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ABSTRACT

Shear wave velocities from full waveform acoustic logs were determined at DSDP Site
613 using the spectral ratio inversion method. Discrete shear wave velocities for a 350
meter interval at 0.5-2 meter depth increments were calculated. Shear wave velocities
were not evaluated for the upper 130m of the log because of data recording problems.
The sediments of Site 613 represent a progression from carbonaceous-siliceous oozes
through partial lithification and cementation. A method for predicting shear wave
velocities using Wood's equation, the bulk moduli of water and carbonate grains, the
P-wave velocity and porosity from well logs will be described. The predictions of this
method provided a theoretical maximum value for the shear wave velocity to compare
with the inversion results. In general, the method works well for shear wave velocities
greater than 800 m/s. The inverted data fall just below the predicted theoretical
maximum value from Wood's equation and agree quite well with the trends. Below
this velocity threshold, trends with depth and Poisson's ratio and the divergence of
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the inversion itself seem to indicate incorrect behavior.

INTRODUCTION

The shear wave velocity of marine sediments is of interest to a large number of marine
studies. In particular, the shear wave velocity (and thus the shear wave modulus) is
of importance in the study of the state of compaction and cementation of marine sed
iments. However, shear wave velocity measurements from cores are very difficult and
seldom done, mainly because of the difficulty in the preservation of core samples from
these unconsolidated and semi-consolidated sediments. Unti! recently, in situ mea
surements from full waveform acoustic logs in these sediments have not been possible
because of the lack of refracted shear waves in these low velocity sediments and the lack
of excitation of Stoneley waves at the frequency of existing logging tools. Cheng (1987)
was the first to utilize the refracted P wave and its associated leaky modes to invert
for the shear wave velocity of the formation under these conditions. In this paper, we
apply this technique to obtain estimates of shear wave velocity in marine sediments
and compare them to the upper bound obtained using Wood's (1941) equation and the
P-wave velocity from the full waveform log, as well as lithology, density, and porosity
information from both logs and core analysis.

The logging data were from the Baltimore Canyon Trough (DSDP Site 613) with
a 2300 meter ocean bottom depth. Three major lithological units were logged. Unit
1, the uppermost layer, Eocene in age, represented clay rich terrigenous deposition.
Units 2 and 3 were comprised of siliceous carbonate oozes with very little clay content
(Wilkens et a!., 1985). The major difference between Units 2 and 3 is a phase change
in the silica component from opal to porcellanite resulting in a 15-20% decrease in
porosity and an increase in bulk modulus. This boundary between Units 2 and 3 is a
widely recognized reflector in seismic data taken in the area.

Logging began at 120 meters below sea floor (mbsf) depth in Unit 1 and proceeded
into Unit 2 from 279 mbsfto 442 mbsf and finished at a bottom hole depth of 570 meters
in Unit 3. Unfortunately, the full waveform acoustic logs from Unit 1 were normalized
without maintaining relative amplitudes so could not be processed. However, we did
obtain shear wave velocities for Unit 2 and Unit 3. Results from Unit 3 correlate well
with predicted maximum shear wave velocities. The convergence properties for the
Unit 3 results were excellent but were not good for the Unit 2 results. This would
indicate that there are upper bounds on Poisson's ratio above which the technique
does not work very well.

(
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The inversion technique has been presented previously in Cheng (1987), and the use of
the technique in Meredith et al. (1987). We will briefly review the basic details here.

It is assumed that the source function from the logging tool inside the borehole is
unknown so a method not dependent on source properties is required. A data set taken
over a multi-source, multi-receiver array will contain many pairs of time series data
taken over the same positions. The Fourier spectra of data from a given receiver pair
are obtained using the Fast Fourier Transform (FFT). By the convolution model, the
FFT is modelled in the frequency domain by a transfer function multiplied by a source
function. Assuming that the source function, although unknown, is independent of
depth, and the receivers are equalized, the quotient of the two inversions yields a ratio
of transfer functions. The source functions cancel each other as shown below:

FFT 1 -> S(w). H1(w)
FFT 2 -> S(w).H2(w)

(1)

This data transfer function ratio is approximated by a ratio of the computed Green's
functions. In order to isolate the P wave contribution to the Green's function from
the S and guided waves, we use the branch-cut integral method of Tsang and Rader
(1979). V. and Qp are parameters in the branch cut integral and by assuming all
other parameters are known, an object function for V. and Qp can be established. 'A
standard damped least squares inversion procedure is applied to the object function
to obtain estimates of V. and Qp.

As in any inversion problem, the accuracy of the inversion depends on two factors:
1) the closeness of the forward model used to the actual situation in which the data is
collected; and 2) numerical accuracy involved in the calculation of the forward model
and its Jacobian partial derivative matrix. We have approximated the forward model
by ignoring the tool and reducing the radius of the borehole to compensate for it.
This is reasonable for a steel body tool such as that used in the collection of our
data, especially for the first normal or leaky mode (Cheng and Toksiiz, 1981). This
assumption gets progressively worse for the higher modes, and could be a contributor
to the breakdown of the method at low shear wave velocities. The numerical accuracy
of the branch integral is in general very good (Kurkjian, 1985) for the higher velocity
materials and less so for very low velocity materials, because a larger number of terms
needs to be included and numerical errors can accumulate. We will further discuss
these issues and how they affect our results in a later section.
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PREDICTION OF SHEAR WAVE VELOCITIES

The Acoustic Index

The compressional wave velocity of unconsolidated marine sediments is dictated almost
entirely by the porosity of those sediments (Wood, 1941; Hamilton, 1971). Intrinsic
differences in individual sediment grain elastic moduli have little effect on the velocity
of a mixture dominated by the properties of water. Thus, uncemented sediments of the
same porosity will have virtually the same compressional wave velocity regardless of
mineralogy. The compressional wave velocity of sedimentary rocks, on the other hand,
is controlled not only by porosity, but also by the mineralogy of the grains and the
extent to which those grains are cemented into a solid framework (Ogushwitz, 1985;
VVilkens et a!., 1986). Much the same can be said of the shear wave velocity of sediments.
and sedimentary rocks. Mixtures of loose grains have little rigidity and low shear wave
velocities, regardless of the elastic moduli of the grains themselves. Cementation at
grain to grain contacts increases the shear modulus of the aggregate. Eventually the
moduli of the sediment particles will influence the rigidity of the framework of the
welded grains.

Samples recovered from near the seafloor behave according to systematics of a
seawater dominated system. Samples from progressively deeper in the sedimentary
column behave more like sedimentary rocks as they lose porosity and become increas
ingly cemented. Numerous theoretical developments have addressed the properties of
either loose sediment grains or sedimentary rocks, but there has been little work on
the domain of sediments which are undergoing lithification, and behave unlike either
loose sediments or rocks. We require a system that will yield some quantification of
the porosity-velocity relationship of these materials so that we can better describe
the continuum of change from one state to the other. In particular, a method which
will remove the first order effects of porosity on velocity and emphasize the effects of
cementation will add to our understanding of sediment shear wave velocities.

We have chosen the Wood and Wyllie equations (Wood, 1941; Wyllie et a!., 1956)
to represent end points of the progression from ooze to sedimentary rock. These
are simple formulations that represent well understood concepts. Neither equation
is exactly correct (Wyllie's equation is in fact empirical), but both describe general
velocity-porosity relationships.

Wood's equation (Wood, 1941) is used to describe the acoustic velocity of a mixture
of loose grains and fluid. The theory assumes that the shear modulus of a high porosity
aggregate of fluid and grains is zero and that its bulk modulus is equal to a geometric
average of the bulk moduli of the grains and fluid. The effective bulk modulus of the
medium is computed by:

(

(
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where Kw is the bulk modulus of seawater, CJ? is porosity expressed as a fraction, and
Kg is the grain bulk modulus. Bulk densities are computed using the densities of
seawater and grains. The compressional wave velocity is computed by:

where p is the bulk density of the seawater-sediment mixture and Jl is the mixture
shear modulus, assumed here to be zero. While Wood's equation has been shown to
work well in describing the behavior of controlled laboratory clay mixtures of high
porosity material (Ogushwitz, 1985), Hamilton (1982) has demonstrated that the zero
shear modulus assumption is invalid for marine sediment. Hamilton's work and the
discussion below illustrate the lack of fit of Wood's equation, and also how it can be
used to estimate shear wave velocities.

The Wyllie ti!"e-average equation (Wyllie et aI., 1956) is an empirical formulation
used to represent velocity-porosity relationships for sedimentary rocks. It has the same
form as the Wood equation but uses grain and fluid velocities rather than bulk moduli:

CJ? 1 - CJ?
Vp = -v. +-v.

pw P9

where the subscripts are as above. The time-average equation works reasonably well
for sandstones and limestones in the porosity range of about 0 to 30%. The value
of velocity obtained from the Wyllie equation for high porosity carbonate sediments
is not meaningful in real terms, because sedimentary rocks generally have porosities
considerably lower than uncemented sediments.

The term, "Acoustic Index" or simply "Index" (Wilkens et aI., 1989) will be used
in this study to characterize the amount to which the velocity-porosity behavior of
the sediments departs from the behavior of uncemented grains (Wood's equation) and
approaches that of sedimentary rock (Wyllie's equation). The Index is defined as:

v. -v.Acoustic Index = Pm ea II PWQQd
VpWyllie VPWood

where VPmeas is the measured velocity, VPWood is the computed velocity of uncemented
grains with the same porosity as the sample, and v"Wyllie is the computed velocity of
a fully cemented limestone. Thus a sample whose measured velocity is equal to that
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predicted by Wood's equation will have an Index of 0.0 while a sample with a measured
velocity halfway between Wood's and Wyllie's predictions will have an Index of 0.5.

Following the discussion of Hamilton (1971), it is possible to use the Wood's equa
tion to obtain an estimate of the maximum value of the shear wave velocity of loose
sediments from compressional wave velocity and porosity data alone. If we assume that
the calculated value of the bulk modulus of uncemented sediments is close to the true
bulk modulus, then the difference between a compressional wave velocity predicted by
Wood's equation (Wood's v,,) and the measured compressional wave velocity is essen
tially due to the error in Wood's assumption of a zero shear modulus. Inserting in the
equation for compressional wave velocity the measured velocity and density and the
Wood's bulk modulus we can solve for the shear modulus as follows:

~(V.2 - J( )-4 PmeQ.$p sed - P. . (2)

In effect, we are attributing all of the difference between Wood's v" and true velocity
to some non-zero value of the shear modulus (Wood's shear modulus). A shear wave
velocity can then be calculated from Wood's shear modulus and density (Wood's Vs).

DATA ANALYSIS

The concept of a diagenetically induced change in marine sediment velocity-porosity
systematics is illustrated by data from Site 613 plotted in Figure 1. Unit 2 at Site 613
is a soft chalk with small amounts of calcite cement. The Unit 2 - Unit 3 boundary
is defined by the transformation of biogenic opal-A to a denser form, opal-CT. The
opal-CT is an effective cement, and the Unit 3 sediments are stiffer than those of Unit
2. The data illustrate the porosity control of velocity. It is tempting to fit a linear
regression line to the data, but the relative positions of the Wood and Wyllie curves
suggest that something more is happening to the sediments than a simple change of
velocity with porosity. In fact, as the sediments undergo diagenesis, they begin to
both lose porosity and to behave less like loose grains and more like sedimentary rock.
As porosity is reduced the trend of the data is away from the Wood relationship and
towards the values predicted by Wyllie's equation.

Profiles of porosity, compressional wave velocity, and Acoustic Index at Site 613 are
displayed in Figure 2. Porosity generally decreases with depth as velocity increases,
consistent with the relationship seen in Figure 1. The Index also increases with depth
and mirrors changes seen in the logging data. It is interesting to note the character of
the Index immediately above and below the Unit 2 - Unit 3 boundary. Examination
of the core at Site 613 showed that recrystallized silica was concentrating in layers of
harder sediments interspersed with more calcareous, less cemented intervals (Wilkens

(
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et aI., 1986). The Index appears to be able to identify the more and less cemented
intervals better than either porosity or velocity alone.

Inversion results and calculation of Wood's V, are plotted versus depth in Figure 3
and as a crossplot in Figure 4. The data can be separated into two groups: generally
from depths above and below 340 mbsf (meters below sea floor). The inversion results
from above this horizon appear to be incorrect. In order for the true shear wave velocity
to be greater than Wood's v" the true bulk modulus of the sediments must be less
than Wood's bulk modulus estimation. Perhaps even more of a conceptual problem
is that the inversion results show the shear wave velocity decreasing over the interval
275 - 340 mbsf as the compressional wave velocity increases (Figure 2). Clearly the
inversion process breaks down at very low shear wave velocities.

Data from below 340 mbsf appear well correlated to Wood's V,. Above a Wood's
V, of 0.8 km/sec most of the inversion results are less than Wood's prediction. The
inversion data tend to diverge further from the theoretical calculations as the shear
wave velocity increases. This divergence is due to the assumption that all of the
compressional wave velocity difference between Wood's Vp and the velocity log is due
to increases in the shear modulus. This assumption is probably near correct at very
high porosities, but less so as porosity decreases and cementation acts to increase both
shear and bulk moduli.

It is useful to examine the relationship between the dynamic moduli defined by the
shear wave velocity inversion process, the moduli calculated using Wood's equation,
and the Acoustic Index. Plots of the Index versus ratios of the two bulk and shear
moduli are shown in Figures 5 and 6. Disregarding the data for which we feel that
the inversion results are invalid, there is a strong correlation between the value of the
Index and the ratio of the theoretical and actual moduli. For low values of the Index
both the shear and bulk moduli are nearly equal to the Wood's prediction. As the
Index increases (and the sediment has undergone greater diagenesis and cementation)
the ratio of the dynamic to Wood's bulk modulus increases (Figure 5) and the shear
modulus ratio decreases (Figure 6). These results indicate that at relatively high
porosities (and low velocities) the Wood's approximation of the bulk modulus, and
the estimation of the shear modulus based upon it, are good representations of actual
values. Figures 5 and 6 also illustrate the manner in which the Index, calculated from
velocity and porosity only, may become a useful tool in obtaining better estimations
of shear wave velocities in consolidating sediments.

RESULTS AND DISCUSSION

The inversions for Unit 2, above 340 mbsf, were dissatisfactory. The inversions for
this set of data typically converged to minima between .8 and 1.0 ·km/sec although
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the Wood's predictions specified a maximum shear wave velocity more on the order
of .6 to .7 km/sec. Occasionally, much worse convergence properties were observed
in the Unit 2 data. For example, convergence to unrealistic velocity values leading
to Poisson's ratios of less than .25. Finally, there was no indication of even local
minima near the predicted shear wave velocities from Wood's equation. Part of this
problem can be attributed to the extremely low shear wave velocities in the upper
part of Unit 2. Our inversion depends largely on the physical fact that the refracted
P wave energy is constantly being converted into shear wave energy at the borehole
boundary in order to satisfy the boundary equation, and that this shear wave energy
is leaking or radiating away from the borehole and thus lost to the receivers situated in
the middle of the borehole. At high Poisson's ratio and low shear wave velocities, the
amount of shear wave energy radiating away is largely reduced, going to zero in the
limit of a liquid-liquid waveguide. Thus at these velocities the inversion is insensitive
to formation shear wave velocities.

From about 340 mbsf of Unit 2 through Unit 3 the convergence properties were
radically different. The inversions converged to global minima within 3 or 4 iterations
and errors were typically 2 orders of magnitude less than in the case of the Unit 2
inversions. Only in rare cases was there no convergence. Furthermore, the trend in the
V. calculated from the inversion is consistent with that for Vp , porosity, and lithology
obtained from conventional logs. Q estimates were also quite reasonable for Unit 3 as
shown in Figure 7. Two or three initial velocities were attempted for each inversion
as a check on the bounds of the inversion. The Wood's predictions were derived
independently from the inversions yet provide an accurate and consistent upper bound
on the inversion results.

One thing that became quite evident when processing this large data set is the
changing character of the spectra as one proceed deeper downhole. Although it's
difficult to show this change with one figure we'll attempt to do so here (Figure 8).
The first spectra from Unit 2 shows three distinct peaks at about 8.5, 10.5, and 14
kHz. The bottom pair of spectra shows a coalescence of the latter two peaks although
the first peak remains in the same location with respect to the top figure. This implies
that there are three P-wave leaky modes present in Unit 2 and only two in Unit 3.
The larger the number of leaky modes, the longer the ringing of the P wave train. It
is evident from the data that not all the waveform has been captured in some cases,
especially with the far receiver. This will significantly affect the result. The extra P
leaky mode also makes the forward problem less accurate, since we are approximating
the effects of the tool by reducing the borehole diameter. It is known (Cheng and
Toksoz, 1981) that the higher modes are less well represented than the first mode in
this approximation. This change in spectra has another impact on the convergence
properties of the inversion. The deeper results, because of their less jagged nature,
would have a smoother spectral ratio and less sensitivity to noise.
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Marine sediments because of their high porosity on one hand and their non-zero shear
modulus on the other are not properly modelled by either Wood's equation or the
Wyllie time average equation. However, at high porosities, the Wood's equation de
rived estimate of bulk modulus is fairly accurate. Through differencing the measured
P-wave velocity and the Wood's predicted bulk modulus, a reasonable estimate of the
maximum value of the shear modulus is obtained. The concept of Acoustic Index used
in this paper (Wilkens et al., 1989) bridges the gap in velocity-porosity relationships
between high porosity oozes and partially cemented marine sediments.

Using these Wood's equation predictions for the maximum value of the shear mod
ulus, a good agreement was seen with the inversion results for Unit 3. However, the
results were disappointing for the lower part of Unit 2. We believe this is due to
limitations in the forward model, including the inaccuracy in describing the borehole
environment and numerical errors, as well as the limitations presented by noisy data
and data not recorded to the end of the wavetrain.
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time average equation (Wyllie et a!., 1956) and Wood's equation (Wood, 1941).
See text for formulae and discussion.
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Figure 2: Porosity, compressional wave velocity, and Acoustic Index plotted against
depth at Site 613. The Wood and Wyllie compressional wave velocities for calcium
carbonate computed from the porosity log are shown flanking the velocity data.
The Index reflects the relative position of a data point between the theoretical
lines.
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Figure 3: Shear wave velocity data from DSDP Site 613 well logs. Unit 2 is a soft
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the result of the inversion of a single waveform. Wood's V, is an estimate of the
shear wave velocity based on well log porosity and compressional wave velocity
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Figure 5: The Acoustic Index at Site 613 plotted versus the ratio of the dynamic bulk
modulus calculated from logging and inversion data (Kd) and the Wood's bulk
modulus calculated using porosity logs and assuming calcite as the grain material
(Kw). The Wood's bulk modulus represents a minimum and the ratio should be
equal to 1.0 or greater.
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Figure 7: Plot of Q values from Unit 3. Good and reasonably stable estimate of Q.
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Figure 8: Frequency spectra for the 8' and 10' source receiver separation time series
for two different depths. On top are the spectra from the waveforms at 282 meters
below sea floor depth (8575.0 ft total depth) from Unit 2. On the bottom are the
spectra from the waveform at 548 mbsf (9450.0 ft total depth) from Unit 3. The
changes in character and the peakedness are very evident.


