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HADES (Hatton Deep Seismic)
Project P1
Wide-angle seismic profile across the Hatton Continental Margin
Draft Final Report

Executive Summary
This report describes results obtained from Profiles 1 and 2 of the HADES wideangle seismic experiment undertaken across the Hatton Continental Margin that
straddles the ocean-continent transition. The profiles stretch from the Hatton Basin
well into the oceanic crust of the north Atlantic. A very large quantity of airgun
data were acquired across this passive continental margin in May 2002, with 200
ocean bottom seismometers (OBS) deployed over the two NW–SE-trending
profiles at a spacing of 2 to 3 km. After data processing and formatting, the data
were subsequently interpreted and modelled using various new techniques. The
close OBS spacing and the huge quantity of excellent data required a two-step
approach using tomographic inversion to define structure to mid-crustal levels, and
forward modelling of wide-angle reflections to constrain deeper structure, including
the Moho interface. Major features of the model developed correlate well with
gravity and magnetic field variations, and with the seismic stratigraphy of the
margin along nearby seismic reflection profiles. The model resolves structure in
much greater detail than the previous RAPIDS 1 and 2 experiments, in particular
the detailed the structure of the Hatton Continental Margin. The main features
present in the upper crust are two topographic highs, which separate sedimentary
basins with sediment velocities of 2.5 to 3.5 km s-1. The model also resolves two
large high velocity (Vp ~ 7.3 km s-1) bodies in the lower crust near the continentocean transition. These are interpreted to be related to Cenozoic break-up and
magmatic underplating along the Hatton Continental Margin. The structure of the
oceanic crust, west of Magnetic Anomaly 24, is less complex but may contain
information on thermal and magmatic processes during the early stages of sea-floor
spreading.
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1. Introduction
The North Atlantic passive margin to the west of Ireland contains some of the largest, but
least explored, sedimentary basins of northwest Europe. Exploration interest in these
basins has grown during the last decade. Recent research on the large-scale structure of
the Hatton Basin and the Hatton Continental Margin started between 1988 and 1990 with
the RAPIDS 1 and 2 wide-angle reflection/refraction seismic projects (see for example,
Hauser et al., 1995; Jacob et al., 1995; O’Reilly et al., 1998; Shannon et al., 1999). From
these experiments, a model was developed from the interpretation of wide-angle seismic
and gravity data. The model included sedimentary sequences, several crustal layers and
evidence of magmatic underplating which was associated with regional thermal uplift,
driven by asthenospheric upwelling along the continental margin during the late
Cretaceous/early Tertiary (Vogt et al. 1998). In these initial RAPIDS experiments, ocean
bottom seismometers (OBS) were deployed at spacings of about 10 km which, at the
time of data acquisition, was unprecedented. However, by comparison with the potential
from current acquisition techniques the crustal models derived are of relatively low
resolution.
Recent advances in technology now allow deployment of OBS with significantly
closer spacing. To improve on the resolution of wide-angle seismic models in the Hatton
area, the HADES (HAtton DEep Seismic) project was carried out across the Hatton
margin to define the structure of the passive margin in greater detail, and along the axis
of the Hatton Basin (see separate report for Project P3). This experiment is the largest of
its type in Europe with regard to the number of OBS deployed and to the close spacing of
the OBSs. A huge amount of data was acquired with excellent coverage. Seismic waves
travelling with a wide range of incidence angles were recorded during the experiment
and it is possible to see arrivals from distances of up to 100 - 130 km on some record
sections. These include both refracted and post-critical reflected waves and contain
information on the large-scale velocity distribution of the crust and upper mantle.
In this report, we first describe the processing that has been applied to the dataset.
We then describe and present the results of the tomographic approach applied to Profiles
1 and 2 running across the Hatton Continental Margin. The derived models are well
constrained and well resolved down to depths of 15 - 20 km for Profile 1 and down to 1012 km depths for Profile 2. In the last part of this report, we outline the possibilities for
further work to take more advantages of this exceptional dataset.
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2. The HADES experiment
2.1 Data acquisition
In May 2002, GeoPro GmbH acquired three new wide-angle seismic reflection/refraction
lines in the Hatton Basin and across the hatton Continental Margin for the HADES
project (Figure 1). The two first lines (Profiles 1 and 2 located, respectively, on
continental and oceanic crust) were shot end-to-end with a northwest-southeastwards
orientation in order to investigate the continent-ocean transition. The third profile (Profile
3) was shot perpendicular to these along the axis of the Hatton Basin in order to image
the deep structure and the sedimentary sequence in the basin. On each profile, 100 ocean
bottom seismometers (OBS) were deployed with a very close spacing of 2 - 3 km. Each
OBS recorded 2700 to 3000 airgun shots with a close shot spacing of 125 - 130 m. The
OBS system developed by GeoPro GmbH at Hamburg has three orthogonally mounted
geophone components and one hydrophone. Figure 2 shows a diagram and photograph of
the OBS instruments used.
2.2 Data preparation
During November and early December 2003, the HADES Group visited GeoPro in
Hamburg to prepare and collect the data gathered during the HADES survey (and also
from the RAPIDS 4 survey gathered in the summer of 2002). During this visit an initial
inspection of the data was undertaken with Mamadou Gaye and the use of the in-house
GeoPro software package was also demonstrated. This package contains several useful
tools. Of particular interest was the picking tool called WARRPSEC, as well as a the first
break tomographic inversion tool (WARRPI) and a forward modelling tool.
To use the WARRPSEC picking tool, GeoPro had converted the data to what was
called a “sec format” (see later). The derived picks are in a format appropriate to the
WARRPI forward-modelling and inversion software. During the two weeks in Hamburg,
we learned how to use the GeoPro software package and also had our first experience of
handling the very large dataset. We also attempted to convert the sec format into standard
Seismic Unix (SU) format for later use in DIAS. We also learned about and checked the
corrections made on the data, such as the clock and relocation corrections.
2.2.1 Data format
The data were provided to us in two stages. The data were initially in propriety GeoPro
formats called “sec” and “raw”. The “sec” formatted data is used in the WARRPI
program package and includes the clock and relocation corrections, as well as
information about offset and drt. However it cannot be used in other standard processing
packages, such as the Seismic Unix software package (as used in DIAS). The “raw”
format is produced by the initial stages of the processing specifically to take account of
the clock and relocation corrections, but it does not include offset (source-receiver
distance) or drt corrections. This additional information was given to us through a “trace
header” file. This file is a 3 column ASCII file in which the first column corresponds to
the source-receiver distance (offset), the second to the shot number and the last to the drt
correction that needs to be applied to each trace.
By using the raw data format and the trace header file, it was possible to transform
the data from the “raw” to standard Seismic Unix format for Profiles 1 and 3. At a later
date, data from Profile 2 and RAPIDS 4 were provided to us by GeoPro in SU format.
Unfortunately due to compatibility problems between various non-standard versions of
Seismic Unix it was necessary to undertake some further data processing to make the
Draft Final Report, April 2006
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data usable with DIAS standard software.
2.2.2 Data processing
After the transformation of the data to SU format a classical processing sequence was
applied to our datasets (HADES Profiles 1, 2, 3 and RAPIDS 4). The processing
sequence consisted in application of a velocity reduction to the seismograms, a correction
for spherical divergence and application of an automatic gain control. A Butterworth
filter was then applied in the frequency domain and was designed to suit the frequency
content of individual data in order to improve signal to noise ratio. A reduction velocity,
vr of 6 km s-1 was applied in order to conveniently display the data. The reduced traveltime t r is defined as
x
tr = t −
vr
where t is the travel-time since the shot (seconds) and x is the offset distance (distance
between source and receiver, in km). Use of a reduction velocity reduces the length of
the time axis and restructures the gradients of phases, thus highlighting differences
between phases and making them easier to pick. A phase with an “apparent” velocity
equal to the reduction velocity will plot horizontally on a seismogram section (see
Figures 3 and 4). An example of the correction for spherical divergence and the
application of automatic gain control is shown in Figure 5. The effect of applying a
frequency domain Butterworth filter to improve the signal-to-noise ratio is shown in
Figure 6. These processing steps and corrections were applied to channel 1 (the vertical
geophone component) of the data from the HADES and RAPIDS 4 profiles.
For all four profiles (HADES 1, 2 and 3, and RAPIDS 4), the data are of good to
excellent quality with clear arrivals observed up to distances of 100 - 130 km from the
source. Some examples of data from Profiles 1 and 2 are shown on Figures 7 - 9 and
Figures 10 - 12, respectively. Additional examples from the HADES Profile 3 and the
RAPIDS 4 profile, where identical processing steps were carried out, are provided in the
reports for HADES Project P3 and RAPIDS 4.
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Figure 1: Location of the HADES profiles. Profile 1 and Profile 2 were shot end-to-end on the continental and oceanic crust
respectively, in order to investigate the continent-ocean transition. Profile 3 was shot perpendicular to these in the Hatton Basin
in order to image its deep structure (see separate report for Project P3).
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Figure 2: OBSs (Ocean Botton Seismometers) used by GeoPro GmbH, Hamburg for
the HADES experiment. (a) Drawing of the OBS and drawing of its main sub-parts. (b)
OBSs on the ship pictured before deployement.
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Figure 3: Seismic section from OBS position 80 in Seismic Unix format (SU
format) with clock and re-location corrections.

Figure 4: Seismic section from OBS position 80 in SU format after application
of reduction velocity of 6 km s-1.
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Figure 5: Seismic section from OBS position 80 after application of automatic
gain control.

Figure 6: Seismic section from OBS position 80 after application of a
Butterworth filter in the band pass 3 - 18 Hz (cut-off frequencies are 3 - 18 Hz
with tapers from 1 to 3 Hz and 18 to 25 Hz).
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Figure 7: Data from Profile 1. Seismic section from OBS position 20. As
noted in the text, data from Profile 1 are very good quality with recording
distances of up to 100 - 130 km from the source locations being obtained. On
this profile, 100 OBSs were deployed of which 82 produced good quality data
on the first (vertical component) channel.

Figure 8: Data from Profile 1. Seismic section from OBS position 56.

Figure 9: Data from Profile 1. Seismic section from OBS position 98.
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Figure 10: Data from Profile 2. Seismic section from OBS position 10. Data
from Profile 2 are good quality data with similar recording distances of 100 120 km obtained. Compared to Profile 1, the signal-to-noise ratio is slightly
better and the data thus possibly of slightly better quality. On Profile 2, 100
OBSs were deployed with 90 producing good quality data on the first (vertical
component) channel.

Figure 11: Data from Profile 2. Seismic section from OBS position 76.

Figure 12: Data from Profile 2. Seismic section from OBS position 98.
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3. Methodology
3.1 Description of our tomographic approach
The HADES dataset is exceptional and unique in Europe with respect to the number and
the very close spacing of the OBSs deployed during the experiment. Recently, it has been
demonstrated that such dense wide-angle seismic data coupled with appropriate imaging
techniques can drastically increase the resolution of the tomographic images of the crust
(Pratt et al., 1996; Dessa et al., 2004; Operto et al., 2004; Ravaut et al., 2004; Pratt et al.,
2004; Operto et al., 2005). Using this type of survey is very interesting to increase the
resolution of the image that can be obtained, but it is also very difficult as a huge quantity
of data has to be processed and managed.
By analogy with the seismic reflection technique, with this type of data it is possible
to subdivide the seismic inverse problem (imaging the Earth’s structure) into two steps:
1) Definition of a background velocity model describing the large-scale velocity
distribution in the medium.
2) Definition of the small wavelength variations in the medium (i.e. the interfaces).
To define the large wavelength structure of the medium, we used a classical firstarrival traveltime inversion technique. In this technique, the refracted waves (i.e. the
first-arrivals) are used to define the velocity distribution of the investigated area. This
technique is a very classical method that is becoming widely used, nowadays, for wideangle crustal seismic studies (Zelt and Barton, 1998; Korenaga et al., 2000; Dessa et al.,
2004). It is very well suited for the HADES experiment since it allows us to fully exploit
the advantages of these large, dense and very good quality datasets.
The velocity models derived from this step were then used as starting models to
define the short-wavelength velocity structure of the medium.
3.2 First-arrival travel-time tomography: theoretical aspects
First-arrival traveltime tomography using recently developed software (Ravaut, 2003;
Ravaut et al., 2004; Operto et al., 2004; Dessa et al., 2004) was applied to the data from
Profile 1 and Profile 2 to derive the velocity structure of the crust across the Hatton
Continental Margin. Traveltime tomography is an inversion technique that is sensitive to
large wavelength velocity variations in the Earth’s crust. This technique, based on ray
theory, inverts for first arrivals and outputs a model for the velocity structure of the
medium.
The inversion algorithm consists of a linearised first-arrival traveltime inversion
developed by Ravaut (2003) during her PhD. First-arrivals are picked on the dataset and
a model is sought in which computed first-arrivals match the observed ones. In this
technique, first-arrivals (refracted or diving waves) are used to define the velocity
structure in the area. The 2-D first-arrival traveltime inversion technique is cast as an
iterative linearised inverse problem in which an objective function that quantifies the data
misfit is defined and minimized. This means that the searched for and updated velocity
model m is defined as a linear combination of a starting velocity model m0 and a
perturbation model ? m defined by the following relation
m = m0 + ∆m
The method searches for the perturbation model ? m that can explain the travel-time
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misfit ? t (the difference between the observed and the computed first-arrival
traveltimes). The perturbation model ? m is related to the travel-time misfit ? t by the
equation ? t = A? m, where A represents the Frechet derivative matrix. To find the
perturbation model this inverse problem is solved.
Our implementation of the first-arrival traveltime inversion using this approach
consists of four steps:
1. Synthetic travel times are computed on a grid that maps the model space through a
finite-difference resolution of the Eikonal equation (Vidale, 1988; Podvin and Lecomte,
1991; Hole and Zelt, 1995). A first-arrival traveltime grid is computed for each source
location.
2. Ray paths are then computed by back propagation following the direction of the
travel time gradient. In this part, the misfit function defined as the difference between the
observed and the synthetic travel times is also computed.
3. The Frechet derivative matrix, A which contains the partial derivative of the travel
times with regards to the model parameters, is then constructed.
4. The last step consists of the construction of the system of linear equations relating
the travel time residuals to the model perturbations. This system of linear equations can
be damped and/or smoothed using a priori constraints. After integrating the smoothing
and damping constraints, the following system is solved:

 − 12 ∂t 
 −21 ( k ) 

 Cd
 C d ∆t 
∂u 


(∆m ( k ) ) =  0
λ S
v v






0




λ
S
 h h 




In this equation, Sh, Sv are the horizontal and vertical Gaussian smoothing matrices
(Toomey et al., 1994), Cd the covariance matrix of data uncertainties, ?v and ?h are scalars
that control the balance between these imposed constraints and that of data fitting, ? m
denotes the model perturbation, and k stands as an iteration index. The system is solved
iteratively by using a LSQR algorithm (Paige and Saunders, 1982). In a last step, the
starting model m0 and the perturbation model ? m are summed to give the updated model.
This procedure is iterated in a non-linear way (i.e. the updated model obtained at the end
of one iteration is used as a starting model for the next iteration) until a minimum of the
cost function is reached.
The general linearised tomographic approach used here is quite similar to those of
Toomey et al. (1994), Zelt and Barton (1998) and Korenaga et al. (2000).
In the second step, the background velocity model, defined by first-arrival traveltime
inversion, will be used as a starting model to define the short-wavelengths of the medium
(i.e. discontinuities, interfaces) using the reflected wavefields.
3.3 Definition of the short wavelength structure of the medium: theoretical aspects
Definition of the short wavelength structure of a medium is generally studied using
seismic reflection datasets leading to migration or inversion techniques. These techniques
usually depend on the redundancy of the recorded dataset. Wide-angle seismic
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experiments, on the other hand were until recently characterised by a low coverage (i.e.
low redundancy) resulting from the limited number of OBS usually deployed. To
investigate the deep structure of the crust a few OBSs were usually deployed with quite
large spacings. For this reason, the structure of the crust was mostly defined by forward
modelling techniques using only traveltime information from the refracted wavefield to
define the large-scale velocity distribution and interface positions in the model. This
technique has been used over the last 20 years leading to many crustal images of the
Earth using wide-angle seismic data.
Due to the recent advances in wide-angle seismic acquisition technology, wide-angle
data can now be acquired with much denser survey geometry and it is becoming possible
to adapt and apply imaging techniques such as migration or inversion to these new wideangle seismic datasets in order to improve the resolution of the derived tomographic
images of the crust. Recent applications of this type of technique to “multi-fold” wideangle seismic data acquired either offshore or onshore have shown that the technique is
very promising and has the potential to image the crustal structure with higher resolution
(Ravaut et al., 2004; Dessa et al., 2004; Operto et al., 2004). These techniques are thus
taking advantage of the new acquisition geometry to better resolve the images of the
crust. Nevertheless, these recent applications have only been applied to limited-scale
problems and datasets (a maximum of 100 km long by 20 km depth). Application to the
HADES dataset would require parallelisation of the program code as well as some
specific reprocessing of the data. Although investigation of this approach should be
explored for the HADES data in the future, some development work will be required. For
this reason in this project why we have chosen to use a forward modelling technique to
define the Moho position in our velocity model.
The forward modelling technique used was developed by Zelt and Smith (1992). It
allowed us to derive a quite well resolved Moho position using the traveltimes of the
reflected PmP phase. The resolution of this position is sufficient to derive a well
constrained interpretation of the derived model.
To define the Moho position in our velocity models, we first needed to convert our
high resolution tomographic velocity model grids into “blocky” velocity models that
could be used in the forward modelling program. Then the traveltime of the PmP was
used to define the depth of the Moho by the usual trial and error methods. The position of
the Moho was then superimposed on our tomographic velocity models.
For this project, we applied this two-step tomographic approach to the two wideangle seismic profiles (P1 and P2) shot across the Hatton Continental Margin. The results
from each profile will be described separately before merging the two profiles.
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4. Profile 1
Profile 1 was shot in this experiment on the continental crust of the Hatton margin in
order to investigate the deep structure of the continental crust and also to image the
Continent-Ocean transition (COT). The profile is 336 km long profile and orientated
approximately NW-SE across the Hatton Basin and Bank. One hundred OBSs were
deployed on this profile with an average spacing of about 2.5 km. Each OBS recorded
2629 shots regularly fired every 127 metres.
The data recorded on this profile are of very good quality with a very low signal-tonoise ratio. The data were processed as described above (section 2.2). Examples of the
processed data were shown in Figures 7, 8 and 9. On this profile we applied the two-step
tomographic approach as described in the previous section.
4.1 First-arrival traveltime tomography
On this profile, we chose to progressively incorporate more data into the first-arrival
traveltime inversion process. We applied the method in three stages during which the
picking of first-arrivals was progressively extended in stages from the near to the farfield observations on each seismogram. The reason for adopting this approach is to
minimise the errors resulting from the uncertainty of picking first-arrivals on the
inversion results.. The procedure employed is as follows:
1.

For the first inversion stage, the first-arrival traveltimes on 73 OBS seismic record
sections were picked. This totalled about 53,646 picks. At this stage, only picks
where the picking error was close to zero were included.

2.

During the second and third stages of inversion, the picks were extended to larger
offsets. The picking distances were extended on the basis of results from the first
inversion to regions where the picking errors were generally larger. In the second
inversion, 81 OBS positions were used making a total of 57,093 picks.

3.

In the third inversion, picks from OBS seismic sections from Profile 2 were included
from 14 OBS positions to better constrain the western extremity of the model for
Profile 1. The number of picks increased to 63,485 picks.

For each stage of data, we ran first-arrival traveltime tomography. For each inversion, the
results are checked as follows:
1.

By looking at the residuals between the data and the computed first-arrival
traveltimes. The residuals are displayed as a function of offsets in the starting and
the final model, and the global residuals RMS displayed as a function of the iteration
number (see, for example, Figure 16).

2.

By looking at the ray paths for different OBS positions in the final model and
comparing their associated computed first-arrival traveltimes with the data (see for
example, Figures 17 and 18).

3.

By running checkerboard tests with the starting and final velocity models in order to
delimit the well-defined and well-resolved part of the model obtainable by this
inversion process (see for example, Figures 19 and 20). Some explanation of the
checkerboard tests is given in the section below.
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4.2 Picking of the first-arrivals and construction of the starting model
To run first-arrival traveltime inversion, it is first necessary to pick the first-arrival
traveltimes on the data. The traveltime of the first-arrivals on each OBS seismic section
are picked without regard to phase identification or origin of the arrival. As explained
above, the picking of first-arrivals on the OBS seismic sections of Profile 1 was
accomplished in three stages.
Uncertainties need to be associated to the first-arrival picks. For this profile, the
picking uncertainties are about 0.008 seconds for the near field best picks and increase to
about 0.1 - 0.15 seconds for first-arrivals furthest from the energy source.
The picks were made separately for each OBS seismic section (Figure 13). The main
reason for using the above approach is that the picks need to be consistent from one OBS
section to the next one, otherwise it becomes difficult to evaluate the reliability of each
inversion stage. For each OBS seismic section, a picking file was thus obtained. The
output picking file was then transformed into an input file for use in the seismic inversion
software. This file containing all the picks (up to 63,485 picks for the third inversion) is
then used as input to run the first-arrival traveltime tomographic inversion for the three
stages as outlined above.
4.3 Definition of the starting model
The tomographic method is a linearised approach which requires an initial velocity
model. This model is constructed using a method similar to that described by Zelt and
Barton (1998). At first, the picked traveltimes are corrected in order to remove the effect
of the bathymetry and to simulate ocean bottom shot positions. This correction is
approximated by computing traveltimes assuming vertical ray paths within the water
layer. Then an average traveltime curve is computed from the fully corrected global
dataset containing all the picks. This average traveltime is used as an input data curve for
forward 1-D modelling. The ray tracing software package RAYINVR (Zelt and Smith,
1992) is used to fit the average traveltime curve defined previously, to a 1-D velocitydepth model, and finally the bathymetry is added to complete the initial 1-D velocity
model (see Figure 14).
A 1-D starting was derived for Profile 1 from the first-stage picks following the
method described above. The derived model consists of two velocity gradients with
velocities ranging 2.1 km s-1 to 7.5 km s-1 (see Figure 15). At this stage there are no
lateral velocity variations in the model.
4.4 First inversion
For the first inversion, the picks made on 73 OBS seismic sections from Profile 1 were
used. An initial 1-D starting model was derived from these picks following the method
described in the previous section. The model consists of two velocity gradients with
velocities ranging from 2.1 km s-1 to 7.5 km s-1 (see Figure 15). At this stage there are no
lateral velocity variations in the model. Using this starting model, 15 iterations of the
tomographic inversion code were run. A smoothing schedule is defined in order to allow
a minimisation of the traveltime misfit while maintaining the smoothness of the model
and consequently a relatively well-distributed ray coverage. This is achieved by
progressively relaxing the smoothing constraint with Gaussian functions of decreasing
correlation lengths as the iterations proceeds. For the first five iterations, Gaussian
smoothing function widths were set to 10 and 40 km for vertical and horizontal
directions, respectively. They were subsequently halved for iterations 6 to 10 and halved
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again to 2.5 and 10 km for iterations 11 to 15. The result of this inversion is shown on
Figure 15. The typical time taken to run the inversion with 15 iterations is about 5 hours
using a 2.8 GHz Linux PC.
4.4.1 Error assessment
To assess the reliability of the velocity model the travel-time residuals (i.e. the difference
between the observed and calculated travel-times) as a function of offset for the starting
and final model are calculated, and are shown in Figure 16. In the starting model the
residuals range between -2 and 1 seconds, whereas in the final model, the residuals are
reduced to between -0.2 and 0.4 seconds, concentrated around 0 seconds. This indicates
that the final model produces calculated travel-times close to the observed travel-times.
As the number of iterations increases, the RMS error decreases from 1.19 to 0.105
seconds (Figure 16). Continuing for more iterations does not significantly improve the
agreement between the measured and computed travel-times and forces a decrease in the
smoothing constraints generating spurious artefacts due to ray channelling.
Another way to check the reliability of the derived model is to look at the ray
coverage in the final model. Ray paths for the location of OBS 1, OBS 50 and OBS 99 in
the final model are shown in Figure 17. The fits between the computed first-arrival
traveltimes (indicated by the green curve) and the first-arrivals in the seismic data for
these OBS locations are shown in Figure 18. There is a good fit between the computed
traveltimes and the first-arrivals in the observed data. It can be seen that the ray paths and
computed traveltimes for OBS 99 indicate that at the northwest end of the profile the
model is not very well constrained by the ray coverage. The analysis of the ray coverage
shows that structures can be resolved down to a depth of 20 km in the central part of the
model but less towards the ends of the profile.
4.4.2 Checkerboard tests
In order to assess the lateral resolution that can be attained by these inversions a
resolution analysis using “checkerboard tests” was performed. A description of
checkerboard test analysis is given in, for example, Hearn and Ni (1994), Zelt and Barton
(1998) and Dessa et al. (2004).
A periodic square velocity anomaly pattern with periodic positive and negative
velocity values is defined and added to the 1-D starting velocity model and to the final
velocity model derived from first-arrival traveltime inversion. Synthetic data are
computed from this model with the same OBS instrument positions used during the
actual inversion. These synthetic data are then inverted using the unperturbed 1-D
velocity-depth model or the final tomographic model as the starting model. The objective
of this type of test is to define the scale of the structures that can be retrieved by the
inversion as well as to define the resolution limits of the inversion. During these
checkerboard tests, the velocity anomalies were set to ± 0.2 km s-1. Two inversions with
10 km and 5 km square anomalies were run. The squared anomaly patterns are shown in
Figures 19 and 20. These two models are added to the starting velocity model used for
the first inversion and to the final velocity model derived from this inversion. In these
perturbed models synthetic data are computed with the same acquisition file as that used
for the first inversion. These data are then inverted starting from the unperturbed velocity
models (starting and final velocity models). Five iterations were run. The anomalies were
then retrieved by subtracting the starting model from the derived model. The results for
the 10 and 5 km square anomalies are shown respectively in Figures 20 and 19.
The results show that the anomalies of 10 and 5 km are well retrieved in the centre of
the model down to 15 km depth, but are distorted towards the edges of the model,
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indicating that the resolution, or reliability, of the derived model would be
correspondingly reduced in this region. This is as expected from the analysis of the ray
paths.
4.4.3 Discussion
The derived tomographic model is well resolved as shown by the reduction in the RMS
error as the iterations proceed, as well as by the fit between the computed traveltimes
with the first-arrivals in the data. The ray field coverage shows that we can expect the
model to be well resolved in its central region down to depths of about 15 - 20 km. This
is also borne out by the results of the checkerboard tests described above. This test also
confirms that the ends the model from the first inversion are less well resolved than
nearer to the surface and in the centre of the profile. To better constrain the deeper parts
of the model larger offset first-arrivals need to be picked and some of the earlier picks
checked (see second inversion).
The derived model indicates two topographic highs corresponding to two seamounts
separated by sedimentary basins. The model is also characterised by three high velocity
zones. The high velocity zone between 10 and 20 km depth located towards the
northwest end of the profile shows velocities up to 7.5 km s-1. This velocity anomaly is
located near the continent-ocean transition and may be related to magmatic underplating
in this area (Figure 15).
4.5 Second inversion
For the second inversion, the first-arrival picks were extended to larger offsets and to
some that were less confidently identified than for the first inversion. This resulted in a
total of 81 seismic sections being used, resulting in about 3000 extra picks. The input
parameters for the second inversion are exactly the same as used for the first one (i.e.
fifteen iterations were run from the same starting model). The smoothing schedule is also
the same as the one used for the previous inversion. The result of this inversion is shown
on Figure 21.
4.5.1 Error assessment
The traveltime residuals as a function of offset for the starting and final model for the
second inversion are shown in Figure 22. As the iterations proceed, the RMS error
decreases from 1.195 to 0.103 seconds (Figure 22). Inversion was stopped at the 15th
iteration since continuing did not, as for the first inversion, give any better results.
The ray paths for OBS locations 1, 50 and 99 are shown in Figure 23 and their
associated traveltime fits in Figure 24. Globally there is a good fit between the measured
first-arrivals in the data and the computed ones. The inclusion of the extra picks in this
inversion has resulted in a better constraint of the deeper part of the model.
4.5.2 Checkerboard tests
To assess the reliability of this second inversion, we repeated the checkerboard tests with
the improved acquisition geometry including the additional picks (i.e. more data), the
same starting model and the final velocity model derived from this second inversion. The
results (Figures 25 and 26) show that the velocity anomalies are well retrieved down to
10 - 15 km depth in the centre part of the models for both 5 km and 10 km square pattern
anomalies. Compared to the first inversion, the anomalies are better resolved in the
deeper part as well as in the upper part of the models. This better reconstruction is mainly
due to the extension of the picks at larger offsets.
It is also important to note here that the negative velocity anomaly located in the
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centre part of the models on Figure 25 is due to the ray-path geometry, and that the
structure associated with it on the tomography velocity model (Figure 21) may be an
artefact associated with ray channelling in this area. This effect was also observed for the
first inversion.
4.5.3 Discussion
The derived velocity model shows features similar to those obtained by the previous
inversion. In particular, the three high velocity zones are present in this model, with the
one between 10 and 20 km depth at the northwestern end of the profile showing
velocities up to 7.5 km s-1. The model from the second inversion is generally better
constrained in its deeper parts due to the addition of picks made at larger offsets.
Nevertheless, the northwestern part of the model is still not very well constrained at
depth as only ray paths from one direction have been used. This is addressed in the next
section.
4.6 Third inversion
In order to better constrain the northwestern part of the velocity model, some data from
Profile 2 were included in the third inversion. Since there is a common OBS position on
both profiles, and the shots were extended 50 km beyond the ends of the last OBS
location, it is possible to include up to 20 OBS positions from Profile 2 into Profile 1
without changing the size of the model-space for Profile 1. However, this involves some
reformatting as the offset distances run in opposite senses for the two profiles (this was
because the two profiles were shot in opposite directions for logistic reasons). Only picks
that are in Profile 1 “model-space” were taken into account. Of the 20 OBS sections from
Profile 2 that can be included into the Profile 1 model, 14 were actually included where
seismic energy travelled into Profile 1 “model-space”. A total of 95 OBSs was then used
in this inversion resulting in a total of 63,390 picks.
The same starting model as in the two previous inversions was used and the same
procedure adopted with fifteen iterations and the same set of smoothing parameters. The
derived velocity model is shown on Figure 27. The same two topographic highs are
clearly seen, as in the previous two inversions. The two sedimentary basins are also
present, as well as two other sedimentary depocentres, defined by velocities of 2.5 to 3.5
km s-1 at around 4 and 6 km depth.
In this model, four high velocity anomalies in the crust can also be distinguished
with velocities of 7.2 - 7.3 km s-1. In comparison with the previous results, the extra data
shows that the high velocity anomaly located at the northwestern end of the profile is
now slit into two parts. Moreover, the geometry and the velocity of this feature are quite
different than for obtained from the two previous inversions.
4.6.1 Error assessment
To assess the reliability of the velocity model, the traveltime residuals as a function of
offset in the starting and final models were calculated and the results are shown in Figure
28. As the iterations proceeded, the RMS dropped from 1.208 to 0.105 seconds, which is
very close to the corresponding misfits found during the first inversion (see above). The
final RMS value is very small considering the huge amount of the data inverted. It is
equivalent to the value of the uncertainties associated to some of the picks.
The ray paths for OBS locations 1, 50 and 99 are shown on Figure 29. There is good
fit between the first-arrivals of the data and the computed traveltimes as shown on
Figures 30. The ray paths and computed traveltimes for OBS location 99 at the northwest
end of the profile suggest that this part of the profile is now better constrained than in the
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first two inversions.
4.6.2 Checkerboard tests
The checkerboard tests again show that the velocity anomalies are well retrieved in the
central part of the model down to 20 km depth (Figures 31 and 32). Significantly, by
including some data from Profile 2 into the model for Profile 1 the anomalies in the
northwestern end of the model are now well retrieved down to depths of 10 - 12 km. In
this region of the confidence in the velocity model derived by first-arrival travel-time
inversion is now high.
It is very important to note here that the negative velocity anomaly previously noted
in the centre part of the model is still present and that its associated feature on the derived
velocity model should clearly be interpreted as an artefact due to ray channelling in this
area of the tomographic model.
From a physical point of view this derived velocity model is very satisfactory in
terms of the decrease in the RMS during the iteration as well as the fit between the
observed first-arrivals and computed travel-times. The results of the checkerboard tests
are also very good for the third inversion.
4.6.3 Discussion
The tomographic model derived from the third inversion is well constrained and
satisfactory according to the residuals in the final model, the ray coverage and the results
of the checkerboard tests.
According to the checkerboard test results, the tomographic model is well
constrained in its central part down to 15 - 20 km depth. Contrary to the results from the
first two inversions, due to the inclusion of some data from Profile 2, the northwestern
part of the model is also quite well constrained in its shallow part, as well as in its deeper
part down to 15 km depth. It is thus clear that the model derived from this third inversion
is better constrained than the two previous ones.
The derived velocity model shows two topographic highs, which can be associated
with two volcanic seamounts, separated by two sedimentary basins. Four high velocity
anomalies are also identified in the crust with velocities of about 7.2 - 7.3 km s-1. In
comparison with the two previous inversions, the high velocity anomaly located at the
northwest end of the profile appears to be now split into two parts. Further work,
however, is necessary to more definitely confirm this new shape for the anomaly. Indeed,
although this model is well constrained, some parts of the model need to be refined
before geological interpretations can be made. In particular we need more information in
the following areas:
1) The southeastern part of the model. This will remain largely undetermined since we
do not have any extra wide-angle seismic data in this area.
2) The deeper parts of the model (i.e. depth > 20 km). This will be addressed later using
reflected waves (PmP) from the Moho and forward modelling techniques.
3) The exact structure of the high velocity body.
4.7 Convergence analysis
The inversion technique used in this study belongs to the class of linearised inverse
problems, which require a starting model iteratively updated through a sensitivity kernel.
The solution of such a problem is likely to depend on the starting model and it may
happen that the inversion process converges towards a secondary minimum of the misfit
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function, particularly if the starting model is too far from the real solution.
To assess the robustness of the derived velocity model its dependency on the starting
model should be tested. The approach we implemented here is similar to those of
Korenaga et al. (2000) and Dessa et al. (2004).
In this approach the starting 1-D velocity model derived from forward modelling is
used. First, the bathymetry is removed from the velocity model. Five velocity logs are
then extracted at fixed locations in this model. On these logs, independent stretching
coefficients ranging between 0.75 and 1.4 are randomly generated and applied (see Dessa
et al. (2004) for details). The derived profiles are then interpolated to give new velocity
models (into which the bathymetry is finally re-inserted). One hundred velocity models
have been generated this way. Examples of five very different starting models are shown
on Figure 33. Each of these one hundred models is used as a starting model to run firstarrival traveltime tomography using the same picks and the same inversion parameters
that were used for the third inversion.
From each initial model, five iterations are carried out with the first step of our
smoothing schedule (40 km horizontally and 10 km vertically). Proceeding from 100
different initial velocity models, we ended with 100 corresponding final velocity models
that can be compared. As an example, the 5 resulting velocity models drived using the
starting models shown in Figure 33 are shown in Figure 34. The derived velocity models
show some very similar features in their main structures but with some small differences.
From these models, we computed average and standard deviation models for both
families of initial and final velocity models. The average velocity model is computed by
calculating the mean velocity values from the 100 velocity models at each point of the
velocity grid. The standard deviation model is also computed at each point of the grid
(see Figure 35). The comparison of results between the standard deviation in the initial
and the final models shows clearly that the variability between models has been
ramatically decreased by the traveltime inversion process. These results also show that
noticeably different starting models yield a narrow range of final models around the
average model shown on Figure 35.
It should be noted that this average model is less resolved than the model derived
from the third inversion since it results from a summation over models that were
themselves obtained with a smaller number of traveltime iterations and larger-scale
smoothing operators. However, it is interesting to observe that this average velocity
model shows the two main features interpreted as seamounts separated by sedimentary
basins identified by the full inversions. The high velocity body associated with the
continent-ocean transition shows a similar shape than in the third inversion even though
the anomalies have a less marked amplitude than in the model from the third inversion.
The RMS residuals in the 100 initial and final models have been computed and are
listed in Table 1 (see Appendix 1). The distribution of the RMS values is also represented
on Figure 36. The mean value of the RMS decreased from 1.364 s to 0.147 s; its
amplitude dropped from 2.316 s to 0.07 s and the associated standard deviation from
0.400 to 0.008 s.
4.8 Comparison with other geophysical data
4.8.1 Comparison with gravity and magnetic profiles
The free-air gravity field was extracted along Profile 1 from the satellite-derived marine
gravity data (Sandwell and Smith, 1997). The total magnetic field variation which was
also extracted along the profile from the compilation of Verhoef et al. (1996) and its
vertical derivative computed (see Figure 37).
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A good qualitative fit can be seen of the free-air gravity anomalies with the two
topographic highs present in the velocity model. Moreover, the high velocity areas in the
velocity model correlate well with the magnetic field and especially with its vertical
derivative. This first qualitative comparison with other independent data provides sound
support to the tomographic model.
4.8.2 Comparison with the previous result from RAPIDS 2
During the RAPIDS 1 and 2 experiments about 40 OBSs were deployed along the profile
across the Hatton Basin and the Hatton ocean-continent boundary with an OBS spacing
of about 10 to 15 km. During the HADES experiment 114 OBS with a spacing of about 2
to 3 km were used. Nevertheless, a comparison of the results obtained is instructive.
Whereas the velocities in the two models are similar on the broad scale, the new model
derived from the HADES experiment is far more detailed than the one derived from
earlier RAPIDS experiments (Figure 38). This clearly demonstrates that deploying many
OBSs with very close spacing has permitted very detailed and complex velocity models,
especially for the upper and middle crustal structure, to be derived fairly quickly using
only first-arrival traveltime tomography.
4.9 Definition of the Moho
The second step of our tomographic approach consisted in the definition of the Moho
interface position by a forward modelling technique using the derived tomographic
velocity model to develop an initial starting model. To do so, we needed:
1) To transform the smooth tomography-derived velocity model into a blocky model
required by the forward modelling technique;
2) To check the reliability of our derived blocky model;
3) To pick the PmP phase traveltimes (PmP is the reflected phase on the Moho
interface), and
4) To define the Moho interface position by trial and error modelling.
4.9.1 Construction of the “blocky” model
The velocity model derived from first-arrival traveltime inversion is a “smooth” velocity
model parameterized on a regular grid of nodes. A velocity value is assigned to each
node of the grid. Variations in the velocity structure is defined by changes in the velocity
values at each of the grid nodes.
The forward modelling technique defined by Zelt and Smith (1992) and used in this
study requires a “blocky” velocity model. For this type of “blocky” model, the velocities
are assigned to different layers separated by clear interfaces. Each layer is specified by an
arbitrary number and spacing of boundary nodes connected by linear interpolations. The
number and position of the nodes may differ for each boundary. Within each layer, the Pwave velocity field is specified by an arbitrary number and spacing of upper and lower
velocity points. The complete velocity field within each layer is defined such that the
velocity varies linearly between the specified points and linearly between the upper and
lower boundaries in the vertical direction (from Zelt and Smith, 1992).
In order to define the Moho position in our model, we first needed to transform our
“smooth” tomographic velocity model into a “blocky” velocity model useable by the
forward modelling technique. This was done as follows:
1) 1-D velocity profiles were extracted from our tomographic model at different
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positions along the profile. We first extracted a 1-D profile every 25 km to derive a
preliminary blocky model (see Figure 39 - 41). We then refined this model by
extracting a 1-D velocity log every 12.5 km (see Figure 44).
2) On these 1-D velocity logs, we interpreted a change in the velocity gradient (slope of
the 1-D log) as a physical interface. The velocity of the upper and lower boundary
was defined from the value of the velocity on the 1-D log. For example, if we
consider the velocity logs of Figure 40, we can clearly identify six layers separated
by five interfaces. The velocities at the upper and lower boundaries of the layers are
the ones defined by first-arrival traveltime tomography.
3) The interpretation of the 1-D velocity logs is interpolated to create the blocky model
consisting of a series of layers (Figures 41 and 44).
The three step procedure is summarised on Figure 39.
Note that for this technique we were limited by the number horizontal nodes that be
can defined in the Zelt and Smith (1992) forward modelling technique. For first-arrival
traveltime tomography, we used a grid spacing of 100 metres in both horizontal and
vertical directions, which represent 3381 nodes in the horizontal direction and 401 nodes
in the vertical direction. In the forward modelling technique used here, it is not possible
to take into account so many nodes.
On these 1-D velocity logs, six main layers were identified, as illustrated in Figure
40. The velocity in the first layer increases, on average, from about 2.6 km s-1 to 3.2 km
s-1, and in the second layer from about 3.5 to 5.3 km s-1. The third layer is a thin layer
where the velocity increases on average from about 5.5 to 6.4 km s-1. The fourth layer
has a velocity gradient going from 6.5 to 6.8 km s-1. The fifth layer is identified as a high
velocity layer but is not present along the whole of the velocity model. Its velocity is
about conatant at 7.2 to 7.3 km s-1 and does not correspond to a gradient. Finally, the
sixth layer has velocities increasing from about 7.0 to 7.5 km s-1. This last layer is not
very well constrained in its deeper part and neither is the velocity very well constrained.
The “blocky” velocity models derived from the 25 km and 12.5 km spaced 1-D velocity
logs are shown on Figures 41 and 44, respectively. The velocity values between
interfaces were kept equal to the ones in the 1-D velocity logs in order to preserve the
lateral velocity variations in the velocity structure. However, compared to the velocity
variations in our tomographic model, the velocity variations in the blocky model are
somewhat smoothed due to interpolation between the 1-D velocity logs. To limit the
effect of smoothing, we used the 12.5 km spacing blocky model to stay closer to the
velocity variations derived from the first-arrival traveltimes tomographic inversion.
4.9.2 Reliability check of the interpreted blocky models
To assess the reliability of the “blocky” velocity models, we computed the first-arrival
traveltimes in these two models using the forward modelling technique of Zelt and Smith
(1992). The computed traveltimes for different OBS locations along the profile are
compared with the observed (i.e. picked) traveltimes on the seismic OBS sections. Since
the derived “blocky” models are an interpreted and smoothed version of our tomographic
velocity models, they should explain the first-arrivals of the data. The computed firstarrival traveltimes in the blocky models should fit our picked dataset.
Due to the construction of these blocky models by interpretation and interpolation of
1-D velocity logs, some residuals can be due to an error in the depth of the interpolated
interface. These errors in depth are translated in the data by small residuals in time.
These errors are normal but still need to remain quite small (< 200 ms). Since what we
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want to check here is that the velocity structure interpreted from our tomographic model
is a good description of the tomographic model, we just need to check that the computed
traveltime has the same slope as with the observed data, even with a small shift in time.
If it is coincident in time is it really good but if there is still a small shift, we can consider
that the fit is still satisfactory.
For the two blocky models, we checked the fit between the computed first-arrival
traveltimes and the picked data for different OBS locations along the profile. The fit for
OBS location 20, 46, 60 and 85 is shown on Figures 42 and 43 for the 25 km spacing
blocky model and on Figures 45 and 46 for the 12.5 km spacing blocky model.
Both models explain very well the picked first-arrival traveltimes and it seems that
the interpretation of the velocity logs and their interpolation did not affect the resolution
that we can obtain on the Moho position. Globally the fits are a little bit better for the
12.5 km blocky model especially for the OBS located on the middle of the profile. For
this reason but also to better conserve the lateral velocity variation of the tomographic
model, we decided to use the 12.5 km blocky model to define the Moho interface
position.
4.9.3 Picking of the PmP reflected phase
To define the Moho interface position we then needed to pick, on the OBS seismic
sections, the phase reflected from the Moho, known as the PmP phase. The reflected
phase traveltimes then gives information about the depth of the interface, assuming that
the velocity distribution is well known.
For the definition of the Moho interface on this profile, we picked the PmP reflected
phase on 25 OBS seismic sections along the profile. We choose to pick this phase only
on OBS seismic sections where it was very clear and so could be identified with high
confidence. It resulted in about 5206 PmP traveltime picks. Uncertainties from 0.12 ms
to 0.15 ms were assigned to these picks. A summary of the PmP picks is given on Table
2 (see Appendix 2). Examples of the PmP traveltime picks for OBS location 51, 73 and
81 are shown on Figure 47.
4.9.4 Definition of the Moho interface position
As a start for the forward modelling the Moho was initially defined as a flat interface at a
depth of 23 km based on the results from RAPIDS 2 (Vogt et al., 1998) (see Figure 48a).
The forward modelling program was run for the 25 OBS positions. From the initial flat
Moho, we progressively modified its depth to fit the reflected phase traveltimes. The
initial and final models are shown on Figure 48. To be able to run the forward modelling
technique, some slight modifications to the upper layers in the the initial model at around
x = 100, 125 and 250 km were necessary because the ray tracing program does not work
with such sharp interfaces and corners (compare Figures 48a and b). Fits between the
picked PmP phase and the computed traveltimes for some of the OBS locations are
shown on Figures 49, 50 and 51.
Due to the number of OBSs selected to define the Moho interface and their
distribution along the profile, it is clear that some parts of this interface are less well
constrained than others. Between 0 and 25 km, the Moho interface is not defined since
the last OBS used is OBS 96 and its ray coverage ends at about 25 km from the start of
the profile (see Figure 51b). In the southeast this interface is quite well defined up to 260
km since the ray coverage for the last OBS used at this end of the profile, OBS 35, ends
about 260 km far from the start of the profile (see Figure 49a). The part of the Moho
interface located underneath the high velocity bodies between 25 and 125 km distance
along the profile (see Figure 37) is, however, very well constrained since about 16 OBSs
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were used to define this part of the Moho (see Table 2, Appendix 2) and Figure 51). For
these OBSs the fit between the observed and the computed traveltimes is good (to within
the values of the uncertainties associated to the picks). However, the shape of the
southeastern boundary at around 125 km (see Figure 48b) is not very well defined and
does not seem to be very realistic. For the central part between 125 and 260 km of the
profile, the fits are usually good (see Figures 49 and 50) and the shape of the Moho is
seen to be quite simple with no major changes in depth (Figure 48b).
Although more finer details might be defined in the structure of the Moho interface
by using more OBS positions along the profile, the forward modelling technique has
allowed us to define the Moho depth along the continental crust up to the Hatton
Continental Margin. The Moho is well defined under the high velocity bodies that were
inferred from the first-arrival traveltime tomography and so has allowed us to determine
the thickness of these bodies more precisely. This step has also shown the broad-scale
variation in the depth of this interface along the profile.
4.10 Imaging the Continent-Ocean Transition
As described previously, the transition between the continental and the oceanic crust is
characterised by high velocities bodies located at the location of Magnetic Anomaly C24.
On this profile, we imaged two high velocity bodies with velocities of about 7.2 to 7.3
km s-1. These two bodies extend horizontally over about 90 to 100 km of the profile at
between 10 and 20 km depth with a thickness of about 6 to 10 km (Figures 37 and 38).
The velocities in these bodies is similar to those found in previous studies on this margin
e.g. the RAPIDS 2 experiment (e.g. Vogt et al., 1998, and Figure 38) and studies by
Fowler et al. (1989). However, these previous studies only indicated a single body
located at the transition, whereas the results from this present study suggest the presence
of two bodies. Recent work on the Norwegian Vøring Margin also suggests that there is
evidence for two high velocity body at the Continent-Ocean Transition in this margin
(Gernigon et al., 2003, 2004).
In order to investigate further whether this interpretation as two bodies is justified, or
whether it might be some artefact of the modelling procedure, we ran two further new
checkerboard tests. In the first one, we defined one velocity anomaly of length 100 km
and thickness 10 km located between 0 and 100 km on Profile 1. In the second test we
defined two velocity anomalies, one 10 km thick and 30 km long and another 50 km long
and 5 km thick, separated by about 20 km. The amplitude of all the anomalies in both of
the checkerboard tests is 200 m s-1. We then ran the checkerboard tests using the starting
model and same acquisition geometry that was used in the previous tests (see section 4.4
for details). We ran five iterations of the traveltime inversion. The results of both
checkerboard tests are shown in Figure 52.
4.10.1 Test with one anomaly
The first test with one anomaly only allows retrieval of the upper part of the anomaly
down to a depth of 15 km. For deeper parts of the model, the amplitude of the anomaly is
not well recovered and some smearing effects are observed due to the geometry of the
surface acquisition. In our study, as detailed earlier we defined the true thickness of the
anomaly by using the traveltimes of the PmP reflected phase reflected from the base of
the body.
4.10.2 Test with two anomalies
For this second test, we clearly retrieved two main anomalies located respectively
between 0 and 40 km and between 50 and 110 km along the profile. For this test, we also
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observed some smearing effects probably due to the geometry of the acquisition.
From this test, it is clear that first-arrival traveltime inversion does not completely
manage to positively distinguish the two anomalies and that the thickness of these
anomalies is not perfectly retrieved. This is probably due to the fact that the traveltime
inversion does not include reflections on and between the anomalies in order to clearly
image the limit of the two anomalies. Including more forward modelling, however would
probably not give any better results. The best way to image these two anomalies is to
take into account all the reflected phases on these anomalies including the scattered
phases between the two bodies. To do so, it is necessary to use an imaging technique
allowing to simulate and invert all these types of waves. Over the last 5 years, fullwaveform inversion techniques have been adapted to wide-angle seismic acquisition in
order to improve the resolution of the tomographic images of the deeper crust (e.g.
Ravaut et al., 2004; Operto et al., 2004). This technique, based on the accurate resolution
of the full waveform equation allows simulation of all types of waves recorded by the
wide-angle acquisition method, including the post-critical reflected waves as well as the
multiple scattered waves that would be generated between the two bodies. In the near
future, we plan to apply frequency domain full waveform inversion on these data in order
to improve the definition of the two bodies imaged by first-arrival traveltime
tomography.
Indeed, if we compare the results of these two checkerboard tests with the velocity
model derived from traveltime inversion, it is quite clear that the two-body hypothesis is
more likely to correspond to the image derived from traveltime inversion on Profile 1
than would a single homogeneous body. Nevertheless, these two tests were very simple
with respect to the shape and the structure of the high velocity bodies and only better
resolved tomographic images, such as might be derived from full waveform inversion
will help us to better define the structure of this area in order to better constrain the
geodynamical evolution of the Hatton margin.
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Figure 13: Example of first-arrival travel-time picks on the OBS 85 seismic section from
Profile 1. The first-arrival travel-time picks are represented by the red line. On this section,
1302 first-arrival traveltimes were picked.
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Figure 14: (upper) Arrivals for the complete set of 54701 picks (using a reduction velocity
of 6 km s-1) plotted against source-receiver offset without regards to position or azimuth
(black dots). Green dots represent an average first-arrival travel-time curve that is used to
define an initial velocity model for the tomographic inversion. (lower) The 1-D velocity
model is fitted to the average travel-time curve by trial-and-error using the software of Zelt
and Barton (1998). The model is defined by a velocity gradient from 2 to 7.5 km s-1 between
0 to 40 km depth. Ray-paths are shown by red and green lines. The black curve corresponds
to the computed first-arrivals in the model shown on the top of this picture. Red dots show
the average traveltimes.
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Figure 15: Velocity model derived from first-arrival traveltime inversion. First inversion: (a) Starting velocity model, (b) Velocity model
obtained after 15 iterations. The white inverted triangles correspond to the OBS locations along the profile. For this inversion, 73 OBSs were
used to give 53,646 picks.
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Figure 16: Change in RMS value for the first inversion. (a) Residuals (difference between
the observed and computed traveltimes) are plotted as a function of offsets in the initial
model and (b) in the final model. (c) The change in the global RMS as a function of
iteration number.
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Figure 17: Ray-tracing in the final velocity model derived from the first inversion for (a)
OBS position 1, (b) OBS 50 and (c) OBS 99. The ray-fields are plotted on the final model
with the black curves. The white triangles represent the OBS positions along the profile.
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Figure 18: Seismic record sections with the first-arrival traveltime curve computed in our
final tomographic velocity model plotted as a green curve for (a) OBS positions 1, (b) OBS
50, and (c) OBS 99. The associated ray-fields are shown on Figure 17.

Draft Final Report, April 2006

31

HADES Project P1

Figure 19: Checkerboard test for the first inversion with 5 km square pattern velocity
anomalies. (a) The 5 km square pattern velocity anomalies that were added to the starting and
the final velocity models. (b) Velocity anomalies retrieved after 5 iterations using the starting
velocity model. (c) Velocity anomalies retrieved after 5 iterations using the final velocity model.
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Figure 20: Checkerboard test for the first inversion with 10 km square pattern velocity
anomalies. (a) The 10 km square pattern velocity anomalies that were added to the starting and
the final velocity models. (b) Velocity anomalies retrieved after 5 iterations using the starting
velocity model. (c) Velocity anomalies retrieved after 5 iterations using the final velocity
model.
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Figure 21: Velocity model derived from the second first-arrival traveltime inversion. (a) Starting velocity model; (b) Velocity model obtained
after 15 iterations. The white inverted triangles correspond to the OBS locations along the profile. For this second inversion, 81 OBS were used
giving a total of 57,093 picks.
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Figure 22: Change in RMS for the second inversion. Residuals (difference between the
observed and computed traveltimes) as a function of offsets (a) in the initial model, and
(b) in the final model. (c) Decrease of the global RMS as a function of iteration number.
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Figure 23: Ray-tracing in the final velocity model derived from the second inversion for (a)
OBS position 1, (b) OBS 50 and (c) OBS 99. The ray-fields are plotted on the final model
with the black curves. The white triangles represent the OBS positions along the profile.

Draft Final Report, April 2006

36

HADES Project P1

Figure 24: Seismic record sections with the first-arrival traveltime curve computed in our
final tomographic velocity model plotted as a green curve for (a) OBS position 1, (b) OBS
50 and (c) OBS 99. The associated ray-fields are shown on Figure 23.
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Figure 25: Checkerboard test for the second inversion with 5 km square pattern velocity
anomalies. (a) The 5 km square pattern velocity anomalies that were added to the starting and the
final velocity models. (b) Velocity anomalies retrieved after 5 iterations using the starting
velocity model. (c) Velocity anomalies retrieved after 5 iterations using the final velocity model.
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Figure 26: Checkerboard test for the second inversion with 10 km square pattern velocity
anomalies. Details as Figure 25.
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Figure 27: Velocity model derived from the third first-arrival traveltime inversion. (a) Starting velocity model; (b) Velocity model
obtained after 15 iterations. The white inverted triangles correspond to the OBS locations along the profile. For this second inversion,
95 OBS were used giving a total of 63,485 picks.
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Figure 28: RMS values for the third inversion. Residuals (difference between the observed and
computed traveltimes) as a function of offsets (a) in the initial model, and (b) in the final model.
(c) The change in the global RMS as a function of iteration number.
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Figure 29: Ray-tracing in the final velocity model derived from the third inversion for (a)
OBS position 1, (b) OBS 50 and (c) OBS 99. The ray-fields are plotted on the final model with
the black curves. The white triangles represent the OBS positions along the profile.

Draft Final Report, April 2006

42

HADES Project P1

Figure 30: Seismic record sections with the first-arrival traveltime curve computed in
our final tomographic velocity model plotted as a green curve for (a) OBS position 1, (b)
OBS 50 and (c) OBS 99. The associated ray-fields are shown on Figure 29.
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Figure 31: Checkerboard test for the third inversion with 5 km square pattern velocity
anomalies. (a) The 5 km square pattern velocity anomalies that were added to the starting and
the final velocity models. (b) Velocity anomalies retrieved after 5 iterations using the starting
velocity model. (c) Velocity anomalies retrieved after 5 iterations using the final velocity model.
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Figure 32: Checkerboard test for the third inversion with 10 km square pattern velocity
anomalies. Details as Figure 31.
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Figure 33: Initial velocity models generated randomly. Five of the 100 velocity models
generated are shown here.
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Figure 34: Velocity models derived from 5 iterations of first-arrival traveltime tomography
starting from the initial velocity models shown in Figure 33. The white triangles correspond
to the OBS locations along the profile. The white area corresponds to the part of the models
not covered by the rays.
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Figure 35: Convergence analysis for Profile 1. (a) Average starting model computed from the
100 starting models. (b) Average final models computed from the 100 final models. (c) Standard
deviation from the initial average model. (d) Standard deviation from the final average model.
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Model Number

Figure 36: The global RMS distribution in the 100 initial models
(black dots) and in the 100 final velocity models (red dots) after
running 5 iterations of the tomographic inversion. The starting
RMS values are distributed between 2.956 s and 0.713 s, whereas
the final RMS values in the 100 final velocity models are
concentrated around 0.147 s.
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Figure 37: Comparison of the derived velocity model with other geophysical data. The
red curve shows the marine free-air gravity extracted along the HADES Profile 1 from
satellite altimetry derived data (Sandwell and Smith, 1997). The blue curve is the total
magnetic field extracted from the compilation of Verhoef et al. (1996) and the purple
curve is the vertical derivative. White triangles correspond to the OBS locations along the
profile. The striped area corresponds to the part of the model not covered by the rays.
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Figure 38: Comparison between the velocity model derived from the HADES experiment
(top) and the velocity model derived from RAPIDS 2 experiment (bottom).
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Figure 39: Conversion of our smooth tomographic velocity model into a “blocky” model format useable by the forward modeling
technique. (1) Velocity model inferred from first-arrival traveltime tomography. (2) Interpretation of the 1-D velocity logs extracted along
the traveltime tomographic velocity mode. An example of the interpretation of five logs is shown on this picture. (3) Interpolation of the
interpreted profiles in a blocky velocity model format.
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Figure 40: Interpretation of the extracted 1-D velocity logs from the smooth
tomographic velocity model. Each change in the velocity gradient (slope of the 1-D
log) is interpreted as an interface. Here, we show an interpretation of three such logs
extracted at positions (a) 50 km, (b) 150 km and (c) 200 km along the profile. We find
five main interfaces as indicated on this figure by different colours.
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Figure 41: Blocky velocity model derived by extracting 1-D velocity logs from the
tomographic model every 25 km. The interfaces are shown in different colours. The Moho
interface is an initial guess as a flat interface. The velocity values are kept equal to the ones
extracted from the tomographic velocity model in order to keep the lateral variation of the
velocity structure.
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Figure 42: Ray-tracing in the 25 km blocky model in order to check its reliability. The
refracted ray paths are traced in the blocky mode through all the different layers. (a) Raytracing in the final blocky model for OBS position 20. Top picture shows the ray paths (red
curves) in the model for this OBS location along the profile. Bottom picture shows the fit
between the observed traveltimes (our picked data represented by the red line) and the
computed traveltimes associated with the above ray paths (black curve). (b) Same picture for
OBS 46.
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Figure 43: Ray-tracing in the 25 km spacing blocky model in order to check its reliability for
(a) OBS position 60 and (b) OBS 85. Details as Figure 42.
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Figure 44: Blocky velocity model derived by extracting 1-D velocity logs at 12.5 km
intervals from the tomographic model. The interfaces are shown in different colours and the
initial Moho interface is inserted as a flat interface at 23 km depth. The velocity values are
kept equal to the ones extracted from the tomographic velocity model in order to keep the
lateral variation of the velocity structure.
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Figure 45: Ray tracing in the 12.5 km spacing blocky model in order to check its
reliability. The refracted ray paths are traced in the blocky model through all the different
layers. (a) Ray tracing in the final blocky model for OBS position 20. Top picture shows
the ray paths (red curves) in the model for this OBS location along the profile. Bottom
picture shows the fit between the observed traveltimes (our picked data represented by the
red line) and the computed traveltimes associated to the above ray paths (black curve). (b)
Same picture for OBS 46.
Draft Final Report, April 2006

58

HADES Project P1

Figure 46: Ray tracing in the 12.5 km spacing blocky model in order to check its
reliability for (a) OBS position 60 and (b) OBS 85. Details as Figure 45.
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Figure 47: Examples of PmP picking for three of the OBS seismic sections along
Profile 1. The PmP picks are represented by the red line. (a) OBS 51, b) OBS 73 and
(c) OBS 81.
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Figure 48: Definition of the Moho position (red line) from forward modelling. (a) The initial
model with a Moho interface guessed at a constant 23 km depth. (b) Final model with the Moho
after forward modeling using the Zelt and Smith (1992) software. Some minor modifications were
also made on upper interfaces due to limitations of the ray tracing technique.
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Figure 49: Fit between the computed traveltimes of the reflected phase (PmP) on the
Moho with the picks for (a) OBS location 35 and (b) for OBS 52. Top pictures show the
model with the reflected ray paths. Bottom pictures show the comparison between the
computed (black curves) and picked (red curve) traveltimes On the bottom picture the
traveltimes a velocity reduction of 6 km s-1 has been used.
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Figure 50: As Figure 49 for (a) OBS location 55 and (b) OBS 61.
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Figure 51: As Figure 49 for (a) OBS location 83 and (b) OBS 96.
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(a)

(b)

Figure 52: Checkerboard tests in order to determine the potential structure of the high velocity bodies imaged
on Profile 1. (a) Test with a single velocity anomaly. Top: The true velocity anomaly is 100 km long by 10
km thick with an amplitude of 200 m s-1. Bottom: Velocity anomaly retrieved by the traveltime inversion. (b)
Test with two velocity anomalies. Top: The velocity anomalies - one is 30 km long by 10 km thick and the
second anomaly is 50 km long by 5 km thick. The amplitude of both anomalies is 200 m s-1 and they are
separated by 20 km. Bottom: Velocity anomalies retrieved by the traveltime inversion.
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5. Profile 2
Profile 2 was shot on the oceanic crust of the Hatton margin in line with Profile 1 to
investigate the deep structure of this area. The profile is about 336 km long and
orientated in a southeast-northwest direction. One hundred OBSs were deployed along
the profile with an average spacing of about 2.5 km. Each OBS record 2670 shots
regularly spaced at 125 metre intervals.
This profile overlaps Profile 1 on the Continent-Ocean Transition zone by about 56
km. The OBS position 100 was occupied for both profiles and the first shot of Profile 2
was shot about 56 km southeast of this OBS location. Profile 2 was shot from southeast
to northwest (i.e. opposite to the direction in which Profile 1 was shot) for logistic
reasons. The profile distances thus run in the opposite direction than for Profile 1, and in
the figures that follow for Profile 2, SE is to the left and NW to the right.
The data, recorded on Profile 2 are good quality with a high signal-to-noise ratio.
The data were processed as for Profile 1 and examples of the processed data are shown
on Figures 7, 8 and 9. The two-step tomographic approach as described previously for
Profile 1 was also used with this dataset.
5.1 First-arrival traveltime tomography
Due to the very good quality and high signal-to-noise ratio of this dataset, it was not
necessary to use the two-stage picking process employed for Profile 1, and we directly
picked the first arrivals from all of the dataset. From the experience with Profile 1, to
better define the southeastern part of Profile 2 we decided to directly include data from
Profile 1 in the traveltime inversion.
On this dataset, we picked first-arrival traveltimes on 86 OBS seismic sections (67
OBS seismic sections from Profile 2 and 19 from Profile 1) totalling 59,646 picks for the
inversion. Uncertainties from 0.005 s to 0.07s were associated to the picks with respect to
the confidence that we have on the accuracy of the picks. Examples of the picks for OBS
locations 10, 76 and 98 are shown on Figures 10 -12.
To define the initial velocity model, we followed the same procedure than that for
Profile 1 which consisted of the following steps:
1) Picked traveltimes are corrected to remove the effect of the bathymetry and to
simulate ocean bottom shot positions.
2) An average traveltime curve is computed from the fully corrected global dataset
containing all the picks.
3) This average traveltime is used as an input data curve for forward 1-D modelling to
define a 1-D velocity-depth model fitting this average curve.
4) Finally the bathymetry is added to complete the initial 1-D velocity model.
Following this procedure, we defined a 1-D velocity model consisting of three
velocity layers with velocity gradients ranging from 2.6 km s-1 to 8.00 km s-1 from top to
bottom of the velocity model. At this stage, there are no lateral velocity variations in the
model. The 1-D velocity model defined by this technique shows high velocities (6 to 7
km s-1) at about 5 to 6 km depth. These high velocities act like a screen which does not
allow rays to explore the model in its deeper structure. For this study we first ran
traveltime tomography using the initial velocity model defined above. Then we smoothed
this initial model in order to allow the rays to explore the starting model at greater
depths. Finally, to test for dependency on the starting model, we ran the same inversion
by using a total different starting model.
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5.2 First inversion
For this first inversion, we used the 1-D velocity model defined previously as an initial
model to run first-arrival traveltime inversion. This initial velocity model consists in
three velocity layers varying from 2.6 to 8 km s-1 from the top to the bottom of the model
(see Figure 53a).
Using the picks made on the 86 OBS seismic sections, we ran 10 iterations of firstarrival traveltime tomography. A smoothing schedule was defined to allow a
minimisation of the traveltime misfit while maintaining the smoothness of the model and
consequently a relatively well-distributed coverage. This was achieved by progressively
relaxing the smoothing constraint with Gaussian functions of decreasing the correlation
length as the iterations proceed. For the first five iterations, Gaussian function widths
were set to 10 and 40 km for vertical and horizontal directions, respectively. They were
then halved for iterations 6 to 10. The result of the inversion is shown on Figure 53b.
The derived velocity model is characterised by a simple structure showing quasihorizontal layers locally affected by some folds. The model is also characterised by quite
high velocities (7 - 8 km s-1) at shallow depths (8 - 10 km). The derived model is very
characteristic of the velocity distribution of an oceanic crust.
5.2.1 Error assessment
To assess the reliability of the derived velocity model, we plotted the traveltime residuals
as a function of offset in the initial and the final models (Figures 54a and b). The
residuals are distributed between about -0.7 and 0.8 s in the initial model whereas they
are concentrated around zero in the final model, indicating that the final model produces
traveltimes close to the picked traveltimes.
The global RMS decreased from 0.182 to 0.076 s as the iteration number increased,
(Figure 54c). Continuing beyond 10 iterations did not improve the fit between the
computed and the picked traveltimes and forced a decrease in the smoothing constraints
which generated artefacts due to ray channelling. It is interesting to note that the RMS
computed in the initial velocity model is already quite low (0.182 sec) showing that this
starting velocity model already explained quite well the picked traveltimes. Nevertheless,
the inversion allowed the definition of a much more refined structure in the upper part of
the model.
Another way to assess the reliability of the derived tomographic model is to look at
the ray coverage in the final velocity model. The ray paths for OBS locations 30, 49 and
97 are shown on Figure 55 and the associated computed traveltimes shown on Figure 56.
Figure 56 shows more precisely the fit between the computed traveltimes for these OBS
locations and the first-arrivals of the seismic data. There is a very good fit between the
computed traveltimes and the first-arrivals of the data for the three OBS locations. From
the ray-path coverage, it is also very clear that the derived velocity model is well
resolved in its central part as well as in its southeastern part down to 10 - 12 km depth.
The northwestern part of this model is less well resolved because it is covered less by the
ray paths since there are fewer OBS positions in the inversion in this part of the model.
5.2.2 Checkerboard tests
Another way to check way the degree of lateral resolution that can be attained is to run a
resolution analysis using checkerboard tests. A description of checkerboard test analysis
is given previously in the section (4.6.2) describing the work on Profile 1. For Profile 2
we ran checkerboard tests in the initial and final models using two sizes of checkerboard
velocity anomalies, i.e. 10 km and 5 km square anomalies. The magnitudes of the
anomalies were set to ± 200 m s-1. For each test, as for Profile 1, we ran 5 iterations of
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first-arrival traveltime tomography.
Results of these tests are shown on Figures 57 and 58 for the 10 and 5 km anomalies,
respectively. The tests show that the derived velocity model is well resolved in its central
and southeastern parts down to depths of 10 - 12 km. For depths greater than 12 km, only
infomations about the velocity can be defined and the absolute velocity anomalies are not
well recovered, as shown on Figure 57. Both checkerboard tests in the initial and final
models give the same solution showing that the derived velocity model is stable (the
traveltime inversion has been run enough to converge towards a stable solution
(minimum) of the cost function). Nevertheless, the derived velocity model is not well
defined in its northwestern part, especially further than 300 km along the profile. This is
due to the fact that the last OBS position is located at 301 km and so only one-way ray
paths are involved in the inversion.
5.2.3 Discussion
For the first inversion, we used the 1-D starting velocity model as defined by the forward
modelling technique (see above) with only a small smoothing factor applied to the 1-D
velocity logs.
The velocity model derived after 10 iterations is well resolved and satisfactory as
regards to the reduction in the RMS with increasing number of iterations, as well as to
the fit between the first-arrival computed traveltimes from the model and the first-arrivals
picked in the data. The ray field coverage and the checkerboard tests show that this
derived model is well resolved in its centre and southeastern parts down to 10 - 12 km
depth but not as well resolved in its northwestern part.
The limitation of the ray coverage deeper than 10 - 12 km depth is due to the
existence of a high velocity discontinuity in the starting model at about 6 - 10 km depth
which prevents the rays progressing deeper in the initial velocity model. In order to see if
this high velocity discontinuity in the final model is real or an artefact due to its existence
in the chosen initial velocity model, we decided to run first-arrival traveltime
tomography with other starting models. To do so, we first tried to run the inversion using
a smoothed version of our previous initial velocity model. For a second test, we ran the
first-traveltime inversion using an arbitrary 1-D velocity gradient.
Although the initial model used in this study does not allow the ray paths to explore
deeper the velocity model, the global RMS computed in it is quite low which means that
either that the initial velocity model is already quite close to the real velocity structure or
at least, that it is a possible solution of the inversion (possibly corresponds to a secondary
minimum of the cost function).
5.3 Second inversion
For this inversion, we tried to define an initial velocity model still containing the high
velocity discontinuity but allowing the rays to penetrate deeper in the initial velocity
model. Indeed, looking at the OBS seismic sections it is clear that high velocities are
probably present at shallow depths in the model since the velocity of the propagating
wave seems to be higher than 6 km s-1 on the data at quite small offsets (see Figure 56).
To construct this new initial 1-D velocity model, we used the 1-D velocity log defined
previously and applied a smoothing operator to it in order to attenuate the velocity
discontinuity thus allowing the rays to penetrate deeper into the initial model. The
bathymetry is then added to the initial 1-D velocity model (see Figure 59a). From this
initial model we ran 10 iterations of first-arrival traveltime tomography, as before. The
derived velocity model is shown on Figure 59b. The derived model shows quite simple
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structures. It is mainly characterised by horizontal sedimentary layers affected locally by
some folding. The high velocity is still present at about 10 - 12 km depth.
5.3.1 Error assessment
To assess the reliability of the derived velocity model, we plotted the traveltime residuals
as a function of offsets in the initial and the final models (Figures 60a and b). The
residuals are distributed between -0.5 and 0.9 s in the initial model whereas in the final
model they are concentrated around zero seconds. The global RMS decreased from 0.236
to 0.092 s as the iterations progressed (Figure 60c). The inversion was stopped after 10
iterations since continuing for more iteration did not give any better results.
The ray paths for OBS locations 30, 49 and 97 are shown on Figure 61 and the fit
between the computed traveltimes associated to these ray paths and the data are shown
on Figure 62. As clearly seen there is a very good fit between these computed traveltimes
and the first-arrivals in the data for the three OBS locations. As for the previous
inversion, the ray paths show that the velocity model is well defined in its centre and
southeastern parts, whereas the northwestern part is not well resolved.
5.3.2 Checkerboard tests
As for the first inversion, we ran checkerboard tests in the initial and final velocity
models with 10 km and 5 km square velocity anomalies. The magnitudes of the
anomalies were set to ± 200 m s-1. The results are shown on Figures 63 and 64
respectively. As for the previous inversion, the checkerboard test results show that the
derived velocity model is well resolved in its centre and southestern parts down to 10 14 km depth, whereas the northwestern end of the model is not well resolved further than
300 km along the profile. Between 13 and 20 km depth, the shape of the square
anomalies is well defined but their magnitude is not well recovered. In this part of the
derived model, the velocities recovered have to be interpreted carefully. At greater depth
than 20 km, the derived velocity model is not resolved at all. The results of the
checkerboard tests in the initial and final models for both sizes of anomalies are similar
which shows that derived velocity model is stable and that in the resolved part of the
model there is most likely no artefacts due to ray channelling.
5.3.3 Discussion
For this inversion, a smoothed version of the previous initial model was used to run firstarrival traveltime tomography. The derived velocity model is well resolved and
satisfactory with regards to both the reduction in the RMS with iteration number and the
fit between the computed and picked first-arrival traveltimes. The ray-field coverage and
the checkerboard tests both show that the final model is well resolved in its centre and
southeastern parts down to 10 - 12 km depth, whereas it is not well resolved in its
extreme northwestern part.
The derived velocity model is very similar to the one derived from the firstinversion. The model is mainly characterised by quasi-horizontal structures locally
affected by small folds (anticlines) and interpreted as sedimentary layers down to 6 - 7
km depth. Around 10 km depth, the model show a high-velocity layer of about 7 to 7.5
km s-1. This layer is a deeper (about 15 km depth) in the southestern part of the velocity
model.
Although the initial velocity model was smoothed compared to the previous
inversion, the derived velocity models are quite similar and both have very low initial
and final RMS values. Using a smoothed velocity model allowed the ray to penetrate
somewhat deeper into the model but has not significantly changed the results. To confirm
that this would not be the case for another type of model, we used a total different
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starting model for a third inverion.
5.4 Third inversion
For this third inversion we used a 1-D velocity model consisting only of only one
gradient going from 2 to 8 km s-1 from the top to the bottom of the model. This allows
rays to penetrate deeper in the first iteration of the inversion. Using this starting velocity
model (see Figure 65a), we again ran 10 iterations of first-arrival traveltime tomography.
The derived velocity model is shown on Figure 65b.
5.4.1 Error assessment
The traveltime residuals as a function of offset in the starting and final models are shown
in Figure 66. Compared to the first two inversions, the residuals computed in the initial
models are much larger and negative, distributed between 0.2 and -5 s. The fact that all
the residuals are negative in this case probably means that the velocities in this starting
model are too low compared to the real velocity distribution. Although the starting model
is probably too far from the real velocity structure to allow the inversion to converge
towards the true solution, we neverteless decided to run the inversion to see the solution
of the convergence from this initial guess. As the iterations proceeded, the RMS dropped
from 2.6 s to 0.2 s.
The ray paths for OBS locations 30, 49 and 97 are shown on Figure 67, and their
associated traveltime fits are shown in Figure 68. There is a good fit between the
computed traveltimes and the first-arrival in the data for OBS 97 in the southeastern part
of the model. For OBS 49 in the central part, the fit is quite good to the southeast, but not
as good as for the two previous inversions for the northwestern part. For OBS 30, the fit
is not as good as for the two previous inversions. Although, the global RMS for this
derived model is quite low, the fit between the computed and picked traveltimes is not
very good for all the OBS locations along the profile. This probably means that some
parts of this model are well resolved whereas some others are not. This is probably
because the starting model is too far from the true model and the inversion is converging
towards a secondary minimum of the cost function.
5.4.2 Checkerboard tests
The results of the checkerboard tests (Figures 69 and 70) show that the derived velocity
model is well resolved in its centre and southeastern parts down to depths of 15 - 20 km.
The southeastern end, and northwestern part from 250 km, is not so well resolved.
Compared to the previous inversions, the derived velocity model shows a good resolution
of the checkerboard 10 km anomalies (Figure 69) down to 20 km depth in the initial and
final models indicating that the rays explored this area of the model. The 5 km square
anomalies (Figure 70) are less well resolved.
According to these tests, the part of the model between 250 and 338 km is not very
well resolved and this probably explains the low fit between the computed and picked
traveltimes in this area. This low resolution is probably due to the smaller number of
OBSs included in the inversion in this area (only 8 OBSs) which included mainly one
way ray-paths for this part of the model. In the two previous inversions, the effect was
less important due to the fact that the initial model was closer to the real solution so that
it did not have such important impact on the final solution.
5.4.3 Discussion
For this third inversion, we used a simple 1-D velocity gradient initial model going from
2 to 8 km s-1 in order to test the robustness of the high velocity layer defined by the two
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previous inversions around 6 - 7 km depth. The inversion shows that the rays explored
the initial model down to 20 - 25 km depth. The defined tomographic model shows the
existence of a high velocity layer in its centre part at around 10 km depth. It also clearly
contains the sedimentary layers defined by the two previous inversions. In the part of the
model covered by the rays, the model shows the same main structures than seen in the
two previous inversions. Although the model is well constrained and defined in its centre
parts (according to the fit between the computed and picked traveltimes and by the
checkerboard tests) the two ends of the model are less well defined by this inversion. The
quite high global RMS (2.6 s) for the initial model is interpreted as due to the fact that
the starting model is too far from the true solution and that the inversion has converged to
a secondary minimum of the cost function.
This test was nevertheless very interesting since it clearly showed that the high
velocity layer located around 8 - 10 km depth is real and can probably be interpreted as
oceanic crust. This test also demonstrated the importance of the starting model for firstarrival traveltime inversion. It showed that if the initial model is too far from the real
structure the inversion can converge towards a secondary minimum of the cost function.
5.5 Convergence analysis
As mentioned earlier, the inversion technique that has been used in this study belongs to
a class of linearised inverse problems which require a starting model which is iteratively
updated through a sensitivity kernel. The solution of such a problem is likely to depend
on the starting model, and it may happen, as suggested above, that the inversion process
converges towards a secondary minimum of the misfit function if the starting model is
too far from the real solution.
To assess the robustness of the derived velocity model its dependency on the starting
model should be tested. The approach used is exactly the same as described for Profile 1
(section 4.7). Five velocity logs are extracted at fixed locations and independent
stretching coefficients ranging between 0.75 and 1.4 are randomly generated and applied
(see Dessa et al. (2004) for details). The derived profiles are then interpolated to give
new velocity models. For Profile 2, we used the three initial 1-D velocity models used for
the previous 3 inversions to generate the random velocity models. One hundred velocity
models were generated in this way. Examples of five such starting models are shown on
Figure 71. From this figure it can be seen that we are exploring different type of starting
models. Each of these models is used as a starting model to run first-arrival traveltime
tomography using the same picks and the same inversion parameters that were used for
the third inversion. From each initial model, 5 iterations are carried out with the first step
of our smoothing schedule (40 km horizontally and 10 km vertically). The 100 different
initial velocity models generate 100 final velocity models that can be compared.
Examples of the velocity models resulting from the five initial models shown in Figure
71 are shown in Figure 72.
The derived velocity models show some very similar features in their main structures
but also show some small differences. They all clearly show the sedimentary horizontal
layers going from the top of the model down to about 6 - 8 km depth. The high velocity
layer (about 7 km s-1) is generally located around 8 - 10 km depth. It is clear that in the
part of the model covered by the rays, the derived velocity models show many
similarities and only some small differences.
From the 100 models we computed average models for both families of initial and
final velocity models (Figures 73a and b). The average velocity model is computed by
taking the mean values of the 100 velocity models at each point of the grid. The standard
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deviation is also computed at each point of the grid (Figures 73c and d). The comparison
of results between the standard deviation in the initial and the final models shows clearly
that the variability between models has been substantially decreased by the traveltime
inversion process. These results also show that noticeably different starting models yield
a narrow range of final models around the average model shown on Figure 73b. We note
note, however, that this average model is less resolved than the model derived from the
third inversion since it results from a summation over models that were themselves
obtained with smaller number of traveltime inversions and larger-scale RMS in the 100
initial and final models has been computed and is shown in Table 3 (see Appendix 3).
The distribution of the RMS in the 100 starting models and in the 100 final models is
represented on Figure 74. The mean value of the RMS was decreased from 1.413 s to
0.102 s, its amplitude dropped from 3.95 s to 0.072 s and the associated standard
deviation dropped from 0.560 to 0.017s.
5.6 Definition of the Moho geometry by forward modelling method
The second step of our processing consisted in defining the Moho geometry for Profile 2.
To do so, we followed the same procedure than for Profile 1 (see section 4.9).
5.6.1 Construction of a “blocky” model
To transform the velocity model derived from first-arrival traveltime tomography into a
blocky-type model usable in the forward modelling program, we extracted 1-D velocity
logs from the tomographic model at 25 km intervals. For this profile, 25 km spacing
between the logs was used since the structure along the profile is quite simple. Three
examples of the 1-D velocity logs are shown in Figure 75.
We then interpreted these 1-D logs in term of velocities and interfaces positions. We
interpreted a change in the velocity gradient as the position of the interface. The structure
derived from the tomographic model is seen to change along the profile.
From 0 to 100 km along the profile we identified 5 main layers. The first layer
corresponds to a velocity gradient going from velocities of 2.7 up to 4 km s-1 with a
thickness of about 0.9 to 1.6 km. The second layer has velocity gradient from 4 to 6.5 km
s-1 and is about 2 to 3 km thick. The third layer is about 1 to 2 km thick and has a
velocity gradient between 6.6 to 6.8 km s-1. The fourth layer, about 3 to 6 km thick, has a
velocity gradient from 6.9 to 7.2 km s-1. Finally the fifth layer has a constant velocity of
about 7.3 to 7.6 km s-1 and is about 8 to 10 km thick. This layer is not very well
constrained in its deeper part but it probably corresponds to the high velocity bodies
imaged on Profile 1 (OLCB and CLCB on Figure 37).
From 125 km to 338 km along the profile we identify 5 main velocity layers from
inspection of these 1-D velocity logs. The first layer corresponds to a velocity gradient
going from 2.8-3.1 to 3.7 km s-1. The thickness of this layer is about 0.6 to 0.9 km. The
second layer, with a thickness of about 1.5 km, has a velocity gradient going from 3.5 to
4.5-4.8 km s-1. The third layer corresponds to a velocity gradient from 4.6 to 6.8 km s-1
and is about 1.5 to 2.4 km thick. The fourth layer has a velocity gradient from 6.5 to 7.01
km s-1 and its thickness varies laterally from 2.5 to 4 km. Finally, the fifth layer is about
2 to 4 km thick and corresponds to a velocity gradient going from 7.1 to 7.4 km s-1.
Although there are some property variations along this profile, as we are going from
the continental part in the northwest to the oceanic end of the margin in the southeast, we
decided to draw from the previous interpretation a blocky model composed all along the
profile of 5 main layers in the upper part of the model, and to express the main
modification along the profile as lateral velocity and thickness variations of these 5
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layers. This simple interpretation is valid here since we are only interested in defining the
Moho interface depth and the only property that we need for this is an accurate and
precise estimation on the velocity variations with depth along the profile. Beneath these 5
main layers we added two layers corresponding to the Moho interface and the mantle
layer.
The “blocky” model is constructed using these 1-D velocity logs extracted every
12.5 km along the tomographic velocity model. The Moho is initially included as a flat
interface located at a depth of 20 km. The blocky model is shown on Figure 76.
5.6.2 Checking the reliability of the derived “blocky” model
To assess the reliability of this derived “blocky” model, we computed the first-arrival
traveltimes with the forward modelling program of Zelt et al. (1992) for different OBS
positions along the velocity model and compared them with the picked traveltimes on the
seismic OBS sections. Since the interpreted “blocky” model is supposed to explain
mainly the first-arrivals (it is just a rough of interpretation of our tomographic velocity
model) the computed first-arrival traveltimes in this model should fit our picked dataset.
The first-arrival traveltimes computed with the blocky model fit quite well the picked
first-arrivals on the OBS seismic sections. Some examples of fits are shown on Figures
77 and 78.
5.6.3 Picking the PmP reflected phase
We then picked the traveltime of the reflected phase (PmP) from the Moho interface. On
this profile, the PmP arrivals are quite clear with strong amplitudes on many of the
sections. We picked the PmP phase on about 30 OBS seismic sections, totalling about
2370 picks. Some examples of PmP picks on different OBS seismic section are shown on
Figures 79 and 80.
5.6.4 Definition of the Moho interface
Since the velocity model derived from first-arrival traveltime tomography is only
constrained down to a depth of 12 - 15 km, we guessed an initial Moho position varying
between 15 and 25 km depth to start the forward modeling.
The final Moho position is shown on Figures 81 and 82. To assess the reliability of
this derived Moho interface, we compared the computed the traveltimes of the reflected
phase on the Moho with the picks made on the OBS seismic section. Some of these
comparisons are show on Figures 80 and 81 for OBS positions 74, 68, 50 and 20. The fit
between the computed reflected traveltimes and the picks are very good. The Moho
interface is at depths between about 13 to 15 km in the oceanic crust and about 18 to 20
km depth on the continental side of the Hatton margin. Finally, the derived Moho
interface is added to the previous tomographic velocity model (Figure 83).

Draft Final Report, April 2006

73

HADES Project P1

6. Discussion
Combined first-arrival traveltime tomography and forward modelling of the PmP
reflected phase were applied to the HADES wide-angle seismic Profiles 1 and 2 in order
to define the deep structure of the Hatton Margin and especially to image the ContinentOcean transistion in this area.
The models derived for both profiles are very well resolved and well constrained
giving excellently defined new tomographic images of the margin. The two profiles are
in-line with a continuous OBS deployment (one OBS position is common to both
profiles) and as data were acquired from shots up to about 56 km beyond the ends of both
OBS profiles, the two profiles effectively overlap by 112 km. Thus the two profiles can
be displayed as a single profile. The final model presented on Figure 84 is the
combination of the two tomographic velocity models derived from first-arrival traveltime
tomography for Profiles 1 and 2, upon which the Moho interface defined for both profiles
by forward modelling techniques has been superimposed. The final tomographic model is
560 km long and is orientated NW-SE across the wide Continent-Ocean Transition of the
Hatton Continental Margin. On this final model, the oceanic crust can be clearly
distinguished from the continental crust.
6.1 Continental crust
The continental crust is present for over 320 km along the profile from 236 to 560 km
(Figure 84). This part of the profile is well defined by the tomographic inversion down to
15 - 20 km depth (see e.g. Figure 37). The Moho is at a depth of about 20 km along this
part of the model (see Figures 48 and 84). The continental crust is composed of
sedimentary basins separated by basement highs (seamounts?). It also characterised by
high velocity bodies (Vp = 7.2 - 7.3 km s-1) located at the Continent-Ocean Transition.
These velocity anomalies are well correlated with Magnetic Anomaly C24 and can be
interpreted as igneous or underplated bodies emplaced during the early Cenozoic breakup along the margin.
For the continental part of the profiles, the Moho interface is interpreted and defined
as the lower part of these two high velocity bodies on the northwestern end of Profile 1,
whereas it is defined as an interface at about 20 km depth on the other end of the profile.
To describe the details in the tomographic models, we have interpreted the 1-D velocity
logs extracted previously (see section 4.9) to make a first brief geological interpretation
of the main features of the derived model.
Based on the extraction of these 1-D velocity logs from the tomography model, a
two-layered sedimentary sequence is present in the Hatton Basin at the southeastern end
of Profile 1 (Figure 1).
The first layer is about 1 to 1.5 km thick, with a velocity of 2.6 to 3.2 km s-1 and can
be interpreted as a late Cenozoic to Recent package of post-break-up sediments.
The second layer with velocities of 3.5 to 5.3 km s-1 is up to 3.0 km thick. It is
interpreted as comprising a pre-Eocene sequence of syn-rift sediments. Since they are
undrilled the age of these sediments is unknown. Comparisons with the velocity
structures in other north Atlantic basins suggest that they may be predominantly Triassic
to Jurassic in age. However, they may be younger, with the higher velocities due to the
presence of large amounts of intruded and extruded synrift volcanics.
A two-layer highly stretched crust of 8 to 10 km thick is also present in the
continental crust. The upper layer is about 3 km thick and has velocities typical of
basement (5.5 to 6.4 km s-1). The lower layer, which is about 5 km thick, has velocities
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(6.5 to 6.8 km/s) similar to those found at mid to lower crustal levels along the Rockall
plateaux and Irish margins to the east. This geometry and velocity structure suggests that
the original pre-rift continental crust has been stretch by a factor of 3 to 4, and that the
mode of extension may not alone have involved pure shear.
Two high-velocity lower crustal bodies with similar velocities of 7.2 - 7.3 km s-1 are
found landwards of the Hatton continent-ocean boundary, and are about 10 km thick. The
oceanic lower crustal body (labelled OLCB in Figures 37 and 84) is interpreted as mafic
underplated material that was emplaced during continental break-up. The thickness and
high velocity of this body suggest high mantle potential temperatures and large strain
rates during emplacement. While the continental lower crustal body (CLCB in Figures 37
and 84) may be similar the possibility that it might be older high-grade metamorphic
lower crust cannot be excluded at this stage, as there is good evidence for the presence of
such bodies along the Vøring Margin to the northeast.
6.3 Oceanic crust
The oceanic part of the crust extends for about 220 km along the profile. This part of the
model is well constrained down to a depth of 10 - 12 km. The Moho is an almost flat
interface located at about 20 km depth. The oceanic crust of the Hatton margin is
characterised by quite a simple structure associated with quasi-flat sedimentary layers. It
is also characterised by high velocities (about 7 km s-1) at shallow depths (9 - 10 km),
typical of Oceanic Layer 3, as found elsewhere (e.g. see Spudich and Orcutt, 1980).
To provide a more detailed interpretation of the oceanic crust, we interpreted the 1-D
velocity logs (Figure 75) extracted from the derived tomographic model (Figure 53). The
oceanic part of this margin consists of 5 main interpreted layers defined by the coloured
lines in Figure 75:
1. The first layer is about 0.5 - 0.7 km thick and has velocities of about 3.1 - 3.6 km s-1.
This layer (Oceanic Layer 1) is interpreted as post-Eocene sediments.
2. The second layer is an upper sub-layer of Oceanic Layer 2. Oceanic Layer 2 is
subdivided into two layers based on subtle vertical variations in velocity gradient (see
Figure 75) that may be due to different degrees of fracturing and alteration. The first sublayer has velocities of about 3.5 - 4.5 km s-1 and is about 1.3 - 1.5 km thick. It may
correspond to an alteration/fracture zone, below the overlying drift sediments.
3. The third interpreted layer is the second sub-layer of Oceanic Layer 2 and
corresponds to a region of high velocity gradient between velocities of 4.5 - 6.7 km s-1.
The thickness of this layer varies laterally from 1 to 2.5 km. This layer can be interpreted
as the base of Oceanic Layer 2 of the oceanic crust, where the degree of
fracturing/alteration is less than in the upper part of Oceanic Layer 2.
4. The fourth layer has velocities (6.9 - 7.1 km s-1) and low velocity gradients that are
typical of Oceanic Layer 3 (Spudich and Orcutt, 1980). The thickness of this layer varies
laterally from 2 to 4 km and tends to decrease going further from the continental crust.
5. The fifth layer has velocities of 7.15 - 7.3 km s-1 with a thickness varying between 2
to 4 km. This layer is interpreted as a solidified and unfractured gabbroic melt at the base
of the oceanic crust with a high MgO/FeO ratio that may reflect high mantle potential
temperatures following rupturing of the continent (e.g. see Bown and White, 1995). The
high temperatures may have persisted throughout the early stages of seafloor spreading.
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6.3 Concluding remarks
First-arrival traveltime tomography and forward modelling of the PmP reflected phase
were applied to two multi-fold wide-angle seismic profiles acquired across the Hatton
Margin. The experiment was characterised by a large number of OBSs deployed on the
two profiles. 100 OBS were deployed at about 3 km spacing on each of the profiles with
each OBS recording about 2620 shots. This produced a huge quantity of very good
quality data and the resulting velocity models derived for both profiles are very well
constrained. Comparison with previous results from this area (RAPIDS 2) shows that the
new experiment (HADES) has recovered considerably more detail in the sedimentary,
crustal and upper mantle structure across the Hatton continent-ocean transition. The high
velocity body previously defined at the continent-ocean boundary is now resolved as two
separate high velocity bodies. On the continental side of the profile, the upper part of our
tomographic velocity model is much more detailed than that resolved in the previous
RAPIDS 2 experiment. On the oceanic side of the profile, the tomographic results have
now defined in detail the structure of the oceanic crust immediately after continental
break-up.
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Figure 53: Velocity model derived from the first first-arrival traveltime inversion for Profile 2. (a) The starting velocity
model and (b) the velocity model derived after 10 iterations. The white inverted triangles correspond to the OBS
locations along the profile. (Note that the southeastern (i.e. continental) end of the profile is to the left, and the
northwestern (oceanic) end is to the right).
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Figure 54: Change of RMS values for the first inversion of Profile 2. Residuals (difference
between the computed and observed traveltimes) as a function of offsets in (a) the initial
model, and (b) the final model. (c) Change in global RMS as a function of iteration number.
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Figure 55: Ray-tracing in the final velocity model derived from the first traveltime inversion for
(a) OBS location 30, (b) OBS 49 and (c) OBS 97. The ray fields are plotted on the final model as
black curves. The white reverse triangles represent the OBS locations along the profile. (Note the
orientation of the profile: SE to the left and NW to the right).
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Figure 56: OBS seismic record sections with the first-arrival traveltime curve computed with
the final velocity model derived in the first inversion plotted as green curves for (a) OBS
location 30, (b) OBS 49 and (c) OBS 97. The associated ray-fields are shown on Figure 55.
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Figure 57: Checkerboard test for the first inversion with 5 km square pattern velocity anomalies. (a)
The 5 km square pattern velocity anomalies that were added to the starting and the final velocity
models. (b) Velocity anomalies retrieved after 5 iterations using the starting velocity model. (c)
Velocity anomalies retrieved after 5 iterations using the final velocity model.
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Figure 58: Checkerboard test for the first inversion with 10 km square pattern velocity
anomalies. Details as Figure 57.
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Figure 59: Velocity model derived from the second first-arrival traveltime inversion for Profile 2. (a) The starting velocity model and
(b) the velocity model derived after 10 iterations. The white inverted triangles correspond to the OBS locations along the profile. (Note
the orientation of the profile: SE to the left and NW to the right).
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Figure 60: Change of RMS values for the second inversion of Profile 2. Residuals (difference
between the computed and observed traveltimes) as a function of offsets in (a) the initial model
and (b) the final model. (c) Change in global RMS as a function of iteration number.
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Figure 61: Ray-tracing in the final velocity model derived from the second traveltime inversion for
(a) OBS location 30, (b) OBS 49 and (c) OBS 97. The ray fields are plotted on the final model as
black curves. The white inverted triangles represent the OBS locations along the profile. (Note the
orientation of the profile: SE to the left and NW to the right).
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Figure 62: OBS seismic record sections with the first-arrival traveltime curve computed with the
final velocity model derived in the second inversion plotted as green curve for (a) OBS location
30, (b) OBS 49 and (c) OBS 97. The associated ray-fields are shown on Figure 61.
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Figure 63: Checkerboard test for the second inversion with 5 km square pattern velocity anomalies.
(a) The 5 km square pattern velocity anomalies that were added to the starting and the final velocity
models. (b) Velocity anomalies retrieved after 5 iterations using the starting velocity model. (c)
Velocity anomalies retrieved after 5 iterations using the final velocity model.
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Figure 64: Checkerboard test for the second inversion with 10 km square pattern velocity
anomalies. Details as Figure 63.
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Figure 65: Velocity model derived from the third first-arrival traveltime inversion for Profile 2. (a) The starting velocity model
and (b) the velocity model derived after 10 iterations. The white inverted triangles correspond to the OBS location along the
profile. (Note the orientation of the profile: SE to the left and NW to the right).
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Figure 66: Change in RMS values for the third inversion of Profile 2. Residuals
(difference between the computed and observed traveltimes) as a function of offsets in
(a) the initial model and (b) the final model. (c) Change in global RMS as a function of
iteration number.
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Figure 67: Ray-tracing in the final velocity model derived from the third traveltime inversion
for (a) OBS location 30, (b) OBS 49 and (c) OBS 97. The ray fields are plotted on the final
model as black curves. The white inverted triangles represent the OBS locations along the
profile. (Note the orientation of the profile: SE to the left and NW to the right).
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Figure 68: OBS seismic record sections with the first-arrival traveltime curve computed with the
final velocity model derived in the third inversion plotted as green curve for (a) OBS location 30,
(b) OBS 49 and (c) OBS 97. The associated ray-fields are shown on Figure 67.
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Figure 69: Checkerboard test for the third inversion with 5 km square pattern velocity
anomalies. (a) The 5 km square pattern velocity anomalies that were added to the starting and the
final velocity models. (b) Velocity anomalies retrieved after 5 iterations using the starting
velocity model. (c) Velocity anomalies retrieved after 5 iterations using the final velocity model.
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Figure 70: Checkerboard test for the third inversion with 10 km square pattern velocity
anomalies. Details as Figure 69.
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Figure 71: Five randomly generated initial velocity models (see text for details).
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Figure 72: Velocity models derived from 5 iterations of first-arrival traveltime tomography
starting from the initial velocity models shown in Figure 71. The white triangles correspond
to the OBS locations along the profile. The gray shaded area corresponds to the part of the
models not covered by rays. (Note the orientation of the profile: SE to the left and NW to the
right).
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Figure 73: Convergence analysis for Profile 2. (a) Average starting model computed from the
100 starting models. (b) Average final models computed from the 100 final models. (c) Standard
deviation from the initial average model. (d) Standard deviation from the final average model.
(Note the orientation of the profile: SE to the left and NW to the right).
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Figure 74: The global RMS distribution in the 100 initial models
(black dots) and in the 100 final velocity models (red dots) after
running 5 iterations of the tomographic inversion. The starting
RMS values are distributed between 3.95 s and 0.573 s, whereas
the final RMS values in the 100 velocity final models are
concentrated around 0.09 s.
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Figure 75: Interpretation of the extracted 1-D velocity logs from the smooth
tomographic velocity model for the oceanic part of Profile 2. Each change in the
velocity gradient (slope of the 1-D log) is interpreted as an interface. Here we show an
interpretation of 3 logs extracted at positions (a) 125 km, (b) 150 km and (c) 275 km
along the profile. By interpretation of all the logs we find six main interfaces which are
represented on this figure by different colours.
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Figure 76: “Blocky” velocity model derived from the interpretation of the 1-D
velocity logs extracted from the first-arrival traveltime tomographic model derived for
Profile 2. (Note the orientation of the profile: SE to the left and NW to the right).
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Figure 77: Ray-tracing in the blocky model in order to check its reliability. The refracted ray
paths are traced through all the different layers. (a) Ray-tracing in the final blocky model for
OBS position 30. Top picture shows the ray paths (red curves) in the model for this OBS
location. Bottom picture shows the fit between the observed traveltimes (our picked data are
shown by the red line) and the computed traveltimes associated with the above ray paths
(black curves). (b) Same for OBS position 54.
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Figure 78: Ray-tracing in the derived blocky model in order to check its reliability. As
Figure 77 but for OBS positions 64 and 83.
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Figure 79: Examples of PmP picking for two OBS seismic sections along Profile 2. The
PmP picks are represented by the red lines. (a) OBS position 75, (b) OBS position 58.
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Figure 80: Examples of PmP picking for two OBS seismic sections along Profile 2. The
PmP picks are represented by the red lines. (a) OBS position 51, (b) OBS position 31.
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Figure 81: Fit between the computed traveltimes of the reflected phase (PmP) on the
Moho with the picks for (a) OBS position 74 and (b) OBS position 58. Top pictures show
the model with the reflected ray paths in red. The final Moho interface is represented by
the green line. Bottom pictures show the comparison between the computed (black curves)
and picked (green curves) traveltimes. A velocity reduction of 6 km s-1 has been used.
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Figure 82: Fit between the computed traveltimes of the reflected phase (PmP) on the
Moho with the picks for (a) OBS position 74 and (b) OBS position 58. Top pictures show
the model with the reflected ray paths in red. The final Moho interface is represented by
the green line. Bottom pictures show the comparison between the computed (black curves)
and picked (green curves) traveltimes. A velocity reduction of 6 km s-1 has been used.
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Figure 83: Velocity model derived from first-arrival traveltime tomography for Profile 2
(average final velocity model derived from the convergence analysis). The Moho interface
inferred from the forward modelling technique is shown by the red curve. (Note the
orientation of the profile: SE to the left and NW to the right).
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Figure 84: Final velocity model across the Hatton margin, produced by combining the tomographic models for Profiles 1 and 2, and
superimposing the Moho position (represented by the red line) derived from forward modelling. See text for details.
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Appendix 1
Table 1
RMS values for the convergence analysis on Profile 1

Model
number

RMS
starting model

RMS
final model

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

0.774
2.115
1.269
1.308
1.498
1.082
0.721
1.66
2.484
1.095
0.863
1.795
1.795
1.04
0.775
0.588
1.871
1.908
1.737
1.116
1.463
1.301
0.92
0.944
1.114
0.813
1.395
0.936
0.899
2.139
1.242
1.885
1.88
1.196
1.574
1.208

0.201
0.159
0.161
0.156
0.131
0.138
0.153
0.164
0.137
0.156
0.156
0.134
0.134
0.148
0.163
0.146
0.138
0.147
0.136
0.157
0.145
0.148
0.177
0.165
0.139
0.147
0.147
0.147
0.14
0.139
0.186
0.14
0.141
0.165
0.144
0.186
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37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
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2.563
1.054
1.439
1.143
1.102
1.346
0.961
3.025
0.858
1.528
1.343
1.1
1.612
1.178
1.612
1.665
2.956
1.534
1.173
1.556
2.247
1.498
1.081
1.214
1.22
1.114
1.722
1.128
1.319
1.338
0.963
1.16
1.738
1.148
1.722
1.725
0.848
2.39
0.781
0.995
0.913
1.348
0.744
0.709
0.852
2.929

0.141
0.152
0.135
0.14
0.134
0.152
0.14
0.132
0.142
0.149
0.134
0.145
0.142
0.152
0.147
0.137
0.144
0.147
0.147
0.145
0.14
0.141
0.139
0.158
0.153
0.172
0.135
0.152
0.138
0.136
0.152
0.136
0.134
0.148
0.138
0.139
0.161
0.158
0.141
0.152
0.154
0.154
0.161
0.147
0.158
0.135
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83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100

0.955
1.171
0.864
1.172
0.803
0.914
0.713
1.717
1.18
2.192
0.894
1.263
1.269
1.038
1.035
1.833
1.282
2.112

0.149
0.139
0.141
0.153
0.146
0.147
0.159
0.143
0.162
0.139
0.138
0.142
0.141
0.14
0.144
0.136
0.156
0.149

Average
RMS

1.36404

0.14784
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Appendix 2
Table 2
Details of PmP picks for Profile 1. Seismic sections from 25 OBSs from which the PmP
phase could be picked with a very high confidence PmP reflected phase were used.

N OBS

Number picks

X (km)

Z (km)

Uncertainties

35
36
51
52
55
59
60
61
62
72
73
76
79
80
81
83
84
85
86
87
88
90
91
94
96

157
46
284
225
190
350
317
184
266
156
236
281
188
128
308
306
244
176
249
295
291
35
138
75
82

215.819
213.360
175.584
173.195
165.633
155.499
153.060
150.463
147.923
122.737
120.274
112.743
105.255
102.715
100.251
95.053
92.693
90.093
87.742
85.295
82.696
77.745
75.205
64.724
62.643

1.492
1.480
1.408
1.403
1.427
1.312
1.284
1.161
1.233
1.690
1.751
1.743
1.831
1.824
1.812
1.846
1.871
1.899
1.939
1.959
2.000
2.045
2.065
2.177
2.227

0.150
0.150
0.125
0.125
0.125
0.125
0.125
0.125
0.125
0.120
0.150
0.150
0.150
0.150
0.150
0.150
0.150
0.150
0.150
0.150
0.150
0.150
0.150
0.150
0.150

Draft Final Report, April 2006

115

HADES Project P1

Appendix 3
Table 3
RMS values for the convergence analysis on Profile 2
Model
number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

RMS
starting model
0.946
0.959
1.034
0.952
1.134
0.822
1.026
1.080
0.424
1.387
0.573
1.077
1.084
0.984
0.897
1.294
0.690
1.525
0.822
1.235
0.769
0.633
1.208
0.718
0.440
1.043
1.443
1.495
1.056
1.087
1.310
1.249
1.115
1.400
1.087
1.469
3.148
2.687
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RMS
final model
0.088
0.101
0.132
0.132
0.139
0.112
0.131
0.132
0.101
0.149
0.115
0.088
0.086
0.110
0.095
0.102
0.113
0.151
0.089
0.137
0.104
0.099
0.131
0.100
0.108
0.099
0.119
0.143
0.089
0.135
0.139
0.143
0.146
0.129
0.135
0.098
0.121
0.112
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39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
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2.233
3.397
1.910
2.182
1.949
0.923
2.299
2.661
2.321
3.078
2.178
2.684
0.646
1.066
1.193
1.4505
1.086
0.809
0.760
0.771
0.711
1.351
0.698
0.920
1.005
1.114
0.897
0.765
1.065
0.654
0.801
1.084
1.456
1.777
0.866
0.891
0.785
1.787
1.269
1.449
1.071
1.059
0.993
1.624
1.197
0.910
0.975

0.095
0.130
0.097
0.097
0.096
0.090
0.108
0.114
0.110
0.121
0.094
0.104
0.074
0.081
0.079
0.091
0.075
0.079
0.075
0.072
0.075
0.087
0.075
0.081
0.081
0.082
0.078
0.077
0.087
0.076
0.081
0.079
0.086
0.095
0.084
0.082
0.078
0.099
0.083
0.087
0.077
0.080
0.080
0.093
0.090
0.083
0.080
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86
87
88
89
90
91
92
93
94
95
96
97
98
99
100

2.053
1.806
2.005
1.640
1.762
2.445
1.957
1.152
1.942
3.950
3.322
1.538
3.155
2.499
2.705

0.102
0.103
0.100
0.098
0.103
0.109
0.103
0.091
0.100
0.143
0.183
0.093
0.128
0.105
0.115

Average
RMS

1.413

0.102
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