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[1] The Early Cretaceous Ontong Java Plateau (OJP) in the western equatorial Pacific, Earth’s most
voluminous large igneous province (LIP), is characterized by intrabasement seismic reflections. To
investigate the nature of such reflections, we have analyzed new and all older multichannel seismic (MCS)
reflection data from the OJP using an instantaneous phase velocity analysis technique and synthetic
seismograms. Intrabasement reflections are most prevalent on the main OJP, especially on its crest. On
MCS data, the reflections (1) are semicontinuous and subparallel to the top of igneous basement; (2) in
places, have the opposite phase of seafloor reflections; and (3) have an average frequency of �20 Hz. We
calculate synthetic seismograms using impedance contrasts between massive lava and pillow lava flows
obtained from downhole logs at OJP scientific drill sites and show that these lithologies can produce
intrabasement reflections similar to those observed in the MCS data. Alternatively, to evaluate the
possibility of sediment/sedimentary rock interbeds causing the intrabasement reflections, we use published
Early Cretaceous sedimentation rates determined fromOJP drill sites and published estimates for the duration
of massive OJP volcanism to calculate a range of possible sedimentary interbed thicknesses. The range
proves to be below the detection limit of the MCS data. Therefore, we conclude that the intrabasement
reflections arise from alternating relatively thin lava flows produced at low effusion rates and relatively thick
massive flows generated at high effusion rates, both originating from vents and fissures on the OJP, probably
on its crest.
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1. Introduction

[2] The Ontong Java Plateau in the western equa-
torial Pacific is Earth’s most voluminous LIP
(Figure 1), encompassing an area of approximately
1.86 � 106 km2 [Coffin and Eldholm, 1994].
Its maximum crustal thickness exceeds 30 km
[Gladczenko et al., 1997; Miura et al., 2004],
perhaps attaining 38 km at its crest [Richardson
et al., 2000; Klosko et al., 2001; Gomer and Okal,
2003], with estimated total volume of 56.7 �
106 km3 [Gladczenko et al., 1997]. Seven Deep
Sea Drilling Project (DSDP) and Ocean Drilling
Program (ODP) sites penetrating igneous basement
beneath a sedimentary section hundreds of meters
thick have yielded pillow and massive basalts
(Figure 1), while petrological and geochemical
studies of a 3–4 km thick basalt section on Malaita
(Solomon Islands) indicate that it is obducted OJP
crust [Petterson et al., 1997, 1999; Petterson,
2004]. Dating of these igneous rocks from cores
and outcrops indicates that most of OJP was
emplaced in Early Cretaceous time, ca. �122 Ma,
with minor subsequent volcanism at �90 Ma and
more recently [e.g., Tarduno et al., 1991; Mahoney
et al., 1993; Tejada et al., 1996, 2002; Parkinson et
al., 2002; Fitton et al., 2004]. These studies,
however, are somewhat restricted by a maximum
penetration of 217 m into the 30+ km thick
volcanic and presumably plutonic igneous base-
ment of the main plateau and a maximum exposure
of four km of interpreted upper OJP igneous crust
on Malaita Island [Petterson et al., 1997, 1999;
Petterson, 2004].

[3] We conducted multichannel seismic reflection
(MCS) investigations of the OJP in 2005 aboard R/
V Kairei (KR05-01) of the Japan Agency for
Marine-Earth Science and Technology (JAM-
STEC) and in 1998 aboard R/V Hakuho Maru
(KH98-01 Leg 2) of the Ocean Research Institute,
University of Tokyo, to investigate the origin and

evolution of the OJP. Together, these cruises ac-
quired the first complete north-south and east-west
MCS transects of the OJP, which are augmented by
a dip profile across the southeastern margin of the
OJP (EW95-11) and by ties with DSDP/ODP
results (Figure 1).

[4] In this paper we address the stratigraphic and
structural development of the OJP through inte-
grated analysis of all existing MCS data and
scientific drilling results. Our analyses focus on
the nature of the upper few kilometers of OJP’s
igneous crust, in particular its internal stratigraphy
and structure characterized by intrabasement
reflections on MCS data. We seek to illuminate
the nature of these reflections, to date not pene-
trated by drilling, as well as identify the region of
main volcanic vents and fissures on the OJP, by
first applying an instantaneous phase velocity anal-
ysis technique [Tsuji et al., 2007] to the MCS data,
and then undertaking forward modeling of the intra-
basement reflections using synthetic seismograms.

2. Background of This Study

[5] The first intrabasement reflections within sub-
marine LIPs were observed on volcanic passive
margins, and hypothesized to represent subaerial
lava flows [Hinz, 1981; Mutter et al., 1982]. This
hypothesis was subsequently confirmed by scien-
tific ocean drilling in the North Atlantic region
[Roberts et al., 1984; Eldholm et al., 1987; Larsen
et al., 1994; Planke, 1994; Planke and Eldholm,
1994; Duncan et al., 1996; Planke and Cambray,
1998; Planke and Alvestad, 1999; Planke et al.,
2000]. Intrabasement reflections have also been
observed within an oceanic plateau, the Kerguelen
Plateau [e.g., Colwell et al., 1988; Coffin et al.,
1990; Schaming and Rotstein, 1990], and drilling
has confirmed that they also represent subaerial
lava flows [e.g., Schlich et al., 1989; Coffin et al.,
2000; Frey et al., 2000].
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[6] On the OJP, intrabasement reflections have
been observed along its northwestern margin
[Hagen et al., 1993], along its southern margin
[Phinney et al., 1999, 2004], and on its crest and
eastern flank (this paper). What causes the OJP’s
intrabasement reflections remains enigmatic, how-
ever, because unlike lava flows drilled on volcanic
passive margins and the Kerguelen Plateau, all
lavas drilled on the OJP and sampled in the
Solomon Islands were erupted in a submarine
environment [e.g., Michael, 1999; Ingle and
Coffin, 2004; Roberge et al., 2005]. Furthermore,
no drilling has penetrated these reflections, with
the deepest in situ penetration of OJP basement
being 217 m at ODP Site 1185 [Mahoney et al.,

2001], and correlation between seismic data and
field observations of obducted OJP sections in the
Solomon Islands is difficult because of limited
exposure of the sections.

[7] Early Cretaceous basalts on Malaita Island,
termed the Malaita Volcanic Group (MVG), com-
prise a monotonous sequence of pillow and mas-
sive lavas and sills with rare interbedded sediment
and sedimentary rock (chert and a quite thin
mudstone both calcareous and noncalcareous),
and minor microgabbro, gabbro, and dolerite dikes
[Petterson et al., 1997, 1999; Petterson, 2004].
Rates of lava effusion for obducted OJP basalts on
Malaita Island were high to very high [Petterson et
al., 1997, 1999; Petterson, 2004]. The 39Ar/40Ar

Figure 1. Predicted bathymetry [after Smith and Sandwell, 1997] of the Ontong Java Plateau, outlined in black
[Mahoney et al., 2001], and surrounding region. Three research cruises have acquired MCS data on the plateau: R/V
Kairei KR05-01 in 2005 (thick black lines), R/V Hakuho Maru KH98-1 Leg 2 (thin white lines) in 1998, and R/V
Maurice Ewing EW95-11 (thin purple lines) in 1995. Deep Sea Drilling Project (DSDP) and Ocean Drilling Program
(ODP) sites on the Ontong Java Plateau and in the Nauru Basin are indicated by squares; those penetrating igneous
basement are shown in red. Malaita (Solomon Islands) is indicated in red; other land area appears in gray. Black
circles indicate the start and end of composite MCS profiles (Figure 4). Red lines indicate data shown in Figures 5–7.
Inset shows zoom-in of intersection of MCS lines KR05-01 Split and KH98-01 Leg 2 501 (see Figure 2 for velocity
analysis at the intersection and Figure 7 for MCS data at the intersection).
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age of the 0.5 to 3.5 km thick MVG is 123.1 ±
1.4 Ma, and neither the 39Ar/40Ar ages nor the
volcanic stratigraphy indicate any significant time
difference between the lowermost and uppermost
lavas [Tejada et al., 2002].

[8] On Malaita Island, individual pillowed and
nonpillowed basalt sheets of the MVG vary in
thickness between 60 cm and 80 m; about 50%
of measured basalt sheets are 5–10 m thick. Pillow
diameters or lobe thicknesses vary between 20 cm
and 4–6 m, with a modal range of 60 cm to 1 m
[Petterson, 2004]. At DSDP and ODP sites, thick-
nesses of sheet basalts vary from several mm to
>50 m, but variable core recovery makes statistical
analyses difficult [e.g., Kroenke et al., 1991;
Mahoney et al., 2001). Downhole logging of two
OJP basement drill holes, ODP sites 807C and
1186, indicate massive, dominantly pillowed flows
with maximum thicknesses of 28 m [Kroenke et
al., 1991] and 7 m [Mahoney et al., 2001], respec-
tively, with thin interbedded sediment and sedi-
mentary rock. Thus, direct observations of the
OJP’s upper igneous basement stratigraphy and
structure are limited to Malaita Island.

[9] Locating the region of OJP’s main volcanic
vents and fissures has proven problematic, as is
even the case for continental flood basalt provin-
ces. Existing single channel seismic (SCS) reflec-
tion data from the OJP and adjacent basins do not
reveal the location of eruptive centers, including
shields [e.g., Ewing et al., 1968; Kroenke, 1972;
Erlandson et al., 1976; Hagen et al., 1993]. Sim-
ilarly, DSDP and ODP sites on the OJP have not
yielded information on volcanic vents and fissures,
nor on associated hydrothermal vents [Banerjee et
al., 2004; Zhao et al., 2004]. Studies of continental
flood basalts, e.g., Columbia River, suggest that
fissure eruptions dominate the major volcanic
phase [e.g., Hooper, 1997]. The locus of main
volcanism has been speculated to have been at
the OJP’s crest [Neal et al., 1997], which is
underlain by a low-velocity mantle root extending
to �300 km depth [Richardson et al., 2000; Klosko
et al., 2001; Gomer and Okal, 2003].

3. Data Acquisition and Processing

3.1. MCS Data Acquisition and Processing

[10] In 2005, we acquired 1100+ km of two-di-
mensional MCS data aboard R/V Kairei KR05-01,
completing a N-S transect of the OJP and Lyra
Basin. These data complement 1800+ km of pre-
vious MCS data including an E-W transect of the

OJP and Nauru basin acquired during R/V Hakuho
Maru KH98-01 Leg 2 in 1998 (Figure 1).

[11] The KR05-01 MCS data were acquired using a
600 m, 24-trace, 25 m group interval solid stream-
er, and either one (1500 in3) or two (main profiles;
2 � 1500 in3) air guns fired at 20 s intervals,
delayed by a random amount between 0 and 1 s
[Stoffa et al., 1980]. The KH98-01 Leg 2 MCS
data were acquired using a 1200 m, 48-trace, 25 m
group interval solid streamer, and between one and
four air guns (2 � 1000 in3 and 2 � 1200 in3) in
various combinations (main profiles are three air
guns, 3400 in3) fired at randomized 20 s intervals.
Both data sets were acquired at nonuniform ship
speeds resulting in variable shot spacings. CDP
intervals for KR05-01 and KH98-01 Leg 2 data
were 12.5 and 25 m, respectively. After removing
mistimed shots and dead channels, the field data
were band-pass (10–75 Hz, with 1–10 Hz and 75–
100 Hz tapers) filtered to remove low-frequency
cable noise. We used a phase velocity analysis
technique that included stacking the amplitude of
instantaneous phase (Figure 2), which is sensitive
to weak reflections and trace polarity, i.e., poor
signal-to-noise ratio intervals [Tsuji et al., 2007].
For these data sets, we performed velocity analyses
every 5000 m by defining supergathers from either
five successive CMP gathers (KR05-01) or three
successive CMP gathers (KH98-01 Leg 2). Fol-
lowing velocity analysis, predictive deconvolution
was applied before and after stacking to remove
predictable reverberating energy. After stacking, tx
(time-distance) and fx (frequency-distance) migra-
tion were applied to the KR05-01 and KH98-01
Leg 2 data, respectively. A second band-pass filter
and automatic gain control have been applied to all
MCS data except synthetic seismograms.

[12] In addition, we reanalyzed a portion of R/V
Maurice Ewing EW95-11 Line 1 to improve im-
aging of intrabasement reflections on the OJP.
These MCS data extend 160 km from the south-
ernmost OJP to the subduction front at the North
Solomon Trench (Figure 1). The streamer length
was 3000 m, with receiver group spacing of 25 m.
The 20-element, 8510 in3 air gun array was fired at
randomized 20 s intervals, and ship speed was
nonuniform [Phinney et al., 1999]. The processing
flow was the same as for KH98-01 Leg 2 data.

[13] Our primary processing objective was to im-
age the intrabasement reflections across the entire
OJP for the first time. Nevertheless, we did not
attempt to enhance these reflections through appli-
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cation of specifically tailored gain, or depth- or
time-varying filters, to the data.

3.2. Logging Data Processing

[14] Downhole logging data within igneous base-
ment have been acquired from two locations on the

OJP, ODP sites 807C and 1186 [Kroenke et al.,
1991;Mahoney et al., 2001]. To construct synthetic
seismograms, we utilized compressional wave ve-
locities, bulk densities, and formation microscanner
(FMS) images obtained from logging. For this
purpose, knowledge of the velocity and density

Figure 2. (a–n) Velocity analysis results and comparison of intersecting KR05-01 MCS Line Split (Figures 2a–2f)
and KH98-01 MCS Line 501 (Figures 2h–2m) as well as unpublished KH98-01 Leg 2 Line 501 OBS refraction
velocities (Figures 2g and 2n). Five (Figure 2a) and three (Figure 2h) common midpoint trace supergather; stacking
amplitude contours (Figures 2b and 2i); semblance contours (Figures 2c and 2j); stacking amplitude of instantaneous
phase contours (Figures 2d and 2k); common midpoint instantaneous phase trace supergather (Figures 2e and 2l); and
MCS line (vertical exaggeration = �4:1) (Figures 2f and 2m), in which the dashed line indicates the intersection with
each MCS Line and the location of the velocity analysis. Crosses indicate locations of velocity picks. Interval
velocities are shown in white labels and stacking velocities are shown white and black characters. Figures 2g and 2n
compare phase velocities at the intersection (blue) and KH98-01 Leg 2 Line 501 refraction velocities (red) determined
from an OBS located 55 km NNW of the intersection. See Figure 7 for longer sections of MCS lines.
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structure in igneous basement is critically important,
whereas that of the overlying sedimentary section is
important only for estimation of multiple reflections
(see section 4.3).

[15] At Site 807, logging data were acquired from
two holes, 807A and 807C, although only the latter
has FMS data. Although data from both holes have
gaps, the sedimentary sections of each hole differ
only slightly [Kroenke et al., 1991]. Therefore, we
combined data from the two holes to construct
synthetic seismograms for the sedimentary section
where lines Split and 501 intersect (Figure 1).

[16] At ODP Site 1186, which penetrated 65 m into
OJP basement, we used data from high-quality
downhole logs of massive (983–989 meters below
seafloor, or mbsf) and pillow (970–980 mbsf)
basalts to construct synthetic seismograms for
igneous basement at the intersection of lines Split
and 501 (Figure 1). We interpreted lithofacies from
FMS images [Mahoney et al., 2001].

[17] Source wavelets for forward modeling were
extracted from MCS data by calculating power
spectra. We compared simple stacked seismic data,
with no automatic gain control or deconvolution,
with these forward models.

4. Data Interpretation and Modeling

4.1. Sedimentary Section of the Main OJP

[18] Correlation of scientific drilling results with
MCS data (Figure 3), supplemented by synthetic

seismograms and SCS data, enable us to interpret
seismic stratigraphy across the OJP (Figure 4).
Near the OJP’s crest at DSDP Site 289/586 and
ODP Site 1183, pelagic drape sediment is inter-
preted to have been deposited in a low-energy,
submarine environment above the calcite compen-
sation depth (CCD) [Andrews et al., 1975; Kennett
et al., 1986; Mahoney et al., 2001]. Sediment and
sedimentary rock characterized by reflections of
low to high amplitude may be divided into three
sequences: middle Miocene (mM), Miocene/Oli-
gocene transition (M/O), and middle Eocene (mE)
(Figure 3). Similar high-amplitude reflections have
been reported elsewhere on the OJP [e.g., Mosher
et al., 1993]. At Site 806, near Site 289/586,
synthetic seismograms were confined to the upper
sedimentary section [Kroenke et al., 1991]. These
sequences continue to Site 289/586, and sequence
mE has been interpreted at ODP Sites 807, 1183,
and 1186. The sequences are laterally continuous
and mostly parallel in water depths less than
�2800 m; this relationship is consistent with
observations from the northern and northeastern
OJP [Hagen et al., 1993; Mosher et al., 1993]. In
this region, seafloor topography largely reflects the
morphology of the top of basement, despite the
sediment and sedimentary rock column being
>1000 m thick [Hagen et al., 1993]. This is
generally true throughout the study area except
around Tauu atoll on the southwestern OJP, a
region affected by younger volcanism.

[19] At the transition between the eastern flank of
the OJP and the Nauru Basin, the seafloor is rough

Figure 3. Correlation of DSDP and ODP drilling results with MCS data (vertical exaggeration = �4:1). The seismic
sections are centered on the drill sites. Interpreted ages of reflecting horizons are middle Miocene (mM), Miocene-
Oligocene transition (M/O), middle Eocene (mE), and the top of igneous basement (K). Pleist, Pleistocene; Camp,
Campanian; Maast, Maastrichtian. See Figure 1 for locations of drill sites and MCS data.
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and channeled in places, and the sedimentary
section contains buried channels as well as evi-
dence for slumps (Figure 4, lower 450–800 km),
suggesting a higher-energy sedimentary environ-
ment [Mahoney et al., 2001]. In addition, the
sedimentary section is deformed by faults not
rooted in basement.

[20] The northwestern margin of the main OJP also
is characterized by rough seafloor and basement
topography, and it is difficult to trace reflections
within the sedimentary sequences (Figure 4, upper
0–250 km). The erosional surfaces and irregular
basement topography appear to be related to sea-
mounts in this region (e.g., Nukuoro atoll) that
could have formed either before or after the main
OJP was emplaced [Hagen et al., 1993].

4.2. Igneous Basement, Including
Intrabasement Reflections,
of the Main OJP

[21] We interpret the high-amplitude reflection K to
be the transition between sediment/sedimentary
rock and igneous basement (Figures 3 and 4).
Beneath K, interval velocities increase to �5 km/s.
This velocity is comparable to compressional wave
velocities in igneous basement determined from
downhole logging at ODP Site 1186 [Mahoney et
al., 2001] and from wide-angle reflection and re-
fraction data [Furumoto et al., 1976;Hussong et al.,
1979; Gladczenko et al., 1997]. The uppermost
igneous basement consists of pillow and massive
lava flows, again with ground truth being the 217 m
maximum penetration into OJP’s igneous base-
ment, at ODP Site 1185 [Mahoney et al., 2001].

Figure 4. Composite (top) north-south and (bottom) east-west MCS transects of the Ontong Java Plateau, with ages
of reflecting horizons (see key) interpreted from drilling results (see Figure 3). Horizontal dashed lines indicate line
names, and vertical lines show the intersection of the two transects. Gray zones indicate data gaps. Red circles
indicate locations of ‘‘eye’’ structures (see text for discussion). Boxes refer to expanded sections in Figures 5 and 7.
See Figure 1 for location. Vertical exaggeration = �100:1.
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[22] The topography of igneous basement on the
mainOJP is relatively smooth, suggesting volcanism
in a submarine environment. Rarely, we observe
distinct volcanic features affecting the sedimentary
section. For example, a small (1000 m wide and
500 m high on a single 2-D seismic crossing; true
dimensions unknown) knoll on the OJP’s northeast-
ern flank (Figure 4, lower �500 km) probably
represents late-stage, postemplacement volcanism.
Another example on theMCS data comprises at least
three ‘‘eye’’ structures on the main OJP (Figures 4–
6) [Mahoney et al., 2001] that resemble hydrother-
mal vent complexes documented on the Norwegian
Vøring andMøre margins [e.g., Svensen et al., 2003,
2004; Jamtveit et al., 2004; Planke et al., 2005].
Such structures, perhaps widespread on the crest of
the OJP, probably formed during Oligocene or
Miocene time, as interpreted from deformation of

the sedimentary section stratigraphically tied to
DSDP/ODP drill sites.

[23] Intrabasement reflections are common within
the OJP, especially at its crest. These reflections are
typically semicontinuous and subparallel (Figures 4–
7). Flat horizontal reflections within basement may
represent geological interfaces or peg leg multiples;
therefore, we undertook instantaneous phase veloc-
ity analysis [Tsuji et al., 2007] to discriminate true
reflections from multiple energy based on interval
velocities. Previous analyses of wide-angle seismic
data had not detected these interfaces [Furumoto et
al., 1976; Hussong et al., 1979; Gladczenko et al.,
1997; Miura et al., 2004; K. Mochizuki, personal
communication, 2007]. Intersections of MCS pro-
files (Figure 7) and accompanying velocity analyses
(Figure 2) provide an opportunity to analyze intra-
basement reflections in three dimensions. The intra-
basement reflections can be correlated on

Figure 5. Interpreted KH98-01 Leg 2 MCS lines (top) 501 and (bottom) 403 across the crest of the OJP (see
Figures 1 and 4 for location and Figure 4 for key to colors). Reflection ‘‘K’’ (labeled on the left) marks the interface
between the sedimentary section and igneous basement. White dots indicate velocity transitions determined from
instantaneous phase velocity analysis (see Figure 2). Between the crest and flank of the OJP on line 403 (Figure 5,
bottom), laterally continuous, high-amplitude, intrabasement reflections are indicated by yellow lines. Gray zone is a
data gap. Note ‘‘eye’’ structures near CDPs 2350 and 4600 on Line 501 (Figure 5, top).
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intersecting lines despite different MCS data acqui-
sition parameters, and the interval velocities we
have calculated from these reflections fall within
the range of OJP upper crustal velocities determined
from sonobuoy and ocean bottom seismometer
(OBS) data [e.g., Furumoto et al., 1976; Hussong
et al., 1979; Gladczenko et al., 1997; Miura et al.,
2004] (Figure 2). Because of a strong first seafloor
peg leg multiple in the MCS data, our interpretation
of intrabasement reflections is restricted to �1 s
two-way travel time (twt), or approximately 2500 m
assuming a P wave velocity of 5 km/s, beneath the
top of igneous basement at the crest of the OJP
(Figure 4).

[24] Using results of our reflection velocity analy-
sis, we reanalyzed unpublished KH98-01 Leg 2
Line 501 OBS data, and we were able to detect
minor refractions coinciding with the intrabase-
ment reflections (K. Mochizuki, personal commu-
nication, 2007). Refraction velocities from the
intrabasement reflections do not differ significantly
from reflection velocities. Note that varying reflec-
tion velocities of individual intrabasement reflec-
tions at the intersection of the two MCS lines
probably result from imprecise CDP locations
due to nonuniform ship speed. Also, velocities of

individual intrabasement reflections are more con-
sistent in the EW95-11 MCS data because of a
longer streamer and better tuned air gun source
array [Phinney et al., 1999].

[25] Near the crest of the OJP, two or three intra-
basement reflections are continuous laterally for
100 km or more (Figures 4, 5, and 7). These
reflections lie about 0.2 s (�500 m), 0.5 s
(�1400 m), and 0.8 s (�2400 m) in twt below
the top of igneous basement at the OJP’s crest
(Figure 5). On the flanks of the OJP, however,
these reflections are not continuous, with observ-
able reflections at the same depth beneath the top
of basement separated by tens of kilometer in
places (Figures 4 and 5). Between the crest and
flank of the OJP, we observe laterally continuous,
high-amplitude intrabasement reflections (Figure 5,
yellow lines). Despite the resemblance of the intra-
basement reflections to multiples, velocity varia-
tions can be detected for some of these reflections.
However, despite the likelihood that the reflections
are not multiples and represent geological interfa-
ces, we have excluded them from consideration
herein. Further study of these reflections awaits
analysis of coincident KH98-01 Leg 2 sonobuoy
and OBS wide-angle data.

Figure 6. Interpreted KH98-01 Leg 2 MCS Line 501 (see Figures 1 and 4 for location and Figure 4 for key to
colors). Reflection ‘‘K’’ (labeled on the left) marks the interface between the sedimentary section and igneous
basement. Note the ‘‘eye’’ structure near CDP 4600, which is related to high-amplitude reflections within sediment.
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[26] Another characteristic of the intrabasement
reflections is that some are of opposite phase to
seafloor reflections; this is more common near the
crest of the OJP than on its flanks (Figure 5). This
opposite phase relationship is consistent in near
trace offset and simple stacked data, indicating that
phases were preserved from the field data. There-
fore, we took particular care to preserve phases

throughout the data processing flow, e.g., predic-
tive deconvolution.

[27] Last, the average frequency of the intrabase-
ment reflections is �20 Hz. We calculated this
frequency from simple stacked sections, including
reprocessed EW95-11 Line 1, which was acquired
with a quasi-tuned air gun array.

Figure 7. Interpreted (top) KH98-01 Leg 2 Line 501 and (bottom) KR05-01 MCS line Split (see Figures 1 and 4 for
location, Figure 2 for velocity analysis, and Figure 4 for key to colors). Reflection ‘‘K’’ (labeled on the left) marks the
interface between the sedimentary section and igneous basement. Black dotted lines indicate intersection of the two
lines.
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[28] These results suggest that some intrabasement
reflections represent thin low-density and/or low-
velocity (negative reflective coefficient) layers
within igneous basement. Calculated thicknesses
are greater than the detectable limit, but below the
limit of vertical resolution (Table 1).

[29] To estimate the effects of a low-density and
low-velocity sedimentary layer at the crest of the
OJP on MCS data, we used sediment/sedimentary
rock ages and sedimentation rates results from
ODP Site 1183 [Mahoney et al., 2001], and the
duration of main OJP volcanism [e.g., Tarduno et
al., 1991; Mahoney et al., 1993; Tejada et al.,
1996, 2002; Parkinson et al., 2002; Fitton et al.,
2004]. The crest of the OJP was emplaced above
the CCD [e.g., Mahoney et al., 2001; Ingle and
Coffin, 2004; Roberge et al., 2005], although
paleodepths on the flanks of the OJP, where
previous workers had identified intrabasement
reflections, were near or below the CCD [e.g.,
Petterson et al., 1997, 1999; Michael, 1999;
Mahoney et al., 2001; Ingle and Coffin, 2004;
Petterson, 2004]. To estimate the thickness of a
sedimentary layer within igneous basement, we
assumed the Aptian/Albian sedimentation rate of
1.5 m/Ma at ODP Site 1183 (Sikora and Bergen
[2004], using a basement age of 122 Ma from
Parkinson et al. [2002]). We also assumed that the
duration of main OJP emplacement ranged from a

minimum value of 2.8 Ma, assuming that the entire
OJP erupted at 123 ± 1.4 Ma, the 39Ar-40Ar age for
the 500–3500 m crustal section on Malaita Island
[Tejada et al., 2002], to a maximum value of
13 Ma, using biostratigraphic dating results from
sediment/sedimentary rock intercalated with lava
flow at ODP sites 1186 and 1187, suggesting that
magmatism lasted from latest early Aptian time on
the plateau crest to late Aptian time on the OJP’s
eastern edge [Sikora and Bergen, 2004]. We con-
sider the �90 Ma volcanism either to be minor or
to result from argon recoil, thereby representing a
minimum age [e.g., Fitton et al., 2004]. Therefore,
we did not consider the possibility of Late Creta-
ceous volcanism in these calculations. Thus, from
the sedimentation rate of �1.5 m/Ma and the 2.8–
13 Ma range of estimates for OJP emplacement, we
calculate that sediment accumulation during main
OJP volcanism would have been approximately
4 to 20 m.

[30] This estimated sediment/sedimentary rock
thickness is near or less than the detection limit for
intrabasement reflections with the seismic sources
employed in these MCS data sets, based on a zero
phase wavelet (Table 1). Furthermore, the KR05-01
and KH98-01 Leg 2 seismic sources were not tuned,
resulting in detection limits higher than those for
tuned sources (Table 1). These results suggest that
the primary source of intrabasement reflections
on the OJP is not sediment or sedimentary rock,
but rather volcanic layers of variable acoustic
impedance.

4.3. Forward Modeling of Intrabasement
Reflections

[31] To estimate the source of intrabasement reflec-
tions, our forward modeling approach involved
calculating synthetic seismograms for the reflec-
tions at ODP Site 1186 and at the intersection of
lines Split and 501, using downhole logging data
from ODP sites 807 and 1186, in particular density
and velocity values of massive and pillow basalts
at Site 1186. Three assumptions guided construction
of the synthetic seismograms. One, we assumed low
impedance volcanic layers. Malaita Island’s 3–
4 km thick igneous crustal section is dominated
by sheets of pillow and massive basalt flows and
sills [Petterson, 2004]. From field observations on
Malaita Island, pillow flows are the sole possible
source for negative polarity intrabasement reflec-
tions. Intrabasement reflections on the northwest-
ern flank of the OJP have been attributed
previously to impedance contrasts between pillows

Table 1. Typical Resolution and Detection Limit
Range for Intrabasement Reflections, Based on a Zero
Phase Waveleta

Frequency f

Velocity v (m/s)

5000 6000

Wavelength l (m)
10 Hz 500 600
20 Hz 250 300

Resolution l/4 (m)
10 Hz 125 150
20 Hz 62.5 75

Resolution � v/2(fmax(1 – fmin/fmax))
b

10–75 Hz (KR05-01
and KH98-01 Leg 2)

38 46

Detectable Limit 1/20l (1/40l)c

10 Hz 25 (12.5) 30 (15)
20 Hz 12.5 (6.2) 15 (7.5)

a
For the OJP, a velocity of 5 km/s is representative for both pillow

lavas and interbedded chert, and 6 km/s for massive lavas.
b
Knapp [1990].

c
Sheriff [1976].
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and massive basalts [Hagen et al., 1993]. Because
pillow basalts, massive basalts, and only thin
sedimentary interbeds were recovered from DSDP
and ODP sites on the main OJP, we assume that
pillow lavas are the main cause of negative polarity
of the intrabasement reflections. Two, we did not
incorporate velocity gradients or compaction
effects in the calculations. Igneous basement of
the OJP is characterized by significant velocity
gradients [e.g., Gladczenko et al., 1997], e.g., the
velocity gradient in the �1 s interval below the top
of igneous basement along KH98-01 Leg 2 Line
501 determined from wide-angle OBS data is
�0.5 s�1 (K. Mochizuki, unpublished data, 2007).
Massive flows, however, are characterized by
higher velocities and densities than pillow basalts,
as documented by logging data from ODP Site 1186
[Mahoney et al., 2001] as well as from normal
oceanic crust at ODP Site 504B [e.g., Moos et al.,
1986]. Therefore, we believe that in the uppermost
basaltic crust, compaction and velocity gradients
are negligible and impedance contrasts between
massive and pillow basalts are preserved. Three,
we synthesized a sequence of alternating massive
and pillow flows, using velocities and densities
from one massive and one pillow flow logged at
ODP Site 1186 [Mahoney et al., 2001], to construct
the synthetic seismograms. Velocities and densities
range from 5.5–6.3 km/s and 2.2–2.5 g/cm3, re-
spectively, for pillow lavas, and 6.9–7.2 km/s and
2.8–3.0 g/cm3, respectively, for massive lavas.
Whereas the cores and crusts of thick, massive
subaerial flows have different velocities and densi-
ties, and therefore different acoustic impedances
[Planke and Eldholm, 1994; Smallwood et al.,
1998; Bais et al., 2006], little is known about the
densities, velocities, and thicknesses of massive
submarine flows, hence reliance on results from
ODP Site 1186. Note, however, that the velocity
and density structure of the massive flow we utilize
is similar to that of massive flows cored and logged
at ODP Site 504B [Cann and von Herzen, 1983].

[32] Our forward modeling results indicate that
intrabasement reflections can be generated by rel-
atively low density and velocity pillow lava
sequences 30 m thick alternating with relatively

high density and velocity massive lava sequences
(Figure 8). Low-amplitude reflections are generat-
ed by multiple reflections and noise. The different
waveshapes for the synthetic and Split MCS data
result from attenuation during raypath propagation,
interference effects of these layers [Planke, 1994;
Planke and Eldholm, 1994], and a more complex
acoustic impedance structure in the OJP than in the
model. Our velocity analyses (Figure 2) correlate
well with forward modeling results (Figure 8); that
is, we picked velocities from reflections at 3.3 s,
3.5 s and 3.7 s twt that are laterally continuous in
both MCS data and the synthetic seismograms. In
contrast, synthetic seismograms differ from a stack
section of the top basement reflection at ODP Site
1186. The differences probably result from tuning
effects of high-amplitude reflections associated
with chert at 4.3 s twt [Mahoney et al., 2001].

5. Discussion

5.1. Origin of Intrabasement Reflections

[33] Intrabasement reflections have the potential to
illuminate important aspects of the OJP’s construc-
tion. Although intrabasement reflections may have
a number of different geological explanations, we
propose that alternating massive and pillow flows
are dominant cause of intrabasement reflections
within the OJP (Figure 9).

[34] The preferred physical volcanological expla-
nation for the origin of the intrabasement reflec-
tions is that the uppermost crust of OJP consists of
many lava flows, including hyaloclastites several
tens of meters thick, erupted at varying effusion
rates. High effusion rates produced thicker massive
flows extending several hundred kilometers from
their vent or fissure sources, and low effusion rates
produced thinner pillow flows of lesser or equiv-
alent extent [e.g., Gregg and Fink, 1995; Gregg
and Fornari, 1998]. Thicknesses of individual
massive flows may exceed 50 m in LIPs [e.g., Self
et al., 1997; Thordarson and Self, 1998] including
the OJP [Petterson, 2004], but our MCS data set
did not image shields, vents, or fissures. The
maximum mass eruption rate of the 15.1 km3 Laki

Figure 8. Comparison of forward model synthetic seismograms to seismic reflection data at the intersections of
KR05-01 MCS Line Split and KH98-01 MCS Line 501 (see Figures 1 and 4 for location and Figure 2 for velocity
analysis). To estimate and incorporate multiple reflections in the modeling, we utilized scaled logging data obtained
from ODP Site 807. Source wavelets were extracted from MCS data by calculating power spectra. Lithologic
columns (left) represent our geological models. (top) Alternating velocities and densities of pillow and massive
basalts, scaled from flows logged at ODP Site 1186, as discussed in the text. (bottom) No velocity or density contrasts
in wholly massive basalts.
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flood lava in Iceland in 1783–1784was�200 km3/a;
if the �50 m thick Roza member in the Columbia
River flood basalt province were erupted at such a
rate, it would have formed in�10 years [Thordarson
and Self, 1998]. Such an effusion rate is of the same
order of magnitude as the upper end of estimates for
the much more poorly dated Ontong Java Plateau,
the range for the latter being 10–60 km3/a [Coffin
and Eldholm, 1994; Tejada et al., 2002]. Therefore,
we believe that it is reasonable to propose that lava
flow units representing multiple volcanic events
erupted at both high and low effusion rates from
vents and fissure on the OJP. In fact, slow spreading
mid-ocean ridges are characterized by hummocky
structures tens to hundreds of meters high and
hundreds to thousands of meters in diameter [e.g.,
Head et al., 1996]. The forward model synthetic
seismograms (Figure 8) suggest such dimensions for
piled pillow lavas as the source of intrabasement
reflections. Lava flows vary in thickness laterally on
Malaita Island [Petterson, 2004]; therefore, semi-
continuous reflections, as observed in the MCS data,
lend credence to our model. Fewer intrabasement
reflections on the OJP’s flanks may be explained by
massive flow cores and thin flow crusts that are

below the detection limit of the MCS data, or
alternating massive flows and pillow basalts, both
of variable thickness, that do not produce high-
amplitude reflections. Laterally continuous reflec-
tions, however, suggest that low effusion rates
prevailed over wide areas of the OJP within specific
time intervals, times during which sediment was
also likely to have been deposited.

[35] An alternative explanation for the origin of the
intrabasement reflections is igneous intrusions.
Although the upper crust of the OJP is generally
considered to be extrusive [e.g., Andrews et al.,
1975; Hussong et al., 1979; Kroenke et al., 1991;
Gladcenko et al., 1997; Mahoney et al., 2001],
microgabbro intrusions and doleritic sills are found
in obducted OJP crust on Malaita Island [Petterson
et al., 1997, 1999; Petterson, 2004]. Similar igne-
ous intrusions are also found in the Caribbean-
Colombian flood basalts [e.g., Kerr et al., 1997].
Intrusive rock should be common near vents and
fissures on the OJP. Typical gabbros, however,
have velocities of 6.7–6.9 km/s, which are signif-
icantly higher than our MCS results (Figure 2) and
previous results [Phinney et al., 1999]. Therefore,

Figure 9. Schematic diagram illustrating volcanic development of OJP’s uppermost crust: In the diagram for t1,
high effusion rate of more significant volcanism creates a lava flow unit consisting of multiple thick, laterally
continuous, massive flows, each with emplacement durations estimated to be years to decades. In the diagram for t2,
low effusion rate of less significant volcanism creates a lava flow unit consisting of multiple thin, layered, pillow
lavas, each with emplacement durations estimated to be days to months. In the diagram for t3, high effusion rate
following low effusion rate creates a lava flow unit consisting of massive flows. Such alternating styles of volcanism
result in repetitive layers of massive and pillow lava flow units, which can produce the intrabasement reflections
observed in our data (see text for discussion).
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we argue that gabbroic intrusions are not likely to
be the cause of the intrabasement reflections. On
the other hand, dolerite sills are characterized by
velocities and densities similar to those calculated
and modeled in this study [e.g., Moberly et al.,
1986] (Figures 2 and 8), and therefore constitute a
plausible cause of the intrabasement reflections.
However, semicontinuous intrabasement reflec-
tions would imply semicontinuous sills, which
may or may not be geologically realistic. There-
fore, we regard an intrusive source as unlikely.

[36] Furthermore, we consider other possibilities
for the cause of the intrabasement reflections (e.g.,
widespread volcaniclastic production and distribu-
tion during the main OJP eruptive phase, volca-
nism following the main OJP eruptive phase, and
subaerial OJP lava flows) as less viable than the
model presented above.

[37] Although volcaniclastic rocks recovered from
ODP Site 1184 suggest proximal �120 Ma sub-
aerial eruptions [e.g., Thordarson, 2004; Chambers
et al., 2004], thick volcaniclastic rocks have not
been identified either on Malaita Island or in DSDP
and ODP holes on the main OJP [Petterson et al.,
1997, 1999; Petterson, 2004]. Geophysical [Ingle
and Coffin, 2004] and geochemical [Roberge et al.,
2005] studies indicate that the main OJP was
uplifted to shallower water depths during the main
emplacement phase at �122 Ma, but has never
been subaerial. Thus current evidence argues
against widespread volcaniclastic rocks as the
cause of intrabasement reflections.

[38] Intrabasement reflections on the Kerguelen
Plateau [e.g., Colwell et al., 1988; Coffin et al.,
1990; Schaming and Rotstein, 1990; Schlich et al.,
1988; Coffin et al., 2000], volcanic passive mar-
gins [e.g., Hinz, 1981; Mutter et al., 1982; Roberts
et al., 1984; Eldholm et al., 1987; Larsen et al.,
1994; Planke, 1994; Planke and Eldholm, 1994;
Duncan et al., 1996; Planke and Cambray, 1998;
Planke and Alvestad, 1999; Planke et al., 2000],
and Iceland [e.g., Smallwood et al., 1998] result
predominantly from the internal structure of sub-
aerial flows and interbedded sediment/sedimentary
rock as well as packets of lavas with similar
distributions of thicknesses. A large subaerial sheet
lobe typically comprises a vesicular basal zone, a
fine-grained lava core, and a vesicular upper crust
[e.g., Self et al., 1997; Thordarson and Self, 1998].
Seismic reflections are believed to be associated
with the impedance contrast between the lava core
and basal crust [Phinney et al., 1999], implying
that thick lava flows or packets of flows can cause

intrabasement reflections. However, whether or not
massive submarine lava flows are structured sim-
ilarly to subaerial flows remains to be tested. In a
submarine flow, convective cooling by seawater
quenches the outer layer of a flow to glass quickly,
and this glass layer acts as an insulating blanket for
the lava flow, preventing additional heat loss from
the flow interior and allowing a thick submarine
flow to advance significantly farther than a similar
subaerial flow [Gregg and Fornari, 1998]. How-
ever, if acoustic impedance contrasts within mas-
sive lava flows cause intrabasement reflections on
the OJP, it is reasonable to assume that MCS data
should image many such reflections, but in the
KR05-01, KH98-01 Leg 2, and EW95-11 [Phinney
et al., 1999] MCS data, we observe only a limited
number of such reflections (Figures 4, 5, and 7).

[39] Yet another hypothesis involves underplating
of the OJP at �90 Ma [e.g., Ito and Clift, 1998; Ito
and Taira, 2000], perhaps caused by the OJP
traversing a hot spot [e.g., Neal et al., 1997;
Kroenke et al., 2004]. However, a deep crustal
transect from the southern OJP to Malaita Island
shows little evidence of underplating [Miura et al.,
2004], despite the occurrence of intrabasement
reflections [Phinney et al., 1999]. If Late Creta-
ceous or younger volcanism were the cause of the
intrabasement reflections within the OJP’s upper
crust, volcanic rocks postdating the �122 Ma main
emplacement phase should be observed on the
main OJP. However, younger basalts are rare on
the OJP [e.g., Fitton et al., 2004].

5.2. Location of Main Eruptions of the OJP

[40] Intrabasement reflections interpreted as flows
probably mark the main volcanic eruptions con-
structing the OJP, although no shields, vents, or
fissures have been identified on the OJP to date
[e.g., Hagen et al., 1993]. We observe intrabase-
ment reflections mainly on the OJP’s crest, and
they appear to depend on MCS line direction and
location (Figures 2 and 5). Near the crest of the
OJP, the interpreted volcanic and plutonic crust is
>30 km thick [Gladzcenko et al., 1997], and
perhaps as thick as 38 km [Richardson et al.,
2000; Klosko et al., 2001]. Surface wave tomog-
raphy has revealed a low-velocity mantle root,
probably associated with �122 Ma volcanism, that
appears to extend �300 km beneath the crest of the
OJP [Richardson et al., 2000; Klosko et al., 2001;
Gomer and Okal, 2003]. These observations sug-
gest the presence of vents and/or fissures on the
crest of the OJP. As noted previously, we observe
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three ‘‘eye’’ structures probably related to Tertiary
volcanic activity, corroborating previous observa-
tions of volcanic structures postdating the OJP’s
main emplacement phase [Hagen et al., 1993].

6. Conclusions

[41] Igneous basement structure and sedimentary
sequences are imaged by the first complete north-
south and east-west MCS transects of the main
OJP. Seafloor topography largely reflects structure
of top of basement, and the sedimentary section is
continuous in water depths shallower than 3000 m,
indicating a low-energy, submarine environment
(Figure 2). Along the flanks of the OJP, erosion
has affected the sedimentary section and basement
topography is irregular in places, both probably
associated with submarine canyons and nearby
atolls (Figure 4). Basement topography is relatively
smooth, and we observe evidence for volcanism or
plutonism postdating the main �122 Ma emplace-
ment phase of the OJP (Figures 5 and 6).

[42] High-amplitude intrabasement reflections en-
hanced by instantaneous phase velocity analysis
are dominantly located in the uppermost few kilo-
meters of igneous crust on the crest of the OJP
(Figure 5). These features are semicontinuous and
subparallel to basement; some reflections have
phase polarities opposite to seafloor reflections;
and their average frequency is �20 Hz. These
reflections have not been detected in wide-angle
seismic studies, suggesting that they are caused by
thin layers above the minimum detection limit, but
below the minimum vertical resolution limit, of the
seismic sources employed (Table 1). On the basis
of sediment deposition rates and the main OJP
emplacement duration, the cause of the intrabase-
ment reflections is probably not sediment or sed-
imentary rock, but rather volcanic layers of
variable acoustic impedance. Forward modeling
synthetic seismograms of the intrabasement reflec-
tions suggest that they are produced by interbedded
pillow lavas and massive flows (Figures 8 and 9).

[43] We postulate that the source of the intrabase-
ment reflections is alternating low effusion rate,
thinner lava flows, and high effusion rate, thicker
massive flows. This model predicts that significant
vent and/or fissure eruptions during the main
eruptive phase emanated from the crest of the
OJP, and we have observed evidence for subse-
quent volcanic or plutonic activity on the OJP,
corroborating previous interpretations [e.g., Hagen
et al., 1993].

[44] Although we have advanced our knowledge of
igneous basement structure and the region of main
volcanic vents and fissures of OJP, we must em-
phasize that we have employed a limited 2-D MCS
data set in investigating a feature the size of
Alaska. More detailed geophysical studies, includ-
ing MCS, combined with deeper drilling, have the
potential to greatly increase our understanding of
intrabasement reflections on the OJP, as well as to
reveal the location of vents and fissures related to
the main emplacement phase. Through more work,
we hope to gain a more comprehensive understand-
ing of the origin and evolution of the OJP.
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