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ABSTRACT 

The acoustic properties of deep-sea claystones and silty claystones recovered on Ocean Drilling Program Leg 149 were 
examined under pressure conditions at and above the expected in situ effective pressure in order to estimate acoustic velocity in 
the upper few hundred meters below seafloor (mbsf) on the Iberia Abyssal Plain. In situ effective pressure and velocity for each 
of the samples studied is indicated by an inflection point on the measured velocity vs. pressure curve. The estimated in situ 
velocities range from 1995 to 2470 m s-1 for sediments buried from 120 to 510 mbsf, and the estimated in situ effective pres- 
sure ranges from 2.2 to 6.5 MPa. Velocities estimated from the laboratory study are similar to those determined from marine 
seismic-refraction surveys. The laboratory data suggest a velocity gradient of about 0.63 m s-1 at depths shallower than 320 
mbsf and a velocity gradient of 4.4 m s-1/m between 335 and 370 mbsf. The steep velocity gradient in the interval between 335 
and 370 mbsf may be responsible for a strong refraction observed on marine seismic data at a depth of a few hundred meters. 
The in situ effective pressure increases abruptly below about 200 mbsf. This may reflect a change from poorly consolidated 
sediments above 200 mbsf to consolidated sediments below 200 mbsf. 

In situ pressure estimates combined with shipboard grain-density measurements provide an estimate of the porosity and 
density of the upper few hundred meters of sediment beneath the Iberia Abyssal Plain. The estimated porosity shows wide scat- 
ter, but generally appears to follow an exponential decrease in porosity with depth. Density generally appears to increase lin- 
early with depth in the upper 600 mbsf according to the relation ρ(z) = 1.7945 + 0.001 z, where z is depth below seafloor (in 
meters) and ρ is density in grams per cubic centimeter. 
 

INTRODUCTION 

Sediments recovered during Leg 149 provide unique constraints 
on the acoustic properties of the first few hundred meters of strata be- 
neath the seafloor on the Iberia Abyssal Plain. This interval is domi- 
nantly claystone, silty claystone, clayey siltstone, and nannofossil 
claystone (Sawyer, Whitmarsh, Klaus, et al., 1994). The sediments 
were deposited largely by turbidity flows with intervening periods of 
pelagic and hemipelagic sedimentation during the early Pliocene to 
the middle Miocene. Some of the sedimentary sequence shows evi- 
dence of contourite reworking. Because of the lack of drilling activity 
on the margin, no direct constraints are available on the acoustic 
properties of these sediments. In order to alleviate this problem, com- 
pressional-wave velocity measurements were conducted aboard ship 
during the Leg 149 cruise. A fundamental difficulty with the ship- 
board velocity measurements is that they were conducted at atmo- 
spheric pressure. Because velocity is strongly dependent upon pres- 
sure, the shipboard measurements are poor indicators of the in situ 
velocity (Hamilton, 1971). Not surprisingly, the shipboard velocity 
measurements are inconsistent with velocities estimated from seis- 
mic refraction and reflection studies (e.g., Whitmarsh et al., 1990). 
The seismic data generally indicated compressional velocities of 1.84 
to 2.6 km s-1 in the cored interval, whereas the shipboard measure- 
ments consistently indicated velocities less than 1.8 km s-1. The most 
likely cause of the discrepancy between the shipboard and seismic 
measurements is decompaction of the samples following their recov- 
ery from the subseafloor. Decompaction results in an increase in po- 
rosity and may be accompanied by release of gaseous phases into the 
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pore fluid. Both factors contribute to a reduction in acoustic velocity 
(Hamilton, 1971; Boyce, 1973; Stoll, 1977). In order to test this hy- 
pothesis and to better estimate the in situ acoustic properties of the 
sediments on the Iberia Abyssal Plain, an experimental study was un- 
dertaken to measure compressional- and shear-wave velocities in 
samples recovered during Leg 149 at pressure conditions comparable 
to the in situ pressure. Only the compressional-wave data are dis- 
cussed here. Because problems with hole stability prevented collec- 
tion of acoustic logs in most of the drill holes, no other direct measure 
of in situ velocity is available. Because velocity depends strongly on 
porosity, density, and the degree of consolidation, the study also pro- 
vides indirect constraints on these properties in situ. 

EXPERIMENTAL TECHNIQUE 

The shore-based study focused on samples taken from lithostrati- 
graphic Units I and II at Sites 897, 898, 899, and 900. These sedi- 
ments range in age from early Pliocene to middle Miocene and were 
deposited well after the cessation of rifting. The environment of dep- 
osition is inferred to be off-shelf deep water, allowing for the pre- 
dominance of turbidite and contourite deposits (Sawyer, Whitmarsh, 
Klaus, et al., 1994). Figure 1 shows the results of the shipboard ve- 
locity measurements over the interval encompassing these lithostrati- 
graphic units. Shown for comparison is a velocity profile derived 
from a marine seismic refraction study reported by Whitmarsh et al. 
(1990). The shipboard velocity measurements clearly underestimate 
the in situ velocity for most samples. 

The basic approach used to infer the in situ acoustic velocity is to 
place the sample under pressure conditions thought to be similar to 
the in situ pressure and measure the traveltime of an electrically gen- 
erated acoustic pulse through the sample. The pulse generator pro- 
duces a 350-V square wave with a pulse width of 2 µs, which is re- 
peated at a frequency of 400 kHz. The electrical pulse is converted 
into an acoustic signal by means of a piezoelectric transducer, which 
is placed adjacent to one end of the sample (Fig. 2). A transducer on 
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Figure 1. Shipboard velocity measurements at Sites 897, 898, 899, and 900 
(plus symbols). The dashed line indicates the results from sonobuoy Line 1 
reported by Whitmarsh et al. (1990). The high velocities between 620 and 
670 mbsf are from lithified samples in lithostratigraphic Subunit IIIB and 
Unit IV at the top of the basement high beneath Site 897. 

the other end of the sample detects the pulse and converts it into an 
electrical signal, which is recorded by a digital oscilloscope. Velocity 
is calculated by dividing the sample length by the traveltime of the 
pulse (after correcting the observed traveltime for the time required 
for the pulse to traverse the transducers). A series of three transducers 
were stacked in order to record the compressional wave and shear 
waves with particle displacement in two orthogonal directions (Fig. 
2). The direction of wave propagation was perpendicular to bedding 
(vertical). The shipboard velocity measurements indicated significant 
anisotropy (typical about 5%) in the samples, with the horizontal di- 
rections of wave propagation being faster than the vertical direction. 
The laboratory data presented here thus represent the slow direction 
of wave propagation and may not be directly comparable to velocities 
determined from seismic reflection and sonobuoy experiments be- 
cause raypaths in these experiments have both horizontal and vertical 
components. 

The experimental apparatus is shown schematically in Figure 3. 
The sample/transducer package is placed inside a pressure vessel 
filled with hydraulic fluid. The confining pressure and the pore pres- 
sure in the sample are independently controlled by separate pump 
systems. In order to isolate the sample from the confining fluid, the 
sample was encased in a tygon tube that was clamped at the ends with 
a wire retaining ring (Fig. 2). Samples were trimmed to rectangular 
prisms (approximately 1.2 × 0.8 × 0.8 cm) and wrapped in filter paper 
before placing them in the tygon tube. Sand was packed around the 
sample to fill the tube, and the transducer assembly was positioned so 
that the pore fluid outlet was in contact with the sand. This allowed 
circulation of pore fluid through the sample while preventing the 
sample from extruding into the pore-fluid outlet at high pressure. 

The change in velocity with pressure in sediments results from 
compaction, so it is necessary to estimate the amount of shortening in 
the sample at high pressure. It was not possible to directly measure 
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Figure 2. Sample assembly. The sample is wrapped in filter paper and 
encased in a tygon tube. Sand is packed into the tube to fill the space between 
the sample and the tube wall, allowing circulation of pore fluid through the 
sample. A stacked series of transducers (compressional wave, P, and two 
orthogonal shear waves, S1 and S2) is placed on either end of the tube, which 
is clamped with a wire retaining ring. A pore-fluid outlet through the trans- 
ducers is positioned in contact with the sand pack. 

sample strain during the velocity studies. Instead, the length of the 
sample was measured before and after the experiment. The observed 
shortening was assumed to be the maximum amount of shortening 
the sample underwent (i.e., at the highest pressure). The length of the 
sample at intermediate pressures was determined by linearly interpo- 
lating between the length at atmospheric pressure (measured prior to 
the experiment) and the inferred length at maximum pressure (mea- 
sured after the experiment). This approach assumes that compaction 
depends linearly on pressure and that no rebound or decompaction of 
the sample occurred prior to removing it from the pressure vessel. 
The validity of these assumptions is discussed in the next section, 
where the traveltime and velocity data are presented. 

In porous, unconsolidated sediments, compaction (and hence ve- 
locity) is dependent mostly upon the effective pressure, 

P e = P c - P p , (1) 

where Pc is the confining pressure and Pp is the pore pressure (Stoll, 
1977; Das, 1983). Because the in situ pore pressure is not known, 
traveltime measurements were made at a range of effective pressures 
up to 99 MPa. Two series of experiments were conducted on each 
sample. First, undrained tests were conducted with the sample satu- 
rated with salt water (salinity 30,000 ppm) and pore pressure held 
equal to half the confining pressure. Measurements were taken at sev- 
eral stages as the confining pressure was raised from atmospheric 
pressure to the maximum confining pressure, and again as the confin- 
ing pressure was lowered. Second, drained tests were then conducted 
with the pore-fluid outlet vented to atmospheric pressure, as the con- 
fining pressure was again raised to a maximum and decreased back 
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Figure 3. Schematic illustration of the experimental 
apparatus. The sample assembly is placed in a pressure 
vessel filled with hydraulic fluid. An acoustic wave is 
generated by sending an electronic pulse through the 
upper transducer, which is detected by the lower trans- 
ducer and recorded with a digital oscilloscope. 
to atmospheric pressure. To minimize the bias introduced by time-de- 
pendent compaction and pore-fluid movement, the samples were held 
at each pressure for periods of 20 to 45 min before the traveltime 
measurements were made. This period of time was deemed sufficient 
by observing the traveltime periodically while the sample was equil- 
ibrating. Most samples ceased to show a change in traveltime after 
15-20 min. This was verified by allowing three of the samples to 
equilibrate at high pressure for 10 hr; no change was observed in the 
traveltime between measurements taken after 20 min and measure- 
ments taken after 10 hr. All experiments were conducted at room 
temperature, which varied between 20° and 23 °C. 

Experimental Problems 

A major problem with the experimental technique was that cou- 
pling between the transducers and the sample was inadequate to gen- 
erate a detectable acoustic wave until the effective pressure had been 
raised to ~2-5 MPa. Because the bulk density of most of the samples 
is about 1.9 g/cc (Sawyer, Whitmarsh, Klaus, et al., 1994) and the 
depth of burial ranged from 120 to 510 meters below seafloor (mbsf), 
the first measurement was generally at or above the expected in situ 

Table 1. Samples used in velocity studies. 
 

lithostatic pressure. Velocities at lower pressures were interpolated 
by using the shipboard measurement of the velocity at atmospheric 
pressure. Little seismic energy propagated through the poorly consol- 
idated sand packed around the samples except at very high effective 
pressures. At effective pressures above ~25 MPa, a second arrival— 
attributed to ray travel through the sand pack—was detected in some 
experiments. However, in all instances this arrival was sufficiently 
slow to be clearly separated from the arrival that represented ray trav- 
el through the sample. 

Another problem with the shore-based study is that the samples 
subjected to testing under pressure do not completely represent all of 
the lithologies recovered during Leg 149. In general, clays and silty 
clays from lithostratigraphic Unit II were found to be coherent 
enough to withstand testing under pressure, and these sediments suf- 
fered little observable post-cruise deterioration. Predominantly silty 
samples were not coherent enough to withstand testing under pres- 
sure. Chalk and calcareous clay samples were found to have under- 
gone irreparable deterioration (drying and cracking) during the peri- 
od between recovery and post-cruise testing. Analyses of several 
nannofossil clay samples were attempted, but all but one of these 
samples underwent significant deformation during testing and the re- 
sults were deemed unreliable. 

Finally, in some runs, the pore-fluid outlet became obstructed, 
preventing expulsion of pore fluid. As a result, pore pressures in 
some experiments were higher than intended, and the effective pres- 
sure was lower than recorded. This difficulty is easily recognized in 
the data, and generally was rectified during the experiment so that at 
least part of the data collected in these experiments is deemed accu- 
rate. Problems with pore pressure are discussed below for those ex- 
periments in which this problem was encountered. 

Sample Description 

Samples were selected from those used for shipboard acoustic ve- 
locity measurements, and they generally represent the dominant 
lithologies in Leg 149 cores. As discussed above, however, litholo- 
gies that do not have a high clay content were not coherent enough 
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Table 2. Measured traveltimes and P-wave velocities estimated from laboratory data. 
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Table 2 (continued). 

 
Notes: * = length was measured before and after the experiment; ** = corrected velocity is estimated by interpolating the change in sample length during the experiment (see text); Pc 

= confining pressure; Pp = pore pressure; Pe = Pc - Pp = effective pressure; † = the drained test was conducted before the undrained test for Section 149-899B-12R-4. 
 
Figure 4. A. Traveltimes for Section 149-897C-34R-1. B. Velocity curve for 
Sample 149-897C-34R-1. The uncorrected velocity curve does not account 
for sample shortening during the experiment. The corrected curve is based on 
a sample length determined by linearly interpolating between the length of 
the sample at atmospheric pressure (measured before the experiment) and the 
maximum pressure (taken to be the sample length after the experiment). The 
vertical dashed line indicates the best estimate of the in situ effective pres- 
sure. See text for discussion. 

for testing. The silty clays to clayey silts examined in this research 
typically represent more than 60% of the core section from which the 
samples were taken. In addition, core recovery probably was not en- 
tirely representative of the lithologies encountered during drilling be- 
cause non-cohesive lithologies are difficult to recover. Of the suffi- 
ciently coherent lithologies, 13 samples were selected that showed 
minimal signs of post-recovery deterioration (i.e., no obvious drying 
or cracking of samples). Deterioration was minimized by placing the 
samples in sealed containers immediately after the shipboard mea- 
surements were conducted. Six of the samples showed obvious signs 
of deformation after the experiment, and the results of those tests are 
not discussed here. The remaining seven samples are listed in Table 
1, with sample names corresponding to the hole, core, and section 
from which they were taken. 
RESULTS 

Velocity Measurements 

The experimental results are given in Table 2. Figure 4 shows the 
results for Section 149-897C-34R-1, which is a typical example. Dur- 
ing the undrained test, the traveltime initially decreases sharply with 
increasing effective pressure (Fig. 4A). This is typical behavior for a 
poorly consolidated sediment undergoing compaction at pressures 
below the maximum pressure to which it has been previously subject- 
ed. The rapid decrease in traveltime is attributed to compaction of the 
sample arising from collapse of pore space, which developed during 
decompaction of the sample following recovery (see discussions by 
Tschebotarioff, 1952; Lambe and Whitman, 1969; Das, 1983). The 
traveltime continues to decrease above 4.5 MPa, but at a decreasing 
gradient. This is interpreted as compaction at pressures greater than 
the highest pressure the sample has previously experienced. Post-re- 
covery pore space has largely collapsed, and continued compaction 
requires grain re-arrangement and pore-fluid expulsion (Lambe and 
Whitman, 1969). The point of maximum curvature in the traveltime 
vs. pressure curve indicates the maximum pressure that the sample 
has previously experienced. This must occur somewhere between the 
second and third data points (at 5 MPa and 10 MPa, respectively) in 
this experiment, so the effective pressure is taken to be 7.5 MPa ± 2.5 
MPa. Assuming no great thickness of sediment has been eroded from 
the overlying strata, this is the in situ effective pressure Pe'. Above 26 
MPa, the traveltime curve becomes nearly linear. This is interpreted 
to indicate nearly complete closure of post-recovery pore space. Fur- 
ther compaction requires fracture and reorientation of the sample 
grains (e.g., Lambe and Whitman, 1969; Das, 1983). Following the 
measurement at 50 MPa, the confining pressure and pore pressure 
were reduced incrementally until the effective pressure reached 6 
MPa. The traveltime increases during this sequence of measure- 
ments, but only slightly (see the lower traveltime leg in Fig. 4A). This 
"hysteresis curve" is typical of sediments, and it indicates that the 
sample has been compressed beyond its most compact previous state 
during the experiment, resulting in irreversible grain rearrangement 
(Das, 1983). The measurement taken at an effective pressure of 6 
MPa had a confining pressure of 10 MPa and a pore pressure of 4 
MPa. After this measurement was taken the pore pressure was re- 
leased, allowing the effective pressure to rise to 11 MPa (equal to the 
confining pressure). The drained test was then conducted at confining 
pressures up to 75 MPa. The traveltimes during this sequence of mea- 
surements were generally close to those obtained during the un- 
drained test, indicating that velocity changes are mostly due to chang- 
es in the effective pressure, as expected. 

The variation of velocity with pressure for Section 149-897C- 
34R-1 is shown in Figure 4B. The "uncorrected" curve is the velocity 
calculated by assuming that no shortening of the sample occurred 
during the experiment. The "corrected" curve is determined by inter- 
polating for the length of the sample at the pressure at each measure- 
ment point as discussed previously. The corrected curve shows no 
increase in velocity above 50 MPa, suggesting that this sample under- 
went little rebound as the pressure was lowered. If it had undergone 
rebound, the length of the sample at the highest pressure would be 
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less than the length measured after the experiment, and the true ve- 
locity at high pressure would be less than that shown in Figure 4B. 
This would require the velocity curve to decrease at high pressure. 
This is unlikely, so it is inferred that the length of the sample mea- 
sured after the experiment represents the sample length at high pres- 
sure. 

The velocity curve mimics the traveltime curve, showing a dra- 
matic increase in velocity with increasing pressure below Pe', maxi- 
mum curvature at Pe', and a decrease in slope above Pe'. The velocity 
at Pe' is the expected in situ velocity, and it is picked as the intersec- 
tion of straight lines fitting the high-pressure and low-pressure por- 
tions of the velocity curve. The nearly flat velocity curve above ~25 
MPa suggests that the lithology represented by Section 149-897C- 
34R-1 will have a maximum velocity of not much greater than 3375 
m s-1 at depths where the effective pressure is greater than 25 MPa. 
This velocity is similar to that determined for deeper portions of the 
sedimentary sequence on the Iberia Abyssal Plain determined from 
refraction surveys (Whitmarsh et al., 1990). 

The corrected velocity curves for the other samples are shown in 
Figure 5. Not all of the samples have velocity curves with Pe' and 
Vmax as clearly defined as in Section 149-897C-34R-1. For example, 
Section 149-898A-20X-3 continues to show a moderate increase in 
velocity at high pressure and the point of maximum curvature is less 
obvious (Fig. 5C). In this case, Pe' has relatively large error bars as- 
sociated with it. The continued increase in velocity at high pressure 
may indicate either that: 

1. the sediment is more compressible at high pressure; 
2. the sample had abnormally high in situ pore pressure, so sig- 

nificant porosity and permeability existed. As a result, consol- 
idation and the associated steep velocity increase continues at 
pressures above the highest pressure previously experienced; 
or 

3. the sample underwent some rebound before it was removed 
from the pressure vessel, and so the velocity at high pressure 
is overestimated. It is not possible to differentiate between 
these three possibilities with the available data, so Vmax is 
poorly constrained. 

Several experimental problems that are worth further comment 
are evident in the curves in Figure 5. For Section 149-898A-13H-5 
(Fig. 5B) the low-velocity leg of the curve indicates measurements 
taken during the undrained test. The high-velocity leg of the curve in- 
dicates measurements taken during the drained test. It was discovered 
after the undrained experiment that the pore-pressure outlet had be- 
come clogged by clay, preventing expulsion of pore fluid from the 
sample during the latter stages of the undrained experiment. As a re- 
sult, pore pressures were high, and the effective pressure on the low- 
velocity leg was much lower than indicated on the figure. The low- 
velocity leg of Figure 5B is erroneous and should not be considered. 
The pore-fluid outlet was cleared before running the drained test 
(high-velocity leg), so the high-velocity leg of the curve is considered 
accurate. On Section 149-899B-1R-2 (Fig. 5D), a leak in the hydrau- 
lic-fluid reservoir developed before measurement of the last data 
point (P = 12 MPa, V = 2721 m s-1). The last data point is erroneous, 
and the experiment was terminated after this measurement (as a re- 
sult, there is no undrained series of measurements on this sample). 

Estimated In Situ Velocity and Pressure 

The estimated in situ velocities and effective pressures deter- 
mined from Figure 5 are given in Table 3. The in situ velocity gener- 
ally increases monotonically with increasing effective pressure, 
consistent with a decrease in porosity and increasing sediment com- 
paction during burial. Plotted as a function of depth, the estimated Pe' 
and velocity data show a reasonably uniform trend between all four 
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sites (Fig. 6). Note that the estimated velocity for Section 149-899B- 
1R-2 at 232 mbsf falls off the trend of the other data and has large er- 
ror bars associated with it. This data point is considered suspect be- 
cause poor transducer/sample coupling prevented measurement of 
the velocity at low pressures. The first data point obtained for this 
sample was at an effective pressure of 6 MPa, much higher than the 
lithostatic pressure at this depth. The uniform trend in velocity as a 
function of depth for the other samples is not surprising for Sites 897, 
898, and 899. The shipboard velocity measurements showed a con- 
sistent linear increase in velocity with depth of burial in the sedi- 
ments, with a similar slope observed in data from all three sites (Fig. 
1; Sawyer, Whitmarsh, Klaus, et al., 1994). Two aspects of the data 
shown in Figure 6 were unanticipated, however. First, the data point 
for Site 900 falls within the trend of the data from the other three sites. 
The shipboard velocity measurements for Site 900 show a markedly 
different slope when plotted as a function of depth of burial than ob- 
served at Sites 897, 898, and 899. This difference is not apparent in 
the velocity measurements taken under pressure. One explanation of 
the data observed shipboard is that the sediments at Sites 897, 898, 
and 899 have a smaller compressibility coefficient than the more 
proximal sediments at Site 900. If so, sediments recovered from Site 
900 would have undergone less rebound following recovery, result- 
ing in the greater velocity vs. depth trend, which was observed at Site 
900. Alternatively, pore pressure may be lower at Site 900 than at 
comparable depths at the other three sites, resulting in a higher effec- 
tive pressure, more compaction during burial, and a higher in situ ve- 
locity gradient. The data from the shore-based experiments suggest 
that the former explanation is more likely. Apparently, the in situ ve- 
locities of sediments at all sites are comparable at similar depths. The 
higher velocity gradient measured aboard ship may thus be an artifact 
of differing amounts of decompaction following recovery, and it does 
not necessarily indicate different in situ velocity structure. 

The estimated in situ velocity trend is in reasonable agreement 
with the velocity structure estimated from sonobuoy data (Whitmarsh 
et al., 1990), although the laboratory data appear to consistently ex- 
ceed the seismically determined velocities (Fig. 6A). This may par- 
tially be a result of the constant velocity layer model determined from 
traveltime modeling of the seismic data, but it probably also reflects 
the large uncertainties involved in estimating the in situ effective 
pressure from the laboratory data. If the in situ effective pressure was 
systematically overestimated, the in situ velocities determined from 
the laboratory data would similarly be overestimated. The laboratory 
data are more consistent with the sonobuoy data if a linear increase in 
velocity is adopted in the upper acoustic layer (dotted line, Fig. 6A). 
A similar velocity gradient was observed in the shipboard velocity 
measurements in the upper 400 mbsf (Fig. 1). However, the 
sonobuoy data provide remarkably accurate estimates of the depth to 
major lithostratigraphic boundaries encountered during Leg 149. The 
in situ velocity structure must therefore not be greatly different than 
that interpreted by Whitmarsh et al. (1990) on the basis of the 
sonobuoy data, although traveltime modeling of the sonobuoy data 
does permit modest gradients in the velocity structure. Furthermore, 
the linear velocity gradient shown by the dotted line in Figure 6A 
does not result in a velocity discontinuity between acoustic Layers 1 
and 2. The presence of a reflection in the sonobuoy data at the base 
of acoustic Layer 1 requires such a discontinuity (Whitmarsh et al., 
1990). There is some evidence in the laboratory data for a rapid in- 
crease in velocity over a small depth interval, which may produce the 
reflection, although the laboratory data would place the change in ve- 
locity at a depth of about 335 to 370 mbsf, rather than 420 mbsf as 
indicated on the sonobuoy profile (Fig. 6A). This is not surprising, as 
the sonobuoy line and the various drill sites used in this study were 
distributed over a ~100 km distance. In this latter interpretation of the 
laboratory results (dashed line, Fig. 6A), acoustic Layer 1 is interpret- 
ed to show a modest increase in velocity to a depth of about 320 mbsf. 
A strong velocity gradient between the data points collected at 336 
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Figure 5. A-F. Corrected velocity curves for samples analyzed in this study. The vertical dashed line indicates the best estimate of the in situ effective pressure. 
mbsf and 369 mbsf is interpreted to bound the layer that produces the 
reflection. This velocity gradient is somewhat apparent in the ship- 
board data (Fig. 1). The dashed line in Figure 6A is the preferred in- 
terpretation of the laboratory data. Nonvertically incident seismic 
rays will probably travel at velocities intermediate between the veloc- 
ities given in the constant velocity model derived from the sonobuoy 
data and the linear velocity profile (derived from vertically incident 
data) shown by the dashed line in Figure 6A. 

The second unanticipated aspect of the data shown in Figure 6 is 
the apparent increase in the in situ effective pressure from 2-3 MPa 
above about 200 mbsf to about 6 MPa below 200 mbsf. This is inter- 
preted to indicate a transition from poorly consolidated sediments 
above 200 mbsf to consolidated sediments below 200 mbsf. Above 
200 mbsf, grains are inferred to be in loose contact, allowing free 
pore-fluid migration. As a result, pore fluid is expelled with increas- 
ing depth of burial and effective pressure increases. Below 200 mbsf, 

 

grains are inferred to be in close contact and pore-fluid migration is 
restricted. Below this depth, the increase in confining pressure that 
results from the increasing depth of burial is largely balanced by an 
increase in pore-fluid pressure. As a result, effective pressure (and 
velocity) show little increase below this depth. 

POROSITY AND DENSITY 

Porosity is given by 

 

where Vw is the volume of water contained in the sample and Vg is the 
volume of solid in the sample (Boyce, 1973). Porosity at atmospheric 
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where Φ0 is the porosity at atmospheric pressure measured shipboard 
and V0 is the initial volume of the sample determined from caliper 
measurements of the sample dimensions prior to testing. Assuming 
the volume loss under pressure is due solely to a reduction in pore 
space, the porosity under pressure is given by 

 

where εv is the volumetric strain the sample undergoes during the 
pressure testing (the sign convention is that compression is negative). 
The in situ porosity is determine from Eq. 4 using the estimated in 
situ effective pressure. Assuming that strain is isotropic, the volumet- 
ric strain can be determined by linearly interpolating the sample 
shortening as discussed previously, applying an equal percentage of 
shortening in the vertical and horizontal dimensions. The estimated 
in situ porosity is plotted as a function of depth in Figure 7. The po- 
rosity is generally consistent with an exponential relationship similar 
to that used in other studies (e.g., Sclater and Christie, 1980): 

 

where Φs is the porosity at the seafloor. However, the large scatter in 
the data and the limited number of data points result in large variance 
in the fit. A least squares fit of Eq. 5 to the calculated in situ porosity 
yields c = 0.00064 m-1 and Φs = 0.52 with a correlation coefficient of 
0.19. If Φs is assumed to be 1, the least squares fit gives c = 0.02957 
m-1 with a correlation coefficient of 0.71. Curves showing both least- 
squares fits are shown in Figure 7. 

By mass balance, density is given by 

 
where ρg is the grain density (measured shipboard) and ρw is the 
density of seawater. The calculated in situ density is shown in Figure 
8, and it can be reasonably described by a linear increase in density 
with depth: 

 

where density is in g/cm3 and z is depth in meters. 

SUMMARY 

Comparison of shipboard acoustic velocity measurements from 
Leg 149 with velocities determined from seismic experiments shows 
that the shipboard data are poor indicators of in situ velocity in the 
sedimentary section beneath the Iberia Abyssal Plain. Experiments 
conducted under pressure yield estimated in situ velocities that agree 
well with seismic surveys on the Iberia Abyssal Plain. The laboratory 
data indicate a modest increase in velocity in the upper 335 mbsf, 
from about 1800 m s-1 at the seafloor to about 2000 m s-1 at 335 mbsf. 
A steep velocity gradient is interpreted in the interval between 335 
and 370 mbsf, and it may be the cause of a reflection observed in the 
seismic data. An increase in effective pressure below about 200 mbsf 
 

pressure was measured in samples taken adjacent to those used in the
shore-based study. The initial water and solid volumes are given by
350 
Notes: Pe' = effective pressure; Vp = estimated in situ P-wave velocity. 

is interpreted to represent a transition from poorly consolidated sedi- 
ments to deeper consolidated sediments. Contrary to the shipboard 
acoustic velocity measurements, no evidence is seen for major differ- 
ences in the velocity gradient in the upper 500 mbsf between Site 900 
and Sites 897, 898, and 899. The steeper velocity gradient observed 
in the shipboard data from Site 900 is attributed to more pronounced 
decompression of the samples following recovery, which implies a 
difference between the geotechnical properties of the silty clays 
recovered at Site 900 and the other sites. The in situ porosity and den- 
sity inferred from the laboratory experiments follow expected theo- 
retical trends, indicating an exponential decrease in porosity and lin- 
ear increase in density with depth. 
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Table 3. Estimated in situ effective pressure and velocity.



IN SITU VELOCITIES OF SEDIMENTARY ROCKS 
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Figure 6. A. Estimated in situ velocity plotted as a function of depth of burial. The heavy dashed line is the velocity curve reported by Whitmarsh et al. (1990) 
for sonobuoy Line 1. Model 1 (dotted line) is a linear interpolation of the sonobuoy velocities between the seafloor and the top of acoustic Layer 2. Model 2 
(dashed line) includes a moderate linear velocity gradient above 320 mbsf, and a steep velocity gradient between 320 and 370 mbsf. See text for discussion. B. 
Estimated in situ effective pressure plotted as a function of depth. Also shown are the hydrostatic pressure gradient (dotted line) and lithostatic pressure gradient 
(dashed line) assuming a constant density of 1.9 g/cm3 (Sawyer, Whitmarsh, Klaus, et al., 1994). 
 

igure 7. Estimated in situ porosity plotted as a function of depth of burial 
triangles). The dashed line is the best-fit exponential trend, assuming poros- 
ty at the seafloor is 1. The dotted line is the best fit exponential curve based 
n no a-priori assumption of the porosity at the seafloor. 
Figure 8. Estimated in situ density plotted as a function of depth (symbols).
The best-fit linear trend is indicated by the dotted line. 
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