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38. SEISMIC PROPERTIES OF FLOOD BASALTS FROM HOLE 917A DOWNHOLE DATA,
SOUTHEAST GREENLAND VOLCANIC MARGIN1
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ABSTRACT
Ocean Drilling Program Hole 917A penetrated 779 m of subaerially emplaced basalts and dacites near the landward edge of
the seaward-dipping reflector sequences on the southeast Greenland volcanic margin. Wireline logs were recorded in a 430-m
interval covering four very thin sediment units and 48 lava units with mean and maximum thickness of 8.9 m and 53 m, respectively. Seismic compressional-, shear-, and tube-wave velocities were obtained by slowness-time coherency inversion of sonic
waveform data. The compressional-wave velocity log shows asymmetric cyclic variations, with velocities of 2.5 to 5.5 km/s in
the brecciated and vesicular flow tops, and high velocities, 5 to 6 km/s, in the massive and fractured central and lower part of
the lavas. The variations in velocity are attributed to systematic changes in total porosity, pore geometry, and alteration. The
shear-wave velocity log recorded in high-velocity (Vs > 1.5 km/s) intervals correlate well with the compressional-wave velocity
log. High shear-wave amplitudes identified near numerous high-impedance boundaries are related to mode-conversion within
the lava pile. Vp /Vs ratios of 1.8 to 2.0 are recorded throughout the sequence, with no systematic variations. The normalized
tube-wave energy log is broadly inversely proportional to the velocity logs, with low energy values in fractured massive intervals and high energy values near unit boundaries and within the top part of the lavas. Comparison of conventional logs and the
Formation MicroScanner image gives high confidence to the usefulness of conventional logs in terms of recording downhole
textural and lithologic variations in flood basalt terrains. The average velocity in the lava pile is 4.17 km/s, corresponding to
4.05 km/s obtained from the interpretation of seismic reflection data, and is primarily a function of the average lava unit thickness.

INTRODUCTION
The main target of Ocean Drilling Program (ODP) Leg 152 was
to sample breakup volcanics on the southeast Greenland Margin to
study the influence of the Iceland mantle plume on the early Cenozoic continental breakup and seafloor spreading (Larsen, Saunders,
Clift, et al., 1994). The leg was successful, as volcanics were recovered from four drill holes along the EG63-transect (Figs. 1, 2). These
four holes penetrated the upper part of the seaward-dipping reflector
sequences (SDRS) imaged on seismic reflection data. The entire volcanic succession at Site 917 was drilled, and a 779-m-thick sequence
of subaerially emplaced lava flows was found.
Evidence of excessive volcanism during the continental breakup
is found on passive rifted margins worldwide, primarily based on the
interpretation of SDRS on seismic reflection data (Coffin and Eldholm, 1994; Eldholm et al., 1995). Voluminous volcanic sequences
have been mapped along the northeast Atlantic margins on seismic
reflection data over the past two decades (Fig. 1), where up to 6-kmthick SDRS are found along the conjugate margins (e.g., Hinz et al.,
1987; White et al., 1987; Larsen, 1990). Drilling of the landward
parts (feather-edges) of the SDRS has confirmed that they consist of
subaerially emplaced flood basalts (Roberts, Schnikter, et al., 1984;
Eldholm, Thiede, Taylor, et al., 1987; Larsen, Saunders, Clift, et al.,
1994).
Seismic data provide the best image of the extent and volume of
breakup-related volcanics along the submerged parts of volcanic
margins. However, good quality vertical incidence (reflection) seismic data are often difficult to obtain in areas affected by volcanism
(e.g., Boldreel et al., 1994; Blystad et al., 1995). The crustal structure
of volcanic margins is thus commonly interpreted from lower-resolu1 Saunders, A.D., Larsen, H.C., and Wise, S.W., Jr. (Eds.), 1998. Proc. ODP, Sci.
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tion wide-angle seismic data (e.g., Zehnder et al., 1990). Studies of
physical properties of breakup volcanics may lead to improved understanding of seismic wave propagation in these volcanic sequences, which, in turn, may lead to improved vertical incidence seismic
images.
The comprehensive suite of downhole logs recorded in Hole
917A provides a unique possibility to study the seismic properties of
flood basalts. Previously, logging data from Hole 642E on the Vøring
Margin have revealed a characteristic, asymmetric, cyclic variation
in physical properties within subaerially emplaced flood basalts (Barton et al., 1989; Planke, 1994; Delius et al., in press). The average velocity in Hole 642E is about 4 km/s, but the compressional-wave velocity varies from as low as 2.5 km/s in the flow top to as high as 6
km/s in the central and lower part of 5- to 10-m-thick basaltic lavas.
Further, the suite of porosity dependent logs (velocity, density, resistivity, and neutron-neutron) generally correlate well (Planke, 1994).
Hole 917A provides a possibility to study the physical property variations in lava flows in similar setting, including lavas with different
geochemistry and petrology, and thereby better constrain the cause
and significance of the characteristic flood basalt log anomalies.
Wireline logs were recorded in about half of the 779-m-thick volcanic sequence in Hole 917A, giving in situ measurements of velocity, density, resistivity, and natural radioactivity. Additionally, the
Formation MicroScanner (FMS) was recorded in the hole, giving a
detailed borehole wall resistivity image (Demant et al., 1995; Cambray, this volume). The entire suite of logging data has been analyzed
in this study, with focuses on (1) evaluating the seismic characteristics of the flood basalt sequence by processing and inversion of sonic
waveform data, and (2) conducting detailed log-core correlation, enabled by high core-recovery and high-quality FMS images.

STRATIGRAPHY OF HOLE 917A
Hole 917A was drilled to 875 meters below seafloor (mbsf) with
a core recovery of 52% (Figs. 1, 2; Larsen, Saunders, Clift, et al.,
1994; Larsen et al., this volume). Two wireline logging runs were re-
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the series (Shipboard Scientific Party, 1994). The lava thickness vary
from 1 to 44 m, with an average of 12.5 m. The Middle Series lavas
are mostly aa flows, with scoracious, brecciated flow tops and central
flow-banding. The flow thickness range is 2 to 53 m (Demant et al.,
1995), although the typical thickness is about 6 m. One thin dike intrusion, Unit 39, was identified, while no sediments were found. One
0.6-m-thick sediment layer separates the Middle and Upper Series.
The Upper Series consists dominantly of thin pahoehoe lavas with
reddened flow tops, including a few thin sediment horizons. The
Lower and Middle Series have been dated to around 61 Ma using the
40Ar/39Ar method (Sinton et al., 1994; Sinton and Duncan, this volume), while the Upper Series is of uncertain age but not younger than
magnetic Chron C24r (ca. 55 Ma). The dip of the lava pile varies with
depth, but is roughly 25°SE (Cambray, this volume).

corded in the hole: (1) the Formation MicroScanner (FMS) combination (recorded from 595 to 165 mbsf), and (2) the seismic stratigraphy
combination (or quad-combo, recorded from 573 to 181 mbsf).
The upper 42 mbsf of Hole 917A consists of glacial and volcaniclastic sediments, followed by 779 m of Paleocene, subaerially emplaced lavas, below which are 54 m of steeply dipping metamorphic
claystone and siltstone of possible Paleocene age. The lava stratigraphy was established by Shipboard Scientific Party (1994) with later
refinements by Demant et al. (1995). The lavas are divided into three
series: a Lower Series of basalts and olivine basalts (821−377 mbsf),
a Middle Series of evolved basalts and dacites (377−183 mbsf), and
an Upper Series of olivine basalts and picrites (183−42 mbsf). The
Lower Series consists predominantly of interlayered thin pahoehoe
and thick aa lavas, including two very thin soil layers near the top of
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Figure 1. Early Tertiary igneous units and main
structural elements in the northeast Atlantic
(Eldholm and Grue, 1994). Selected deep drill sites
with high core recovery and wireline logs recorded
in basalt sequences shown. FDD = Faeroes Deep
Drilling Project; IRDP = Iceland Research Drilling
Project; OS = Orkustofnun Hole 4, Sugandafjordi.
VM = Vøring Margin; HB = Hatton Bank; JL =
Jameson Land.
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Figure 2. Depth-converted line drawing of the inner part of the EG63 transect on the southeast Greenland Margin with Leg 152 and 163 drill sites located (Duncan, Larsen, Allan, et al., 1996). Bold line shows logged interval. US = Upper Series; MS = Middle Series; LS = Lower Series.
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Four logging units have been identified in the hole, corresponding
to overall changes in the lava stratigraphy within the Middle and
Lower Series (Fig. 3, back pocket; Shipboard Scientific Party, 1994).
Logging Unit 1 (181−260 mbsf) is characterized by intermediate natural gamma-ray, velocity, and density values; Unit 2 (260−320 mbsf)
by low natural gamma-ray, and high velocity and density values; Unit
3 (320−380 mbsf) primarily by high natural gamma-ray values; and
Unit 4 (380−573 mbsf) is characterized by low natural gamma-ray
and highly variable velocity and density values.

PROCESSING OF DOWNHOLE DATA
Initial shore-based processing of the wireline logs recorded in
Hole 917A include depth shift, as determined by the natural gammaray log recorded in both runs, FMS image processing; corrections for
borehole size and fluid; and partial elimination of sonic log cycle
skips (Shipboard Scientific Party, 1994). The volcano-stratigraphy,
coring summary, and various logs recorded in the hole from 185 to
550 mbsf are shown in Figure 3 (back pocket). The digital logging
data are included on CD-ROM in the Leg 152 Initial Reports volume
(Larsen, Saunders, Clift, et al., 1994). The logging tools used by ODP
were primarily designed for use in sedimentary basins, but they normally work well in basalt sequences without special processing. For
general background regarding the tool measurements and resolution
in basalt terrains, see Broglia and Moos (1988), Planke (1994), or
Shipboard Scientific Party (1994).

Sonic Digital Tool (SDT) Processing
Compressional-, shear-, and tube-wave velocities and waveform
energy logs were determined from processing of the sonic digital tool
(SDT) data (Fig. 3, back pocket). The SDT records full waveform
data at eight piezo-electric (ceramic) receivers using a sampling frequency of 100 kHz (Harrison et al., 1990). In addition, real-time transit time measurements is obtained using an automatic thresholdbased picking routine, and a borehole-compensated sonic log with a
vertical resolution of about 0.6 m is subsequently calculated. The
noise level during recording of the sonic log was generally high, part-
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ly as a result of poor centralization of the tool (Shipboard Scientific
Party, 1994). Inspection of the waveform data shows that noisy intervals are commonly associated with unit boundaries, possibly as a result of ringing generated by the previous shot. Noisy data may cause
cycle skips which can partially be compensated for by processing of
the individual transit time measurements (Shipboard Scientific Party,
1987). This processing, however, was not very successful for the
Hole 917A data (Shipboard Scientific Party, 1994).
We have processed the waveform data using a slowness-time coherency method (e.g., Block et al., 1991; Paillet, 1991), where slowness is defined as inverse velocity. The method is based on a modified slant-stack or Radon transform approach (Fig. 4), and is more
robust than threshold-based methods (Harrison et al., 1990). The
waveform data are initially sorted in a receiver configuration, with
the eight microseismograms forming an array with a reference depth
in the middle (a common shot point configuration). In the transmitter
configuration the microseismograms are re-sorted such that data recorded at a fixed depth point by eight different shots are grouped together, forming a transmitter array (a common receiver configuration) with a vertical resolution of 1 m. The two data sets were processed separately using the slowness-time coherency method (Fig. 4;
Table 1), and subsequently averaged and depth-shifted to obtain the
final borehole-compensated velocity logs (Fig. 3, back pocket).
Tube-waves (or Stoneley-waves) are true boundary waves generated
in boreholes (Cheng and Toksöz, 1981). Tube-wave slowness values
were obtained in a similar manner as the compressional- and shearwave slowness values after pre-processing the waveform data with a
1−3-kHz bandpass frequency filter.
Waveform energy logs were calculated from 1−30-kHz and 1−3kHz filtered microseismograms recorded at the first receiver by summing the squares of amplitudes in a half-cosine tapered time-window
as described by Paillet (1991). The logs were subsequent normalized
by dividing it with the average of the 100 highest energy values (Fig.
3, back pocket). For shear-waves, the energy was calculated in a 0.6ms time window using a baseline derived from a 15-point smoothed
compressional-wave transit time log and a Vp /Vs ratio of 1.9. The
microseismograms were muted after 2 ms to avoid incorporation of
fluid- and tube-wave energy, arriving at about 2.05 ms. A minimum
window length of 0.2 ms was enforced, and the data were scaled ac-
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Figure 4. Schematic representation of slowness-time coherency processing. A. The sonic signal is recorded at eight receivers. Data are downloaded, qualitycontrolled, and preprocessed. B. The microseismograms for each shot are processed by a modified slant-stack method. The waveform coherency is calculated
within a window of width ∆w. The slope of the window is then changed by a slowness ∆s, and the coherency calculation is repeated. After the coherency is calculated for N slowness values, the window is moved down by a time increment ∆t, and the procedure is repeated. C. The calculated coherency values are contoured, and peaks in the spectra are automatically determined. D. The coherency spectra are projected onto the slowness axis. The final stage involves
interactive editing and labeling of coherency peaks in the slowness-projection domain. Zstc = depth-reference for STC processed velocity logs; Zwf = depthreference for waveform data. P = compressional-wave; S = shear-wave; Tube = tube-wave; V = velocity.
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Table 1. Slowness-time coherency processing parameters.
Wave type
Compressional (P) and shear (S)
Tube

∆s (µs/m)
6.5
82

s (µs/m)

∆t (µs)

65–720
590–1475

50
200

t (µs)

∆w (µs)

Waveform preprocessing

400–3660
600–5000

500
1500

Normalization, DC baseline removal
1–3 kHz filter, normalization

Note: See Figure 4 for symbol explanation.

cording to the number of samples in the applied window. A similar
approach was used to calculate the tube-wave energy log. The window size was in this case increased to 1.2 ms, no tail mute was applied, and the previously calculated baseline was shifted by 0.7 ms.
Fixed sized windows were also tested, but no significant changes in
the waveform energy logs were observed. The waveform data are
plotted at the midpoint between the transmitter and receiver as the
amplitudes are affected by the entire travel path, not only by the differential moveout over the receiver or transmitter array, which is the
case for the calculated velocities (Fig. 4).

Other Data
The FMS tool samples about 18% of the borehole wall. The plotted FMS image was horizontally compressed by 80% by deleting
most white pixels between the four pads (Fig. 3, back pocket). The
relative direction of pad number one is maintained, although the image gives no information about true azimuth or dip. The FMS counts
log was constructed by averaging active pixel values along scan lines
at each depth level. Because the available FMS data were previously
image processed and re-scaled to one-byte numbers (256 levels) the
FMS counts log is not directly related to any formation property. The
log does, however, give a good indication of the relative changes in
borehole wall resistivity.
Minicore velocity and density measurements (Shipboard Scientific Party, 1994) are plotted with the corresponding downhole logs
(Fig. 3, back pocket). The data have been relocated to the logging
depth scale using the FMS image as a guide wherever possible.

INTERPRETATION OF LOG DATA

m-thick high resistivity interval near 397 mbsf (light gray on the FMS
image) correlate to distinct anomalies on most logs, in particular high
velocities, high resistivities, and low natural gamma-ray values. The
fractured interval between 398 and 402 mbsf is clearly identified as a
region with lower velocities and resistivities and higher natural gamma ray. The density log shows a slightly different trend, having local
maxima both at 397 and 399 mbsf. A probable explanation for the
high-density anomaly in a fairly low-velocity and low-resistivity interval is that the density is primarily influenced by total porosity
changes while velocity and resistivity are more sensitive to variations
in fracture density (e.g., Wilkens et al., 1991; Planke, 1994). The
shear-wave velocity log follows, in general, the same trend as the
compressional-wave velocity log, while the Vp /Vs ratio varies from
1.7 to 2.2. There is a broad positive correlation between resistivity
and the Vp /Vs ratio in the central part of the unit (Fig. 5), but it is not
well constrained. The tube-wave travels with a nearly constant velocity of about 0.9 times the borehole fluid velocity in formations where
the shear-wave velocity is higher than the fluid velocity (Cheng and
Toksöz, 1981) as in the interval from 395 to 402 mbsf. The tube-wave
velocity log follows a similar trend as the compressional-wave velocity log in slow formations (e.g., from 390 to 394 mbsf).
The sonic waveform data (Fig. 5) show significant variation in
amplitude within Unit 60. The shear-wave energy log has very high
values near the unit base. Paillet (1991) found similar very high
mode-converted shear-wave amplitudes near fractured intervals in
crystalline rocks. These high amplitudes are probably related to
mode-conversions across high-impedance boundaries separating
low-velocity, vesicular, intervals from high-velocity, massive, formations. The tube-wave energy log follows a similar trend, showing
a broad inverse relationship with velocity, and high values near the
lower boundary.

Variations Within Single Lava Flows
Lava Base (402−403.5 mbsf)
Log data in Hole 917A, in general, show a cyclic, asymmetric response within each lava flow (Fig. 3, back pocket). Unit 60, an 11.8m-thick olivine-plagioclase-pyroxene-phyric basalt with 70% recovery, is chosen to illustrate the detailed relations between downhole
logs and cores (Fig. 5), as this unit reveals both distinct and typical
anomalies and further has no large caliper variations. The lower
boundary of Unit 60 was recovered, being defined by the top of a thin
lateritic soil with load cast structures. Location of the upper boundary
is more uncertain. The log data suggest that a 2.6-m-thick flow, Unit
59, is located between 389.2 and 392.8 mbsf, based on the presence
of a 0.5-m-thick high FMS-resistivity interval at 392 mbsf interpreted
as representing the interior of a thin flow (Fig. 5). This high-resistivity unit can be correlated with high-velocity anomalies, but may be of
limited lateral continuity as it is not well-defined on the deeper resistivity logs.The log-based interpretation as shown on Figure 5 will be
used here. In the core, Unit 59 has sharp contact with the overlying
plagioclase-olivine-phyric basalt (Unit 58), but no obvious contact
with the underlying Unit 60. Finally, note that the logging depth is
about 3 m shallower than the drilling depth at the base of Unit 60.
Main Characteristics
The logs recorded in Unit 60 correlate well (Fig. 5). Most log values are low in the upper 3 m, whereas large values are found in the
lower 5 to 8 m. The natural gamma-ray log is an exception, being
high in the upper part and low in the middle and lower parts. The 1.2-
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The boundary between Unit 60 and an underlying lateritic soil is
perfectly recovered in the core, including a nicely developed 2-cmhigh load cast structure. The soil is overlain by a highly vesicular
flow base and a dense flow interior (see Shipboard Scientific Party,
1994, p. 132). A similar looking structure can be recognized on the
FMS image at 403.5 mbsf (Fig. 5), and the lateritic soil is interpreted
to be the low resistivity interval just below 403.5 mbsf. Just above the
soil is a 10- to 50-cm-thick intermediate resistive zone, corresponding to the vesicular flow base. A 1-m-thick high-resistivity interval
overlies the vesicular flow base, continuing upward into the more
fractured lava interior. This log-core correlation clearly shows the
potential of the FMS log to image internal lava flow structure. However, an even more detailed interpretation can be obtained. A low resistivity structure resembling the load cast structure recovered in the
core can be identified on the FMS image at 403.5 mbsf (Fig. 5). The
FMS imaged feature is three times bigger (3 by 6 cm) than the recovered load cast structure, but a larger FMS cross section is expected
because of the tool resolution limits (Bourke, 1989; Lüthi and Souhaité, 1990). Lateral variations in size of the load cast structure over
the 10-cm interval from the drilled core center to the imaged borehole
wall is also likely.
The porosity-dependent logs showed large negative gradients in
the transition zone from the lava to the underlying soil horizon (402−
404 mbsf; Fig. 5). Although resistivity, velocity, and density logs
were recorded during the same run, the correlation between the vari-
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Figure 5. Wireline log response in Units 59 and 60. The FMS image scale is from red (low resistivity) to purple, black, and light gray (high resistivity). See text
for discussion.

ous logs is quite poor when interpreted in detail. This is primarily due
to different vertical resolution of the various tools but also partly due
to seaward dip of the unit, which is measured as 25°ESE for the base
of the unit and as high as 50°SE for the high-resistivity interval just
above (Cambray, this volume).
The density log shows a sharp transition near the lower boundary
of the unit, clearly resembling the FMS counts log. The density log
has better vertical resolution (about 15 cm) than the other porositydependent logs, and its deflection point gives a very accurate estimate
of the FMS imaged lava/sediment boundary. The resistivity logs
show very different anomalies near the base of the unit (Fig. 5). The
deep induction tool does not image the high-resistivity interval at
402-403 mbsf at all. The medium resistivity tool shows a maximum
near its saturation value at 402 mbsf, and the spherically focused log
shows a maximum near 402.5 mbsf. All logs give low readings in the
lower part of the resistive FMS-imaged zone from 402.3 to 403.3
mbsf. The measured resistivity is primarily a function of connected
porosity as the formation fluids are more conductive than the matrix
(Flóvenz et al., 1985; Pezard and Anderson, 1989). In a weakly fractured, low-resistivity interval, the tools that measure larger volumes
tend to find more low-resistivity paths than the tools that measure
smaller volumes, giving a possible explanation for the variation in resistivity at 401−403 mbsf. The 0.5 m vertical offset of the spherically
focused log peak with respect to the FMS-imaged high-resistivity

zone is related to seaward dip of the basalt. Similarly, the somewhat
deeper penetration medium resistivity logs peak even shallower,
about 0.5 m above the spherically focused resistivity log peak.
The borehole-corrected compressional-wave velocity log decreases from 6 to 3 km/s within the high-resistivity interval. This gradient is an effect of averaging of the receiver and transmitter mode
velocity curves (Fig. 5). The receiver mode log records the boundary
accurately, while the transmitter mode log is off by 1 m (about the
length of the array). The large difference in receiver and transmitter
mode slowness values in this interval is primarily attributed to nonlinear moveout over the arrays when they are located across the very
high velocity-contrast boundary near 403.5 mbsf. The slowness-time
coherency processing assumes linear moveout, which is not appropriate in this case, and thus leads to poor coherency (Fig. 5). However,
velocity uncertainties are similar for the receiver and transmitter arrays, and the boundaries are overall not better located by receiver
mode data (Fig. 3, back pocket).
Summary
In summary, there is a very good correlation between the systematic textural variations in the recovered core, borehole FMS image,
and porosity dependent logs in Unit 60. The observed variations in
wireline log responses can be related to changes in alteration, vesic-
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Table 2. Average compressional-wave velocities, densities, and lava thicknesses measured in Hole 917A.
Depth
(mbsf)

V1
(km/s)

V2
(km/s)

Vp-stc
(km/s)

ρ
(g/cm3)

Vtube
(km/s)

Zave
(m)

185−550
LU1 (180−260)
LU2 (260−320)
LU3 (320−380)
LU4 (380−550)

4.02
3.43
4.56
3.62
4.32

4.00
3.40
4.58
3.62
4.31

4.17
3.52
4.80
3.79
4.49

2.50
2.30
2.70
2.30
2.61

1.21
1.13
1.18
1.15
1.28

8.7
5.0
15.0
7.1
11.1

Notes: V1 = short-spacing transit-time log velocity, V2 = long-spacing transit-time log veolocity, Vp-stc = velocity from slowness time coherency processing, ρ = density, Vtube = tubewave velocity, Zave = average lava thickness, LU = logging unit.

ularity, and fracture density, in addition to fundamental differences in
the measurement methods. Hole 917A data show that wireline logs
provide an excellent opportunity to define the lava stratigraphy and
study internal lava flow structure in holes with no or incomplete recovery.

Large Scale Variations
Compressional-Wave Velocity (Vp)
The sonic velocities in Hole 917A show asymmetric, cyclic variations, with compressional-wave velocity gently increasing from
about 3 km/s in the lava top to 5−6 km/s in the central part 5 to 7 m
below, before it rapidly decreases near the flow base (Fig. 3, back
pocket). The velocity gradient in the upper part of the lavas is fairly
constant. The seismic velocities measured on minicore samples correspond poorly with the velocity logs as they are generally too high
(Fig. 3, back pocket). The higher velocities measured on the cores are
related to preferential sampling of low-porosity, dense intervals both
during drilling and minicore sampling.
Average compressional-wave velocities in the lava pile are shown
in Table 2. The average slowness-time coherency processed velocity
for the logged sequence is 4.17 km/s, 4% higher than the short and
long offset sonic log averages. The average basalt sequence velocity
based on surface seismic data can be calculated by interpreting the reflector at 1.1 s on profile EG92-24 as the basal unconformity penetrated by Hole 917A at 821 mbsf (Fig. 2). This calculation gives an
average velocity of 4.05 km/s, which is very close to the average sonic log velocity. The average sonic velocities of the four logging units
varies more, from 3.5 to 4.8 km/s (Table 2). The variations in average
velocity between the logging units is primarily related to different
lava thickness; the low-velocity logging Unit 1 has a mean unit thickness of 5 m, while the high-velocity logging Unit 2 has a mean unit
thickness of 15 m, including the 53-m-thick Unit 52. The average velocity in the lava pile is thus a function of unit thickness as thick flows
have a larger proportion of dense, high-velocity material.
Vp /Vs
The receiver and transmitter mode slowness projection coherency
plots show high values in the central, dense part of the lavas for both
compressional- and shear-waves (Fig. 3, back pocket). The coherency drops significantly in the low-velocity intervals and near flow
boundaries resulting in less accurate velocity measurements. Further,
note that no shear-waves are generated by the SDT tool in slow formations (i.e., when Vs < 1.5 km/s). The receiver mode array generally
gives higher coherency values than the transmitter mode array at a
given depth (Fig. 3, back pocket) most likely because the waveforms
may change between individual shots in the latter case due to varying
near-source conditions caused by, for example, changes in lithology
or tool centralization.
The shear-wave velocity log generally follows the compressionalwave velocity trend, although large parts of the interval above 360
mbsf have shear-wave velocities below the seawater velocity and
could thus not be measured. Cross-plots of Vp and Vs show a good linear correlation, with no large changes from the low- to the highvelocity intervals within individual lavas (Fig. 6). There is a broad bi458

modal distribution in the cross-plots corresponding to the lava flowtop population, having velocities of Vp ~ 3.8 km/s and Vs ~ 2.0 km/s,
and the lava flow-interior population, having velocities of Vp ~ 5.5
km/s and Vs ~ 3.0 km/s. However, the Vp /Vs ratio is constantly high,
typically between 1.8 and 2.0 (Fig. 6).
The fairly constant Vp /Vs ratio within a flow unit is surprising as
the data encompass both fairly altered vesicular flow tops and the
massive, fractured flow interior. Changes in the Vp /Vs ratio can normally be related to changes in lithology or porosity. Core measurements on fairly unaltered basalts show high Vp /Vs ratios, typically
1.85−1.9 (e.g., Hyndman, 1979; Christensen and Wilkens, 1982;
Wilkens et al., 1991). The main alteration products in the Hole 917A
lavas are various clay minerals, primarily smectite (Demant, Holmes;
both this volume). Shales have high Vp /Vs ratios, commonly in the
range from 1.9 to 2.3 (Jones and Wang, 1981; Sayers, 1994). The
abundance of clay minerals in the flow tops may suggest an increase
in the Vp /Vs ratio from the flow interior to its top. A slight increase in
the Vp /Vs ratio with decreasing Vp is apparent in Figure 6, but better
low-velocity Vs data are required to confirm this trend.
Waveform Data
The sonic waveform data show large amplitude variations within
the logged interval (Fig. 3, back pocket). The shear-wave energy log
shows high values near most lava boundaries and within the upper
part of a number of basalts. The tube-wave energy log is less spiky,
but has local amplitude maxima near unit boundaries between 180
and 360 mbsf. Low values are found in the central part of thick flows,
the most notable in the lower 25 m of Unit 52. This is an interval with
high velocity but also fractures with slickensides developed on clay
surfaces (Shipboard Scientific Party, 1994).
Other Logs
The resistivity and density logs follow, with a few exceptions, the
same trend as the velocity logs (Fig. 3, back pocket). The compressional-wave velocity-density cross-plot (Fig. 7A) shows a non-linear
trend, with two main populations corresponding to (1) the top, and (2)
the central to lower part of individual lavas. Logging Unit 3 is dominated by dacites and shows a quite different cross-plot trend, having
a steeper density-velocity relation (Fig. 7B). The spherically focused
resistivity and compressional-wave velocity logs show good logarithmic correlation, except in thin high-resistivity units near a few lava
bases (Fig. 7C). Similar high resistivity peaks near flow bases are
common in Hole 642E (Planke, 1994). In both Holes 642E and 917A
the resistivity peaks are typically found above interflow sediments
(e.g., Fig. 5). These high-resistivity intervals are possibly related to
fast cooling of the base of the lava as it flows across a smoothly undulating soil horizon. A rougher surface is likely to exist when no or
only very thin soils are developed. This may result in a more intensely fractured lava base within the overlying flow unit and reduce the
development of a high-resistivity zone.
The natural gamma-ray log shows large variations (5−70 GAPI),
primarily reflecting variable potassium content in the lava units (Fig.
3, back pocket). Typically, the basalts in logging Units 1 and 2 have
values varying between 15 and 30 GAPI. The dacites in logging Unit

SEISMIC PROPERTIES OF FLOOD BASALTS FROM HOLE 917A

50

5

10

10

5

10

6

30
30

5

S (s/km)

10

5

4
30

5

10

10

10

10

5

5

0.3

5

Vp (km/s)

0.2

3

0.4
0.5

2

a)

BAD S-WAVE DATA

b)
2

3

Vs (km/s)

1.5

2.0

0.6

2.5

Vp/Vs

Figure 6. Compressional- and shear-wave velocity crossplots for logging Units 1, 2, and 4, showing fairly constant Vp /Vs ratios. Note that shear-wave velocities
are not recorded in slow formations (Vs < 1.5 km/s). The logs are smoothed with a seven-point running average (~1 m), and the number of points in 50% overlapping rectangles (size in black) contoured. S = slowness.

3 show very high natural gamma-ray values, up to 80 GAPI. The underlying basalts are characterized by low natural radioactivity with
exception of high values in Units 70B and 72. Occasionally, there are
increased natural gamma ray in the lava tops, while few flows show
increasing values with depth (e.g., Units 52 and 67).

DISCUSSION
The comprehensive suite of logging data and high core recovery
obtained from ODP Holes 642E and 917A make them suitable reference sites for interpretation of log data from flood basalts. The logged
intervals in the holes exhibit a number of morphological and petrological differences. The logs in Hole 642E record a sequence of thin,
2−15 m, tholeiitic basalts, commonly separated by soil horizons
(Planke, 1994). Logs in Hole 917A, on the other hand, record dacites,
basalts, and picrites with one 53-m-thick unit, and with the presence
of only a couple of thin soil layers (Fig. 3, back pocket). Despite such
differences the measured physical properties in the two holes are surprisingly similar.
The FMS images in Hole 917A provide a detailed view of the
downhole volcano-stratigraphy, and support the interpretation of
conventional logs in terms of textural and lithologic variations within
flood basalts (Fig. 5). In particular, the flow boundaries are welldefined by the deflection point of the spherically focused resistivity
and density logs, but also by the velocity logs, with a vertical resolution of 0.3 to 0.6 m in the absence of large structural dip. The porosity-dependent logs have a bimodal distribution corresponding to (1)
a low-porosity, partly fractured flow interior, and (2) an intermediateto high-porosity, vesicular, altered interval dominated by the flow top
but possibly also including thin interflow sediments and the brecciated base of the overlying lava. The dense interior zone shows relatively small variations in physical properties (e.g., compressional-wave
velocity varies between 5 and 6 km/s). The thickness of this zone varies a lot; it is large in thick units, but frequently non-existent in thin
(<5−7 m) units. The upper vesicular and brecciated zone is always
present and is normally up to 7 m thick (Planke, 1994). Physical properties vary greatly within this zone (e.g., compressional-wave veloc-

ity fluctuate from 2.5 to more than 5 km/s), although an overall linear
gradient from the top to the base of the zone is apparent. The Hole
642E velocity-density regression line shows a remarkable fit with
Hole 917A basalt and picrite units data (Fig. 7A). These systematic
changes in physical properties are clearly related to the volcanic emplacement processes, and are in good agreement with models for emplacement of subaerial flood basalts erupted at high rates, forming lavas with dense interiors and brecciated and vesicular flow tops (e.g.,
Walker, 1993).
On a detailed scale the observed intra-flow velocity changes primarily depend on variations in: (1) clay proportion, (2) total porosity,
and (3) pore aspect-ratio distribution. Core and field data from flood
basalt terrains (e.g., Shipboard Scientific Party, 1987; Shipboard Scientific Party, 1994) show that all three parameters vary systematically within single lava units. The clay proportion changes from near
100% to 0% from the flow top to its interior. This lithologic change
is recorded by the logs, as the estimated matrix velocity and density
for shale is about 5.3 km/s and 2.7 g/cm3, respectively (Wyllie et al.,
1956), being much lower than typical basalt matrix velocity and density values of 7.0 km/s and 3.0 g/cm3 (Wilkens et al., 1991). The porosity in the upper part of the lavas is dominated by low aspect-ratio
vesicles, while the low-porosity interior has a high proportion of high
aspect-ratio cracks (Planke, 1994). Rock physics theories have previously been used to estimate changes in total porosity and pore geometries in oceanic basalts based on downhole velocity and density measurements (e.g., Berge et al., 1992). This approach is considered
problematic in subaerially emplaced flood basalt sequences as it is
difficult to distinguish if velocity and density fluctuations are related
to porosity or lithology variations.
The tube-wave energy log in Hole 917A shows lowest values in
high-velocity regions in the central part of thick units, in particular
within logging Unit 4 (Fig. 3, back pocket), while high tube-wave
amplitudes dominate in intervals where the shear-wave velocity is
less than the fluid velocity. Attenuation of the sonic waveforms are
strongly affected by the presence of fractures or joints in crystalline
rocks (e.g., King et al., 1986). The tube-wave energy log can be used
quantitatively to estimate fracture permeability and open fractures, as
the slow tube-waves are strongly affected by a high attenuation coef459
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Figure 7. Crossplots of porosity dependent logs. A. Velocity-density crossplot in logging Units 1, 2, and 4. Short-dashed line = laboratory measurements of
ophiolite and upper oceanic crustal samples (Carlson and Raskin, 1984); bold dashed line = Hole 418A log values (Broglia and Moos, 1988). B. Logging Unit 3
(dacites and tuffs) velocity-density crossplot. C. Spherically focused resistivity-velocity crossplot, showing a linear trend except for very high-resistivity intervals near the flow bases (arrow).

ficient, Q (Cheng and Toksöz, 1981; Paillet, 1991). The low tubewave energy in the central part of the thick lavas suggest high attenuation and more open fractures in this zone compared to the altered
flow top where cracks are mostly filled with alteration minerals.
The logged Hole 917A lavas (i.e., Lower and Middle Series) were
erupted pre-breakup and exhibit a large compositional variation,
ranging from picrites through basalts to dacites (Shipboard Scientific
Party, 1994). The lavas exhibit a large thickness range, from 1 to 53
m. The natural gamma-ray log show distinct variations between the
various logging units, being dominantly low (5−10 GAPI) in basalts
in logging Unit 4 and high (25−75 GAPI) in the dacites in logging
Unit 3 (Fig. 3, back pocket). High natural gamma-ray peaks (15−30
GAPI) are frequently recorded between lava units in Hole 642E, and
are interpreted as altered flow tops and interflow sediments (Planke,
1994). The frequency and thickness of interflow sediments is a qualitative indication of time duration between eruptions (Shipboard Scientific Party, 1987). High natural gamma-ray peaks are generally absent in Hole 917A, with notable exceptions near the top of Units 59−
61 and 67 (Fig. 3, back pocket). Sediments 5 cm thick are recovered
from the top two of these units (Shipboard Scientific Party, 1994).
The general absence of high natural gamma-ray peaks and interflow
sediments in Hole 917A suggests fairly rapid construction of the lava
pile in a near-source environment, compared with the more distal lavas found in Hole 642E. The natural gamma-ray peaks in units near
the top of the Lower Series may correspond to a period with vanishing volcanism leading up to the more vigorous volcanism associated
with the Middle Series dacites, tuffs, and the very thick basalt Unit
52. A similar decrease in volcanism is interpreted to occur just before
the Lower to Middle Series transition on the Faeroes (Noe-Nygaard
and Rasmussen, 1984).

Implications for Seismic Wave Propagation
Strong converted waves are identified on wide-angle seismic data
in flood basalt terrains, giving high Vp /Vs ratios of 1.8−1.9 in the basalt sequences (Barton et al., 1989; Myhre et al., 1995; Flóvenz and
Gunnarsson, 1991). Similar high Vp /Vs ratios of 1.8−2.0 is found
from SDT processed velocity data in Hole 917A. The high-amplitude
converted waves are commonly interpreted as mode-conversions
from high-impedance boundaries separating sediments and the underlying basalt sequence. The Hole 917A sonic waveform data show,
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however, that strong converted waves also can be generated within
the lava pile due to high impedance boundaries between the lavas and
within the upper part of individual flows. The possibility of modeconverted waves generated within the lava pile is further corroborated by observation of strong shear-waves in purely basalt terranes
(e.g., on refraction data from Iceland; Flóvenz and Gunnarsson,
1991).
Large flow-scale variations in seismic properties in subaerially
emplaced flood basalts are confirmed by the Hole 917A logging data.
Propagation of long period (10−60 Hz) waves in flood basalt sequences is therefore obviously poorly described by a homogenous,
isotropic earth model. Intra-basement basalt reflectors are dominantly interference phenomenon, although thick flows may generate distinct reflectors (Planke and Eldholm, 1994). The systematic layering
of high- and low-velocity intervals within the subaerial flood basalt
sequence suggests that the sequence is anisotropic, with at least a
hexagonal symmetry (transverse isotropy). The anisotropy was estimated to be 10% to 20% from wave equation modeling and comparison of vertical seismic profile (VSP) experiments and wide-angle
surveys on the Vøring Plateau and in the Tertiary flood basalts in Iceland (Planke and Eldholm, 1994; Planke and Flóvenz, 1994, 1996).
More general equivalent-media representation accounting for both
transmissivity and reflectivity (e.g., Shapiro et al., 1996) may be difficult to obtain in these areas as the local velocity fluctuations are
large.
At Sites 642 and 917 the average vertical velocity is estimated
from VSP and MCS data, respectively, and are in both cases very
similar to the average compressional-wave sonic log velocity. In
Hole 917A the average sonic basalt velocities are between 4.0 and 4.2
km/s while the average MCS-calculated velocity is 4.05 km/s (Table
2). Similarly, in Hole 642E the average sonic velocity is 3.9 km/s
while the VSP derived velocity is 3.8 km/s (Planke and Eldholm,
1994). Variations in average lava flow thickness is the main factor
determining regional variations in the near-vertical velocity structure
in subaerially emplaced basalt sequences (Fig. 8). Large changes in
average unit thickness is observed on the Faeroes where the average
thickness of the lavas drilled by the Lopra-1 hole is 20 m, significantly higher than the average thickness of 2.2 m in the stratigraphically
overlying sequence penetrated by the Vestmanna-1 hole (Waagstein
and Hald, 1984). Downhole logs recorded to about 2.1-km-depth in
Lopra-1 show a cyclic log pattern (Nielsen et al., 1984; Stefánsson
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and Tulinius, 1983), not unlike Holes 917A and 642E data. The recorded sonic log was unfortunately of poor quality, though a mean of
4.35 ± 0.32 km/s and a maximum of 4.55 km/s was found (Nielsen et
al., 1984). The suite of log data suggest similar seismic properties as
found in Holes 917A and 642E. Thus, the expected average velocity
of Lopra-1 is 4.8 km/s while the expected average velocity of Vestmanna-1 is 3.3 km/s (Fig. 8). A zero-offset VSP experiment in Lopra1 gives interval velocities of 4.8−6.2 km/s, with an average of about
5.5 km/s in the lower 1.5 km (Kiørboe and Petersen, 1995). However,
two thick dikes were penetrated by Lopra-1 (Nielsen et al., 1984), and
a northwest-trending near-vertical dike is outcropping just east of
Lopra-1 (Rasmussen and Noe-Nygaard, 1990). The discrepancy between the expected average velocity of 4.8 km/s and the observed
VSP velocity of 5.5 km/s is tentatively interpreted as due to the dike
intrusions acting as high-velocity wave-channels.
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Standard seismic stratigraphy and FMS tool strings were run
through a 430-m-thick volcanic interval penetrated by Hole 917A
near the landward-edge of the SDRS on the southeast Greenland
Margin. The FMS image and recovered core data (52% recovery)
show that the conventional porosity-dependent logs (velocity, density, resistivity) confidently can be used to interpret downhole textural
and lithologic changes in flood basalt sequences, and that they are
well-suited to define the downhole volcano stratigraphy. The log data
reveal an asymmetric, cyclic response, related to systematic changes
in total porosity, pore aspect-ratio distribution, and clay alteration
minerals. The sonic velocity distribution is generally bimodal, with
highly variable, downward increasing velocities of 2.5 to 5.5 km/s in
the upper 5 to 7 m of the lavas and more uniform velocities of 5 to 6
km/s in the flow interior. The log characteristics are very similar to
log data recorded in flood basalt sequences elsewhere, such as Hole
642E on the Vøring Margin, but differ from logs recorded in oceanic
basalts. The range of high-quality downhole data obtained in both
Holes 917A and 642E suggests that they are well-suited as logging
reference sites in flood basalt terranes.
Thin interflow sediments are identified by high natural gammaray peaks near the lava top and high spherically focussed resistivity
peaks near the base of the overlying lava. Both these features are generally absent in Hole 917A with the exception of lavas in the upper
part of the Lower Series. The presence of interflow sediments suggests longer time intervals between lava emplacement leading up to
the more explosive, vigorous volcanism recorded as tuffs, dacites,
and very thick flows in the Middle Series. In general, the logged Hole
917A lavas are interpreted as being rapidly emplaced.
The full waveform sonic data were processed using a slownesstime coherency method to obtain shear- and tube-wave velocities in
addition to an improved compressional-wave velocity log. The calculated Vp /Vs ratio is between 1.8 and 2.0, and no systematic changes
within the lava pile are observed. Low-velocity lava flow-tops are severely undersampled, as the shear-waves only were measured in
high-velocity intervals (Vs > 1.5 km/s). Shear- and tube-wave energy
logs reveal high-values near unit boundaries and low values in highvelocity lava interiors. These observations suggest that strong shearwaves observed in flood basalt terrains are partly mode-converted
within the lava pile. Minicore velocity and density values relocated
to the logging depth scale show poor correlation with the observed
logs. This is primarily related to biased minicore sampling of unfractured, dense parts of the lava flows.
The average compressional-wave velocity is 4.17 km/s, very
close to the 4.05 km/s calculated from the interpreted MCS data. The
average velocity is primarily a function of systematic variations in
mean lava flow thickness. The high-impedance contrasts within and
between the lava flows give rise to strong reflections and converted
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Figure 8. Average compressional-wave velocity vs. lava thickness showing
that the basalt thickness is an important parameter for determining the overall
velocity structure of flood basalt sequences. Solid curve calculated from the
characteristic velocity log distribution for Hole 642E lavas; solid circles are
mean velocities in the fine-grained basalts (Planke, 1994). Open squares
show average velocities as determined by VSP data (Holes 642E and YT-2)
and seismic reflection data (Hole 917A) (Planke and Flóvenz, 1996); solid
squares are the average STC-processed velocities in Hole 917A logging units
(Table 2).

waves, while reflections are normally interference phenomenon in
the absence of very thick lavas (>20 m). The layering of the lava sequence further gives rise to anisotropic wave-propagation, being faster in the horizontal than the vertical direction.
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