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7. VELOCITY-POROSITY RELATIONSHIPS OF BASALTS FROM THE EAST PACIFIC RISE1

Joel E. Johnston,2 Gerard J. Fryer,3 and Nikolas I. Christensen2

ABSTRACT

Seismic experiments over young crust consistently measure velocities in the uppermost extrusives substantially lower than
that of massive basalt. The differences arise from the high porosity of the rock, but the scale of that porosity (is the porosity
from large fractures or from microcracks?) is unknown. To relate porosity at the hand sample scale and smaller to that at the
seismic scale we performed physical-properties measurements on 17 basalts from the East Pacific Rise (EPR) near 9°3θ'N, two
from Site 864 in the axial summit caldera and the remainder from dredge hauls, for comparison with detailed seismic refraction
work that had been performed at Site 864 during site surveys.

The elastic properties of a rock are profoundly affected by the shape of any pore space, so knowledge of the distribution of
porosity over pore aspect ratio is essential to understanding the seismic velocities of the rock. We measured velocity as a func-
tion of confining pressure up to 600 MPa and from the dependence of velocity on pressure inferred a distribution of porosity
over different crack shapes. We qualitatively verified our estimates of crack shape from scanning electron microscope images
of the samples.

The Site 864 samples have the highest porosity (3%), the lowest seismic velocities (Vp - 5.4 km/s at 50 MPa, water satu-
rated), and the highest population of thin cracks. They contrast markedly with the dredge samples from the EPR axis, which
have low porosity (<2%) and high velocities (6.0 km/s). Off-axis dredge samples have intermediate properties. The difference
in properties seems unrelated to flow type: the dredge samples from the axis are from massive, sheet, and lobate flows; the two
Site 864 samples are probably from a massive flow; and the off-axis dredge samples are from pillows. Instead, the key property
seems to be crystal size. The Site 864 samples and the slower of the off-axis samples are all fine grained, the remainder of the
off-axis samples and all the dredge rocks from the axis are microcrystalline to cryptocrystalline. In every sample, damage from
microcracks is most pronounced in the largest crystals. The pattern of microcracks appears consistent with release of confining
pressure from low-permeability rocks with high pore pressure; the rocks have been damaged as a consequence of being brought
up from the bottom. This problem is probably common to all zero-age basalts.

Our measurements in the laboratory must include the effects of any microcracks introduced by the collection process; at the
seafloor the concentration of microcracks may be substantially less. Although there will be some variation with flow type, all
very young basalts probably have a compressional velocity similar to our uncracked samples, about 6 km/s, in situ. Because
seismic measurements of velocity of the uppermost zero-age crust are typically about 2.2 km/s, it is clear that fractures, pillow
margins, and other features much larger than the scale represented by laboratory samples are of primary importance in control-
ling the seismic properties of the ocean bottom.

INTRODUCTION

Seismic measurements at oceanic spreading centers yield values
of 2.5 km/s or less for the compressional wave velocity of the upper-
most extrusives (Purdy, 1987; Harding et al., 1989; Vera et al., 1990,
Christeson et al., 1992). The extrusives are basalt, yet massive, non-
vesicular basalt has a compressional-wave velocity of about 7 km/s
(Wilkens et al., 1988). The reason for the large difference, of course,
is that the extrusives are vesicular, fractured and brecciated, and
formed into flow units with selvages, interpillow voids, and other po-
rosity (Schreiber and Fox, 1976; Spudich and Orcutt, 1980; Wilkens
et al., 1991). Porosity at all scales influences seismic velocity, so
from seismic measurements alone we can learn nothing about scale;
vesicles and interpillow voids are indistinguishable to a seismic wave
with a wavelength many times greater than the size of the void space.

Not only does porosity affect the seismic structure at spreading
centers, it also influences the crust's evolution. There is one, and only
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one, clear age dependence apparent in the seismic structure of ocean-
ic crust: the increase in mean velocity of Layer 2A, the uppermost
layer of extrusives (Houtz and Ewing, 1976; Purdy and Ewing,
1986). It is now widely recognized that this age dependence is a con-
sequence of pore space modification by hydrothermal deposition and
alteration (Wilkens et al., 1991; Jacobson, 1992). This progressive
deposition in the pore space changes pore shape, which has a pro-
found effect on seismic velocities and yields a velocity increase with
only a minor reduction in porosity. Although rock physics theories
can explain the velocity increase (Wilkens et al., 1991), the details of
the crustal evolution processes remain unknown. In particular, be-
cause seismic waves contain no information about the size of the void
space it is not known for certain at what scale the processes act.

Laboratory measurements on hand samples provide information
only about the small-scale porosity (microcracks, vesicles), but when
combined with the seismic information provide useful insight into
how the pore space is distributed over different scales. In this study,
we have measured in the laboratory the physical properties of Layer
2A basalts from the East Pacific Rise (EPR) with an emphasis on con-
straining the porosity structure of the samples through ultrasonic
measurements of shear- and compressional-wave velocities. The ba-
salts studied were collected during Ocean Drilling Program Leg 142
and a separate dredging expedition and come from both axis and
off-axis sites. Our intent was to study the microscopic porosity struc-
ture of Layer 2A and to establish the zero-age endmember for crustal
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Figure 1. SeaBeam base map showing Site 864 and dredge locations (modi-
fied from Batiza and Niu, 1992).

evolution studies. Our accomplishments have been somewhat differ-
ent. Principal among them has been an understanding of the practical
difficulties in measuring the properties of very young seafloor ba-
salts.

EXPERIMENTAL PROCEDURE

Two minicore samples were obtained during Leg 142 for
physical-property analysis, one from Hole 864A and the other from
Hole 864B. The Hole 864B sample (142-864B-2W-1, Piece 2) is
from Unit 1, an aphyric basalt unit of massive flows and sheet or lo-
bate flows (Shipboard Scientific Party, 1993). Drilling difficulties
make a depth determination difficult, but the rock is probably from
0-3 m below seafloor (mbsf). The Hole 864A sample (142-864A-
5Z-1, Piece 3) is from the underlying Unit 2, a fine-grained aphyric
basalt unit, probably of massive flows (Shipboard Scientific Party,
1993). The Hole 864A sample probably comes from a depth of 12-15
mbsf. Fortunately, a suite of dredge samples collected by R. Batiza
and others in the same area of the EPR was available to supplement
our limited Leg 142 data set. Most of these samples were collected
from on-axis sites located directly on the crest of the EPR (Fig. 1).
Several of these samples, however, were taken from dredge site 49,
an off-axis location (Batiza and Niu, 1992).

Physical-properties Measurements

Minicores were taken from the dredged basalts using 2.00- and
2.54-cm-diameter diamond coring bits. The cores were then trimmed
and polished into perfect right cylinders with ends flat and parallel to
within 0.008 cm. A total of 17 minicores, including the Leg 142 sam-
ples, were obtained for physical-property analysis. Eight of these
were from the off-axis dredge site.

Sample densities were determined from core weight and volume.
Effective porosity was calculated from differences between the dry
and saturated sample weights. The samples were then covered with
copper jackets to isolate them from pressure fluid and subjected to ul-
trasonic velocity measurements as a function of confining pressure
using a Harwood Pressure generating system and the pulse transmis-

sion technique (Birch, 1960; Christensen, 1985). Shear and compres-
sional transducers of 1 MHz dominant frequency provided the
ultrasonic sources and receivers. Velocities were measured under
both dry and saturated sample conditions. Before saturated runs, sam-
ples were immersed in distilled water under a partial vacuum for 10
days. This ensured full saturation of all interconnected pore space
with water.

To minimize the effects of permanent deformation caused by high
confining pressures (Wissler and Simmons, 1985), each core was
subject to velocity measurements in stages. First, shear- (Vs) and
compressional-wave (Vp) velocities were measured to 50 MPa con-
fining pressure under dry conditions. Next, runs to 200 MPa (equiv-
alent to pressures at the base of normal oceanic crust) were made
under both dry and saturated conditions. Lastly, measurements of Vp

and Vs to 600 MPa were made under saturated conditions.

Scanning Electron Microscope Imaging

To help us interpret the physical-properties measurements, in par-
ticular, to relate physical properties to the presence or absence of mi-
crocracks, we made scanning electron microscope (SEM) images of
the same samples measured for velocity. Our original intent had been
to prepare SEM slides from material trimmed from the minicores be-
fore the velocity measurements were made. The samples were so
short, however, often only 3 cm long, that for reliable velocity mea-
surement we had to keep waste to an absolute minimum. SEM slides
were therefore prepared from the minicores after the velocity mea-
surements were made. The cycling up to pressure might have intro-
duced a small degree of cracking in the samples, but, as we shall see,
many samples showed absolutely no cracking at all in the SEM im-
ages. We are confident that our inferences from the SEM images are
reliable.

To prepare SEM slides, slabs cut from the minicores were impreg-
nated with low-temperature epoxy to fill and preserve microcracks,
then polished down to thin sections. The imaging itself was per-
formed on a Cameca SX-50 electron microprobe operating in back
scatter mode. Only one thin section was prepared from each of the 17
samples, but images were obtained at several locations on each sec-
tion.

PRELIMINARY DATA ANALYSIS

A summary of physical-property data, including velocities, poros-
ities, and densities, is given in Table 1. In Figure 2, the compress-
ional-wave velocities of the sample suite are plotted vs. shear-wave
velocities under dry- and water-saturated conditions at 200 MPa.
Lines of constant VJVS are also shown. Note that the axis samples
generally fall into fields of higher Vp and Vs than those of the site 49
basalts. An exception to this is found in the Leg 142 cores, which dis-
play much lower velocities than their axis counterparts.

In Figure 3, compressional-wave velocities (dry) at 200 MPa are
plotted against dry bulk densities. The site 49 (i.e., off-axis) basalts
fall into a distinct field of lower velocities and densities relative to the
axis dredged samples. A similar pattern can be seen on a plot of sam-
ple density vs. porosity (Fig. 4), with the axis rocks displaying higher
densities and slightly lower porosities than the off-axis rocks. On
both plots the Leg 142 samples are distinct from the other axis sam-
ples and display extreme values. In particular, Sample 142-864B-
2W-1, Piece 2, has both the lowest compressional-wave velocity and
the lowest density of any sample in the suite (Fig. 3).

Histograms showing Vp and Vs of the sample suite at 600 MPa are
presented in Figure 5. At these pressures, all low-aspect ratio pores
are closed and velocities can be considered a function of sample min-
eralogy (Birch, 1960). The axis basalts have higher velocities in gen-
eral than the off-axis basalts. Exceptions are again noted in samples
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Table 1. Summary of physical property data for the East Pacific Rise basalt suite.

On-axis samples
142-864A-5Z-l,Piece3
142-864B-2W-l,Piece2
R46-2-1
R46-2-2
R46-2-3
R48-1-1
R48-1-2
R48-1-3
R48-5-2

Average

Off-axis samples
R49-4-la
R49-4-lb
R49-4-lc
R49-4-ld
R49-4-2
R49-4-3a
R49-4-3b
R49-4-4

Average

Dry
density
(g/cm3)

2.907
2.825
2.906
2.949
2.919
2.911
2.893
2.916
2.901

2.903

2.873
2.877
2.843
2.862
2.883
2.880
2.901
2.846

2.871

Wet
density
(g/cm3)

2.935
2.856
2.930
2.963
2.942
2.926
2.910
2.927
2.916

2.923

2.896
2.900
2.871
2.891
2.908
2.902
2.908
2.864

2.893

Porosity

(%)

2.80
3.06
2.42
1.38
2.23
1.51
1.64
1.14
1.47

1.96

2.28
2.27
2.82
2.96
2.47
2.14
0.68
1.78

2.18

Velocities at 50 MPa (km/s)

Dry

Vp

4.504
4.307
5.285
5.812
5.434
5.392
5.375
5.455
5.265

5.203

5.157
5.223
4.897
4.806
5.482
5.308
5.536
4.995

5.176

Vs

2.809
2.759
3.189
3.293
3.366
3.284
3.240
3.285
3.316

3.171

3.083
3.156
2.960
2.939
3.240
3.253
3.271
3.033

3.117

Saturated

VP

5.518
5.332
5.920
6.047
5.989
6.030
6.037
5.924
6.057

5.873

5.659
5.608
5.524
5.563
5.796
5.749
5.908
5.574

5.673

V3

2.974
2.859
3.262
3.367
3.367
3.390
3.314
3.356
3.363

3.250

3.051
3.085
2.943
3.007
3.268
3.055
3.258
2.994

3.083

Velocities at 200 MPa (km/s)

Dry

y,

5.823
5.485
6.198
6.152
6.209
6.287
6.224
6.270
6.203

6.095

5.780
5.812
5.790
5.877
6.011
6.004
5.924
5.993

5.899

Vs

3.389
3.240
3.515
3.627
3.582
3.613
3.575
3.616
3.595

3.528

3.325
3.365
3.322
3.356
3.438
3.360
3.394
3.429

3.374

Saturated

VP

6.196
5.942
6.350
6.149
6.225
6.421
6.306
6.507
6.378

6.275

6.074
6.025
6.041
6.101
6.184
6.250
6.149
6.155

6.122

Vs

3.444
3.331
3.533
3.606
3.611
3.635
3.651
3.673
3.642

3.570

3.349
3.347
3.323
3.384
3.476
3.330
3.425
3.381

3.377

Vel. at 600 MPa

Saturated

VP

6.640
6.404
6.628
6.633
6.403
6.674
6.742
6.689
6.648

6.607

6.463
6.495
6.442
6.503
6.528
6.596
6.444
6.524

6.499

V,

3.724
3.612
3.670
3.787
3.701
3.705
3.693
3.722
3.721

3.704

3.607
3.630
3.608
3.636
3.618
3.626
3.591
3.676

3.624
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Figure 2. Compressional-wave velocities of the sample suite plotted against
shear velocities under both saturated and unsaturated conditions at 200 MPa.
Lines of constant VJVS are also shown.

R46-2-3, which has a relatively low Vp, and 142-864B-2W-1, Piece
2, which displays relatively low Vp and Vs.

The velocity and density data presented in figures 2, 3, 4, and 5
show that the on-axis and off-axis dredge basalts are distinctly differ-
ent. Petrographic examinations of thin sections cut from core ends
generally show larger grain sizes, lower glass contents, and greater
vesicularities for the off-axis basalt samples. We find no petrographic
evidence for weathering in the dredge samples, nor do grain density
measurements indicate any alteration (from wet-bulk density mea-
surements we find that grain densities for all samples fall between 2.9
and 3.0). The Leg 142 basalts do not follow the physical-property
trends of either the axis or off-axis dredge samples. The anomalous
behavior of these basalts can be attributed to their porosity structures
and will be discussed in greater detail below.
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Figure 3. Compressional-wave velocity, measured at 200 MPa, vs. dry bulk
density for East Pacific Rise basalts.

VELOCITY-POROSITY RELATIONSHIPS

A wide variety of rock physics theories relate the elastic moduli
of a porous rock to the porosity structure (Walsh, 1965; Kuster and
Toksöz, 1974; O'Connell and Budiansky, 1974; Cheng and Toksöz,
1979). The moduli depend not only on the overall concentration of
void space (i.e., the porosity) but also on void shape. The simplest
measure of shape is aspect ratio, the ratio of the width of a void to its
length. One of the most basic and consistent predictions of all theo-
ries is that for a given porosity, low-aspect ratio voids (such as micro-
cracks) have a much greater effect on elastic moduli, and hence
seismic velocities, than high-aspect ratio voids (such as vesicles)
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Figure 4. Sample density vs. porosity for East Pacific Rise basalts.

(Toksöz et al., 1976). Experiment confirms the theory: at low confin-
ing pressures, very small concentrations of low-aspect ratio cracks
greatly reduce seismic velocities relative to velocities at high pres-
sures when the cracks are closed. Further, at low confining pressure,
the saturation of a rock containing dominantly low aspect ratio pores
results in a large increase in compressional-wave velocity (Nur and
Simmons, 1969). Much smaller increases in Vp after saturation can be
expected in rocks containing an equal volume of high-aspect-ratio
pores (Toksöz et al., 1976).

In Figure 6, the difference between the saturated and unsaturated
compressional-wave velocity (AVp) of the EPR basalts is plotted as a
function of confining pressure. As might be expected, ΔVP increased
for each sample due to closure of microcracks as confining pressure
was increased to 200 MPa. The Leg 142 samples displayed the high-
est values of ΔVp at each pressure point, indicating that these rocks
contain a greater concentration of microcracks than the dredged ba-
salts. The on-axis and off-axis dredge basalts showed no significant
differences in behavior relative to each other. Shear-wave velocities
were found to be relatively insensitive to saturation conditions for all
of the basalts, consistent with the findings of Nur and Simmons
(1969). Shear-wave velocities either increased or decreased upon sat-
uration, with typical AVp of 0.2 km/s or less at 10 Mpa, decreasing
with increasing confining pressure.

The rock physics theory of perhaps the broadest application is that
developed by Kuster and Toksöz (1974). The Kuster-Toksöz theory
is valid for all aspect ratios, from perfect spheres (aspect ratio unity)
to thin microcracks (aspect ratio < 0.0001). The theory is "noninter-
active" in that each crack is treated as if it exists in an uncracked ma-
trix. The noninteraction restricts the theory to low overall porosity
(Kuster and Toksöz, 1974; Toksöz et al, 1976), but iterative exten-
sions of the theory mean that the low-porosity restriction can be re-
laxed (Cheng, 1978; Berge et al., 1992). Cheng and Toksöz (1979)
were able to devise an inversion of the Kuster-Toksöz theory. From
measurements of seismic velocity at different pressures, the
Cheng-Toksöz scheme estimates the aspect ratio spectrum (i.e., the
distribution of porosity over aspect ratio). The inversion has been
used to estimate the porosity structure of sandstones (Burns et al.,

B
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Figure 5. Compressional-wave (A) and shear-wave (B) velocities of the sam-

ple suite at 600 MPa.

1990) and basalts (Kowallis et al, 1982), but has not previously been
used on seafloor rocks.

The Cheng-Toksöz scheme is a standard nonlinear inversion: an
initial guess of the aspect ratio spectrum is iteratively improved by
minimizing the difference between velocities measured and veloci-
ties predicted by the theory (Cheng and Toksöz, 1979). In addition to
measurements of Vp and Vs as functions of confining pressure, the
scheme requires bulk and shear moduli of the matrix material, the
moduli of pore-filling material, and the total porosity of the rock. The
user must specify which aspect ratios are to be considered.

We chose to use the Cheng-Toksöz scheme to invert our "dry" (air
saturated) velocity runs to 200 MPa to obtain the pore aspect ratio
spectra of the basalts. The aspect ratios solved for in all inversions are
listed in Table 2. There are several reasons for choosing this set of as-
pect ratios. It is not realistic to suggest that the exact pore aspect ra-
tios of a rock sample can be specified given the complex porosity
structures of rocks as observed during SEM studies (Burns et al.,
1990). Thus the constant range of pore aspect ratios shown in Table
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2 was used during all inversions, forcing the program to apportion to-
tal porosity among them. The smallest aspect ratio, 0.0005, was cho-
sen because preliminary modeling showed that thinner cracks were
unrealistic. Aspect ratios from approximately 0.0005 to 0.005 gener-
ally close over the pressure range of interest and are thus well re-
solved by the program. Pores of higher aspect ratio (0.1 and 1.0) have
minor effects on velocity and act merely as "dumps" so that calculat-
ed porosities equal the total true porosity. These considerations re-
sulted in the pore aspect ratios listed in Table 2.

Seven basalts (usually the longer samples) displayed velocity data
of adequate resolution to be used in the inversion runs. For each of
these basalt cores we obtained sharp compressional- and shear-wave
arrivals uncontaminated by transducer noise. Four of these were axis
samples (including the two Leg 142 samples); three were from site
49. The matrix moduli of the basalts were approximated using their
600-MPa velocity data extrapolated to 1000 MPa. The elastic moduli
of the pore-filling material (air) was taken from Toksöz et al. (1976).
Results of a typical inversion run are shown in Figure 7. Overall, the
fit of the calculated to the observed velocities for Sample 142-864B-

1.2

1.2

A Leg 142
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α Off-axis

I I
25 50 75 100 125 150

Pressure (MPa)
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Figure 6. Difference between water-saturated and dry compressional-wave

velocities of East Pacific Rise basalts as a function of confining pressure.
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Table 2. Porosity distribution over aspect ratio from inversion of velocities.

Sample

Variance8 (km /s ):
Aspect ratio

1
0.1
0.005
0.0045
0.004
0.0035
0.003
0.0025
0.002
0.0015
0.001
0.0005

Total porosity:

142-864A-5Z-1,
Piece 3

0.143

0.003037
0.020240
0.000618
0.000555
0.000518
0.000485
0.000460
0.000565
0.000521
0.000432
0.000389
0.000194

0.028014

142-864B-2W-1,
Piece 2

0.115

0.003169
0.021860
0.001428
0.001300
0.000362
0.000266
0.000497
0.000407
0.000483
0.000360
0.000280
0.000164

0.030216

R48-1-2

0.104

0.009557
0.004563
0.000327
0.000295
0.000263
0.000231
0.000161
0.000172
0.000254
0.000244
0.000222
0.000143

0.016432

R46-2-1

0.0772
Fractional Porosity

0.016130
0.005525
0.000379
0.000342
0.000305
0.000268
0.000235
0.000302
0.000255
0.000169
0.000178
0.000115

0.024203

R49-4-la

0.0561

0.005837
0.013960
0.000610
0.000549
0.000488
0.000434
0.000205
0.000189
0.000191
0.000121
0.000115
0.000068

0.022767

R49-4-lb

0.0458

0.011790
0.008235
0.000532
0.000480
0.000427
0.000375
0.000174
0.000206
0.000167
0.000108
0.000106
0.000064

0.022664

R49-4-ld

0.101

0.016270
0.009725
0.000594
0.000535
0.000477
0.000360
0.000343
0.000344
0.000330
0.000260
0.000247
0.000153

0.029638

aVariance between measured and predicted compressional and shear velocities.
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2W-1, Piece 2, is good, with only slight differences in Vp observed at
low pressures. Also shown are the fractional porosities attributed to
each aspect ratio by the Cheng-Toksöz code (the fractional porosities
sum to the measured porosity, a constraint in the inversion). Error
bars represent one standard deviation and give an indication of how
input data errors would influence the output spectra.

Extensive testing reveals that the models produced by the inver-
sions are unique because slight variations in input matrix moduli and
input pore aspect ratios do not change the overall characteristics of
the pore aspect ratio spectra for a given rock (Burns et al., 1990). In
general, the fractional porosities we find for pores of aspect ratio
0.0005-0.004 are well resolved, those for aspect ratios 0.0045 and
0.005 are moderately well resolved, and fractional porosities for
pores of aspect ratios 0.1 and 1.0 are poorly resolved. The pore aspect
ratio spectra obtained from the inversions, together with the varianc-
es in the fit between observed and predicted velocities, are shown in
Table 2. The results are displayed graphically in Figure 8. The Hole
864A and 864B samples contain a significantly greater amount of po-
rosity in aspect ratios O.OOO5-O.OO3 than the other basalts. Samples
R49-4-la and R49-4-lb contain a very small amount of porosity in
these aspect ratios whereas R49-4-ld, R48-1-2, and R46-2-1 contain
intermediate amounts. In aspect ratios 0.0035-0.005, it appears that
the off-axis samples and the Leg 142 basalts contain a greater amount
of porosity than do R48-1-2 and R46-2-1. The extremely high poros-
ities in aspect ratios 0.0045 and 0.005 displayed by the Hole 864B
sample may be the result of poor resolution.

In Figure 9A, the differences between the water-saturated and dry
compressional-wave velocities of the seven basalts at 50 MPa are
plotted against their fractional porosities in pores of aspect ratio
0.0005. A good correlation exists between these quantities, with the
samples containing large fractional porosities also displaying large
differences in Vp. These results agree with the findings of Nur and
Simmons (1969) and Toksöz et al. (1976), who found that saturation
of low-aspect ratio pores, or microcracks, causes a large increase in
compressional-wave velocities at low confining pressures. Figure 9A
also lends support to the pore aspect ratio spectra models, because the
water-saturated data were not used in the inversions. In Figure 9B a
similar plot is shown, this time using shear-wave velocities. The
trend of points indicates that water-saturated Vs increases slightly rel-
ative to dry Vs as low aspect ratio porosity is increased. Note the rel-
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ative insensitivity of Vs to saturation conditions (Fig. 9B) compared
to the much greater sensitivity of Vp (Fig. 9A).

SEM IMAGES

We performed very minor image processing of the SEM images
to improve the visibility of microcracks. Standard procedures like
edge detection and emphasis filtering could not differentiate between
cracks and crystal edges or between cracks and thin crystals with
thicknesses close to the image resolution. We therefore chose instead
simply to adjust intensity levels to maximize the contrast between the
cracks and the surrounding material. This produced images in which
open cracks are black and the rest of the image white or gray (PL 1).

Both Site 864 samples show a high degree of cracking, as can be
seen in Plate 1, Figures 1 and 2. Rocks dredged from the EPR axis,
however, show many fewer cracks than the drilled rocks (PL 1, Fig.
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Figure 8. Summary of pore aspect ratio spectra produced from inversions.

Figure 9. Difference between wet and dry velocities of seven samples, mea-
sured at 50 MPa, plotted against their fractional porosities in pores of aspect
ratio 0.0005. A. Compressional-wave velocities. B. Shear-wave velocities.
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3). Rocks from the flanks show both behaviors, with some rocks al-
most free of cracks (PI. 1, Fig. 4) and some with almost as many
cracks as the drill samples (PI. 1, Fig. 5). These observations gener-
ally agree with the inversions of the velocity data: the rocks for which
the velocity inversions indicate a high population of thin cracks are
the same rocks which qualitatively display the highest crack density
on the SEM images.

The comparison between SEM images and velocity inversions
should strictly be limited to intermediate aspect ratios. Velocity in-
version is most robust for aspect ratios less than 0.005, but SEM res-
olution is best for aspect ratios greater than about 0.005 (Kowallis et
al., 1982). If we scrutinize the fractional porosities for aspect ratios
from 0.005 to 0.003 in Table 2, we find that the highest porosities are
for the Leg 142 samples, the rocks dredged from the axis (R48-1-2
and R46-2-1) have the lowest porosities, and the rocks dredged from
the flanks (R49-4-la-d) have intermediate values. The only excep-
tion to this rule is the low porosity at aspect ratio 0.0035 for Sample
142-864B-2W-1, Piece 2. The overall porosity structure determined
by the velocity inversions is in perfect agreement with what we see in
the SEM images.

DISCUSSION: THE ORIGIN OF THE CRACKS

The two samples from Site 864 are the clear anomalies in this
suite of rocks. They show significantly lower seismic velocities than
the dredged rocks from the EPR axis and their SEM images show a
much higher degree of cracking. The Site 864 basalts more closely
match the off-axis rocks, both in seismic velocities and in crack den-
sity apparent from SEM images, but the match is not perfect. The Site
864 rocks have lower velocities and, from the inversions, higher
crack concentration near aspect ratio 0.005.

The dredge rocks from the axial summit graben are fragments
from lobate flows and massive ponded lavas, but the off-axis rocks
are predominantly from pillows (Batiza and Niu, 1992; R. Batiza,
pers. comm., 1993). The different lava morphologies may explain the
different physical properties on and off axis; in ophiolites, pillows
have a higher proportion of cracks and therefore lower seismic veloc-
ities than sheet flows (Ludwig et al., 1993). Holes 864 and 864B,
however, are inferred to be through massive, lobate, and sheet flows
(Shipboard Scientific Party, 1993), so the Site 864 basalts should
match the axial dredge samples and show fewer cracks and higher ve-
locities. Some explanation is therefore necessary for the high crack
concentrations and low velocities of the basalts recovered by drilling.

It is tempting to invoke abuse suffered in the drilling process as
the explanation for the large crack concentrations. That explanation
does not really fit. It is true that poor control of weight-on-bit when
using the diamond coring system (DCS) meant that rocks were sub-
jected quite literally to a hammering by the drill bit (Storms, 1993),
but that applies only to Hole 864A. The Hole 864B core was not col-
lected with the DCS but with a diamond core barrel on the standard
drill string (Storms, 1993). Although no diamond-trimmed "core"
was ever recovered from Hole 864A, the single Hole 864B core was
indeed diamond trimmed (Storms, 1993) and clearly had not suffered
the same degree of damage as the Hole 864A rocks. Yet our velocity
measurements for Holes 864A and 864B are similar, and the rocks
have comparable crack concentrations. Some explanation other than
drilling abuse has to be found.

The answer appears to be related to grain size. The rocks of this
suite vary from fine-grained to cryptocrystalline with the lowest ve-
locities systematically being measured in the rocks with largest crys-
tals. All of the axis dredge rocks are sparsely phyric with Plagioclase
microphenocrysts in a cryptocrystalline groundmass. When dry, all
of these rocks have a compressional velocity in excess of 5 km/s at
50 MPa (Table 1) and all display a low level of cracking in the SEM
imaging (PI. 1, Fig. 3). The off-axis rocks are generally fine grained,

with the proportion of phenocrysts being greatest in R49-4-lc,
R49-4-ld, and R49-4-4. These three rocks show the lowest velocities
(Table 1) and the highest crack concentrations (Table 2 and PI. 1,
Figs. 4 and 5). The Site 864 rocks are also fine grained and also show
low velocities (Table 1) and large crack concentrations (Table 2 and
PI. 1, Figs. 1 and 2). For the fine-grained rocks, the SEM imaging
shows that cracks are concentrated in the Plagioclase phenocrysts and
the larger crystals of the groundmass (PL 1).

We find exceptionally few filled cracks (one appears in PL 1, Fig.
2), which leads us to believe that many of the cracks were not present
in the rocks at the seafloor. The cracks may have been introduced by
the reduction of confining pressure by approximately 30 MPa that re-
sulted from bringing up the rocks from the seafloor. What void space
existed in the rocks on the seafloor would have been seawater satu-
rated, but with a low population of microcracks the rocks would have
too low a permeability for that trapped water to lose pressure. Bring-
ing the rocks to the surface would result in a pore pressure approach-
ing 30 MPa in excess of confining pressure, which is quite adequate
to crack the rock. That overpressured water in pore space has resulted
in cracking is apparent from Plate 1, Figure 1, where a near-spherical
pore (right) has been the nucleation point for radiating microcracks.

If the cracks result from a reduction in confining pressure, why
should only the larger crystals be cracked? A rock with microcrystal-
line or cryptocrystalline texture has much more homogeneous elastic
properties than a fine-grained rock with its much coarser texture.
With homogeneous elastic properties there is less opportunity for the
excess pore pressure to result in the stress concentrations necessary
to crack the rock, and once a crack does start propagating there are
more grain boundaries to arrest its advance (each of the images of
Plate 1 has some cracks truncated against grain boundaries).

The microcracks are definitely not a consequence of running the
samples up to 600 MPa to measure seismic velocities. With an in-
crease in pressure cracks close rather than open, and no sample
showed much hysteresis (the difference in seismic velocities mea-
sured while increasing and while decreasing pressure). The cracks
had to be present before the velocity measurements were taken.

CONCLUSIONS

Rocks from Site 864 have substantially lower seismic velocities
than rocks dredged from the axis of the East Pacific Rise near the drill
site at 9°31'N, but have properties very similar to rocks from an
off-axis dredge site. Inversion of velocity measurements made at dif-
ferent pressures shows that the velocity difference between the Site
864 rocks and the axis dredge rocks results from a higher population
of thin cracks in the drilled rocks, a result which we have qualitative-
ly verified from SEM images. We do not think that the higher degree
of cracking of the drilled rocks is damage suffered during drilling; in-
stead we believe that it is the consequence of overpressuring of pore
space as the rocks were raised from the seafloor. If pressure release
is indeed the cause of the cracks then laboratory measurements of
seismic velocities in very young seafloor rocks must be interpreted
with caution.
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