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16. DATA REPORT: REPROCESSING

OF WIRELINE SONIC LOGS IN TURBIDITES
AND HEMIPELAGIC SEDIMENTS

AT ODP SiTE 1173’

David Goldberg?

ABSTRACT

High-quality sonic log waveforms were recorded during Leg 190 from
65- to 360 m below seafloor (mbsf) in Hole 1173A. Schlumberger’s wire-
line Dipole Shear Imager (DSI) tool was used, and the data were repro-
cessed using a phase-picking method to improve the shipboard P- and
S-wave logs. This postcruise work focused on evaluating the high vari-
ability observed in the P-wave log in the upper interval of the hole and
an inversion (low V, and Vs) below 350 mbsf. In these intervals, sonic
signals were weak and difficult to identify using standard shipboard
processing methods. The outcome of the reprocessing was successful
and extracted improved P-wave logs and S-wave values as low as 280 m/
s in the upper interval of the hole and below 350 mbsf. The reprocessed
data are currently available online at www.ldeo.columbia.edu/BRG/
ODP/DATABASE/index.html.

INTRODUCTION AND BACKGROUND

Leg 190 drilling on the Nankai Trough accretionary prism was the
first of a two-leg program concentrating on coring and sampling a tran-
sect of sites across the prism within a three-dimensional (3-D) seismic
survey. Previous drilling in this area, however, provides relatively little
constraint on seismic velocities (also see Moore et al., 2001). During
Ocean Drilling Program (ODP) Leg 190, six sites along two transects
across the Nankai Trough accretionary prism were successfully drilled.
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Only one reference site (Site 1173) at the seaward end of the Muroto
Transect was logged using the ODP wireline tool strings (Shipboard Sci-
entific Party, 2000). Leg 196 used logging-while-drilling (LWD) technol-
ogy to collect additional in situ physical properties data from Site 1173
as well as from Site 808 along the Muroto Transect (Shipboard Scientific
Party, 2001c). The wireline and LWD data sets are complementary;
when combined, they can provide accurate constraints on the in situ
physical properties.

Sonic logs provide one of the best means to investigate the acoustic
properties of a formation as a continuous function of depth and to tie
logging data with seismic and core measurements (e.g., Goldberg,
1997). During Leg 190, the Schlumberger Dipole Shear Sonic Imager
(DSI) tool was used to record sonic logs (see Shipboard Scientific Party,
2001a). This tool utilizes a combination of monopole and dipole trans-
ducers in an array (Fig. F1) and is deployed typically in combination
with other tools such as the Formation MicroScanner and natural
gamma ray tools (www.ldeo.columbia.edu/BRG/ODP/LOGGING/
TOOLS/tool.shtml). Dipole sonic tools such as the DSI are designed to
excite both compressional and flexural energy in the borehole (Win-
bow, 1985) and are thus able to directly measure both P- and S-wave
speeds in all type of formations so long as good borehole conditions
persist. In unconsolidated formations, such as the turbidites and hemi-
pelagic mud drilled at Site 1173, the flexural mode is excited by a low-
frequency asymmetric source in the tool and travels at the S-wave ve-
locity at its low-frequency cutoff (Winbow, 1985). This provides a reli-
able measure of the S-wave velocity where it would otherwise not be
measurable.

LOGGING OPERATIONS AND HOLE CONDITIONS

Logging operations in Hole 1173A are described in Shipboard Scien-
tific Party (2001b). For this work, it is important to note that two passes
of the DSI were made over the interval from 65 to 360 m below the sea-
floor (mbsf) through lithostratigraphic units composed of sandy to
muddy turbidites, some volcanic ash, and silty and siliceous claystones
(Shipboard Scientific Party, 2001d). The hole was drilled with a 9.875-in
bit that was raised to a depth of 65 mbsf prior to logging. The logging
tool was not able to reach the total drilled depth in Hole 1173A due to
bridging of the hole at 380 mbsf, and efforts to clear this obstruction
deteriorated the shallow hole conditions to some extent. Before log-
ging, 50 bbl of sepiolite mud was pumped into the hole, and then, to
further stabilize the hole, ~225 bbl of 10.5-ppg weighted barite mud
was pumped in the hole to 637 mbsf (well below the first log reading).
As a result, the borehole fluid properties and any change in fluid inva-
sion into the formation are likely to be similar between the two passes.
Both of the DSI passes were run at the same logging speed using the
wireline heave compensator (Goldberg, 1990). Pass 1 recorded the high-
frequency upper dipole plus P- and S-wave modes, and pass 2 recorded
the low-frequency lower dipole plus P- and S-wave modes. The low-
frequency (<1 kHz) dipole source was used for the second pass to en-
hance the flexural wave energy.

In Figure F2, the caliper log shows the hole diameter in orthogonal
directions from both logging passes. Hole diameter is variable and en-
larged from 100 to 220 mbsf along one axis and otherwise relatively
constant to a depth of 360 mbsf. The measured shape of the borehole

F1. Schematic of the DSI tool, p. 8.

F2. Caliper logs from the DSI tool,
p- 9.
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remains essentially unchanged between passes. Enlarged and rugose
borehole conditions, such as those observed in the upper interval, de-
grade sonic logging data (e.g., Goldberg et al., 1984).

DSI DATA PROCESSING

Raw P- and S-wave data from the DSI were processed to extract P- and
S-wave slowness (inverse of velocity) in Hole 1173A. A phase-picking al-
gorithm is used, fully described by Kozak et al. (2001), that is based on
the Hilbert transform of time domain signals and typically uses 16
points per cycle to identify the arrival times of various wave modes.
Real-time picking and semblance processing algorithms are often used
for computation of P- and S-wave logs by commercial logging services
(e.g., Kimball and Marzetta, 1984), but caution is advised if high-resolu-
tion results are desired or when enlarged hole conditions are present. In
these cases, resolution may be lost by averaging across the receiver array
or from noisy and unstable receivers at certain depths. Using the high-
resolution phase-picking method and selecting receivers for processing
improves the slowness estimates significantly. In addition, frequency
filtering, wave propagation modeling, stacking, and other numerical
techniques are used prior to the slowness picking to achieve the highest
quality results.

P-WAVE PROCESSING

In Figure F3, raw P- and S-wave data recorded at receivers 1 and 4 and | F3. Wireline DSI data, p. 10.
frequency spectra for receiver 1 (P-wave) and for receiver 5 (S-wave) are o0
shown. The spectral plot indicates that most of recorded P-wave energy
exists in the 10- to 13-kHz and 16- to 18-kHz frequency bands. Model-
ing indicates that the P-wave signal (the earliest arriving energy) is neg-
ligible above about 10 kHz, and late-arriving high-energy fluid and
borehole modes generate these peaks. In these soft sediments, espe- Tl
cially in the shallow interval, the formation P-wave velocity approaches
the fluid velocity and these modes mix. This causes artifacts in the ship-
board log because the software “switches” between picking the P-wave "
and the high-energy fluid modes. With enlarged hole conditions, the
fluid arrivals are stronger and mode switching increases, generating a N
variable and unreliable log. e

To remove this effect, filters were applied on the raw monopole data
over a fixed frequency range from 5500 to 8500 Hz to isolate the P-wave
energy. This bandpass filter was run three times for pass 1 and once for
pass 2. In addition, the P-wave arrives earliest in the wavetrain and was
separated from other later-arriving modes, such as the direct fluid and
Stoneley arrivals, by selecting a variable time window length of 1450-
1600 ms starting at 1400 ms for pass 1 and 1900 ms for pass 2. Testing
shows that these parameter differences between pass 1 and pass 2 pro-
duce a negligible change in the results. A fixed slowness range from 80
to 280 ms/ft was used, and P-wave slowness is determined automati-
cally by picking the first arrival time in the filtered data for both passes.
The P-wave mode is also nondispersive at these frequencies (Paillet and
White, 1982), and no subsequent corrections are required. Sufficient
energy and high signal-to-noise in these data enable results to be ob-
tained over the entire interval for both logging passes. Differences be-
tween the two passes are discussed below.
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S-WAVE PROCESSING

Because of the low S-wave velocity in these formations (below the
compressional velocity of the borehole fluid), S-wave information must
be extracted from the flexural wave at its low-frequency cutoff (Win-
bow, 1985). The excitation of this mode depends on the S-wave slow-
ness of the formation, the borehole size, and the resonant frequency of
the flexural mode from the DSI tool. Modeling of the flexural mode
poles under the conditions encountered at Site 1173 is shown in Figure
F4. A strong resonant peak of the flexural mode at ~780 ms/ft occurs be-
low 1000 Hz. Energy decreases at slowness values away from this peak
and at frequencies above 2500 Hz. Other minor peaks occur at low
slowness values and are due to scattered energy from the dipole source
in the DSI tool. Thus, in order to eliminate the effect of resonant tool
energy, the raw dipole waveforms were filtered over a frequency range
from 250 to 750 Hz to extract the flexural mode only. This bandpass fil-
ter was run three times to reduce windowing edge effects.

The modeling of the flexural wave also shows that dispersion only
occurs above ~500 Hz under these conditions. Correction of the flexural
wave dispersion is therefore not required for these data (e.g., Brie and
Saiki, 1996). Other late-arriving modes in the dipole waveform, such as
fluid wave and Stoneley modes, are eliminated by selecting a variable
processing time window length of 9,999-11,499 ms and a fixed slow-
ness range from 280 to 1080 ms/ft. Bandpass filtering and time win-
dowing are performed to extract the flexural mode of the dipole
waveforms from both logging passes. The S-wave slowness is deter-
mined automatically by picking the arrival time of the flexural wave
from the filtered data at 16 receivers (orthogonal dipole receivers at the
eight stations). In general, pass 2 data have higher signal-to-noise due
to the use of the lower-frequency dipole source. The signal-to-noise en-
ergy ratio is sufficiently high to obtain results from 226 to 350 mbsf for
pass 1 and over the entire interval for pass 2.

Below 350 mbsf, however, only receiver stations 1-5 were selected in
the pass 2 data and 32 points/cycle were used for phase picking. The
flexural mode is so weak in this interval that the farthest three stations
along the tool array have insufficient signal-to-noise ratios for picking
and were eliminated before processing. The weak flexural mode energy
in this interval also limited the processing to ~80% of the first period
and required that a higher sampling density be used. Testing indicates
that using only five stations and the shorter sampling period agrees
well with the result of normal processing in other intervals where the
flexural wave signal is strong.

RESULTS AND COMPARISONS

The processed P-wave slowness logs from both passes are shown in
Figure F5. Only those intervals where reliable P-wave slowness is com-
puted are shown, as well as the preliminary shipboard P-wave logs from
both passes for comparison. Both passes are generally of high quality
over the entire interval. The trends of the shipboard and reprocessed
logs agree, and variations in the shipboard log above 180 mbsf are elim-
inated. Enlarged hole size and switching between the high-energy fluid
and P-wave modes affected the shipboard log in this interval. Note that
below 260 mbsf, the reprocessed log for pass 1, but not pass 2, is 10-15
ms/ft slower than the shipboard log.

F4. Model of dipole pole excita-
tion, p. 11.

F5. Comparison of raw and repro-
cessed P-wave logs, p. 12.
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The processed S-wave slowness logs from both passes are shown in
Figure F6. Only those intervals where reliable S-wave slowness is com-
puted are shown, as well as the preliminary shipboard logs from both
passes for comparison. The S-wave logs are of high quality over the in-
terval from 226 to 350 mbsf for pass 1 and from 65 to 360 mbsf for pass
2. Above 226 mbsf, pass 1 data have poor signal-to-noise ratio and reli-
able values could not be picked. In the overlapping interval, repro-
cessed S-wave logs from both passes generally follow the trends of the
shipboard logs. Above 226 mbsf, the reprocessed data from pass 2 mea-
sure S-wave slowness values up to 1100 ms/ft. This is 50-150 ms/ft
higher than the shipboard values over this interval. The pass 2 repro-
cessed log confirms the presence of the velocity inversion below 350
mbsf, and S-wave slowness values reach 1000 ms/ft (V5 = 305 m/s) at
their maximum. Use of the low-frequency dipole source enables suffi-
cient signal-to-noise ratio in these intervals to accurately extract the S-
wave velocity.

The processed P- and S-wave logs from pass 1 and 2 are compared in
Figure F7. The trend and vertical resolution of both P-wave passes agree
closely from 65 to 360 mbsf. Core plug measurements (vertical orienta-
tion) are systematically 8-12 ms/ft higher than both passes. The offset
between the core and log measurement can be attributed to the higher
porosity (lower velocity) of core measurements made under ambient
surface conditions (e.g., Goldberg et al., 1987). In this case, porosity re-
bound of the core measurements varies from 1.5% to 6.5%, with the
largest difference occurring at ~226 mbst, perhaps related to lithologic
changes at this depth.

The P-wave slowness values from pass 1 are systematically 2—-4 ms/ft
higher than those from pass 2. The peak P-wave amplitude and fre-
quency also differ between the two passes. Peak frequency is ~1.5 kHz
(20%) higher, and amplitudes are three times higher in pass 1 than pass
2. Testing indicates that these differences are not due to filtering prior
to processing. The monopole source was nominally operating at the
same frequency between passes, and it is unlikely that use of the DSI
low-frequency dipole source during pass 2 could affect the monopole
transmitter frequency, according to Schlumberger. They have com-
pletely different circuits, and line voltage fluctuations will not change
the frequency of the source. Since hole conditions did not change, a
possible explanation of these offsets is a change in centralization of the
tool between passes. Tool eccentralization will cause drastic reduction
in amplitude of the monopole signal (e.g., Goldberg et al., 1984), and
this reduction could introduce frequency and phase-picking shifts. Fur-
ther studies may be undertaken to extract the P-wave component of the
dipole signal (a low-amplitude precursor to the flexural mode) for com-
parison. This mode propagates differently in the borehole and could
help to explain the observed offsets between the two passes using the
monopole source.

The S-wave logs agree well over the interval 226-350 mbsf where the
two intervals overlap. The trend and vertical resolution of both passes
reproduce closely. As noted above, pass 1 dipole data have poor signal-
to-noise ratio in low-velocity intervals. Pass 1 S-wave slowness values
are not reliable above 226 mbsf or below 350 mbsf. The low-frequency
dipole source used for pass 2 gives reliable slowness values over the en-
tire logged interval and confirms the velocity inversion below 350
mbsf. The S-wave slowness values for pass 2 above 226 mbsf are signifi-
cantly greater than the shipboard results. Use of the unprocessed S$-

F6. Comparison of raw and repro-
cessed S-wave logs, p. 13.

Pass 1 Pass2

F7. Comparison of reprocessed P-
and S-wave logs, p. 14.
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wave velocities may introduce errors of 20% or more in these shallow
sediments.

Figure F8 shows crossplots of P- vs. S-wave slowness from shipboard
results and from the current reprocessing. The difference in the range of
P- and S-wave slowness is considerable, but both data sets have rela-
tively linear relationships with correlation coefficients >0.80. Data
points above P-wave values of 180 ms/ft have significantly greater scat-
ter. Linear regression of the processed results yield the relationship

DTc =150 + 0.0389 DTs (R=0.83).
A similar regression of the shipboard data yields
DTc =139 + 0.0587 DTs (R=0.86),

which has ~33% greater slope than for the reprocessed logs. Core mea-
surements of P- and S-wave velocity should be compared to the repro-
cessed logs to further confirm the improved accuracy and reliability of
these results.

SUMMARY

The reprocessing of the DSI wireline logs using a phase-picking tech-
nique allows for extraction of improved P-wave and S-wave logs from
these data. Artifacts in the P-wave log due to mode switching and in the
S-wave log due to flexural wave resonance were removed. Dispersion
corrections were not required in these low-velocity sediments. The P-
wave log shows systematically higher velocity than from core measure-
ments due to porosity rebound. S-wave log velocities as low as 280 m/s
were measured using the DSI tool in the interval above 100 mbsf and
below 350 mbsf at Site 1173. The reprocessed logs are available directly
via the ODP online log database at www.ldeo.columbia.edu/BRG/
ODP/DATABASE/index.html. These data should be used in place of
the shipboard logs for future research studies.
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Figure F1. Schematic of the Schlumberger Dipole Shear Imager (DSI) tool.
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Figure F2. Caliper logs from two passes with the DSI tool in Hole 1173A. Two curves represent orthogonal
diameters of the borehole as a function of depth. The hole was drilled with a 9.875-inch bit. The borehole
is enlarged above 226 mbsf, but its shape does not change significantly between pass 1 and pass 2.
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Figure F3. Time and frequency displays of wireline DSI data (pass 1) from ~250 to 350 mbsf in Hole 1173A.
Red = high and blue = low acoustic energy over the 0- to 20-kHz frequency band. Much of the observed
monopole energy above 10 kHz is not useful for P-wave processing. The dipole energy occurs below 1.5
kHz. Both data sets require filtering and processing to extract reliable velocity information.
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Figure F4. Model of dipole pole excitation (relative amplitude) as a function of frequency and slowness.
The major resonance peak on this surface occurs near 780 ms/ft and at ~1000 Hz. Modeling also indicates
that the dipole mode is nondispersive below 500 Hz.

5000
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Figure F5. Comparison of shipboard and reprocessed P-wave slowness logs as function of depth from pass
1 and pass 2 in Hole 1173A. Reprocessed curves show less variation above 226 mbsf (enlarged hole) where
mode switching significantly affected the shipboard logs. The velocity inversion below 350 mbsf is present
in both shipboard and reprocessed logs.
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Figure F6. Comparison of shipboard and reprocessed S-wave slowness logs as function of depth from pass
1 and pass 2 in Hole 1173A. Pass 2 data has higher signal-to-noise ratio due to the use of the low-frequency
DSI source, allowing reliable S-wave slowness to be extracted over the entire logged interval. Pass 1 data are
used to extract reliable results from 226 to 350 mbsf. The velocity inversion below 350 mbsf is confirmed

in the reprocessed pass 2 log.
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Figure F7. Comparison of reprocessed P- and S-wave slowness logs as a function of depth from pass 1 and
pass 2. Core P-wave values are also shown. The trends of the two reprocessed P-wave passes and core data
generally agree, but pass 2 is systematically 2-4 ps/ft faster than pass 1 and 8-12 ps/ft faster than the core
values. The trends of the two reprocessed S-wave curves agree well over the overlapping interval.
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Figure F8. Crossplots of P- vs. S-wave slowness from both shipboard and reprocessed data. Linear regression
of the reprocessed data yield the relationship DTc = 150 + 0.0389 DTs (R = 0.83). The average slope of this
regression is 33% lower than that from shipboard results.
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