanate ceramic and AC-cut quartz crystals with
2 MHz natural resonant frequencies. Prior to the runs the samples were water
saturated and 100 mesh screens were placed between the cores and copper
jackets to provide space to allow water to drain from grain boundary cracks
as confining pressure was increased. By this means; pore pressure was main-
tained much lower than confining pressure. The importance of water satura-
tion and pore pressure on velocities in oceanic igneous and metamorphic
rocks has been summarized by Christensen and Salisbury (1975). It has been
demonstrated experimentally that water saturation significantly increases
velocities at confining pressures less than approximately 1 kbar. High pore
pressures, on the other hand, can lower velocities for a given confining pres-
sure. These parameters are not believed to be significant at crustal depths
below a few kilometers where fractures and grain boundary cracks have been
sealed by metamorphic recrystallization and confining pressure.

The pressure system consisted of a two-stage intensifier using a low vis-
cosity oil as the pressure medium. Pressure was measured by observing the
change in electrical resistance of a calibrated manganin coil located on the
high pressure side of the intensifier. The electronic components consisted of
a pulse generator, a dual trace oscilloscope and a calibrated variable-length
mercury delay line. The velocities are estimated to be accurate to one per-
cent (Christensen and Shaw, 1970).

Several papers (e.g., Birch, 1960, Simmons, 1964) have discussed the dif-
ferences in frequencies used in the laboratory and field refraction studies and
have concluded that dispersion of seismic body waves in the frequency range
of 10-1-107 cycles/sec is negligible. Thus the laboratory measurements may
be directly applied to the interpretation of field measurements.

The rocks selected for this study were collected from several major
ophiolite localities in the western United States (Fig. 1). Details of the struc-
ture and petrology of several of the California ophiolites are given by Lip-
man (1964), Bailey et al. (1970), Page (1972) and Goullaud (1975). The
Canyon Mountain ophiolite has been studied by Thayer (1963) and Ave
Lallemant (1976). Estimated modal mineralogy obtained from thin sections
cut from core ends are given in Table I. Several samples are noteworthy
because of the paucity of velocity data on these rock types: the
trondhjemites are similar to the oceanic plagiogranites of Coleman and
Peterman (1975); several metagabbros contain mineral assemblages charac-
teristic of the prehnite-pumpellyite, greenschist and amphibolite facies; the
spilites have mineralogies which are quite different from less altered basalts;
two of the serpentinites differ significantly from previously studied serpen-
tinites because they contain abundant antigorite.

Bulk densities (p), compressional wave velocities (Vp), shear wave veloci-
ties (Vs), the ratios of compressional to shear wave velocity (Vp/Vs), Pois-
son's ratios (a), bulk moduli (K), shear moduli (/J-), Lame's constants (;\.) and
Young's moduli (E) are given in Table II at pressures to 10 kbar. Because of
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Fig.!. Sample localities.

the relatively rapid increases in velocities over the first kilobar increase in
pressure, which is attributed largely to grain boundary closure (Birch, 1961),
velocities and elastic constants are given at smaller increments to 1 kbar. For
samples of low anisotropy the data of Table II represent simple means of
velocities measured in three directions and densities measured from three
cores. This data is represented by a bar over the appropriate parameter. The
elastic constants were calculated from the velocities and densities using the
well known equations summarized by Birch (1961). Mean velocities and
densities used in the calculations were corrected for dimension changes at
high pressures using an iterative routine and the dynamically determined
compressibilities. For the highly anisotropic specimens, compressional wave
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TABLE II

Velocities, densities and elastic constants

P Vp Vs VplVs a K /l A E
(kbar) (km/sec) (km/sec) (Mb) (Mb) (Mb) (Mb)

Serpentinite, Mount Boardman, Calif -
p = 2.513 g/cm3

0.2 4.90 2.44 2.01 0.34 0.40 0.15 0.30 0.40
0.4 4.92 2.45 2.01 0.34 0.41 0.15 0.31 0.40
0.6 4.94 2.46 2.01 0.34 0.41 0.15 0.31 0.41
1.0 4.96 2.47 2.01 0.34 0.42 0.15 0.31 0.41
2.0 5.03 2.48 2.03 0.34 0.43 0.16 0.33 0.42
4.0 5.15 2.49 2.06 0.35 0.46 0.16 0.35 0.42
6.0 5.25 2.50 2.10 0.35 0.49 0.16 0.38 0.43

10.0 5.42 2.51 2.16 0.36 0.53 0.16 0.43 0.43

Serpentinite, Paskenta, Calif -
p = 2.517 g/cm3

0.2 4.89 2.40 2.04 0.34 0.41 0.15 0.31 0.39
0.4 4.93 2.42 2.04 0.34 0.42 0.15 0.32 0.39
0.6 4.96 2.43 2.04 0.34 0.42 0.15 0.32 0.40
1.0 5.00 2.44 2.04 0.34 0.43 0.15 0.33 0.40
2.0 5.07 2.46 2.06 0.35 0.44 0.15 0.34 0.41
4.0 5.19 2.50 2.08 0.35 0.47 0.16 0.36 0.43
6.0 5.31 2.54 2.09 0.35 0.50 0.16 0.39 0.44

10.0 5.49 2.57 2.14 0.36 0.54 0.17 0.43 0.46

Serpentinite (1), Canyon Mountain, Oreg. - p = 2.535 g/cm3
0.2 5.26 2.50 2.10 0.35 0.49 0.16 0.38 0.43
0.4 5.27 2.51 2.10 0.35 0.49 0.16 0.38 0.43
0.6 5.29 2.51 2.11 0.35 0.50 0.16 0.39 0.43
1.0 5.31 2.52 2.11 0.35 0.50 0.16 0.39 0.44
2.0 5.35 2.53 2.11 0.36 0.51 0.16 0.40 0.44
4.0 5.42 2.54 2.13 0.36 0.53 0.16 0.42 0.45
6.0 5.50 2.55 2.16 0.36 0.55 0.17 0.44 0.45

10.0 5.62 2.57 2.19 0.37 0.58 0.17 0.47 0.46

Serpentinite (2), Canyon Mountain, Oreg. -
p = 2.550 g/cm3

0.2 4.78 2.36 2.03 0.34 0.39 0.14 0.30 0.38
0.4 4.82 2.38 2.03 0.34 0.40 0.14 0.30 0.39
0.6 4.85 2.39 2.03 0.34 0.41 0.15 0.31 0.39
1.0 4.90 2.40 2.04 0.34 0.42 0.15 0.32 0.39
2.0 4.99 2.43 2.05 0.34 0.43 0.15 0.33 0.41

4.0 5.11 2.46 2.08 0.35 0.46 0.15 0.36 0.42
6.0 5.21 2.48 2.10 0.35 0.49 0.16 0.38 0.43

10.0 5.38 2.52 2.18 0.36 0.52 0.16 0.42 0.44

Serpentinite (1), Black Mountain, Calif -
p = 2.623 g/cm3

0.2 5.51 2.66 2.07 0.35 0.55 0.19 0.43 0.50
0.4 5.52 2.67 2.07 0.35 0.55 0.19 0.43 0.50
0.6 5.54 2.67 2.07 0.35 0.56 0.19 0.43 0.50
1.0 5.56 2.68 2.07 0.35 0.56 0.19 0.44 0.51
2.0 5.63 2.70 2.09 0.35 0.58 0.19 0.45 0.52
4.0 5.71 2.71 2.11 0.36 0.60 0.19 0.47 0.52
6.0 5.78 2.72 2.12 0.36 0.62 0.19 0.49 0.53

10.0 5.89 2.73 2.16 0.36 0.65 0.20 0.52 0.54
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TABLE II (continued)

p Vp Vs Vpi Vs a K f.1 ~E
(kbar) (km/sec) (km/sec) (Mb) (Mb) (Mb) (Mb)

Serpentine (2), Black Mountain, Calif - p = 2.631 g/cm3
0.2 5.52 2.56 2.16 0.36 0.57 0.17 0.46 0.47
0.4 5.53 2.57 2.15 0.36 0.5'7 0.17 0.46 0.47
0.6 5.55 2.58 2.15 0.36 0.58 0.18 0.46 0.48
1.0 5.57 2.59 2.15 0.36 0.58 0.18 0.46 0.48
2.0 5.62 2.61 2.15 0.36 0.59 0.18 0.47 0.49
4.0 5.70 2.64 2.16 0.36 0.61 0.18 0.49 0.50
6.0 5.76 2.66 2.17 0.36 0.63 0.19 0.50 0.51

10.0 5.83 2.68 2.17 0.37 0.64 0.19 0.52 0.52

Serpentinite (1), Stonyford, Calif - p = 2.632 g/cm3
0.2 5.76 2.80 2.06 0.35 0.60 0.21 0.46 0.56
0.4 5.83 2.84 2.06 0.35 0.61 0.21 0.47 0.57
0.6 5.87 2.87 2.05 0.34 0.62 0.22 0.47 0.58
1.0 5.92 2.92 2.03 0.34 0.62 0.22 0.47 0.60
2.0 6.00 3.03 1.98 0.33 0.63 0.24 0.46 0.64
4.0 6.10 3.16 1.95 0.32 0.63 0.26 0.45 0.69
6.0 6.18 3.19 1.94 0.32 0.65 0.27 0.47 0.71

10.0 6.31 3.24 1.95 0.32 0.68 0.28 0.50 0.73

Trondhjemite (1), Trinity Complex, Calif - p = 2.648 g/cm3
0.2 6.00 3.56 1.69 0.23 0.51 0.34 0.28 0.82
0.4 6.12 3.58 1.71 0.24 0.54 0.34 0.31 0.84
0.6 6.20 3.60 1.72 0.25 0.56 0.34 0.33 0.86
1.0 6.28 3.63 1.73 0.25 0.58 0.35 0.35 0.87
2.0 6.37 3.66 1.74 0.25 0.60 0.36 0.37 0.89
4.0 6.48 3.72 1.74 0.25 0.62 0.37 0.38 0.92
6.0 6.56 3.75 1.75 0.26 0.65 0.37 0.40 0.94

10.0 6.71 3.81 1.76 0.26 0.68 0.39 0.43 0.98

Serpentinite (2), Stonyford, Calif - p = 2.665 g/cm3
0.2 6.44 3.52 1.83 0.29 0.67 0.33 0.44 0.85
0.4 6.46 3.53 1.83 0.29 0.67 0.33 0.45 0.85
0.6 6.47 3.54 1.83 0.29 0.67 0.33 0.45 0.86
1.0 6.49 3.55 1.83 0.29 0.68 0.34 0.45 0.86
2.0 6.54 3.58 1.83 0.29 0.69 0.34 0.46 0.88
4.0 6.60 3.59 1.84 0.29 0.70 0.34 0.47 0.89
6.0 6.64 3.61 1.84 0.29 0.71 0.35 0.48 0.90

10.0 6.69 3.62 1.85 0.29 0.73 0.35 0.50 0.91

Spilite (1), Black Mountain, Calif - p = 2.704 g/cm3

0.2 5.52 3.04 1.82 0.28 0.49 0.25 0.32 0.64
0.4 5.60 3.09 1.81 0.28 0.50 0.26 0.33 0.66
0.6 5.66 3.12 1.81 0.28 0.52 0.26 0.34 0.68
1.0 5.77 3.17 1.82 0.28 0.54 0.27 0.36 0.70
2.0 5.90 3.24 1.82 0.28 0.56 0.28 0.37 0.73
4.0 6.02 3.32 1.81 0.28 0.58 0.30 0.39 0.77
6.0 6.11 3.34 1.83 0.29 0.61 0.30 0.41 0.78

10.0 6.22 3.38 1.84 0.29 0.64 0.31 0.43 0.80
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TABLE II (continued)
--~~-~ ~--------

P
(kbar)

Vp
(km/see)

Vs
(km/see)

a

Spilite (2), Black Mountain, Calif. - p = 2.704 g/em3
0.2 4.85 2.78 1. 74 0.26 0.36
0.4 5.06 2.86 1. 77 0.27 0.40
0.6 5.23 2.92 1. 79 0.27 0.43
1.0 5.43 2.98 1.82 0.28 0.48
2.0 5.67 3.09 1.84 0.29 0.53
4.0 5.86 3.20 1.84 0.29 0.56
6.0 5.99 3.25 1.84 0.29 0.59

10.0 6.19 3.31 1.87 0.30 0.64

Spilite, Canyon Mountain, Calif. - p = 2.713 g/em3
0.2 5.74 3.15 1.82 0.28
0.4 5.77 3.17 1.82 0.28
0.6 5.81 3.19 1.82 0.28
1.0 5.88 3.21 1.83 0.29
2.0 5.95 3.24 1.84 0.29
4.0 6.05 3.27 1.85 0.29
6.0 6.13 3.29 1.86 0.30

10.0 6.28 3.33 1.89 0.30

P
(kbar)

Vpl
(km/see)

Vp2
(km/see)

Vp3
(km/see)

K
(Mb)

f.1
(Mb)

A
(Mb)

0.54
0.54
0.55
0.57
0.58
0.61
0.63
0.67

0.21
0.22
0.23
0.24
0.26
0.28
0.29
0.30

0.27
0.27
0.28
0.28
0.29
0.29
0.29
0.30

0.22
0.25
0.28
0.32
0.35
0.37
0.40
0.45

0.36
0.36
0.36
0.38
0.39
0.41
0.43
0.47

E
(Mb)

0.52
0.56
0.59
0.62
0.66
0.72
0.74
0.78

0.69
0.70
0.71
0.72
0.74
0.75
0.76
0.79

Partially serpentinized peridotite, Vallecitos, Calif.
0.2 6.00 6.08 6.57
0.4 6.04 6.10 6.59
0.6 6.05 6.11 6.60
1.0 6.08 6.13 6.62
2.0 6.14 6.18 6.67
4.0 6.23 6.25 6.74
6.0 6.29 6.30 6.80

10.0 6.39 6.38 6.88

PI = 2.618 g/em3
P2 = 2.709 g/em3
P3 = 2.825 g/em3

P
(kbar)

a E
(Mb)

Vp
(km/see)

Vs
(km/see)

K
(Mb)

f.1
(Mb)

A
(Mb)

Metagabbro (1), Point Sal, Calif. - P = 2.721 g/em3
0.2 6.31 3.55 1. 78 0.27 0.63
0.4 6.33 3.56 1.78 0.27 0.63
0.6 6.35 3.57 1.78 0.27 0.63
1.0 6.38 3.59 1.78 0.27 0.64
2.0 6.43 3.61 1.78 0.27 0.65
4.0 6.50 3.63 1. 79 0.27 0.67
6.0 6.54 3.64 1.80 0.28 0.68

10.0 6.60 3.65 1.81 0.28 0.70

Trondhjemite (2), Trinity Complex, Calif. - p = 2.731 g/em3
0.2 6.11 3.54 1.73 0.25 0.56
0.4 6.21 3.61 1.72 0.24 0.58
0.6 6.29 3.65 1.72 0.25 0.60

0.34
0.34
0.35
0.35
0.35
0.36
0.36
0.37

0.34
0.36
0.36

0.40
0.40
0.40
0.41
0.42
0.43
0.44
0.46

0.34
0.34
0.35

0.87
0.88
0.88
0.89
0.90
0.91
0.92
0.93

0.85
0.89
0.91
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TABLE II (continued)

P Vp Vs Vp/Vs (j K J.1 X E
(kbar) (km/sec) (km/sec) (Mb) (Mb) (Mb) (Mb)

1.0 6.38 3.70 1.72 0.25 0.61 0.37 0.36 0.93
2.0 6.49 3.76 1.73 0.25 0.64 0.39 0.38 0.96
4.0 6.60 3.84 1.72 0.24 0.65 0.40 0.39 1.00
6.0 6.67 3.88 1.72 0.24 0.67 0.41 0.39 1.03

10.0 6.80 3.96 1.72 0.24 0.70 0.43 0.41 1.07

Spilite, Mount Boardman, Calif - p =2.738 g/cm3
0.2 5.66 3.22 1.76 0.26 0.50 0.28 0.31 0.72
0.4 5.72 3.34 1.71 0.24 0.49 0.31 0.28 0.76
0.6 5.77 3.37 1.71 0.24 0.50 0.31 0.29 0.77
1.0 5.87 3.40 1.73 0.25 0.52 0.32 0.31 0.79
2.0 6.03 3.46 1.74 0.25 0.56 0.33 0.34 0.82
4.0 6.14 3.53 1.74 0.25 0.58 0.34 0.35 0.86
6.0 6.20 3.55 1.75 0.26 0.59 0.35 0.36 0.87

10.0 6.28 3.58 1.76 0.26 0.62 0.35 0.38 0.89

Metagabbro (1), Canyon Mountain, Oreg. - p = 2.816 g/cm3
0.2 6.58 3.59 1.83 0.29 0.74 0.36 0.49 0.94
0.4 6.59 3.60 1.83 0.29 0.74 0.37 0.49 0.94
0.6 6.61 3.61 1.83 0.29 0.74 0.37 0.50 0.95
1.0 6.64 3.64 1.82 0.29 0.74 0.37 0.50 0.96
2.0 6.69 3.68 1.82 0.28 0.75 0.38 0.50 0.98
4.0 6.73 3.74 1.80 0.28 0.75 0.39 0.49 1.01
6.0 6.80 3.78 1.80 0.28 0.77 0.40 0.50 1.03

10.0 6.94 3.86 1.80 0.28 0.80 0.42 0.52 1.07

Partially serpentinized peridotite (1), Mount Boardman, Calif -
p = 2.836 g/cm3

0.2 6.07 3.28 1.85 0.29 0.64 0.31 0.43 0.79
0.4 6.09 3.29 1.85 0.29 0.64 0.31 0.44 0.79
0.6 6.11 3.30 1.85 0.29 0.65 0.31 0.44 0.80
1.0 6.14 3.31 1.86 0.30 0.66 0.31 0.46 0.80
2.0 6.19 3.32 1.87 0.30 0.67 0.31 0.47 0.82
4.0 6.26 3.34 1.87 0.30 0.69 0.32 0.48 0.83
6.0 6.31 3.35 1.88 0.30 0.71 0.32 0.49 0.83

10.0 6.38 3.36 1.90 0.31 0.73 0.32 0.52 0.84

Metagabbro (2), Point Sa I, Calif - p = 2.847 g/cm3
0.2 6.31 3.56 1. 77 0.27
0.4 6.33 3.57 1.78 0.27
0.6 6.36 3.57 1.78 0.27
1.0 6.40 3.58 1. 79 0.27
2.0 6.46 3.60 1.80 0.28
4.0 6.54 3.62 1.81 0.28
6.0 6.59 3.64 1.81 0.28

10.0 6.64 3.66 1.81 0.28

Diabase (altered), Paskenta, Calif, - p = 2.857 g/cm3
0.2 5.95 3.11 1.91 0.31
0.4 6.03 3.12 1.93 0.32
0.6 6.06 3.13 1.94 0.32

0.65
0.66
0.67
0.68
0.70
0.72
0.73
0.75

0.36
0.36
0.36
0.36
0.37
0.37
0.38
0.38

0.41
0.42
0.43
0.44
0.45
0.47
0.48
0.49

0.64
0.67
0.68

0.28
0.28
0.28

0.46
0.48
0.49

0.91
0.92
0.92
0.93
0.94
0.96
0.97
0.98

0.73
0.73
0.74
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TABLE II (continued)

P Vp Vs Vp/Vs a K J1 'j\ E
(kbar) (km/see) (km/see) (Mb) (Mb) (Mb) (Mb)

1.0 6.15 3.16 1.95 0.32 0.70 0.28 0.51 0.75
2.0 6.24 3.21 1.94 0.32 0.72 0.29 0.52 0.78
4.0 6.36 3.29 1.93 0.32 0.74 0.31 0.54 0.81
6.0 6.42 3.33 1.93 0.32 0.76 0.32 0.54 0.84

10.0 6.49 3.37 1.93 0.32 0.77 0.33 0.56 0.86

Partially serpentinized peridotite (2), Mount Boardman, Calif - p = 2.866 g/em3
0.2 6.10 3.25 1.88 0.30 0.66 0.30 0.46 0.79
0.4 6.14 3.27 1.88 0.30 0.67 0.31 0.4 7 0.80
0.6 6.21 3.28 1.89 0.31 0.69 0.31 0.49 0.81
1.0 6.24 3.29 1.89 0.31 0.70 0.31 0.49 0.81
2.0 6.29 3.32 1.90 0.31 0.71 0.32 0.50 0.83
4.0 6.37 3.34 1.91 0.31 0.74 0.32 0.52 0.84
6.0 6.43 3.36 1.91 0.31 0.75 0.32 0.54 0.85

10.0 6.51 3.38 1.93 0.32 0.78 0.33 0.56 0.86

Metagabbro (2), Canyon Mountain, Oreg. -
p = 2.871 g/em3

0.2 6.61 3.64 1.82 0.28 0.75
0.4 6.63 3.64 1.82 0.28 0.75
0.6 6.64 3.65 1.82 0.28 0.76
1.0 6.66 3.66 1.82 0.28 0.76
2.0 6.70 3.68 1.82 0.28 0.77
4.0 6.75 3.70 1.82 0.28 0.79
6.0 6.78 3.72 1.82 0.28 0.79

10.0 6.84 3.76 1.82 0.28 0.81

Metagabbro (1), Trinity Complex, Calif - p = 2.907 g/em3

0.2 6.83 3.54 1.93 0.32 0.87
0.4 6.84 3.56 1.92 0.32 0.87
0.6 6.86 3.57 1.92 0.31 0.87
1.0 6.88 3.60 1.91 0.31 0.87
2.0 6.93 3.65 1.90 0.31 0.88
4.0 7.01 3.71 1.89 0.31 0.90
6.0 7.07 3.75 1.89 0.30 0.91

10.0 7.17 3.81 1.88 0.30 0.93

~------

P
(kbar)

Vpl
(km/see)

Vp2
(km/see)

Vp3
(km/see)

0.38
0.38
0.38
0.38
0.39
0.39
0.40
0.41

0.36
0.37
0.37
0.38
0.39
0.40
0.41
0.42

0.49
0.50
0.50
0.50
0.51
0.52
0.53
0.53

0.63
0.63
0.63
0.62
0.62
0.63
0.64
0.65

0.98
0.98
0.98
0.99
1.00
1.01
1.02
1.04

0.96
0.97
0.97
0.99
1.01
1.05
1.07
1.10

---_.--
Amphibolite, Canyon Mountain, Oreg.

0.2 6.34 6.59 6.98
0.4 6.36 6.61 6.99
0.6 6.38 6.63 7.01
1.0 6.40 6.66 7.03
2.0 6.45 6.71 7.07
4.0 6.51 6.78 7.11
6.0 6.54 6.81 7.13

10.0 6.57 6.84 7.16

PI = 2.914 g/em3
P2 = 2.915 g/em3
P3 = 2.947 g/em3
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p

(kbar)
Vp3
(kmjsec)

Vpl
(kmjsec)

Vp2
(kmjsec)

Gabbro (lA), Canyon Mountain, Oreg.
0.2 6.83 6.97 6.65
0.4 6.86 6.99 6.70
0.6 6.89 7.02 6.76
1.0 6.92 7.06 6.80
2.0 6.98 7.11 6.95
4.0 7.07 7.19 7.13
6.0 7.14 7.26 7.18

10.0 7.24 7.38 7.28

Gabbro (IB) Canyon Mountain, Oreg.
0.2 7.13 7.18 7.17
0.4 7.15 7.20 7.20
0.6 7.17 7.21 7.23
1.0 7.21 7.23 7.27
2.0 7.27 7.27 7.32
4.0 7.35 7.33 7.37
6.0 7.43 7.38 7.42

10.0 7.53 7.50 7.48

Gabbro (I C), Canyon Mountain, Oreg.
0.2 7.16 7.29 6.95
0.4 7.19 7.31 6.98
0.6 7.22 7.32 7.01
1.0 7.25 7.34 7.05
2.0 7.32 7.37 7.13
4.0 7.39 7.42 7.23
6.0 7.43 7.47 7.32

10.0 7.52 7.57 7.42

Gabbro (ID), Canyon Mountain, Oreg.
0.2 6.63 6.72 6.32
0.4 6.66 6.75 6.36
0.6 6.68 6.78 6.39
1.0 6.71 6.81 6.43
2.0 6.76 6.86 6.51
4.0 6.84 6.94 6.58
6.0 6.92 7.02 6.62

10.0 7.03 7.13 6.70

PI =2.918 gjcm3
pz = 2.887 gjcm3
P3 = 2.887 gjcm3

PI = 2.988 gjcm3
pz = 2.985 gjcm3
P3 = 2.989 gjcm3

PI = 2.987 gjcm3
pz = 2.994 gjcm3
P3 = 2.980 gjcm3

PI = 2.841 gjcm3
pz = 2.841 gjcm3
P3 = 2.835 gjcm3
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TABLE II (continued)

P Vp Vp/Vs - XVs a K /J. E
(kbar) (km/sec) (km/sec) (Mb) (Mb) (Mb) (Mb)

Metagabbro (3), Point Sal, Calif, - P = 2.936 g/cm3
0.2 6.94 3.64 1.91 0.31 0.90 0.39 0.64 1.02
0.4 7.01 3.66 1.92 0.31 0.92 0.39 0.66 1.03
0.6 7.06 3.68 1.92 0.31 0.93 0.40 0.67 1.04
1.0 7.13 3.71 1.92 0.31 0.96 0.40 0.69 1.06
2.0 7.23 3.78 1.91 0.31 0.98 0.42 0.70 1.10
4.0 7.30 3.89 1.88 0.30 0.98 0.44 0.68 1.16
6.0 7.35 3.96 1.86 0.30 0.98 0.46 0.67 1.19

10.0 7.39 3.99 1.85 0.29 0.98 0.47 0.67 1.22

P Vpl Vp2
(kbar) (km/sec) (km/sec)

Metagabbro (2), Trinity Complex, Calif,
0.2 7.08 7.21 Pi = 2.918 g/cm3
0.4 7.10 7.25 P2 = 3.070 g/cm3
0.6 7.12 7.29
1.0 7.15 7.34
2.0 7.20 7.42
4.0 7.29 7.51
6.0 7.34 7.58

10.0 7.42 7.70

P Vp Vs Vp/Vs a K /J. A E
(kbar) (km/sec) (km/sec) (Mb) (Mb) (Mb) (Mb)

Gabbro (2), Canyon Mountain, Oreg. - 75= 3.013 g/cm3
0.2 6.84 3.67 1.86 0.30 0.87 0.41 0.60 1.05
0.4 6.88 3.69 1.86 0.30 0.88 0.41 0.61 1.07
0.6 6.91 3.72 1.86 0.30 0.88 0.42 0.61 1.08
1.0 6.97 3.76 1.85 0.29 0.90 0.43 0.61 1.10
2.0 7.07 3.82 1.85 0.29 0.92 0.44 0.63 1.14
4.0 7.18 3.90 1.84 0.29 0.94 0.46 0.64 ~.18
6.0 7.26 3.94 1.84 0.29 0.97 0.47 0.65 1.21

10.0 7.40 4.02 1.84 0.29 1.00 0.49 0.68 1.26

Metagabbro (3), Trinity Complex, Calif, - 75= 3.016 g/cm3
0.2 6.76 3.74 1.81 0.28 0.82 0.42 0.53 1.08
0.4 6.78 3.76 1.81 0.28 0.82 0.43 0.54 1.09
0.6 6.80 3.76 1.81 0.28 0.83 0.43 0.54 1.09
1.0 6.83 3.78 1.81 0.28 0.83 0.43 0.54 1.10
2.0 6.88 3.81 1.81 0.28 0.85 0.44 0.55 1.12
4.0 6.96 3.85 1.81 0.28 0.86 0.45 0.57 1.15
6.0 7.01 3.87 1.81 0.28 0.88 0.45 0.58 1.16

10.0 7.09 3.89 1.82 0.28 0.91 0.46 0.61 1.18
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TABLE II (continued)

P Vs Vp/Vs - K - X EVp a !J.
(kbar) (km/see) (km/see) (Mb) (Mb) (Mb) (Mb)

Metagabbro (3), Canyon Mountain, Oreg. - {5= 3.034 g/em3
0.2 6.92 3.74 1.85 0.29 0.89 0.42 0.60 1.10
0.4 6.96 3.75 1.86 0.30 0.90 0.43 0.62 1.11
0.6 6.99 3.77 1.85 0.29 0.91 0.47 0.62 1.12
1.0 7.03 3.79 1.85 0.30 0.92 0.44 0.63 1.13
2.0 7.10 3.83 1.85 0.29 0.94 0.45 0.64 1.15
4.0 7.18 3.89 1.85 0.29 0.95 0.46 0.65 1.19
6.0 7.23 3.93 1.84 0.29 0.96 0.47 0.65 1.21

10.0 7.33 4.01 1.83 0.29 0.98 0.49 0.66 1.26

Metagabbro (4), Trinity Complex, Calif, -{5 = 3.038 g/em3
0.2 6.82 3.71 1.84 0.29 0.86 0.42 0.58 1.08
0.4 6.84 3.71 1.84 0.29 0.86 0.42 0.59 1.08
0.6 6.86 3.73 1.84 0.29 0.87 0.42 0.58 1.09
1.0 6.88 3.75 1.83 0.29 0.87 0.43 0.58 1.10
2.0 6.93 3.79 1.83 0.29 0.88 0.44 0.59 1.12
4.0 6.99 3.83 1.83 0.29 0.89 0.45 0.59 1.15
6.0 7.04 3.85 1.83 0.29 0.91 0.45 0.61 1.16

10.0 7.12 3.87 1.84 0.29 0.94 0.46 0.63 1.18

Pyroxenite (1), Canyon Mountain, Oreg. -{5 = 3.209 g/em3
0.2 7.73 4.22 1.83 0.29 1.15 0.57 0.77 1.47
0.4 7.75 4.23 1.83 0.29 1.16 0.57 0.78 1.48
0.6 7.78 4.24 1.83 0.29 1.17 0.58 0.79 1.49
1.0 7.81 4.26 1.83 0.29 1.18 0.58 0.79 1.50
2.0 7.86 4.29 1.83 0.29 1.20 0.59 0.80 1.52
4.0 7.91 4.33 1.83 0.29 1.21 0.60 0.81 1.55
6.0 7.95 4.35 1.83 0.29 1.22 0.61 0.82 1.56

10.0 8.03 4.39 1.83 0.29 1.25 0.62 0.83 1.60

Pyroxenite (2), Canyon Mountain, Oreg. -{5 = 3.267 g/em3
0.2 7.74 4.16 1.86 0.30 1.20 0.57 0.83 1.47
0.4 7.77 4.18 1.86 0.30 1.21 0.57 0.83 1.48
0.6 7.80 4.20 1.86 0.30 1.21 0.58 0.84 1.49
1.0 7.83 4.23 1.85 0.29 1.22 0.58 0.83 1.51
2.0 7.89 4.26 1.85 0.29 1.24 0.59 0.85 1.54
4.0 7.96 4.30 1.85 0.29 1.27 0.60 0.86 1.56
6.0 8.00 4.31 1.86 0.30 1.28 0.61 0.88 1.57

10.0 8.08 4.33 1.87 0.30 1.32 0.61 0.91 1.59

velocities are reported for three directions. Shear velocities were not mea-
sured for these specimens because of the dependence of shear velocity on
displacement as well as propagation direction (Christensen, 1966b).

OPHIOLITE SEISMIC PROPERTIES AND MINERALOGY

In addition to mineralogy, a major factor influencing velocities of the
upper oceanic crust is fracturing. The depth to which fracturing is importan t
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is presently unknown, however sonobuoy data and results from the Deep Sea
Drilling Project indicate that shattered and fractured volcanic material is
common in the upper half kilometer of layer 2 (Hyndman and Drury, 1976).
At greater depths elevated temperatures and pressures and associated meta-
morphism have likely healed most fractures (Christensen and Salisbury,
1975) and seismic velocitief; provide significant information on crustal miner-
alogy. In the, following discussion mineralogy is correlated with velocities
and elastic properties at 1 kbar, a pressure appropriate for the upper portion
of oceanic layer 3.

Serpentinites

The first detailed study of compressional wave velocities in serpentinites
at elevated pressures was that of Birch (1960, 1961), which .demonstrated
that compressional wave velocities increase with increasing density of serpen-
tinites, the increase being related to relic olivine and pyroxene. Compres-
sional wave velocities in partially serpentinized dunites and peridotites were
found to possess an additional complexity, seismic anisotropy originating
from preferred mineral orientation. Christensen (1966a) reported the elastic
properties for a suite of ultramafics with variable serpentinization, which
provided velocity-density curves for shear as well as compressional wave
velocities. Of particular significance was the finding that serpentinite has a
relatively high Poisson's ratio, an elastic parameter important in estimating
crustal composition from seismic velocities.

Ranges of elastic properties and densities of the major rock types are sum-
marized in Table III. Rock types for which single samples were studied are
not included in the summary. Comparisons of the serpentinite data with that
of the other rocks illustrate the high Poisson's ratios and relatively low
velocities and elastic constants of serpentinites from ophiolites. The serpen-
tinites with densities below 2.60 g/cm3 are relatively pure, containing primar-
ily a mixture of lizardite and chrysotile, and uniform in velocities and elastic
constants. Elastic properties of serpentinites with densities between 2.60 and
2.70 g/cm3 are, on the other hand, quite variable. This is partially due to
accessory pyroxene and olivine and, more importantly, significant amounts
of antigorite within the two serpentinites from Stonyford, California. A
comparison of the elastic properties of serpentinite (2) from Stonyford, with
other serpentinites (Table II) illustrates the relatively high velocities, Iowa
and high K, J.land E of antigorite. Thus velocities and elastic constants of ser-
pentinites are strongly influenced by serpentine mineralogy as well as acces-
sory mineralogy.

Spilites

Compared with serpentinites, the spilites have fairly narrow ranges in
velocities, densities and elastic constants. Since spilite velocities are much

Author's Personal Copy



147

lower than velocities in fresh oceanic basalts (Vp ~ 6.5 km/sec, Vs ~ 3.4 km/
see; Christensen and Salisbury, 1975), spilitization is a significant process
affecting elastic properties. The spilite with the lowest velocities, spilite 2
from Black Mountain, California, differs from the other three spilites in its
lack of abundant groundmass calcite. Calcite is a relatively fast mineral
(Birch, 1961) and is apparently responsible for the higher velocities and val-
ues of K, J1,A.and E in the Black Mountain (1), Canyon Mountain and Mount
Boardman spilites. The Mount Boardman spilite differs from the other
spilites because of its relatively low Poisson's ratio (0.25 at 1 kbar), which is
attributed to a high quartz content. Since quartz has an extremely low Pois-
son's ratio (0.09; Birch, 1961) compared with common rock forming min-
erals, significant amounts of quartz in a rock have a profound influence on
lowering Poisson's ratio.

Trondhjemites

The two trondhjemites included in this study have similar velocities and
elastic constants. Even though their densities are similar to spilites, trond-
hjemite velocites are over 10% higher. Also their compressional wave veloci-
ties and values of K, A. and E are lower than similar properties of the
metagabbros and gabbros (Table II). Shear velocities, on the other hand, and
corresponding values of shear moduli are relatively high, producing low
(0.25) Poisson's ratios. As with the Mount Boardman spilite, the high shear
velocities and low Poisson's ratios are a consequence of abundant quartz.

Metagabbros

The metagabbros show wide ranges of densities, velocities and elastic con-
stants. The lower density rocks «2.90 g/cm3) contain mineral assemblages
characteristic of the prehnite-pumpellyite and greenschist facies. For these
samples the plagioclase is highly albitized. Two samples (metagabbros (1)
and (2), Point Sal, Calif.) contain abundant quartz and thus have relatively
low Poisson's ratios (0.27). The intermediate density metagabbros (2.9-3.0
g/cm3) contain saussuritized plagioclase with green hornblende and actino-
lite. They have relatively high compressional wave velocities (6.88-7.13
km/sec) and Poisson's ratios (0.31). The highest density metagabbros (>3.0
g/cm3) contain amphibolite facies mineral assemblages, sometimes with over-
prints of the greenschist facies. Poisson's ratios vary from 0.28 to 0.30 and
compressional wave velocities at 1 kbar range from 6.83 to 7.03 km/sec.

The amphibolite from Canyon Mountain is strongly foliated due to pre-
ferred hornblende orientation, which produces the high anisotropy (6.40-
7.03 km/sec at 1 kbar). The fast direction corresponds to propagation
parallel to a maximum concentration of hornblende coaxes (Christensen,
1965).
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Gabbros

A large number of velocity measurements have been reported for gabbros
(e.g., Birch, 1960; Simmons, 1964; Christensen, 1965; Fox et al., 1973;
Kroenke et al., 1976). Compressional and'shear velocities in relatively un-
altered dredge samples range from 6.9 to 7.2 km/sec and 3,6 to 3.9 km/sec,
respectively, whereas Poisson's ratios are generally between 0.29 and 0.31
(Christensen and Salisbury, 1975). Higher velocities are possible in olivine
rich gabbros (Christensen, 1965).

A large block of cumulate gabbro (Canyon Mountain 1) was collected for
a detailed anisotropy study (Fig. 2). Cores were removed from four levels
(A, B, C and D, Table II) of one cumulate layer. At each level velocities were
measured in three perpendicular directions, two parallel and one normal to
the layering. Mineralogies of each level are given in Table I and velocities are
summarized in Fig. 2.

Preferred orientations of plagioclase and pyroxene in the upper levels
(A and B) of the gabbro are weak, thus these levels are nearly isotropic.
Levels C and D, however, contain abundant olivine with a strong preferred
orientation (Fig. 3), such that olivine b crystallographic axes form a maxi-
mum nearly normal to the cumulate layering, and the a- and coaxes tend to
form partial girdles with well defined maxima within the layering. This is a
common type of olivine orientation (Brothers, 1959), which produces seis-
mic anisotropy with a slow velocity parallel to the olivine b-axes maxima
(Christensen, 1966a). The increase in velocity going downward from levels

Fig. 2. Cumulate gabbro (Canyon Mountain 1) showing orientations of cores and com-
pressional wave velocities at 2 kbar.
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z
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Fig. 3. Olivine orientation at levels C and D in Gabbro 1 from Canyon Mountain Contours
5, 3 and 1% per 1% area.

A to C is due to the increasing percentages of mafic minerals (Table I). The
lower velocities of level D are a consequence of serpentinization.

Pyroxenities

The velocities of the two pyroxenites included in this study compare
favorably with those reported by Birch (1960) for a pyroxenite from
Sonoma County, Calif. The higher density pyroxenite has less serpentine and
more accessory olivine. Although clinopyroxene is present in both rocks,
they primarily contain enstatite.

DETAILED SEISMIC STRUCTURE OF OPHIOLITES

Several studies of compressional wave velocities have demonstrated that
many rocks of the ophiolite suite have velocities similar to oceanic crustal
refraction velocities (e.g., Birch, 1960: Poster, 1973; Peterson et aI., 1974;
Christensen and Salisbury, 1975; Hyndman and Drury, 1976). A similar
correlation is illustrated in Fig. 4 for the rocks included in Table II. Super-
imposed in Fig. 4, in which observed velocities from 415 main ocean basin
sites are presented in histogram form (Christensen and Salisbury, 1975), are
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Fig. 4. Histogram of compressional wave refraction velocities from 415 main ocean basin
sites (Christensen and Salisbury, 1975). Superimposed are ranges of velocities for the
major rock types included in this study.

mean compressional wave velocities and standard deviations of velocity for
layer 2, layer 3 and the upper mantle computed by Raitt (1963).

The similarities of gabbro and metagabbro velocities to lower oceanic
crustal velocities are striking. Compressional wave velocities in serpentin-
ites, partially serpentinized peridotites and trondhjemites, on the other hand,
are lower than average layer 3 velocities. Velocities of the spilites are in the
range of many layer 2 velocities. The pyroxenite velocities fall between
Raitt's average 6.69 and 8.13 km/sec velocities, suggesting that pyroxenites
are not major constituents of either the lower oceanic crust or the upper
mantle.

The ophiolite bodies from which samples of the present study were col-
lected are structurally complicated due to faulting which has dispersed crit-
ical stratigraphic levels (Bailey et aI., 1970). Thus it is impossible to recon-
struct detailed stratigraphic columns for these ophiolites so velocity profiles
can be estimated for comparisons with oceanic crustal seismic refraction
structure. Several ophiolite complexes, however, appear to be complete or
nearly complete over large areas (e.g., Wilson, 1959; Smith, 1958; Moores,
1969; Davies, 1971; Williams, 1971; Reinhardt, 1969) and from the petrol-
ogic descriptions presented for these complexes and the data of Table II
it is possible to estimate their detailed velocity structure.

Stratigraphic columns summarized by Christensen and Salisbury (1975)
for the Vourinos complex of northern Greece, the Troodos complex of
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Cyprus, the Semail complex of Oman, Papua of New Guinea and the Bay
of Islands complex of Newfoundland are shown in Figs. 5 and 6, with esti-
mated compressional (Vp) and shear (Vs) velocity profiles. The velocity pro-
files have been determined primarily from the data of Tables I and II,
although the data of Hamilton et al. (1974), Birch (1960), Christensen
(1966a) and Christensen and Salisbury (1972) have been used for sediment,
basalt, anorthosite and peridotite velocities. The new data presented in this
paper have been particularly useful in constructing the shear velocity col-
umns and incorporating the influence of metamorphic grade on the velocity
columns. It should be emphasized that since these complexes are currently
under investigation, their columns are subject to revision (Christensen and
Salisbury, 1975).

Average upper crustal layer 2 seismic refraction velocities are likely influ-
enced by extensive low temperature weathering in regions of old oceanic
crust (Christensen and Salisbury, 1972) and large scale fracturing (Hynd-
man and Drury, 1976). Submarine weathering has been observed to decrease
velocities as much as 40% (Christensen and Salisbury, 1975), whereas frac-
turing, possibly in conjunction with intercalated sediments, has been esti-
mated to locally lower layer 2 velocities as high as 70% (Hyndman and
Drury, 1976). In Figs. 5 and 6 velocities in the uppermost levels of the
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Fig. 6. Stratigraphic columns and estimated velocities (abbreviations similar to Fig. 5).

pillow basalt sections of each complex have been lowered to 40% of mea-
sured velocities in relatively fresh basalts. It has been assumed that the
influences of fracturing and weathering diminish with depth, so velocities at
1 km below the basalt-sediment interface are related primarily to mineral-
ogy.

Neglecting the obvious sharp increase in velocities at the bases of the
sedimentary sections, the first major seismic discontinuities occur at approx-
imately 1 km depths in the Vourinos and Bay of Islands complexes, 1.5 km
in Troodos, 2 km in Papua and 3 km in the Semail complex. These regions of
rapid increases in velocities are related to increasing metamorphic grade and
are interpreted as being capable of producing a seismic discontinuity similar
to the layer 2-3 seismic boundary of refraction seismology.

A second major seismic discontinuity predicted in all of the complexes
is associated with the change from gabbro, anorthosite and troctolite to
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dunite and peridotite. This corresponds to the crust-mantle boundary in
which compressional wave velocities generally increase to over 8 km/sec.
Variations in upper mantle velocities would depend on many factors, the
more important being accessory mineralogy, anisotropy due to preferred
mineral orientation and the temperature regime of the upper mantle. Other
seismic discontinuities likely to occur within the crustal sections are related
to (1) the transition from relatively olivine free gabbro to olivine gabbro,
anorthosite and troctolite (Semail and Bay of Islands) and (2) the transition
of greenschist facies metamorphics and tonalite to gabbro (Papua).

Three of the sections (Troodos, Semail and Bay of Islands) have regions
with distinct compressional wave velocity inversions associated with late
differentiates, such as trondhjemite and quartz diorite. It is significant that
these inversions occur only when amphibolite facies rocks are above the late
differentiates (Figs. 5 and 6). Also, shear velocity inversions are nonexistent
or minimal since the late differentiates have relatively low Poisson's ratios
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Fig. 7. Seismic layering of major ophiolites compared with ocean crustal structure.
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related to high shear velocities. Because the late differentiates occur as dikes,
sills and pods, the velocity inversions are likely to be laterally discontinuous.

The various seismic layers, their approximate velocities and thicknesses are
summarized in Fig. 7 for the five major ophiolite complexes along with the
three layer mean oceanic crust of Raitt (1963) and two crustal models from
sonobuoy data (Christensen and Salisbury, 1975). Low velocity zones have
been excluded because they are largely undetected in refraction seismology
and sonobuoy studies. Since relatively small velocity increases are asssociated
with the 7.5 km/sec layers of the Semail, Papua and Bay of Islands massifs,
these layers would also likely be undetected in normal refraction surveys and
their thicknesses would be included with the overlying units. Sonobuoy
st:ldies, on the other hand, would likely detect the 7.5 km/sec layers.

In addition to using simple crustal averages, it is also instructive to com-
pare the velocity structures of the ophiolites with those of refraction seis-
mology by plotting velocities versus layer thicknesses. In Fig. 8A, observed
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velocities from 415 main ocean basin sites (Christensen and Salisbury, 1975)
are plotted against their associated layer thicknesses and in Fig. 8B mantle
velocities are plotted against the thicknesses of the overlying crustal sections.
Superimposed on this figure are the velocities and layer thicknesses for the
ophiolites, which would be observed from seismic refraction studies. Com-
parisons of this type leave no doubt that there are striking similarities be-
tween ophiolite seismic structures and oceanic crustal seismic structures.
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	Fig. 7. Seismic layering of major ophiolites compared with ocean crustal structure. 
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