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S U M M A R Y
We have performed a 3-D seismic refraction tomography of a 48 × 48 km2 area surrounding
ODP site 757, which is planned to host an International Ocean Network (ION) permanent
seismological observatory, called the Ninetyeast Ridge Observatory (NERO). The study area
is located in the southern part of the Ninetyeast Ridge, the trail left by the Kerguelen hotspot
on the Indian plate. The GEOMAR Research Centre for Marine Geosciences and the Federal
Institute for Geosciences and Natural Resources acquired 18 wide-angle profiles recorded by 23
ocean bottom hydrophones during cruise SO131 of R/V Sonne in spring 1998. We apply a first
arrival traveltime tomography technique using regularized inversion to recover the 3-D velocity
structure relative to a 1-D background model that was constructed from a priori information
and averaged traveltime data. The final velocity model revealed the crustal structure down to
approximately 8 km depth. Resolution tests showed that structures with approximately 6 km
horizontal extent can reliably be resolved down to that depth. The survey imaged the extrusive
layer of the upper crust of the Ninetyeast Ridge, which varies in thickness between 3 and 4 km.
A high-velocity anomaly coinciding with a positive magnetic anomaly represents a volcanic
centre from which crust in this area is thought to have formed. A pronounced low-velocity
anomaly is located underneath a thick sedimentary cover in a bathymetric depression. However,
poor ray coverage of the uppermost kilometre of the crust in this area resulted in smearing
of the shallow structure to a larger depth. Tests explicitly including the shallow low-velocity
layer confirmed the existence of the deeper structure. The heterogeneity of the upper crust as
observed by our study will have consequences for the waveforms of earthquake signals to be
recorded by the future seismic observatory.

Key words: hotspot, Ninetyeast Ridge, oceanic crust, seismic refraction, tomography,
volcanic structure.

I N T RO D U C T I O N

In spring 1998, the Research Centre for Marine Geosciences
(GEOMAR) and the Federal Institute for Geosciences and Nat-
ural Resources (BGR) undertook an intensive seismic survey of
the Ninetyeast Ridge during R/V Sonne cruise SO131 (Flueh &
Reichert 1998; Flueh et al. 1999). The project, called SINUS (seis-
mic investigations at the Ninetyeast Ridge Observatory (NERO)
using Sonne and Joides Resolution during ODP Leg 179) aimed
to study the crust and upper mantle of the Ninetyeast Ridge. ODP
site 757 was chosen to host the first International Ocean Network
(ION) permanent seismic observatory, which has become feasible
because of advantages in technology (Montagner et al. 1994). In
order to reliably interpret earthquake signals to be recorded by the

future observatory, detailed knowledge of the lateral variations of
the seismic properties of the crust in the vicinity of the observatory is
necessary.

A 3-D seismic survey using ocean bottom hydrophones (OBHs)
around ODP site 757 was designed to reveal the small-scale structure
of the Ninetyeast Ridge volcanic edifice. The survey complements a
550 km long seismic refraction profile investigating the architecture
of the crust and upper mantle (Grevemeyer et al. 2001) and high-
resolution seismic and multibeam sonar studies of the immediate
vicinity of the NERO site (Grevemeyer et al. 1999; Kopf et al. 2001).
A heterogeneous upper crustal architecture, comprising an extrusive
layer formed at discrete volcanic centres at sea level (Peirce et al.
1989), is expected and can only be captured insufficiently by a 2-D
study along selected but not representative profiles. A 3-D refraction
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survey was therefore conducted with seismic rays travelling not only
along profiles but between all shots and receivers sampling the crust
extensively in three dimensions. By combining the results of all
studies a comprehensive model of the lateral variability of the upper
crust around the NERO site will be compiled.
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Figure 1. Location of the study area in the eastern Indian ocean (relief, ETOPO5; BB, Bay of Bengal; IB, Indian Basin; WB, Wharton Basin; BR, Broken
Ridge) and experimental design of the 3-D refraction seismic survey of the NERO site (triangle in the lower figure). Thin lines show seismic profile lines with
airgun shots with roughly 150 m shot intervals. Solid circles mark OBH sites and numbers.

T E C T O N I C S E T T I N G

The Ninetyeast Ridge is a major aseismic ridge that extends nearly
meridionally for approximately 5000 km from the Bay of Bengal
in the north to Broken Ridge in the south (Fig. 1). It is elevated
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approximately 2000 m above the adjacent ocean basins (the Indian
Basin to the west and the Wharton Basin to the east). Deep Sea
Drilling Project (DSDP) legs 22 and 26 and Ocean Drilling Pro-
gramme (ODP) leg 121 and related scientific investigations revealed
the origin of the Ninetyeast Ridge (e.g. Peirce 1978; Peirce et al.
1989; Duncan 1991; Royer et al. 1991). It is considered to represent
the track left by the Kerguelen hotspot on the rapidly northward-
drifting Indian plate. Consequently, the ages of the ridge increase
northwards from 38 Myr near Broken Ridge to approximately 80–
82 Myr in the Bay of Bengal. The ridge can be divided into three
units representing different stages of tectonic evolution: the segment
north of 5◦S is formed by intraplate volcanism, whereas the more vo-
luminous middle and southern segments of the ridge were extruded
along a transform plate boundary (Royer et al. 1991). The study
area is located in this southern segment. The volcanic edifice of the
Ninetyeast Ridge in this area probably formed by eruptions from
discrete volcanic centres situated at or just below sea level (Peirce
et al. 1989). Rapid subsidence accompanied the formation of the
ridge such that little erosional material accumulated and volcanic
cones of late-stage volcanism remained intact (e.g. Grevemeyer &
Flueh 2000). The present study aims to understand the small-scale
structure of the upper 5–7 km of the crust, which is not imaged
by shallow-seismic reflection and refraction studies nor resolved by
deep crustal studies.

DATA A N D DATA P R E PA R AT I O N

Definition of 3-D tomography area

The survey area of the SINUS project extends between 16◦45′S and
17◦20′S, and 87◦50′E and 88◦30′E (Fig. 1). For the tomographic in-
version of the wide-angle seismic data, the geographical coordinates
of all shot and receiver positions were transformed into rectangu-
lar coordinates using the Universal Transverse Mercator Projection
(WGS84; Zone 45). A volume with dimensions of 48 × 48 × 14 km3

was selected for the tomography.

Seismic data

The data set consisted altogether of 10 108 shots fired along 18 major
profile lines at 60 s shot intervals corresponding roughly to a shot
spacing of 150 m. In total, 23 ocean bottom hydrophones (OBH)
(Flueh & Bialas 1996) recorded the shots. The sampling rate of the
OBHs was 200 Hz. The drift of the OBS clocks is less than 5 ms per
week and therefore negligible compared with the pick uncertainty
(see below). Further details on the airgun sources and the OBH
receivers can be found in, for example, Grevemeyer et al. (2001).
Using the shot positions and the drop points of the receivers as
determined by GPS, record sections of all profiles were constructed
for each OBH. The receiver positions were further adjusted such
that the theoretical and observed water wave arrivals matched. Data
processing included an automatic gain control with 800 ms window
length and a bandpass filter passing frequencies between 5 and 25 Hz
and rejecting frequencies below 2 Hz and above 35 Hz. To further
enhance the signal energy, a dynamic signal-noise-filter was used
(Canales 1984), which down-weights noise-contaminated parts of
the signal in the Fourier domain.

The general quality of the data is very good with clear arrivals
seen to distances of more than 40 km (Fig. 2). Data from two OBHs
and from two circular profiles around the NERO site were excluded
because of timing or positioning problems. From OBHs 79 and 80

in the SE quadrant of the survey area, only data from the NW–SE
profile could be used. The resulting network of 16 profiles and 21
OBHs is shown in Fig. 1.

The large data set required an automatic picking procedure for the
first arrivals (Fig. 2). A time-offset window was predefined within
which the first arrival was detected using a threshold criterion. The
resulting traveltime curves still included many outliers depending
on the signal quality. A median-despiking operator (Bednar 1983)
removed most of these outliers and produced a smooth traveltime
curve. Visual inspection of all picked record sections and manual
editing or picking where necessary concluded the picking procedure.

Water wave arrivals were excluded by using only picks with off-
sets larger than the critical distance dc = h tan ic, where h is the
depth of the OBH and the critical angle ic = arcsin(v1/v2), with an
assumed P-wave velocity v1 = 1.5 km s−1 in water and v2 = 1.7 km
s−1 in sediment (Grevemeyer et al. 1999), respectively. The critical
distance varied from 3.1 km for the shallowest OBH to 4.0 km for
the deepest OBH. A pick uncertainty had to be defined for each trav-
eltime picked. From the inspection of the results of the automatic
picking, we estimated an error of approximately 70 ms independent
of the offset. Those parts of the traveltime curves with extremely
poor signal-to-noise ratio were either assigned a larger error of up
to 150 ms or excluded.

Altogether, the data set that served as input for the 3-D tomog-
raphy consists of 68 580 traveltime observations of refracted waves
recorded by 21 receivers (Fig. 1).

Bathymetry

Parallel to the seismic survey, the bathymetry of the area around
the NERO site was investigated with the HYDROSWEEP system
of the R/V Sonne. A detailed map is shown in Flueh & Reichert
(1998). In order to create a bathymetric surface for the 3-D tomog-
raphy, we used the water depth at each shot location as determined
by the central beam of the HYDROSWEEP system and interpo-
lated these profile-based data on to a regular grid (bin size of 400 ×
400 m2), which is identical to the study area of the 3-D tomogra-
phy (Fig. 1). The interpolation was accomplished using continuous
curvature splines in tension (Smith & Wessel 1990) as implemented
in the Generic Mapping Tools (Wessel & Smith 1991, 1995). The
resulting bathymetric map is shown in Fig. 3(a).

The water depth in the survey area varies between 1.63 and
2.38 km. The NERO site is located on a central high of ellipti-
cal shape with a water depth of approximately 1.7 km. Most OBHs
were deployed in water depths of 1.80–1.95 km.

Magnetic data

During the 3-D seismic survey around the NERO site, a marine pro-
ton precession magnetometer towed astern of the ship on a 250 m
marine cable recorded the Earth’s total magnetic field intensity
(Flueh & Reichert 1998). For marine surveys in remote areas, a
reference station recording transient variations of the Earth’s mag-
netic field was not available. Therefore, a correction for transient
variations is difficult. Synthetic Sq variations for the time of the
survey show amplitudes of approximately 10 nT, Dst indices indi-
cate variations of up to 25 nT. The rms misfit at line intersections is
of the order of 20 nT. These figures have to be compared with the
size of the magnetic anomalies of interest, reaching amplitudes in
excess of 300 nT. In addition, comparison of the magnetic signals
of adjacent survey tracks and of repeated measurements along one
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Figure 2. Data example of the N–S profile along X = 12 km recorded by OBH 71. The signal is enhanced by dynamic signal-noise filtering. (a) Performance
of the automatic picking (black line) within the selected time window (white lines). (b) First arrivals (bold line) after median despiking and manual editing.
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Figure 3. Map of the bathymetry of the survey area (contour interval 50 m)
and the total field magnetic anomaly (contour interval 25 nT). The positions
of the OBHs (solid dots) are marked and labelled.

profile segment clearly revealed the regional magnetic anomalies
caused by crustal magnetization (Flueh & Reichert 1998). There-
fore, the residual magnetic field was calculated simply by removing
the International Geomagnetic Reference Field (IGRF). The data
were gridded using continuous curvature splines in tension (Smith
& Wessel 1990). Finally, a median filter with a radius 750 m was

applied to the grid to reduce noise and suppress local anomalies
caused by transient variations (Flueh & Reichert 1998) (Fig. 3b).

The main features of interest on the magnetic anomaly map are
a positive anomaly of approximately 450 nT in the northwestern
part of the survey area near OBH 68 at the intersection of three
profile lines. In addition, a magnetic low with a minimum intensity
of approximately 125 nT is situated in the northeastern part of the
area. It is hosted in a WSW–ENE-trending magnetically ‘flat’ area
delineated by the 225 nT contour. Comparison with the bathymetric
map (Fig. 3a) indicates that both features do not correlate with or
result from bathymetric highs or lows.

T O M O G R A P H Y M E T H O D

Algorithm and choice of parameters

3-D seismic refraction surveys are becoming increasingly popu-
lar. Although tomographic methods are widely used in seismology,
only a few techniques for inverting suitable seismic refraction data
sets for 3-D velocity structure have been developed and tested. Zelt
& Barton (1998) summarized several approaches (Hammer et al.
1994; Toomey et al. 1994; Zelt et al. 1996). In their study, they
extensively compared two common techniques, namely regularized
inversion (Toomey et al. 1994) and backprojection (Hole 1992), and
discussed advantages and drawbacks of each method. Zelt & Barton
(1998) describe a software package called FAST (First Arrival Seis-
mic Tomography), which performs regularized inversion of a 2-D or
3-D seismic refraction data set for minimum structure. They pre-
sented the application of their 3-D tomography algorithm to a marine
3-D seismic refraction survey of the Faeroe Basin that resembles
both in dimensions of the survey area and experimental setup the
3-D refraction survey of the NERO site. We therefore followed their
methodology in this study to reveal the 3-D structure of the upper
crust and to yield an additional example of the potential of 3-D
seismic refraction surveys.

Zelt & Barton (1998) used a modified version of an algorithm
presented by Vidale (1990) that forward-calculates traveltimes of
first arrivals on a uniform node-based grid. The eikonal equation is
solved by finite differencing. The algorithm is modified to handle
large velocity gradients or contrasts encountered in upper crustal
studies (Hole & Zelt 1995).

Regularized inversion not only finds a model that explains the
observed traveltimes, but it also requires the solution to fulfil addi-
tional constraints, here a combination of minimum model roughness,
i.e. the second spatial derivative of the model, and a small model
perturbation. Several free parameters have to be defined. The pa-
rameter λ determines the trade-off between achieving a minimum
data residual and a smooth model. During the inversion procedure,
the maximum λ will be determined in an iterative process that pro-
duces a root mean square data residual equal to the root mean square
of the pick uncertainty. Hence, the smoothest model is sought that
fits the observed traveltime data within the pick uncertainty. The
parameter sz determines the relative importance of vertical versus
horizontal smoothness. A suitable value for sz was selected by trial
and error (see below). The parameter α defines the relative weight
of finding the smoothest (1) or least-perturbed (0) model. A value of
α = 0.9 emphasizing a smooth model was selected. The inversion
algorithm of Zelt & Barton (1998) has several options to modify
the inversion constraints; for example, depth-dependent weighting
of the constraint parameters. The parameter choice used here is
independent of depth. Finally, the parameters for the inversion
include a parameter preventing edge effects. We used the value
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recommended by Zelt & Barton (1998). Different values were tested
and showed little effect on the solution.

The inversion is performed on a cell-based grid with uniform
cell sizes that may, however, differ in x, y and z directions. The
node-based forward grid has a node spacing of 0.4 km in x, y and z
directions resulting in 121 × 121 × 36 = 527 076 nodes to be timed
by the ray tracing algorithm. The cell-based grid for the inversion
has cell sizes of 1.2 × 1.2 × 0.4 km3, resulting in 40 × 40 × 36 =
57 600 cells.

Incorporating the bathymetry

To incorporate the water layer into the model, the bathymetry served
as an interface above which the model is not changed. A problem
arises from the discretization of the model as a grid with a verti-
cal node spacing of 400 m. The seismic velocities of all grid nodes
nearest to the bathymetric surface and above will be held fixed at the
value of the starting model (Zelt & Barton 1998). A smoothly vary-
ing bathymetry cannot be represented in this way, but the seafloor in
the model is discretized in 400 m steps. The position of the seafloor
in the model with respect to an OBH residing in reality at the seafloor
can be incorrect by a maximum of 200 m. The problem is dealt with
by timing the 5 × 5 × 5 nodes surrounding the OBH using a straight
ray approximation with water velocity above the OBH and an aver-
age sediment velocity below the OBH. For the upper 1 km of the
crust we calculated an average velocity of 2.22 km s−1 using the ve-
locities obtained from the shallow refraction study of Grevemeyer
et al. (1999). The discretization problem will also occur where seis-
mic rays propagating from the source at sea level penetrate into the
seafloor. For example, seafloor at a depth of 1.81 km will be put in
the model at the 2.0 km depth node. Hence, the seismic rays in the
model will travel through 0.19 km of water with a velocity of 1.5 km
s−1 instead 0.19 km of shallow sedimentary units with an average
velocity of 1.7 km s−1 (Grevemeyer et al. 1999). This results in a
traveltime delay of 15 ms. An equivalent traveltime advance arises
for seafloor at 1.79 km depth, which will be positioned in the model
at the 1.6 km depth node. Hence, the rays will travel erroneously
through sediment with a velocity of 1.7 km s−1 in the model instead
of water. The error caused by the discretization of the bathymetry
therefore amounts to a maximum of approximately ±15 ms, which
seems negligible compared with the pick uncertainty.

Construction of a starting model

The choice of an appropriate starting model is crucial for the inver-
sion (Zelt & Barton 1998). The assumption of linearization is only
valid for small perturbations relative to a starting model, which
therefore has to be close to the final model. The philosophy of 3-D
tomographic images is to show velocity variations relative to a sim-
ple 1-D background or starting model. This 1-D model, for example,
largely controls the depth penetration of the seismic rays.

A priori information on the seismic structure existed for a 550 km
long seismic refraction profile from the Indian Basin into the
Wharton Basin (Grevemeyer et al. 2001) cross-secting the survey
area in an E–W direction and from a local refraction profile around
the NERO site revealing the shallow structure (Grevemeyer et al.
1999). An upper sedimentary layer with seismic P velocities of 1.5–
1.6 km s−1 varying in thickness from 0 to 200 m is underlain by a
second unit consisting of volcaniclastic material with velocities of
2.2–3.0 km s−1. The contact to the volcanic basement with velocities
of 4.0–5.5 km s−1 is situated at approximately 400 m depth below
the seafloor. The seismic velocities increase rapidly to approximately
6.0–6.3 km s−1 at 5–6 km depth below sea level, where the veloc-

Table 1. Preferred starting model.

Depth range P-wave velocity Rocktype
[km] [km s−1] (Grevemeyer et al. 1999, 2001)

1.6–2.4 1.5–3.0 sedimentary layer
2.4–5.6 3.8–6.0 extrusive layer
5.6–11.0 6.15–7.0 intrusive layer

ity gradient decreases and velocities increase more slowly, reaching
7.0 km s−1 at 9–12 km depth.

A first starting model was constructed from this information. The
model was then adapted by forward modelling to match an average
traveltime curve calculated by averaging all observed traveltime data
in 500 m offset bins (Fig. 4). The preliminary starting model selected
is a compromise between slightly higher velocities suggested by
the previous seismic surveys and lower velocities required by the
traveltime data. However, the shape of the traveltime curve is well
matched (Fig. 4).

The next step involved a sequence of 3-D tomographic inversions
all using the preliminary starting model as a background model, but
different values for the parameter sz . During each inversion run,
five values for λ are tested. The model that yields a fit closest to
χ 2 = 1 is selected and the inversion procedure is restarted using this
new model and its λ value as the new starting parameter. In this
way, a final model with χ2 = 1 and maximum λ is usually found
after four or five iterations. Eight such iterative inversion runs were
performed with sz values ranging from 0.05 to 0.6. The horizon-
tal velocity variation of the resulting 3-D models is very similar
and average 1-D models calculated from these 3-D velocity models
barely differ. Compared with the preliminary starting model, the
models require lower velocities and a less sharp change in gradient
at approximately 5–6 km depth. The fit of calculated and observed
average traveltimes is improved relative to the preliminary start-
ing model (Fig. 4). Hence, the crustal structure appears vertically
smooth without velocity discontinuities calling for values of sz 	 0.
However, on this qualitative basis, a selection of the parameter sz

was difficult. Zelt & Barton (1998) use a minimum of the overall
model perturbation and a minimum of horizontal roughness as one
selection criterion for sz . Here, the smoothest and least-perturbed
model is achieved for a value of sz of 0.4, which will therefore be
used for all subsequent modelling.

The 1-D averaged model obtained from the inversion run using
the preliminary starting model and sz = 0.4 served as the preferred
starting model for the final inversion (Fig. 4, Table 1). This model is
sufficiently close to the final solution and not biased, requiring for
example decreased velocities throughout all layers.

An additional test of different starting models resulted in simi-
lar horizontal velocity variations but in a different vertical velocity
pattern as rays are being carried to different depth levels owing to
different velocity gradients. Although the differences between the
alternative 1-D starting models tested were not very large, the com-
parison of the average calculated and observed traveltime curves
showed considerable deviations. None of these alternative starting
models attained a better fit to the average observed traveltime curve
than the preferred starting model. Therefore, these models were
discarded.

V E L O C I T Y S T RU C T U R E
O F T H E F I N A L M O D E L

Figs 5(a) and 6(a) show the velocity perturbation of the final model
with respect to the preferred starting model in horizontal and vertical
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Figure 4. Construction of a starting model. (a) 1-D velocity models: preliminary starting model (grey) and preferred starting model obtained from inversion
using the preliminary starting model and parameter sz = 0.4 (black). (b) Complete set of observed traveltimes (dots). The spiky grey line represents the averaged
traveltime curve of all data in 500 m bins. It is almost matched by the calculated traveltime curve of the preliminary 1-D starting model (dark grey). The fit is
improved for the preferred starting model (light grey).

cross-sections, respectively. Regions not sampled by seismic rays are
not shown. Fig. 6(b) shows absolute seismic velocities on vertical
cross-sections.

The most striking feature of the horizontal velocity cross-sections
(Fig. 5a) is the prominent region of low velocities in the southeastern
part of the survey area. It extends down to at least 8 km depth,
reaching its maximum perturbation amplitudes of approximately
−0.6 km s−1 at 5 km depth. This low-velocity area is bounded to the
north by a SW–NE-striking plateau-like structure with increased
seismic velocities. Below 5 km depth, the low-velocity structure
extends further north, resulting in a clear separation of a seismically
fast western half of the survey area and a seismically slow eastern
half of the survey area.

The vertical cross-sections (Fig. 6a) further illustrate the east–
west separation of the seismic structure in the southern part of the
survey area. North of 30 km, a slow eastern half and a fast western
half persist only at depths below 5 km, whereas an area of increased
velocities is situated in the shallow northeastern part of the crustal
block. A prominent feature is the channel of increased seismic ve-
locities in the cross-section at 42 km. It extends well down into
the crust, reaching velocity perturbations of up to 0.4 km s−1. This
anomaly appears in the horizontal cross-sections as a small-scale
circular anomaly around OBH 68.

The contrasts in seismic velocities are more difficult to see in
the plots of absolute seismic velocities (Fig. 6b). Here, only the

most dominant features are evident: a trough of low velocities
in the southeastern part of the survey area with the 6.0 km s−1

contour line reaching down to 6 km depth in contrast to a 5 km
depth elsewhere. The channel of high-seismic velocities at X = 5
km and Y = 42 km shows up with upward bending of all contour
lines.

R E S O L U T I O N T E S T S

Before any of these structures can be interpreted geologically, ex-
tensive tests of the resolution of the model and its reliability have to
be performed.

Traveltime residuals

Fig. 7 compares the traveltime residuals of the preferred starting
model and the final model. A significant reduction of the residuals
could be achieved. The symmetrical shape of the histograms about
a residual of zero further indicates that the starting and final model
are not biased.

The root mean square residuals for most stations are 70 ms or less.
OBH 68 yields a large residual of 83 ms. Thus, the high-velocity
anomaly beneath this station could even be more pronounced to
account for the observed traveltime curve of this station. This,
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Figure 5. Horizontal cross-sections through the final velocity model at depths below sea level as indicated. (a) Velocity perturbation relative to the preferred
starting model (Fig. 4) (contour interval, 0.15 km s−1; bold line, zero perturbation). Dots mark OBH positions in all slices. OBHs referred to in the text are
labelled. Grey areas are not sampled by rays. (b) Ray coverage of final model (contours: 2,10, 20, 50, 100 and 200 rays). (c) Chequerboard test. The recovered
pattern from an original chequerboard pattern with 6 × 6 km2 alternating positive and negative velocity anomalies of 0.2 km s−1 (grid lines) is shown (contour
interval, 0.1 km s−1).
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3-D tomography at Ninetyeast Ridge 179

Figure 6. Vertical E–W cross-sections through the final model at Y positions as indicated. (a) Velocity perturbation relative to the preferred starting model
(Fig. 4) (contour interval, 0.15 km s−1; bold line, zero perturbation). Grey areas are not sampled by rays. (b) Absolute seismic velocities (contour interval,
0.5 km s−1) (c) Ray coverage of the final model (contours as in Fig. 5b).
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Figure 7. Traveltime residuals of the preferred starting model (above) and the final model (below). The residuals are calculated as observed minus calculated
traveltimes. The histograms give the percentage of residual values in 0.05 s bins. The residuals are distributed symmetrically about 0 indicating that the models
are not biased.

however, is prevented by the smoothness constraint of the inver-
sion. A similar problem arises for OBHs 79 and 80. The traveltime
curves show significant residuals for small offsets calling for lower
velocities in the uppermost crust. As the few near-offset rays ob-

served at OBHs 79 and 80 are the only rays with turning points in
the uppermost crust in that area, the inversion tolerates the few large
traveltime residuals in order to keep the model smooth. Insufficient
representation of the shallow structure in the model involves the risk
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that shallow-velocity anomalies are carried to larger depths along
the ray paths of distant P-wave arrivals. Therefore, additional tests
were needed to verify the existence of the pronounced low-velocity
anomaly underneath OBHs 79 and 80 (see the discussion below).

Ray coverage

A first impression of the reliability of the resulting 3-D velocity
model is gained by plotting the number of rays traversing each cell
(Figs 5b and 6c). In the shallow part of the crust, areas of high ray
coverage concentrate around the OBH sites from which rays depart
near-vertically, sampling the immediately adjacent cells intensively.
However, vertical propagation of rays does not yield direct informa-
tion on the seismic velocities in this area. Rays with turning points,
i.e. horizontal propagation, are needed. A limited number of rays
sample these shallow depths along the profile lines with sparse ray
coverage in the SE quadrant. From 4 to 7 km depth, the model
is well sampled. The vertical cross-sections in Fig. 6(c) show that
many rays have their turning points at these depths. Below 7 km,
the ray coverage becomes poorer. The central area of the model can
be considered as sufficiently well sampled down to approximately
8.5 km depth. As expected, the ray coverage decreases towards the
model edges at all depths. Therefore, features such as the eastward
termination of the prominent low-velocity anomaly (Figs 5a , 6a and
b) have to be interpreted with caution.

Chequerboard test

The ability of a 3-D seismic refraction experiment to resolve lateral
velocity variations can be analysed in a chequerboard test (Zelt 1998;
Zelt & Barton 1998). The chequerboard model used here consists of
alternating positive and negative velocity anomalies of 0.2 km s−1

amplitude and horizontal dimensions of 6 × 6 km2. This chequer-
board pattern is the same at all depths. It is superimposed on the
preferred 1-D starting model. Synthetic traveltimes were calculated
for this chequerboard model and a random error of ±70 ms added.
This data set was then inverted using the same parameters as for
the final inversion of the observed traveltime data. Fig. 5(c) shows
the recovered chequerboard pattern. The alternating squares with
reduced and increased seismic velocity are clearly discernible from
2.8 to approximately 6 km depth. The pattern is less well recovered
at the margins of the area sampled by seismic rays. This becomes
particularly evident below 6 km depth, where lateral velocity vari-
ations of 6 km size can only be resolved in the central part of the
survey area. The amplitude of the recovered chequerboard pattern
is lower than the original pattern at shallow depth and is larger at
greater depth.

I N T E R P R E TAT I O N A N D D I S C U S S I O N

Crustal structure

The 3-D tomography imaged the crust down to approximately 6 km
below the seafloor. This depth penetration is not sufficient to gain a
complete impression of the crustal architecture of the survey area.
However, an interpretation appears promising within the context
of previous studies. Grevemeyer et al. (2001) attributed seismic
velocities of 3.3–5.5 km s−1 to mainly extrusive rocks, underlain
by intrusive rocks with velocities of 6.5–7.2 km s−1. A prominent
decrease in vertical velocity gradient marks the transition from pre-
dominantly extrusive to intrusive rocks at approximately 3–4 km

depth beneath the seafloor in the Ninetyeast Ridge volcanic edifice.
Seismic velocities of the extrusive complex are thought to be lower
than in the adjacent oceanic basins, probably caused by the higher
porosity of lava flows extruding from volcanic centres situated near
the sea level (Peirce et al. 1989) and the presence of volcaniclastic
material. Grevemeyer et al. (2001) consider the upper 10 km of the
crust as part of the volcanic edifice built up by hotspot volcanism
on to the pre-existing oceanic crust.

Referring to this interpretation, the 3-D tomography mainly yields
an image of the structure of the volcanic edifice. The depth of the
transition from extrusive to intrusive rocks is roughly delineated
by the 6 km s−1 isovelocity line in Fig. 6(b). In agreement with
the results of Grevemeyer et al. (2001), this transition is located at
5–6 km depth or 3–4 km below the seafloor.

Comparison of the final velocity model with charts of bathymetry
(Fig. 8a), magnetic anomalies (Fig. 8b) and preliminary isochron
maps of the thickness of the sedimentary cover (Flueh & Reichert
1998) gives additional confidence in the details of the final velocity
model and provides important constraints for the geological inter-
pretation.

The prominent low-velocity anomaly is delineated nicely by the
2000 m isobath as seen in Fig. 8(a): a bathymetric low occupies
the same area as the seismic anomaly. The plateau in the centre of
the survey area correlates to some extent with predominantly high-
seismic velocities down to approximately 4 km depth, especially the
northeastern extension of the plateau (Fig. 8a). The circular high-
velocity anomaly in the NW corner of the survey area, in contrast, is
situated at the edge of a slope without any remarkable bathymetric
expression.

The shallow-velocity structure (Fig. 5a, Z = 2.8 km) is only well
resolved at short offsets around the OBHs. However, the horizontal
velocity variation closely resembles a map of the thickness of the
sedimentary cover derived from near vertical seismic data recorded
along the shooting lines (Flueh & Reichert 1998). A sediment layer
thinner than the starting model appears as a positive velocity per-
turbation, a thicker layer as a negative perturbation: basement out-
crops are seen close to OBHs 68 and 63 (Flueh & Reichert 1998),
represented in our model by increased seismic velocities. The sedi-
mentary cover is also thin on the elevated area SE of the NERO site
as correctly reflected in the tomography model. The low-velocity
anomaly in the SE quadrant of the survey area coincides with a sed-
imentary cover of up to 700 m compared with 200–400 m elsewhere
(Flueh & Reichert 1998). However, owing to poor ray coverage and
the model smoothness constraint, the velocity perturbations in the
shallow crust of the final model reach a maximum peak-to-peak
amplitude of only approximately 0.4 km s−1, which is considerably
lower than the pronounced velocity contrast between outcropping
basement rock (vp > 3.8 km s−1) and sedimentary rocks (vp = 1.6–
3.0 km s−1). This is reflected by large residuals of OBHs 68, 79 and
80 situated in anomalous regions at the margins of the model where
the ray coverage is particularly poor.

We also tested relaxed smoothness and perturbation constraints
for the velocity nodes at 1.6–2.8 km depth. The traveltime residuals
for OBHs 68, 79 and 80 decreased and the amplitudes of the velocity
anomalies in this depth range increased, whereas the interpretable
general structure remained unaffected. The depth range with relaxed
inversion constraints contained fine-scale structure that cannot be
resolved by our survey design. We therefore preferred to use uniform
inversion constraints for all depths for the final inversion (Figs 5 and
6) and emphasize the limitations of this final model.

In addition, we performed an inversion using a starting model
that explicitly includes an additional 400 m of sediment in the SE
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Figure 8. Comparison of the horizontal velocity variations (grey shading) of the final model (Fig. 5a) and (a) the bathymetry of the survey area (contour
interval, 100 m) and (b) the magnetic anomalies (contour interval, 50 nT). The depth below sea level of the horizontal sections is indicated. OBHs referred to
in the text are labelled.
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quadrant of the survey area in order to test whether the pronounced
low-velocity anomaly at greater depth might be an artefact resulting
from insufficient representation of the sedimentary layer in the final
model. The maximum amplitude of the anomaly decreased from
0.6 to 0.45 km s−1 and the traveltime misfit of OBHs 79 and 80
was considerably improved but not removed. The same test with
800 m of additional sediment overcompensated the effect of the
sedimentary basin. The low-velocity anomaly was reduced to ap-
proximately 0.15 km s−1, but traveltimes of near-offset rays clearly
indicated seismic velocities that were too low in the shallow crust.
We therefore concluded that the low-velocity anomaly beneath the
sedimentary basin in the SE quadrant of the model is a real feature;
however, its amplitude is increased by smearing the poorly resolved
shallow low-velocity anomaly to a larger depth. The same applies
to the high-velocity anomaly beneath OBH 68.

Fig. 8(b) compares the positions of seismic and magnetic anoma-
lies. A striking feature is the coincidence of the high-velocity
anomaly beneath OBH 68 with a local magnetic high of approx-
imately the same lateral dimensions as the seismic anomaly. This
observation further supports the reliability of the 3-D seismic to-
mography model, weakening any arguments that a local velocity
anomaly underneath a single OBH might not be trustworthy. In ad-
dition, the northeastern part of the survey area shows a domain of
high-seismic velocities in the upper 4 km of the model that corre-
lates with a magnetically ‘flat’ area of comparably low-magnetic
intensities that is delineated by the 250 nT contour and also com-
prises the local minimum of the magnetic field near OBH 63. Below
4 km depth, this correlation is lost. The low-velocity anomaly in the
southeastern part of the survey area has no magnetic expression.

The correlation of seismic and magnetic anomalies may point to
crustal material that has formed over a relatively short time period
to acquire a uniform magnetization and seismic properties different
from adjacent areas. The anomaly beneath OBH 68 might represent
remnants of a volcanic centre extending down into the upper crust
with high-velocity intrusive rocks of uniform (positive) magnetiza-
tion. The extended shallow high-velocity anomaly coinciding with
lower magnetic field values than the surrounding area could even-
tually stem from a massive lava flow that cooled rapidly, preferably
during a reversed polarity epoch of the Earth’s magnetic field. The
source of this lava flow might be near OBH 63, where outcrops of the
volcanic basement are reported and the magnetic anomaly shows
the lowest values. The low-velocity trough in the southeastern part
of the survey area, in contrast, might represent an unsorted accumu-
lation of extrusive material of different polarities that produces no
significant magnetic anomaly. In this area, the transition to predom-
inantly intrusive material is located approximately 1 km deeper than
in the remaining survey area, suggesting an increased thickness of
the extrusive sequence. One might speculate that the anomaly rep-
resents a pre-existing topographic depression that filled with extru-
sives and volcaniclastic material. The bathymetric data may further
support this hypothesis. The nearly linear, sharp southeastern edge
of the central plateau seems to result from failure of the south-
eastern flank of the plateau. A large volcanic avalanche occurred
that deposited large amounts of volcaniclastic material at the foot
of the flank where a thick sedimentary sequence and anomalously
low-seismic velocities are observed by the seismic studies. Small
volcanic cones representing late-stage volcanism (Kopf et al. 2001)
are found to reside above the deposits of the volcanic avalanche,
suggesting an earlier origin of the avalanche.

Kopf et al. (2001) describe a number of small cones several 100 m
in diameter and approximately 200 m high that were located by a
multibeam sonar study on the eastern slope of the central plateau in

the area between OBH 63 and 39 (Fig. 1). Several lines of our survey
traverse the field of volcanic cones. However, the structures seem
to be too localized to produce any detectable seismic or magnetic
anomalies. Kopf et al. (2001) interpreted these cones as represent-
ing centres of late-stage volcanism post-dating the main activity
by approximately 5 Myr. Lava flow from these centres is thought
to have occurred towards the east, away from the already existing
central plateau as indicated by the increasing thickness of volcanic
deposits towards the east. This implies that the presumed massive
lava flow that builds up the elongated ridge at the northeastern end
of the central plateau as demonstrated by coincident magnetic and
seismic anomalies clearly stems from an earlier period of more vo-
luminous volcanic activity. This age constraint may also apply to the
fossil volcanic centre in the northwestern part of the survey area.
The dimensions of the volcanic centre and its seismic and magnetic
properties are distinctly different from the volcanic cones described
by Kopf et al. (2001). Furthermore, such late-stage volcanic cones
are not seen on the central plateau nor in the area to the northwest,
where the fossil volcanic centre is situated (Kopf et al. 2001). It is
more difficult to establish a relationship between the volcanic centre
in the northwest and the lava flow at the northeastern extension of
the plateau. The different polarities of the magnetic anomalies point
to a formation at different times. The resolution of the 3-D tomog-
raphy at depths below 7 km and its ability to determine the depth
extent of the seismic anomaly beneath OBH 68 are too restricted to
detect, for example, a common feeder system.

C O N C L U S I O N S

The 3-D tomography of the extrusive upper crust of the Ninetyeast
Ridge at approximately 17◦S provided useful information in vari-
ous aspects: a comprehensive seismic model of the crust beneath
the NERO site can now be established: an approximately 160 m
thick layer of pelagic sediments with velocities of 1.5–1.6 km s−1

is underlain by a layer of volcaniclastic material with 2.2–3.0 km
s−1 (Flueh & Reichert 1998; Grevemeyer et al. 1999). The tran-
sition to volcanic basement occurs at 400–700 m depth below the
seafloor (Flueh & Reichert 1998). Velocities rapidly increase from
approximately 3.5 to 6.2 km s−1 at 5–6 km depth below the seafloor.
Our study revealed in detail the heterogeneous structure and varying
thickness of this layer (interpreted as being extrusive upper crust). A
prominent decrease in vertical velocity gradient marks the transition
from mainly extrusive to intrusive rocks at approximately 5–6 km
depth or 3–4 km below the seafloor in agreement with the results
of the 550 km long refraction profile of Grevemeyer et al. (2001).
The intrusive layer extends deeper than the maximum penetration
of the 3-D tomography. Grevemeyer et al. (2001) studied the deep
crustal structure: they report velocities of approximately 7.2 km s−1

at the base of the intrusive layer in 18 km depth. Geologically this
layer consists of the intrusive part of the volcanic edifice and the pre-
hotspot oceanic crust. However, the seismic properties of these units
are too similar to make a distinction. The crust–mantle transition is
situated at approximately 24 km depth beneath a layer with seismic
velocities of 7.5–7.6 km s−1, interpreted as magmatic underplate
(Grevemeyer et al. 2001).

In the extrusive layer of the crust, three types of volcanic features
could be identified by their distinct seismic, magnetic and bathy-
metric nature.

(1) A fossil volcanic centre characterized by a narrow-seismic
high-velocity anomaly, a positive magnetic anomaly, but no
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particular bathymetric expression. The depth extent of the structure
is difficult to constrain with our data.

(2) A thick lava flow showing up as increased seismic velocities
down to 4 km depth and a pronounced magnetic low. The area forms
the northeastern elongation of an elevated plateau. An outcropping
basement and the largest magnetic anomaly values might point to
the source of the lava sequence in the area of OBH 63.

(3) Small volcanic cones, manifesting late-stage volcanism
(Kopf et al. 2001), which do not produce seismic or magnetic anoma-
lies detectable by our survey setup.

Apart from insights into the volcanic structure of the upper crust, the
results of our 3-D seismic refraction tomography will contribute to a
comprehensive understanding of earthquake signals to be recorded
by the future permanent seismic observatory NERO. The detailed
knowledge of the seismic structure of the underlying crust will al-
low one to predict traveltime anomalies relative to a standard Earth
model that arise from the 3-D structure of the crust. This will guar-
antee that full advantage of this remote observatory can be taken.
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