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ABSTRACT

Logging-while-drilling (LWD) sonic data collected during Ocean
Drilling Program Leg 196 in low-velocity turbidites and hemipelagic
sediments were analyzed to extract P-wave velocity using high-resolu-
tion dispersion analysis and appropriate tool and borehole modeling.
The sonic waveform data show an overall increase in velocity with de-
creasing frequency. Numerical modeling indicates that velocity compu-
tations should be made in the frequency band of highest waveform
energy. Estimates of velocity using this approach compare well with
core data and wireline sonic logs at the reference site (Site 1173),
whereas conventional semblance analysis and dispersion corrections
using a look-up table tend to underestimate the velocity by as much as
10%. Synthetic seismograms computed using this approach from the
LWD sonic data correlate well to seismic reflection profiles at Site 1173.
At Site 808, correlation of synthetic seismograms from our LWD data
analysis suggests that transverse velocity anisotropy is present in the
prism sediments. High-resolution dispersion analysis is recommended
for velocity analysis from LWD sonic data in similar low-velocity ma-
rine sediments.
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INTRODUCTION

Sonic velocity logs provide one of the best means to investigate the
physical properties and porosity of drilled sequences and to tie logging
data with seismic and core measurements. Increasingly, these measure-
ments are required in shallow-marine sediments where P-wave velocity
is extremely low, often close to the fluid velocity, for geotechnical and
shallow seismic exploration. Such low velocity values make the analysis
of sonic logs from logging-while-drilling (LWD) measurements difficult
because of the strong effects of wave modes linked to the presence of a
logging tool in the borehole, such as dipole and leaky-P modes, which
typically have high amplitudes and are dispersive (e.g., Paillet and
Cheng, 1986).

In this paper, we present results from an LWD sonic tool deployed in
shallow turbidites and hemipelagic carbonate muds offshore Japan (Mi-
kada, Becker, Moore, Klaus, et al., 2002). The Schlumberger ISONIC
LWD tool was used for the first time in the Ocean Drilling Program
(ODP) at two sites during Leg 196, penetrating from the seafloor to 750
meters below seafloor (mbsf) at Site 1173 and from 156 to 1025 mbsf at
Site 808. More than 1770 m of LWD sonic waveform data were success-
fully recorded. Mikada, Becker, Moore, Klaus, et al. (2002) and
Yoneshima et al. (2003) describe preliminary attempts to compute com-
pressional velocity (Vp) logs from the trapped leaky-P (Airy) wave mode
in these data. We produce new V} estimates from the LWD sonic wave-
forms using high-resolution dispersion analysis (Blanch et al., 2003)
and compare the results with both core data and wireline logs acquired
at Site 1173, which was drilled through a relatively homogeneous sec-
tion of hemipelagic sediments with generally high core recovery
(Moore et al., 2001; Goldberg, this volume). We also explain differences
between our results and previous estimates using the leaky-P mode by
numerical modeling of the LWD tool response in the borehole. This pa-
per refers to the P-wave slowness, the inverse of Vp, throughout in typi-
cal units of microseconds per foot (us/ft) for analytical computations.

LWD SONIC WAVEFORM DATA

The LWD sonic tool is 17 cm (6.75 in) in diameter, and the hole was
drilled with a 25-cm (9.875 in) bit. The tool records four waveforms
over an array of receivers spanning a distance of 3.0-4.2 m from the
source at 20-cm intervals (Aron et al., 1997). The tool was configured
with a wide-band source function, generating P-wave energy over fre-
quencies from ~3 to 13 kHz. Drilling rates were maintained between 35
and 60 m/hr throughout the hole, and waveform data were recorded
within ~20 min of bit penetration (Mikada, Becker, Moore, Klaus, et al.,
2002). At least two depth points, each consisting of eight stacked wave-
forms, were measured over every 0.30-m interval. Differential caliper
logs measuring the distance from the tool to the borehole wall show
that both holes are in gauge for the most part, and the quality of the
waveforms is not degraded by borehole conditions at Site 1173 and
only affected near the décollement fault at Site 808. The recorded wave-
forms have relatively high signal amplitude because drilling noise is
strongly attenuated in these high-porosity sediments.

Figure F1 shows the time-domain data and frequency spectra of
stacked waveforms from the ISONIC tool at three different depths at

F1. LWD sonic waveforms and fre-
quency spectra, p. 9.
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Site 1173. Peak frequency of the waveforms falls between ~6 and 7 kHz.
Slowness dispersion plots derived from the four-channel waveforms
provide a measure of the energy arriving at a specific slowness over a
range of frequency points. Figure F2 shows the computed slowness dis-
persion using the method outlined by Blanch et al. (2003) for the wave-
form data at the three depths shown in Figure F1. The maximum of the
recorded energy occurs at ~6-7 kHz. Figure F2 clearly illustrates that dis-
persion is present in the LWD sonic data, showing an overall decrease
in slowness with decreasing frequency. Slowness dispersion occurs
throughout the hole, but as represented in Figure F2, dispersion is re-
duced at shallower depths because of the decreasing difference between
formation and borehole fluid slowness.

NUMERICAL MODELING

To understand the source of the dispersion observed in these data, we
used a finite-difference model to compute waves propagating in a bore-
hole. Waveform modeling provided an opportunity to vary the forma-
tion parameters and tool geometries over a wide range and visualize the
effects. LWD tool and sediment properties similar to those encountered
at Sites 1173 and 808 were considered. We utilized a conventional finite
difference method to model a monopole source on a rigid tool in cylin-
drical geometry (Cheng et al., 1992). This differs significantly from a
mode-search computation to track the leaky P-mode dispersion, as used
by Yoneshima et al. (2003), in that the relative magnitude of various
formation and tool modes can be discretely determined. Formation P-
wave slowness values over the range of 140-190 ps/ft with no attenua-
tion were modeled. S-wave slowness values were held constant at 300
ps/ft so that Vp/Vs ratio decreased for these model results. Fluid and for-
mation density values were 1 and 2 g/cm?3, respectively. Tool parameters
used for the finite difference model were Vp = 51.31 ps/ft, Vs = 94.66 ps/
ft, and density = 7.84 g/cm3 for a 6.75-in-diameter solid steel cylinder.
The source and receivers were located on the surface, not at the center,
of the tool and a 10-kHz Ricker wavelet source was used. The hole diam-
eter for the model was 8.5 in, although diameters of 9.875 and 11 in
were also run without significant differences in the outcome. The
model results indicated that because of the presence of the tool in the
borehole, and the combination of fluid, borehole size, and source fre-
quency used, the formation P-wave energy arrives coincident with the
maximum energy peak in the recorded signal. Our primary conclusion
from the finite difference modeling is that tool and P-wave modes are
mixed in the frequency and time domains under these physical condi-
tions.

Figure F3 shows the modeled waveforms and frequency spectra at 14
receiver locations spanning a receiver array and is equivalent to the ge-
ometry of the ISONIC tool. The input formation slowness of 160 us/ft
in this example is representative of the model results and illustrates
similar waveform amplitude to the field data shown in Figure F2. The
simulation shows that the steel drill collar of the LWD tool significantly
decreases the slowness of the leaky-P wave at lower frequencies, and the
borehole fluid increases the slowness at higher frequencies, similar to
the trends observed in the field data shown in Figure F2. The simula-
tion confirms the presence of a dispersive P-wave mode with maximum
arriving energy occurring at ~6-7 kHz. Figure F3 shows the dispersion
computation using the 14-channel model data. Slowness estimation at

F2. High-resolution slowness dis-
persion plots, p. 10.

F3. Synthetic waveforms and fre-
quency spectra, p. 11.




D. GOLDBERG ET AL.
VELOCITY ANALYSIS OF LWD SoNIC DATA

the peak value within the maximum energy band yields the input slow-
ness value of 160 ps/ft. Chosen accurately in this frequency band, the
formation slowness estimate does not need additional correction for
dispersion effects. The dispersion analysis does not tend toward a low-
frequency asymptote equal to the input P-wave slowness value as as-
sumed by Yoneshima et al., (2003).

SLOWNESS ANALYSIS

Using high-resolution dispersion analysis (Blanch et al., 2003), we
hand-picked a slowness value in the high-energy band to estimate P-
wave slowness with an accuracy of +2 ps/ft. Varying the input parame-
ters of this frequency domain computation did not affect the shape of
the resulting dispersion curves. We emphasize that at least this amount
of uncertainty in the formation slowness estimate still remains using
this technique, as dispersion of 1-2 ps/ft can be observed even within
our narrow-band analysis window (see Fig. F2). As an approximation to
the slowness log, we repeated the hand-picking procedure to estimate
slowness using the dispersion computation at 3-m (10 ft) depth inter-
vals at Site 1173. Figure F4 shows these hand-picked points compared
to data from laboratory measurements on core samples and to wireline
logging data collected during a previous expedition to the site (Moore
et al., 2001). The wireline log extends to ~350 mbsf at Site 1173, where
the hole closed off below the lithologic boundary between the upper
and lower Shikoku Basin facies (Moore et al., 2001). Goldberg (this vol-
ume) reprocessed slowness values from the wireline logging data. Above
200 mbsf, the wireline and hand-picked estimates are relatively con-
stant and near the upper limit of slowness resolution for both measure-
ments. Below this depth, the wireline slowness values agree closely with
the hand-picked estimates, although some localized differences may be
expected because of lateral variations in sediment properties between
the wireline and LWD holes.

Previous efforts to extract slowness from the ISONIC data at Site
1173 using bandpass filtering and conventional semblance with disper-
sion corrections using a model-based look-up table are also shown in
Figure F4 (Yoneshima et al., 2003). Overall, the trends of the look-up
computation and the hand-picked results show decreasing slowness
with depth, characteristic of hemipelagic sediment deposition and
compaction over time, and track quite well between 200 and ~490
mbsf. However, the hand-picked estimate and look-up computation
trends are consistently separated over this interval with the hand-
picked results having 5-10 ps/ft higher slowness values. Below 490
mbsf, as the formation velocity and frequency dispersion increase, the
hand-picked and look-up estimates track less well and diverge further
with 10-20 ps/ft higher slowness values obtained from the hand-picked
estimation.

In addition, we compare these profiles to velocity data measured on
core samples at the reference Site 1173, where the lithologic section is
relatively undeformed and the core V, data are largely continuous
(Moore et al., 2001). In general, the trends of the core and hand-picked
results agree very well between 240 and ~490 mbsf with small £3-ps/ft
variations attributed to one or more of the following effects: (1) lateral
changes in properties between the core and LWD holes, (2) sampling
bias because of incomplete core recovery, (3) differential porosity re-
bound of the core samples under ambient laboratory conditions be-

F4. Comparison of slowness val-
ues, Site 1173, p. 12.




D. GOLDBERG ET AL.
VELOCITY ANALYSIS OF LWD SoNIC DATA

cause of local changes in lithology and cementation, or (4) local
fracturing and structures that are not sampled through coring. Because
of these effects, comparisons of laboratory and in situ data are often dif-
ficult over short intervals and are most useful for overall trend analysis
with depth. In general, the trends of both core and hand-picked esti-
mates track well with the previous ISONIC look-up values, indicating
normal compaction; however, they both systematically estimate 5-10
ps/ft higher slowness than the look-up results. From ~490-540 mbsf,
the core sample and hand-picked estimates are nearly equal, but they
diverge below toward lower slowness values and approach the ISONIC
look-up results at the bottom of the hole. We suggest that the core data
may have preferentially sampled the more compacted (faster) sedi-
ments over this lowermost interval. Consistent with this interpretation,
the average core recovery dropped dramatically to ~45% below 590
mbsf (Moore et al., 2001). Overall, the hand-picked estimates are more
representative of the in situ velocity in this hole.

Similar analysis and comparisons of the LWD sonic results at Site 808
are shown in Figure F5. Overall, slowness varies more as a function of
depth at this site. Both the hand-picked and ISONIC look-up results fol-
low similar trends with depth, but the look-up results at this site under-
estimate the slowness by 10-20 ps/ft. Unlike Site 1173, this difference
remains relatively constant over the lowermost 500 m of the hole. Core
recovery from previous drilling at Site 808 was poor, and continuous
core velocity measurements were too sparse for reliable interpretation
of data trends vs. depth at this location, in addition to the difficulties
associated with the complicating effects 1-4 noted above.

In the section below, we discuss the implications of the hand-picked
ISONIC estimates and compute synthetic seismograms at both Sites
1173 and 808. These computations constrain the integrated velocity
profiles computed using the proposed method to known seismic reflec-
tions across the study region.

DISCUSSION

Figures F4 and F5 illustrate that the hand-picked slowness values are
generally 5-20 ps/ft greater than the ISONIC look-up results, with in-
creasing difference at higher velocities, and correlate better to core mea-
surements within the variation expected over short intervals. Although
fast tool modes are accounted for in both of these models and analysis
methods, they may still influence the P-wave slowness estimate under
certain conditions. Analyzed in the time domain with conventional
semblance methods (e.g., Kimball and Marzetta, 1984), the presence of
the LWD tool broadens the recorded wave arrival, reduces the resolu-
tion of the slowness estimate, and obscures the dispersion effects. In
this low-velocity environment, subsequently adding a model-based dis-
persion correction (Brie and Saiki, 1996; Yoneshima et al., 2003) after
the slowness is picked reduces the slowness estimate to a value that is
not representative of the formation properties and does not match the
dispersion curves observed in the LWD sonic data. This is the primary
cause of the underestimation of the slowness computed by Yoneshima
et al. (2003). The dispersion analysis and hand-picking technique pro-
posed here improves these results substantially; however, it is not a suit-
able substitute for automatic processing of ISONIC data. In the future,
automatic high-resolution dispersion analysis may be adapted for LWD

F5. Comparison of slowness val-
ues, Site 808, p. 13.
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sonic data without additional dispersion corrections, producing accu-
rate velocity profiles with up to 15-cm vertical sampling at both sites.

Synthetic seismograms were computed using the hand-picked slow-
ness values and the LWD density logs at both sites using Schlumberger
GeoQuest software (Figs. F6, F7). Multichannel seismic traces near each
site were selected for comparison and are discussed in greater detail by
(Moore et al., 2001). At the reference site (Site 1173), LWD data were ac-
quired from seafloor to total depth and a time-depth tie can be accu-
rately made at the seafloor. In Figure F6, the synthetic seismogram
correlates well with seismic reflections through the entire reference sec-
tion and quite closely predicts the transit time to the top of the oceanic
crust. The excellent correlation of synthetic and field data at Site 1173
gives confidence that our technique for slowness analysis from ISONIC
data is appropriate and the hand-picked estimates of LWD velocity are
accurate. We then apply the same computational methods to compare
the synthetic and field data in the more complex geological setting at
Site 808.

Owing to difficulty in drilling through the deformed prism sedi-
ments, the LWD data at Site 808 were recorded only below the casing,
and the shallow velocity structure above 156 mbsf is unknown. In Fig-
ure F7, depth-time ties are assumed at the depth of the décollement
fault (the depth at which LWD operations ceased) and at the seafloor by
introducing an arbitrary change in acoustic impedance. Between these
two points, the integrated velocity computed from the ISONIC data
(1757 m/s) must be increased by 12.5% in order to tie the synthetic
with corresponding seismic reflections. The resulting average velocity
of 1976 m/s estimated over the sequence from the seafloor to the dé-
collement fault and the synthetic—seismic depth tie at the frontal thrust
are both reasonable. We attribute the 12.5% lower integrated LWD ve-
locity at Site 808 to transverse formation anisotropy and fracturing
within the accretionary prism, which affect the ISONIC and seismic ex-
periments differently. Assuming that formation anisotropy, fracturing,
and faulting are oriented subhorizontally in the prism, the LWD veloc-
ity estimates along the axis of the borehole (vertical) will generally be
slower than seismic estimates that integrate both vertical and horizon-
tal components. Brueckmann et al. (1993) report transverse velocity an-
isotropy measurements of up to 15% between the frontal thrust and
décollement fault at Site 808. Henry et al. (2003) also provide labora-
tory evidence of 6%-7% horizontal electrical anisotropy because of
strain and shortening in Nankai prism sediment samples. In the pres-
ence of such transverse anisotropy at Site 808, a difference between the
average velocity estimated from LWD sonic and seismic data can be ex-
pected. An in situ estimation of the transverse velocity anisotropy
would be required to produce an accurate correlation between the syn-
thetic and field data at this location.

CONCLUSIONS

LWD sonic data were recorded for the first time during ODP Leg 196
at two offshore sites near Japan. Although high signal amplitude was re-
corded at both sites, the extraction of accurate velocity information in
these low-velocity sediments is difficult because the waveforms are dis-
persive and both leaky-P (Airy) phases and tool modes affect the re-
corded arrivals. Dispersion of LWD sonic data in low-velocity
formations was observed in finite element models, and we attribute this

Fé6. Synthetic seismogram, Site
1173, p. 14.

F7. Synthetic seismogram, Site
808, p. 15.
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to the presence of the tool in a borehole and not to pure leaky-P mode
propagation. P-wave slowness was manually estimated from the LWD
sonic data at Sites 1173 and 808 using high-resolution dispersion analy-
sis and appropriate frequency band windowing. Estimates of LWD ve-
locity using this approach compare very closely with core and wireline
logging results at Site 1173 (reference site) and produce synthetic seis-
mograms that precisely match the basement seismic reflection and con-
strain the integrated velocity profile. Mismatch between the synthetic
and seismic reflection at Site 808 is attributed to the effects of signifi-
cant velocity anisotropy in the prism sediments. The velocity data de-
scribed here are available directly via the ODP online logging database
at www.ldeo.columbia.edu/BRG/ODP/DATABASE/index.html. Con-
ventional analysis methods with additional dispersion corrections us-
ing a look-up table tend to underestimate the slowness in these low-
velocity marine sediments. In future uses or for automatic processing,
high-resolution dispersion analysis in the frequency domain is recom-
mended for LWD sonic data interpretation. In general, LWD tools de-
signed with reduced tool modes may also be necessary to completely
discriminate the P-wave mode and accurately process the data for for-
mation slowness in similar low-velocity environments.
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Figure F1. LWD sonic waveforms and frequency spectra acquired at three source depths in low-velocity ma-
rine sediments at Site 1173, offshore Japan. The ISONIC tool recorded four waveforms over a broad fre-

quency band at each source depth. Source depths are (A) 167.6, (B) 381.0, and (C) 685.9 mbsf.
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Figure F2. High-resolution slowness dispersion plots of four-channel ISONIC data from Figure F1, p. 9.
Color scale corresponds to the semblance value. Dispersion is illustrated by the increase in slowness with
frequency. The box indicates the hand-picked frequency band at peak P-wave energy levels. Source depths
are (A) 167.6, (B) 381.0, and (C) 685.9 mbsf.
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Figure F3. Fourteen synthetic waveforms and frequency spectra using a numerical finite-difference model
over an array similar to the ISONIC tool. The input P-wave slowness is 160 ps/ft. The observed energy near
the 12-kHz of ~150 ps/ft is an artifact of the dispersion analysis. The P-wave mode is dispersive over this
frequency band.
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Figure F4. Comparison of slowness values at Site 1173: hand-picked from dispersion plots (red), laboratory
core samples (black), conventional semblance with look-up table dispersion corrections (gray), and a wire-
line sonic log (blue). Hand-picked values generally agree with the core and wireline logging results. Con-
ventional semblance results underestimate slowness by up to 10%, increasing with depth.
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Figure F5. Comparison of slowness values at Site 808: hand-picked from dispersion plots (red) and from
conventional semblance with look-up table dispersion correction (gray). Core recovery from previous drill-
ing was poor so that continuous core velocity measurements and data trends vs. depth could not be reliably
interpreted at this location. Conventional semblance results underestimate slowness by up to 10% and re-
main relative constant below 500 mbsf.
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Figure F6. Synthetic seismogram computed from the LWD density log and velocity values hand-picked
from ISONIC dispersion plots with field seismic data near the reference site (ODP Site 1173). The LWD data
were recorded from seafloor to the total drilled depth of the hole. Integrated transit time and LWD logging
curves, the primary reflectors and seismic source, and computed synthetic traces are presented in addition
to the synthetic-seismic overlay. The synthetic and seismic reflections at the seafloor and at the top of base-
ment correlate well. RHOB = LWD density (g/cm3), DT = LWD compressional slowness (ms/ft).
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Figure F7. Synthetic seismogram computed from the LWD density log and velocity values hand-picked
from ISONIC dispersion plots with field seismic data near the prism site (ODP Site 808). The LWD data were
recorded from 160 mbsf to the total drilled depth of the hole, and the shallow velocity structure at this site
is unknown. Integrated transit time and LWD log curves, the primary reflectors and seismic source, and
computed synthetic traces are presented in addition to the synthetic—seismic overlay. The synthetic and
seismic reflections at the seafloor, frontal thrust, and at the décollement fault correlate well after correcting
the average LWD velocity for the effect of transverse anisotropy in the prism sediments. RHOB = LWD den-
sity (g/cm3), DT = LWD compressional slowness (ms/ft).
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