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Elasticity of Mafic Rocks from the Mid-Atlantic Ridge
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Summary

Compressional wave velocities are reported to pressures of 10kb for
57 cores of rock dredged from the Mid-Atlantic Ridge at 22°N and
4° S latitude. Shear wave velocities are reported to pressures of 10 kb for
9 rock cores. The rocks studied consist of basalt, altered basalt, dolerite
and chlorite-rich greenstones. Compressional wave velocities for all of
the rocks, with the possible exception of the dolerites, are similar (o
reported velocities of the oceanic crust over the Mid-Atlantic Ridge crest.
None of the rocks appear to be abundant constituents of the oceanic
layer (Layer 3). Relationships between bulk density and velocity are
given at pressures of 0-4, 1, 2, 6 and 10 kb. The least squares solution
at 10kb, V, = 2:53p—-0-76, falls between Birch’s solutions for mean
atomic weights 21 and 22,

Introduction

The most direct information available on the structure of the oceanic crust comes
from marine seismic investigations. The seismic data are usually presented as models
with layers of various thicknesses and velocities. Most reported velocities are for
compressional waves, although a limited amount of data is available on shear velocity
distributions. Average oceanic structure has been summarized by Hill (1957) and
Raitt (1963). Refracted arrivals from the oceanic crust usually have four segments
on a travel time-distance plot which represent three crustal layers and the upper
mantle. The uppermost crustal layer (Layer 1) varies greatly in thickness and consists
of unconsolidated or semiconsolidated sediments. This is underlain by basement
(Layer 2, ¥, ~ 5kms™') and the oceanic layer (Layer 3, ¥, ~ 6:7kms™"). The exact
nature of layers 2 and 3 is still questionable.

According to the hypothesis of sea-floor spreading, mid-oceanic ridges are
thought to be regions of oceanic crustal generation. Over the Mid-Atlantic Ridge
layer 3 is absent from the axial zone (Le Pichon et al. 1965) and a thick section of
layer 2 with a compressional wave velocity of 4-5 to 5-8kms™? lies directly upon
mantle. Layer 3 is present, however, over the East-Pacific Rise (Raitt 1956). Over
both ridge types total crustal thickness is less than normal.

The geologic implications of these seismic observations are highly debatable.
Clearly a better understanding of oceanic ridge processes, including the generation
of oceanic crust, depends upon reasonable estimates of oceanic crustal composition.
The purpose of this paper is to present new laboratory data bearing on the inter-
pretation of oceanic seismic refraction data in terms of mineral composition.
Compressional and shear wave velocities are presented to pressures of 10kb for
several volcanics and low grade metamorphics dredged from the axial zone of the
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Mid-Atlantic Ridge. The data are shown to have importance in placing limits on
oceanic crustal composition and density.

Early investigations of elastic wave velocities at high pressures were usually limited
to measurements of compressional waves in coarse grained igneous rocks. Velocities
in granite were shown to be similar to upper continental crustal velocities, whereas
velocities in gabbros were found to approximate velocities in the lower continental
crust and the oceanic crust (Birch 1958). Thus the continental crust was commonly
referred to as granitic and gabbroic and the oceanic crust was believed to be gabbroic
(e.g., Gutenberg 1955, 1959). Recently several papers have reported compressional
wave velocities at elevated pressures for a wider variety of plutonic igneous rocks and
several metamorphic rocks (Birch 1960, 1961; Kanamori & Mizutani 1965; Christensen
1965, 1966b, 1970). Samples in these studies were obtained from continental areas.
Compressional wave velocities also have been measured in a variety of basalts
(Christensen 1968; Manghnani & Woollard 1968). These measurements show that
crustal velocities which were interpreted as suggestive of granite or gabbro can also
be explained by the presence of metamorphic and volcanic rocks.

Shear velocities at elevated pressures have been measured in several continental
plutonic igneous rocks and metamorphic rocks (Simmons 1964; Kanamori &
Mizutani 1965; Christensen 1966a, 1966b). No data have been published for basic
volcanics or their low grade metamorphic equivalents, greenstones. The shear wave
velocity data, when combined with compressional wave velocities, can be used to
calculate the elastic constants of rocks under the assumption of isotropic elasticity.
These constants provide additional important parameters which, when compared to
elastic constants of the oceanic crustal layers, can further place limitations on crustal
composition.

Notation
V

D

compressional wave velocity, kms™!

V.,  shear wave velocity, kms™1.

Py,  bulk density, gcm™3,

p,  particle density, gem™>.

B, compressibility, Mb~1,
A, Lamé’s constant, Mb.
TR shear modulus, Mb.

c, Poisson’s ratio.
¢, seismic parameter, (km s~ 1),
E, Young’s modulus, Mb.

K, bulk modulus, Mb.

Description of specimens

The rocks in this study with the prefix W were dredged on the crest and in the
median valley of the Mid-Atlantic Ridge between 22° and 23° N in 1965 on cruise
1965-1 of R. V. Thomas Washington. The area was first examined during cruise
44 of R. V. Chain (van Andel et al. 1965; Melson & van Andel, 1966; van Andel &
Bowin 1968). Melson ef al. (1968) have studied in detail the petrology and chemistry
of the rocks obtained on cruise 1965-1 of R. V. Thomas Washington. Locations of
the dredged slopes where the samples in the present study were collected are shown
in Fig. 1 of Melson et al. (1968).
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The basalt samples were cored from massive fragments and pillows and consist
primarily of plagioclase, subcalcic augite, olivine, titanomagnetite, and ilmenite.
Volcanic glass and various products of deuteric alteration are common. Chemical
analyses of pillow lavas and massive, holocrystalline basalts from this area (Melson
et al. 1968, p. 5930) show little variation in composition. Chemically the basalts are
oceanic tholeiites with compositions similar to previously reported chemical analyses
of fresh basalts dredged from or near the Mid-Atlantic Ridge.

The dolerites are similar in mineralogy to the basalts. Some deuteric alteration
is common in all the samples included in the present study. A chemical analysis of a
dolerite collected on the Chain 44 cruise (Melson et al. 1968, p. 5933) is similar to the
basalts, with the exception of slightly higher Al,O; in the dolerite. Estimated modes
of the basalts and dolerites are given in Table 1.

Petrography and chemistry of greenstones collected between 22° and 23° N are
given by Melson et al. (1968). The samples included in our study have not undergone
the extensive mineralogical reconstitution of many of the greenstones reported from
the same area by Melson & van Andel (1966). The samples, which are mylonitized
and brecciated, consist primarily of chlorite along with relic augite and plagioclase.
Melson et al. (1968) interpreted these greenstones to have originated by hydrothermal
activity rather than regional metamorphism.

The greenstones with the prefix A were collected from the Mid-Atlantic Ridge at
4° S on Cruise 42 of Atlantis II. The samples are highly brecciated and are similar
in mineralogy to the greenstones from the Mid-Atlantic Ridge at 22° N. The petrology
of samples from this area has been reported by Thompson et al. (1969).

Experimental method

The velocities are obtained by measuring the transit times of compressional
and shear waves in cylinders of rocks. Details of this technique are described by
Birch (1960). The rock cores, 1-3 to 2:5cm in diameter and 3-0 to 5-3 cm in length,
are jacketed with copper foil to exclude the pressure medium from the pore spaces of
the rocks. The ends of the cores are painted with silver conducting paint. Barium
titanate and AC-cut quartz transducers with natural resonance frequencies of
2MHz are used to generate compressional and shear waves respectively. The
transducers are cemented with silver conducting epoxy to aluminium electrodes and
held against the core ends by rubber tubing. The tubing excludes the pressure
medium from the transducer-rock interface and the unjacketed core ends.

Table 1
Modal analyses, percentages by volume
Plagioclase
Identification composition,
Number Plagioclase  Pyroxene Olivine Opaques Others* % Anorthite
W-2-8 50 25 - 10 15 57
W-4-115 47 14 3 10 26 52
W-8-2 56 34 - 7 3 38-69
W-9-78 40 9 1 20 30 67
W-7-1 50 31 1 10 8 60
W-2-6 55 30 - 7 8 57
W-4-427 46 29 4 11 10 49
w-2-4 39 28 - 8 25 56
W-14-442 35 30 2 15 18 57
W-4-15 40 10 - 20 30 68
W-10-2 61 29 - 3 7 36-55
W-10-1 50 34 1 7 8 58
W-10-3 51 31 - 7 11 53

* Principally alteration products and glass
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A pulse of approximately 50 volts from a Hewlett Packard 214A pulse generator
excites one of the transducers. The pulse from the driving transducer passes through
the sample and is converted into an electrical signal by the receiving transducer which
is amplified and displayed on a dual trace oscilloscope. Simultaneously, the pulse
excites a transducer at one end of a variable length mercury delay line. The signal
through the mercury is received by a second transducer, amplified and displayed on
the second trace of the oscillosope. By varying the distance between the transducers
in the mercury delay line, the two signals on the oscilloscope can be superimposed.
The delay line is calibrated with steel standards to produce equivalent travel times
through the mercury column and the specimen when the signals are superimposed on
the oscilloscope screen. The velocity in the rock is calculated from the length of the
core, the length of the mercury column, and the velocity of mercury.

The pressure system is capable of generating pressures to 10 kb at room temper-
ature in a cavity 3-5cm in diameter and 15-2cm long The system utilizes a two
stage pumping technique with a pressure intensifier. The high pressure fluid used is
plexsol, produced by Esso Corporation. Pressure is measured by means of a manganin
coil which is accurate to +1 per cent.

The error in the velocity determinations is due to a number of sources: the length
of the sample, the effect of temperature on the velocity in mercury, uncertainties in
the calibration of the delay line, and most important, the uncertainty in superimposing
the signals from the sample and the delay line. This last source of error is greater for
shear wave velocities than for compressional wave velocities and is expressed as an
uncertainty in the length of the mercury column. The length of the sample is deter-
mined by means of a vernier caliper or micrometer. The per cent error in the length
is about 0-1 per cent. The error due to the temperature effect on the velocity in
mercury is approximately 0-2 per cent. For compressional velocity determinations
the error in the length of the mercury column is approximately 0-2 per cent and for
shear waves this error is about 0-5 per cent. Thus the limits of error for compressional
and shear velocities are estimated roughly to be 0-5 per cent and 1-0 per cent
respectively.

Pata

Compressional and shear wave velocities for the rocks are given in Tables 2 and
3. Bulk densities on Table 2 were obtained from the weights and dimensions of the
cylindrical samples. Particle densities were calculated from the weights and volumes
of pulverized specimens. Shear velocities are reported for representative samples of
each rock type. The velocities in Tables 2 and 3 have not been corrected for change
in length due to compression. This correction lowers 10 kb velocities by approximately
1 per cent (Birch 1960). Earlier studies have shown that it is important to establish
the degree of anisotropy in rocks (Birch 1961; Christensen 1965, 1966a), especially
when elastic constants are calculated from velocity data. Thus for most specimens,
velocities are reported for three perpendicular cores.

Velocities recorded with increasing pressure are usually slightly lower than
velocities obtained with decreasing pressure. For a few of the basalts the reverse
effect was observed for compressional wave velocities at low pressures. This has also
been reported for basalts from Hawaii (Manghnani & Woollard 1968) and is illustrated
in Fig. 1 for a specimen of basalt. Velocities reported in Tables 2 and 3 are simple
averages of measurements taken with increasing and decreasing pressure. The
initial rapid increase of velocity with increasing pressure (Fig. 1) is due to closure
of grain boundary cracks (Birch 1960). At pressures above a few kilobars the cracks
are closed and the velocities show a relatively small increase with further increase in
pressure,
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Fic. 1. Compressional and shear wave velocities for a specimen of basalt
(W-4-15-1) as a function of pressure. Dots indicate measurements with increasing
pressure; circles, with decreasing pressure.

The data in Tables 2 and 3 are for partially water saturated specimens. Several
recent studies (e.g., Dortman & Magid 1969; Nur & Simmons 1969) have
shown that the degree of water saturation can have a large effect on compressional
wave velocities below a few kilobars. Comparisons of saturated and dry velocities
in these studies represent rather extreme conditions which are probably not completely
applicable to rocks in the Earth’s crust. The dry velocities are usually measured from
samples which have been heated to drive off any free water between grain boundaries.
This heating, in addition to driving off water, tends to loosen the grain structure
which, in turn, may produce a drop in low pressure velocities. Complete water
saturation is usually accomplished by immersing the samples in water within a
vacuum chamber.

The effect of water saturation on the volcanics and low grade metamorphics is
usually much less than that observed for coarse grained igneous rocks. Presumably
this behaviour may indicate less connected void space. Compressional wave velocities
at pressures between 0-2 and 0-4kb for completely saturated Mid-Atlantic Ridge
specimens show an average increase of 4 per cent over the velocities reported in
Table 2. At pressures above a few kilobars the velocity difference is within the error
of measurement.

The elastic constants given in Table 4 were calculated at five pressures for the
three rocks for which both compressional and shear wave velocities were determined.
They were calculated from the measured values of V,, V, and p, assuming isotropic
elasticity. Corrections were made for compression using an iterative routine and the
dynamically determined compressibility. The estimates of error in the elastic constants
were determined from the estimated errors in the velocities and the error in the
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Table 4

Elastic constants calculated from V,, V, and p,

Pressure, ¢ K, A I E,
kb Vol Vs o (kms 1)2 Mb Mb-! Mb Mb
Dolerite, W-10-2
0-4 1-73 0-25 21-1 0-61 1-64 0-37 0-91
10 1-73 0-25 21-6 0-62 1-61 0-37 0-94
20 1-73 0-25 22:0 0-64 1-57 0-39 0-96
60 1-72 0-25 23-1 0-67 1-49 0-41 1-02
10-0 1-72 0-25 23-4 0-68 1-46 0-42 1-05
Altered basalt, W-4-15
0-4 1-75 0-26 186 0-53 1-88 0-31 0-77
1-0 1-77 0-27 21-4 0-61 1-63 0-34 0-86
2:0 1-79 0-27 23-5 0-67 1-49 0-36 0-92
60 1-79 0-27 252 0:73 1-38 0-38 0-98
10-0 1-80 0-28 25-4 0-74 1-36 0-39 0-99
Greenstone, W-2-10
0-4 1-87 0-30 22:4 0-64 1-57 0-29 0-76
1-0 1-88 0-30 229 0-65 1-53 0:30 0-78
2:0 1-88 0-30 236 0-67 1:49 0-31 0-79
6-0 1-89 0-31 25-1 0-72 1-39 0-32 0-84
10-0 1-90 0-31 26-5 0-74 1:35 0-32 0-84
65 T
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= Dolerite l ! i .
601 { f
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Fic. 2. Compressional wave velocities between 0-2 and 0-6 kb as a function of
bulk densities (Table 2) and average layer 2 velocity after Raitt (1963). Horizontal
dashed lines represent plus and minus one standard deviation of the average layer 2
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density (0-5 per cent). To facilitate calculation of the errors, V, and V, were assumed
to be 6kms™! and 3-5kms~! respectively. The estimated errors are +4 per cent
in K and B, +3-5 per cent in ¢, +2-5 per cent in u, +7 per cent in 4, +6 per cent
in ¢, and 48 per cent in E.

Discussion

Comparisons of seismic velocities with laboratory velocities at appropriate
pressures provide information as to possible mineral assemblages of crustal layers
and, perhaps most important, can be used to reject many rocks as major crustal
constituents. Comparisons of this type must necessarily assume a certain degree of
homogeneity in the crustal layers, at least over distances comparable to the path
lengths of waves used in seismic refraction investigations. A test of homogeneity
can be based on the variability of measured velocities in various crustal regions. With
this in mind, we have plotted in Fig. 2 measured compressional wave velocities at
pressures between 0-2 and 0-6 kb for the Mid-Atlantic Ridge rocks versus their bulk
densities. The average velocity of layer 2 given by Raitt (1963) and the standard
deviation of this average are also shown in Fig. 2. Our measurements show that
greenstones and basalts similar to those obtained from the Mid-Atlantic Ridge are
possible major constituents of layer 2. Velocities for the denser rocks are slightly
high, however fracturing in the upper oceanic crust could lower velocities. The
standard deviation of the average layer 2 velocity is quite large (+0-63 km s~ !), which
suggests heterogeneity in composition. Thus basalt, altered basalt, dolerite and
greenstone may all be important constituents of layer 2.

Crustal velocities at the Mid-Atlantic Ridge crest are similar to layer 2 velocities
(Talwani et al. 1965). The interpretation of gravity and seismic data over the Mid-

4% epnpe—————— S ——— T ——— B ST S ———

Average layer 3 Velocty~,

551

——— Greenstone
Bosalt
........ ~ Dolerite
45 = s |
26 & ” )

Density, g cm™3

Fic. 3. Compressional wave velocities between 1 and 2 kb as a function of bulk

densities (Table 2) and average layer 3 velocity after Raitt (1963). Horizontal

dashed lines represent plus and minus one standard deviation of the average
layer 3 velocity.
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FiG. 4. Compressional wave velocities at 10 kb as a function of bulk densities.

Least-squares regression lines of ¥, on p, are given for the Mid-Atlantic Ridge
samples as well as from previous work.
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4 52-5 26 27 28 29 30

Density,g cm™3

FiG. 5. Least-squares regression lines for p, on V, for the Mid-Atlantic Ridge
specimens.
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Atlantic Ridge indicates that layer 3 is absent and the oceanic crust consists only of
a thick section of layer 2 (Le Pichon et al. 1965). Our measurements suggest that
mafic rocks collected along the crest of the Mid-Atlantic Ridge are probably repre-
sentative of the entire crustal section over the ridge axis.

Layer 3 velocities are relatively uniform (Raitt 1963). This strongly suggests
that there is little variability in lower oceanic crustal composition. In Fig. 3 are
plotted compressional wave velocities at pressures from 1 to 2 kb versus bulk densities
from the data in Table 2. Raitt’s average layer 3 velocity and the standard deviation
are also shown in Fig. 3. It appears that oceanic basalts, chlorite-rich greenstones,
and dolerites cannot be abundant in layer 3. Compressional wave velocity measure-
ments by Christensen (1970) for several relatively high grade epidote-rich continental
greenstones are, however, within the range of reported layer 3 velocities.

Perhaps the most interesting aspect of the elastic constants is the behaviour of &
with increasing pressure. The other elastic constants and the velocities show changes
of 10 per cent or more in going from 0-4 to 10 kb. The change in ¢, however, is much
less, the greatest change being for the altered basalt (7 per cent). Since much of the
change in elastic properties up to 10 kb may be attributed to closure of cracks, ¢ may
be a very valuable parameter for distinguishing rock types on the basis of elastic
properties, particularly at low pressures or in instances where the state of porosity
is unknown,

Density-velocity relations

A number of studies (e.g., Birch 1961; Manghnani & Woollard 1968) have been
directed toward interpretation of velocity data in terms of density, one aim being a
velocity—density relation by which velocities of seismic waves may be used to determine
densities for gravity models. The plot of ¥, versus p, in Fig. 4 shows the data points
as well as the least-square regression line of V, on p, at 10 kb for the 57 cores of rock

Table 5§
Regression line parameters
Vp = a+pr

Pressure n a b S, o0 r r2
kms—! °%

(kb) (kms™1) gcm™ 3) (km's™1)
0-4 57 —6:16 4-21 0-25 -75 56
1-0 57 —4-63 373 0-19 -78 62
2-0 57 —3-70 3-45 0-17 -80 64
60 57 —1-70 2-83 0-15 79 62
10-0 57 —0-76 2-53 013 79 62

pp=atbV,

Pressure n a b Sos, Vo) r r?
g cm") %%

(kb) (gem~% \kms=!) (gem™?)
04 57 2:06 0-132 0-044 -75 56
1-0 57 1-85 0-165 0-041 -78 62
2:0 57 1-71 0-184 0-040 -80 64
6-0 57 1-44 0-219 0-041 <79 62
10-0 57 1-24 0-248 0-040 79 62

n = number of data points

Sw,, o = standard error of estimate of ¥, on p,
Stp,. v,y = standard error of estimate of p, on V,
r = correlation coefficient

r? = coefficient of determination
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from the Mid-Atlantic Ridge. Birch’s (1961) least-square fits for mean atomic weights
21 and 22 and Manghnani & Woollard’s (1968) least-square fit for 8 cores of basalt
are given for comparison. The scatter in our data points yields a correlation coefficient
of 0-79, and 62 per cent of the variation in V, is accounted for by the variation in p,.
The smaller slope of our line as compared to the other lines is probably due in part
to the hydrous greenstones which have lower mean atomic weights (hence higher
velocities) than basalts of similar density. This may also be seen among the higher
density rocks, where greenstones tend to have slightly higher velocities than basalts
of the same density. Since greenstones predominated among the lower density rocks,
the line is shifted toward higher velocities at the low density end, leading to a smaller
slope for the regression line. Mean atomic weights calculated from chemical analyses
of Melson et al. (1968) lie between 21 and 22.

Fig. 5 shows least-square regression lines of p, on V, for pressures of 0:4, 1-0,
2:0, 6-0 and 10kb. These lines have steeper slopes than regression lines of V), on
py. The difference in slopes is due to the lack of perfect linear correlation between
¥, and p, (assuming constant mean atomic weight). The lines decrease in slope
continuously with increasing pressure. These lines are the appropriate lines to use
for estimating p, from V, using our data. Such estimation should be done cautiously,
since the mean atomic weight is a definite factor to be considered and the slope and
position of a velocity-density line will be affected by a systematic variation of mean
atomic weight in the data points.
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