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Introduction and Motivation

Joint inversion of geophysical data has become increasingly popular for many different applications (e.g. hydrology, mining, oil exploration) since it efficiently combines complementary
information from different data sets. The main advantages of combining different methods
during the inversion stage is that the total resolution is improved compared to individual inversions. This also means that final results from joint inversions are less ambiguous and usually
closer to the true subsurface conditions. In this way joint inversion facilitates the subsequent
interpretation of the data. Moreover, the otherwise time-consuming process to find models that
fit all data sets is speeded up, because joint inversion strategies search automatically for models
that are consistent for all available geophysical data. However, joint inversion strategies are
still rather novel and, hence, many technical aspects are still under development and part of
ongoing research (as we will discuss later in section 2).
The main objective of this project (Sindri II) is to investigate how far joint inversion strategies can contribute to sub-basalt imaging. This is an interesting problem because resolution of
reflection seismics is typically strongly reduced by scattering, absorbtion, mode conversions effects and internal multiples from the stacked layers of basalt flows. Therefore structures within
and underneath the basalt sequence are poorly resolved and potential hydrocarbon bearing sediments may remain undiscovered when using seismic investigations only. For this purpose we
combine first-arrival time tomography, FTG gravity and magnetotelluric (MT) data in various
joint inversion strategies to identify the base basalt and resolve potential sediments underneath.
For sub-basalt exploration the three methods provide complementary information: 1) The seismic data gives accurate estimates for the shallow sediments above the basalt, 2) anomalies in
the gravity field are often associated with variation of the high density basalt and basement
features and 3) the MT is mainly sensitive to conductive structures such as the supra- and
sub-basalt sediments. To combine the different methods during the inversion stage, some kind
of link between the associated models is required. In the inversion codes we have used for this
study (see section 2) there are options to link the inversions by either considering structural
similarities in the different obtained parameter models or by using petrophysical information.
Synthetic studies and earlier field studies show (see e.g. [19, 21]) that a stronger link associated
with petrophysical relationships is typically required for these geological settings and this combination of methods to significantly improve the inversions results. In this project we therefore
mainly use parameter relationships to link the models in the joint inversions.
Our investigation area is license L006 which is located about 150 km southeast of the
Faroe Islands (see Fig. 4). This area is an attractive site for joint inversion because many
comprehensive three-dimensional data sets from different methods were collected in this region.
Statoil provided us with all data for joint inversion that comprises a pattern of wide angle seismic
lines, a marine 3-D FTG survey and a large number of MT measurements on a 3-D grid. In
addition, data from a 3-D reflection seismic survey and from a borehole located in the central
part of license L006 are available that allow us 1) to directly compare joint inversion results
with other information, 2) to derive required petrophysical relationships from borehole logging
data and 3) incorporate reflection seismic structures into the joint inversion algorithm. By
means of this data base we are able to consider a number of important aspects within this
project. First of all, we can test in how far joint inversion strategies are nowadays applicable
to large 3-D field data sets. In addition, it is possible to investigate which kind of information
(e.g. thickness of the basalt thickness and physical properties of underlying sediments) can
be reliably resolved by such a combination of methods in a joint inversion. Finally, we can
investigate how far joint inversion strategies can improve results for "older" data sets whose
field setups were not adjusted for joint inversion applications. For this project all data sets
were acquired about 15 years ago (from 1996 to 2001) - a time when joint inversion techniques
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were not yet well-developed.
The first phase of this project was already summarized in an earlier status report [20]. In
this first status report the quality of the different data sets was evaluated and it was described
how the data sets were prepared such that they can be used in the joint inversion schemes.
Because precise error estimates for the data are very important in order to obtain reliable
joint inversion results, another focus of this first report was how errors were estimated for the
different data sets. This report presents now the results from the second and third (last) phase
of the Sindri II project. In the second phase, we should perform 2-D inversions along the
wide-angle seismic profiles. These inversion tests comprise both separate seismic, gravity and
magnetotelluric inversions and joint inversions of all methods. In a next step we should extend
the inversions to three dimensions. This means that all data in a specific area including a larger
number of seismic profiles, larger areas of the FTG survey and various MT stations should be
considered in the inversions. In the third phase information from the reflection seismic data
set should be incorporated into the joint inversion and finally an interpretation based on all
results should be performed. Because it has turned out in practise that the progress for some
of the mentioned points has been faster than for others, it has been hard to keep a strongly
chronological order and we have decided to replace the two status report by one final report at
the end of the project.
In this report we will first introduce the two joint inversion programs we have used for the
presented inversions in section 2. Both codes combine seismic tomography, magnetotelluric and
gravity data and were developed from our EM-group at the GEOMAR over a range of 4 years
within the framework of SINDRI I and the ITF led JIBA consortium. Further improvements
have been required to apply the schemes to real data and these changes have been performed
within this project. Although some algorithms in the two codes are very similar, the philosophy
and basic concepts are to some extent different. The code JINV2D [21] is a 2-D inversion code
that does not require any balancing between the different data sets and guarantees adequate
data misfits for all methods by adaptively varying the coupling constraints between the different models. The other code, JIF3D [26, 27], is a 3-D inversion scheme that is massively
parallel programmed and uses inversion solvers that are memory efficient. Here, we perform
the 2-D inversions predominately with the JINV2D program and the 3-D inversions solely with
the JIF3D program. Then we briefly describes our data sets, the investigation area and the
main geologic settings (see section 3). In the following we present our 2-D and 3-D results
from separate and joint inversions (see sections 4.1 and 4.2). In this context we discuss data
misfits from the single and joint inversions. Afterwards, we interpret the anomalies observed in
the joint inversions by combining them with results from borehole data and reflection seismic
data. Finally, we add reflection seismic information to the 3-D joint inversions by reducing the
regularization along known reflectors such as the top basalt.
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Methodology: Joint inversion algorithms

As mentioned in the introduction, final results from joint inversions are less ambiguous and
usually closer to the true subsurface conditions than the ones from the corresponding individual
inversions. However, joint inversion techniques are rather novel and many technical aspects are
part of ongoing research. A number points are listed below that can cause problems in current
joint inversion schemes and should be considered in future schemes:
1. It can be difficult to find an adequate relative scaling between the data from different
methods.
2. The convergence behavior is often complex and the convergence path for each method is
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different.
⇒ Inversions process may get trapped in some local minimum.
3. The different resolution power of the methods should be considered.
4. Assumption used to link the individual methods are often not valid for the entire structure.
⇒ Unpredictable errors in the final models.
5. If data sets are very large problems can occur due to limitations in computer memory.
Our 2-D code JINV2D is set up such that solutions for the critical points 1-3 are found.
Our 3-D code JIF3D is built such that it can handle very large data set and problems described in point 5 are solved. In both codes we have options to link the different models
by considering structural similarities or by using relationships between the different physical
parameters. Structural links can be considered as generally valid and thus address point 4.
However, such a coupling is relatively weak and for the combination of methods used here,
the improvements of joint inversions are only minor (see also section 4.2.1). Therefore we use
parameter relationships in this study instead. However, assumptions of such links are typically
not valid for all structures which can be responsible for unpredictable errors in the final models
(see point 4). Therefore we will implement other, more generally valid, constraints, e.g. fuzzy
clustering [23, 42] in the future. Moreover, we plan to combine the different concepts of the
two schemes to develop one algorithm that can handle all of the points mentioned above at the
same time.
In the following we will briefly introduce the two different joint inversion schemes. Only
the main characteristics are described and for more details we refer to published papers and
expanded abstracts [21, 26, 27]. First, the 2-D adaptive joint inversion scheme JINV2D programmed and developed by Björn Heincke is presented in section 2.1. Afterwards, the 3-D
joint inversion scheme JIF3D programmed and developed by Max Moorkamp is described in
section 2.2.

2.1

2-D adaptive joint inversion scheme JINV2D

JINV2D is a cell-based non-linear 2-D joint inversion scheme that combines MT, seismic tomography and gravity data. In contrast to most other approaches the inversion steps of the different
methods are separately performed and the otherwise independent inversions are linked only by
implementing constraints that account for the parameter relationships. In this way no relative
weighting between the data sets is required (as opposed to the code developed in SINDRI 1).
Because the convergence of the inversions can be profoundly disturbed by the coupling, the
strengths of the associated constraints are re-adjusted at each iteration. For the adaption of
the coupling strengths we consider a novel criterion that is based on the variations of the data
and regularization terms of the objective functions. In the following we describe the main characteristics of the joint inversion scheme in more detail. The main features and implementations
of the joint inversion scheme are also summarized in table 2.1.
2.1.1

Parametrization

Grids used for the forward modeling routines are composed of rectangles and constant velocity,
density and resistivity values are assigned to each cell of the corresponding model. Cell sizes
are adopted individually for each method such that numerical inaccuracies are limited in the
calculated data but computational costs are kept low at the same time. The grid used for
inversion is the same for all three methods such that the different physical parameters can be
easily linked to each other in the joint inversion. Typically, we choose a coarser parametrization
3

- Dimension

- 2-D (however, seismic and gravity employ 3-D forward engines)

- Grid

- Rectangular prisms

- Inversion algorithm

- Gauss-Newton (LSQR) with step length optimization

- Inversion strategy

- The different methods are considered in separate objective functions that are linked by constraints

- Coupling

- Petrophysical: coupling constraints with adaptively varying
strength
- Structural: Controlling the smoothing constraints by the roughness distributions from the other models [18]

- Parallelized

- Yes (with OpenMP)

Methods:
- MT

- 2-D FE frequency domain [43]
- Derivatives determined by reciprocity [33]
- Impedances of TE and TM mode used as data

- Gravity

- Attraction of prisms (only z-component)

- Seismic

- First arrival time tomography
- Eikonal solver [35]

Table 1: Overview of the main characteristics of the joint inversion scheme JINV2D
for the inversion than for the forward calculations such that several cells from the modeling
grids are combined to one inversion cell. Usually, the method with highest resolution defines
the sizes of the inversion cells to avoid mismatches associated with improper cell sizes.
2.1.2

Forward modeling

For MT we use a 2-D frequency-domain finite-element code to calculate both the TE- and TMmode impedances for a number of frequencies [43]. For seismic tomography first-arrival times
are computed by an eikonal solver [35] and afterwards the associated raypaths are constructed
by a steepest descent method [2]. For gravity modeling the z-component of the attractions
from all cells are calculated for each gravity station and the resulting gravity responses are
then obtained by summing the contributions from all cells (see e.g. [6]). Border effects due to
the finite extent of the 2-D model are avoided by adding semi-infinite horizontal rods at the
left and right boundary.
2.1.3

Inversion procedure

To solve the linearized inversion problems at every iteration we use a Hessian-free Newton
minimization method [31] that has a rapid quadratic convergence as long as the local behavior
is not strongly non-linear. In the inversion of the MT data we use the real and imaginary part of
the impedances for a number of frequencies (denoted as dM T ), for seismic data the first-arrival
times (dseis. ) and for gravity data the z-component of the gravity field (dgrav. ). Smoothing
constraints based on Laplacian differences [3] are employed as regularization to stabilize the
inversion. The step lengths for the inversions are adjusted at every step by the using the line
search procedure proposed by [29].
Unlike most other joint inversion schemes the inversion processes of the individual methods
are performed separately from each other and the required coupling between the individual
inversions is provided by additional constraints accounting for the relationships between the
4

three model parameters mres. , mvel. and mdens. . Such a setup has the big advantage that relative
scaling of the data sets is not needed, which in our experience may exert a large influence on the
result. However, some kind of synchronization between the individual processes is now required
in order to treat all methods equally. We synchronize the inversion process in a way that a
single inversion step for all three methods is performed and the associated coupling constraints
are updated before the next iteration is started (see also Fig. 2).
For our new joint inversion method the objective functions for the MT, seismic and gravity
inversion ΦM T , Φseis. and Φgrav. are:
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where Φ(d) = [g(m) − dobs. ]T C−1
(d) [g(m) − dobs. ] are the data terms, Φ(m) = m C Cm are
the regularization terms (C(d) is the data covariance matrix and C is the discrete derivative
matrix) and Φ(c) are the terms that account for the parameter relationships. The impact of the
individual terms is governed by the regularization and coupling parameters λM T , λseis. , λgrav. ,
µM T , µseis. and µgrav. , respectively.
To express the coupling between the individual inversions as minimization problems Φ(c) −→
min, for all N inversion cells projections m̃ of the physical parameters m onto the relationship
curve are calculated. The distances between the model parameters m and their projections m̃
can then be used to define the minimization problems for Φ(c) :
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The practical meaning of this implementation is that the associated constraints pull the model
parameters mres. , mvel. and mdens. towards the relationship curves such that the relative behavior of the different physical models is approximately described by the parameter relationships.
2.1.4

Adaptive determination of the coupling parameters

There is a need to keep the coupling parameters µ flexible during the inversion process. This
can be explained in the following way. Convergence behaviors for MT, seismic tomography and
gravity are very different (e.g. MT and seismic tomography are strongly non-linear methods,
but gravity is a linear method). Because the projection on the parameter relationship curve is
dependent on the model parameters of all three methods, it can therefore happen during the
inversion process that the natural convergence for some of the methods points in a completely
different direction in the model space than the direction in which the associated coupling
constraint pulls. This can even be the case, when the parameter relationships used perfectly
describe the rock property behaviors, and is particularly likely for early iterations, where the
actual models are typically significantly different from the final results. If in such cases the
chosen coupling parameters µ are set too large the associated constraints force the parameter
models in wrong directions, the convergences are significantly disturbed and individual inversion
processes may finally get trapped in a local minimum far away from the true model. In contrast,
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too weak coupling strengths may lead to parameter models which are barely linked. The full
potential of increasing the resolution through joint inversion is then not utilized.
To avoid such scenarios we implement a scheme to vary the coupling parameters µM T , µseis.
and µgrav. for the individual methods adaptively and independently from each other during the
inversion process. The adaption of the parameters µ is implemented in exactly the same way
for all three methods and we thus explain the procedure exemplarily only for one method.
The criterion we use to adapt the coupling parameter is based on the idea that the associated
constraint should affect the convergence behavior of our objective function at each iteration
k by the same amount. It states that the incremental change of the sum of the data and
regularization terms of the objective function
∆ΦConstr.,k
:= (ΦConstr.,k
+ λ2 ΦConstr.,k
) − (ΦConstr.,k−1
+ λ2 ΦConstr.,k−1
)
(d+m)
(d)
(m)
(d)
(m)

(1)

for our constrained inversion should correspond to a specified portion D (with 1.0 > D > 0.0)
of the same terms
Ref.,k
Constr.,k−1
∆ΦRef.,k
+ λ2 ΦRef.,k
+ λ2 ΦConstr.,k−1
)
(d+m) := (Φ(d)
(m) ) − (Φ(d)
(m)

(2)

for a reference inversion without constraint (µk = 0):
∆ΦConstr.,k
= D∆ΦRef.,k
(d+m)
(d+m)

(3)

The meaning of the criterion is illustrated in the sketch of Figure 1.

Iteration k

ф(d+m)
Δф

Ref.,k
(d+m)

Ref.,k
Δф Constr.,k
(d+m) =DΔф (d+m)

Constr.
Ref.
k-1

k

k+1

Iteration

Figure 1: Sketch that illustrates the meaning of the criterion used to adapt the coupling
parameter. The picture shows how the obj. function of constrained inversion step should vary
relative to the one of reference inversion step for the k-th iteration.
Although this criterion specifies how the terms ∆ΦConstr.
(d+m) of our constrained inversion should
change at each iteration step, it is not explicitly dependent on the coupling parameters µ. This
means that an additional assumption linking the variations of ∆Φ(d+m) with the strengths of µ
is required to be able to develop an adaptive scheme. Here, we assume that µ is approximately
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linear with the normalized incremental change of the objective function Ψl for a number of L
successive iterations:
µl ≈

(0)
pk

+

(1)
pk

Constr.,l
∆ΦRef.,l
(d+m) − ∆Φ(d+m)

with l = k − L − 1, ..., k

∆ΦRef.,l
(d+m)
|

{z

(4)

}

=:Ψl

To update now µ at every iteration our criterion and the assumption (eq. 4) can now be
combined as follows in scheme (Fig. 2).
For iteration k:
1. the coupling constraint associated with the parameter relationship is determined
2. two model updates - one with and one without the coupling constraint - are performed.
3. forward calculations are conducted for both updated models and the associated terms of
the objective functions ∆ΦConstr.,k
and ∆ΦRef.,k
(d+m)
(d+m) are determined.
4. a linear regression of normalized incremental change of the objective functions Ψl̃ and
coupling parameters µl̃ from a number of previous iterations ˜l = k − L̃ − 1, ..., k is carried
out.
(0)

(1)

5. the axis intercept pk and slope pk from the linear regression are used to calculate the
coupling parameter µk+1 for the next iteration by means of the formula
(1)

(0)

µk+1 = (1 − D)pk + pk

,

(5)

which is obtained by a combination of eq. 3 and eq. 4.
6. Steps 1) to 5) are repeated for the other two methods.
Steps 1) to 6) are repeated at each iteration. In the case that the data term of the objective
function gets smaller than a specific threshold ΦConstr.
≤ Φ?(d) (typically associated with an
(d)
error weighted data misfit of 1.0) for one of the method, an adequate solution is found and
µ remains therefore unchanged. And when all methods reach their specific thresholds the
inversion procedure stops.
The speed of the convergence is controlled by the parameter D and the number of previous
iterations L̃, for which information is used in the regression. For larger D it is assumed that
the data misfit for the corresponding method decreases generally faster during the inversion
process (see eq. 3) and that the resulting coupling parameters µ are smaller (see eq. 5). This
means that the associated method is less coupled. For a larger L̃ the adaptive algorithm can
be considered as more inert if the effect of the relationship constraint onto the convergence
behavior changes. On the other hand, the regression becomes less sensitive to outliers and,
hence, the algorithm can be considered more robust.
Since regression results and consequently updates of µ are only dependent on the distribution
of µl̃ and Φl̃ from a small number of previous iterations (typically < 6), the updated µ’s are
only locally and not globally the best suited values for the coupling at the corresponding
iteration. However, we tested our scheme on different synthetic examples and we observe that
such a gradual adjustment of the coupling parameters is generally sufficient to obtain stable
convergence behavior for the individual inversions. From the same test we conclude that D
should be in the range of 0.5 - 0.9 and the number of previous iterations L̃ should be in the
range of 2 - 5 to obtain good results after relatively few iterations.
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Figure 2: Flowchart illustrating the adaptive inversion scheme. The scheme shows the procedure
only for one of the methods. For the other methods the procedure is equivalent. Steps where
the results from the methods are used are highlighted with red colors. The grey box illustrates
the regression of the coupling parameters and the normalized changes of the objective function
for a number of successive iterations.

2.1.5

Implementation of structural cross-coupling

It is relatively easy to modify this adaptive scheme in a way that the methods are not only
linked by petrophysical information, but also by structural information at the same time. To
build up a structural coupling between the different parameter models we have implemented
the approach suggested by Günther&Rücker [18]. They propose to obtain cross-coupling by
mutually controlling the smoothing constraints of the parameter models by the roughness distribution from the other parameter models. By this strategy a boundary in a parameter model
can be sharpened, if this boundary already exists at least in one of the other parameter models.
This cross-coupling scheme is implemented as follow. At the k-th iteration first the roughness vectors r are calculated for all models by:
rres. = Cmres.
rvel. = Cmvel.
rdens. = Cmdens.
where C ∈ RB×N is the discrete derivative matrix (with B = number of cell boundaries and
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N = number of inversion cells). In the next step weights w1 , ..., wn are determined for each
method by means of the associated roughness vectors:


wj = min(hj , 1.0) with

hj =

β

α
|rj |
+α
krk

+α

and constants α and β (with typical values of 0.1 and 1.0)
Finally, the weights of one method are used to modify the regularisation terms for the other
methods:
√
2
T
Wvel. Wdens. Cmres.
ΦM
=
(m)
2
√
2
Φseis.
=
Wres. Wdens. Cmvel.
(m)
2
√
grav.
dens. 2
res.
vel.
Φ(m) =
W W Cm
2

with

W = diag (w1 , ..., wn )

(weighting matrix)

The procedure of this structural cross-coupling strategy is illustrated for one iteration and
two methods in Figure 3.

Figure 3: Sketch illustrating the structural cross-coupling strategy proposed by Günther&Rücker (see [18]). Here, a synthetic example is shown where two methods - seismic
tomography and MT - are linked with each other.

2.2

Computationally efficient 3-D joint inversion scheme JIF3D

JIF3D is a 3-D joint inversion code that has been developed within the JIBA consortium and is
set up to be highly flexible and computationally efficient through shared-memory parallelization
9

and large scale optimization methods. Therefore, this code is particularly well-suited for large
3-D data sets. Like JINV2D it combines MT, seismic tomography and gravity in an joint
inversion, but in addition to the z-component of the gravity field it can also use the full-tensor
gradient (FTG) components as data (see table 2.2). Furthermore, the complete impedance
tensor is used as the magnetotelluric part of the data vector. In the following we give an
overview of the relevant features of this joint inversion algorithm. (A summary of the main
characteristics of JIF3D is given in table 2.2.)
- Dimension

- Fully 3-D

- Grid

- Rectangular prisms

- Inversion algorithm

- Iterative solver (BFGS) with step length optimization

- Inversion strategy

- All terms are considered in one objective function (therefore requiring relative scaling)

- Coupling

- Petrophysical: implemented directly as derivatives
- Structural: Cross-gradient constraint [16]

- Parallelized

- Yes (both CPU and GPU parallelization)

Methods:
- MT

- Integral eq. frequency domain [4, 5]
- Derivatives determined by the EM adjoint method [38]
- Complete impedance tensor used as data

- Gravity

- Gz component and FTG tensor components

- Seismic

- First arrival time tomography
- Eikonal solver [35]

Table 2: Overview of the main characteristics of the joint inversion scheme JIF3D

2.2.1

Forward modeling and parametrisation

For seismic first arrival time tomography the same routines as for JINV2D are used to calculate
of the travel times and rays [2,35]. Calculation of the gravity forward responses is based on the
attraction of rectangular bodies and its implementation has been described in Moorkamp et al.
[28]. For the calculation of the MT impedance tensor components we use the integral equation
code of Avdeev et al. [5]. The forward calculations for all types of data are accelerated by
using CPU based parallelization. In addition, gravity data can be calculated using a massively
parallel approach on a graphics processing unit (GPU) [28].
The model parametrization used for inversion and forward modeling are similar to the one of
JINV2D. For inversion we divide the 3-D model into rectangular blocks with constant property
values within each block. Because each forward modelling algorithm has different requirements
on the mesh to guarantee numerical stability, the forward grids can be different from each other
and also different from the inversion grid. Typically the inversion grid is coarser and is chosen
such that inversion cells contain a number of cells from the forward calculations. However,
to keep the cell refinement simple and avoid interpolation of any parameter values, all cell
boundaries in the inversion mesh have to be also cell boundaries in all meshes used for forward
modelling.
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2.2.2

Inversion procedure

If Gauss-Newton based minimizing methods are used for large scale-inversion problems with
many unknown model parameters and data points, the memory required for the sensitivity
matrix is usual the limiting factor to be able to perform the inversions. For such large inversion
problems iterative solvers should be used instead that require memory only for the calculation of
the derivatives of the objective function and not for the full sensitivity matrix. Here, two of these
large scale optimization methods are implemented in the linearized inversion: a) Non-linear
conjugate gradients (NLCG) or b) the limited memory quasi-Newton optimization algorithm
L-BFGS [31]. NCLG requires slightly less memory, but the L-BFGS is associated with a
significant better convergence behavior. Because it turned out that run times for our 3-D
models are in the range of several days up to several weeks, the convergence behavior was
considered as an important factor. We choose therefore the L-BFGS for all 3-D inversions
presented in this report.
Like most other joint inversion schemes (but different to JINV2D) the complete joint inversion problem is considered in one objective function, which means that only one inversion
problem is solved at every iteration. A drawback of this setup is that the weights of several
data terms Φ(d) , regularization terms Φ(m) and coupling terms Φ(c) have to be balanced relative
to each other such that acceptable data fits are obtained for all methods. In JIF3D the weights
β M T , β seis. , β grav. , ... are manually set at the beginning of the inversion procedure and are not
modified during the iterative process. In case that the chosen relative weighting appears to
be inappropriate for an inversion problem, the inversion procedure is stopped, the weighting
parameters are modified and the inversion process is restarted with the parameter models from
the last iteration as initial models1 .
The different models can be linked either by structural coupling or petrophysical coupling. In
the structural joint inversion approach a number of so-called cross-gradient terms [16] are added
to the objective function. These terms are used to enforce structural similarity between the
different physical properties in the inversion domain. The cross-gradient term of the objective
function for the two parameter models m1 and m2 is defined as:
Φ(Cross) = (∇m2 × ∇m2 )T CT C(∇m2 × ∇m2 )
This function vanishes if the spatial gradients of the two parameter models point in the same or
opposite direction or one of the property remain constant. For this type of structural coupling
the following objective function is obtained:
T
seis. 2 seis.
+ ...
Φ = (β M T )2 ΦM
) Φ(d) + (β grav. )2 Φgrav.
(d) + (β
(d)

|

{z

}

data terms

T
seis. 2 seis.
(λM T )2 ΦM
) Φ(m) + (λgrav. )2 Φgrav.
(m) + (λ
(m) + ...

|

{z

}

regularization terms
seis./res.

seis./grav.

(µseis./res. )2 Φ(Cross) + (µseis./grav. )2 Φ(Cross)
|

{z

coupling terms

res./grav.

+ (µres./grav. )2 Φ(Cross)

−→ min

}

For the petrophysical joint inversion approach the coupling is achieved by implementing
parameter relationships as partial derivatives. For this inversion type a vector of generalized
1

This procedure is directly related to the implemented optimization methods. Both NLCG and L-BFGS are
methods that use information from earlier iterations to determine results for the next iteration. Thus, it is not
possible to change the inversion problem itself from one to the next iteration. Changing the weighting factors
corresponds to such a change of the inversion problem.
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values m̃ are used as model parameters. These values m̃ are related to the natural physical
properties (seismic velocity, resistivity and density) by three transform functions σ(m̃), v(m̃)
and ρ(m̃), which are determined from the parameter relationships. The objective function for
this type of joint inversion is then obtained by inserting the transform functions into the data
terms of the objective function:
T
seis. 2 seis.
Φ = (β M T )2 ΦM
) Φ(d) (v(m̃)) + (β grav. )2 Φgrav.
(d) (σ(m̃)) + (β
(d) (ρ(m̃)) + ...

{z

|

data terms
λ2 Φ(m) (m̃)
|

{z

}

−→ min

}

regularization term
Note that this type of joint inversion has no coupling terms because the parameter relationships
are incorporated directly in the data terms.

3

Data sets, investigation area and geologic settings

The area we want to investigate with our joint inversion schemes is license L006 that is located
about 150 km southeast of the Faroe Islands in the Faroe-Shetland Basin (see Fig. 4) and has a
size of about 30 × 70 km. We choose this area to test our 3-D joint inversion strategies because
many large-scaled wide-angle seismic, MT and gravity data were collected in this region and
Statoil provided us a number of these data sets. In the first report (see [20]) we described the
data collection, quality control and preparation of the individual data sets available for joint
inversion. Furthermore, we determined for the different methods data error estimates that
are essential to perform joint inversions successfully. We only list here all data that have been
accessible for our joint inversion tests and for further details we want to refer to the first report:
• 43 MT station are relatively uniformly distributed within or close to Licence006.
• 10 wide-angle seismic profiles intersect license L006 from different directions.
• A marine 3-D FTG survey covers the northern part of License L006.
In particular the northern part of the license area is well-suited for joint inversion investigations, because the overlap from the data of different methods is very good here. This is the
only part that is covered by the FTG survey and where the pattern of MT stations is particularly dense. In addition, we received a migrated 3-D reflection seismic data cube from this
region (see Fig. 4) enabling us to directly compare our inversion results with reflection seismic
images (see section 4.1.3). Moreover, the borehole BRUGDAN has been recently drilled (2012)
in the northern part of License L006 and Statoil has provided us logging data from this location. Information from this borehole enables us to determine reliable relationships between the
physical properties and makes it possible to link the physical models from the joint inversion
to the actual geological sequences (see section 3.2). Finally, we have received 3-D layers from
Statoil which approximate the top and the base of the basalt sequences in the area east of the
Faroe Islands. These relatively rough estimates are derived from wide-angle reflection seismic
data and variations are expressed in two-way traveltimes. After time-depth conversion (using
velocity information from the 3-D seismic cube) these layers allow us to incorporate reflection
seismic information into the joint inversion procedures by reducing the regularization along
these interfaces (see section 4.2.2).
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Although the area of the License L006 is generally characterized by a dense data coverage
for all considered methods, we want to emphasize that all data sets (except for the borehole
data) were recorded more than 10 years ago. At that time joint inversions on large surveys were
not viable and accordingly the survey design is not optimized for joint inversion procedures. For
example, the gravity survey covers only a small region of the investigation area such that a joint
inversion of all three methods is only possible at the northern part of the License L006. The
MT stations are moreover not located directly on the seismic profiles and, hence, inaccuracies
are introduced for 2-D joint inversions (see section 4.1).

Figure 4: Map of the investigation area. All data that are available for this project are shown.
(Data from MT stations and borehole locations whose signs have grey colors are not considered
in the inversions.)
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3.1

Geology

The Faroe-Shetland Basin was formed by a series of rift episodes that started in the Permian. In
the early Tertiary, the development of the basin was strongly influenced by magmatic events that
are associated with the production of the North Atlantic Igneous Provinces and the continental
break-up in the North Atlantic. Unusually large volumes of melt were generated and the total
thickness of the basalt is in the range of 7 km close to the main rift zone below the Faroe Islands
(see e.g. [36]). Once local topography of the rifted region was filled with basalt, subsequent
lavas were able to flow long distances away from the rifted area. In this way, some of the lava
erupted at the main rift zone west of the Faroe Island moved as basalt flows up to several
hundreds of kilometers in southeastern direction and emplaced in the northwestern part of the
Faroe-Shetland Basin. Thereby, total thickness of the basalt generally decreases with distance
of the main rift zone and the feather edge of the flows is located 180 km southeast of the Faroe
Islands. In the region of the License L006 estimates from wide angle-seismic data suggest a
thickness of 2-3 km for the basalt sequence (see [44] and Fig. 5). Similar to the thickness, the
dip of top basalt is directed to the south east and accordingly corresponds to the main flow
direction in this area (Fig. 5).
Referring to Planke et al., 2000, (see [34]) roughly three 3 types of different volcanic (seismic)
facies units can be distinguished in regions such as License L006, which were located landward
from the main rift zone at that time. The first facies consists of so-called Landward flows which
are flood basalts produced by subaerial eruptions and were flowing long distances (of several
hundreds of kilometers) and typically thinning out. They were emplaced on land and typically
comprise the upper part of the basalt sequence. The second facies consists of Lava Deltas
that are present where the Landward flow entered the water at the paleoshoreline. The lava
were here disrupted and fragmented by steaming explosion (hyaloclastite). The third facies is
found at the base of the Lava Delta and consists of so-called Inner Flows. They were deposited
submarine and are highly fragmented. The base of this unit is considered as the lower boundary
of the basalt sequence.
The basalt flows overlie earlier Tertiary and Mesozoic sediments accumulated in basins
formed by earlier episodes of stretching of the continental lithosphere during the period extending from the late Carboniferous to the early Paleocene (see e.g. [14]). Traps in these Mesozoic
sub-basalt sediments are considered as potential hydrocarbon-bearing structures. Underneath
the sediments the older pre-rifted basement is present that probably consists of gneiss and
formed the foreland for the Caledonian orogeny. A number of wide angle seismic studies have
been performed to resolve the sub-basalt sediments, to determine their thickness and to identify
the pre-rifted basement (e.g. [14, 41, 44]). White et al., 2003, (see [44]) suggest from a pattern
of many wide angle seismic lines that the pre-rifted basement has a fault-block topography.
They determined strongly undulating sediment thicknesses between the base of the basalts and
the top of the pre-rifted basement (see Fig. 5). In the area of the License L006 they obtained
relatively small thicknesses - partly less than 1 km. Gallagher and Dromgoole, 2007, (see [15])
furthermore mentioned that a structural high of the pre-rifted basement - the East Faroe High
- having a NE-SW strike direction is present in this northern part of the License L006 (see
Fig. 6).

3.2

BRUGDAN borehole and estimated parameter relationships

The BRUGDAN well is located on the Faroe-Shetland Trough (see Fig. 4) at the eastern
border of the East Faroe high (see Fig. 6) and has a total depth of about 4200 m. According
to Schuler et al., 2012, [40] the nearly vertical borehole was drilled in a water depth of 478
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Figure 5: (a) Depth of the top basalt, (b) the thickness of the basalt and (c) the thickness of
the sub-basalt sediments estimated from White et al. (see [44]) by means of a number of 2-D
wide angle seismic sections. Yellow lines encompass the License L006 area and indicate the
frontier of the territory of the Faroe Islands.

m and penetrated the top basalt and the underlying sediments at 1154 m and 37192 m below
sealevel, respectively. We received sonic log, resistivity log and bulk density log data from the
BRUGDAN well (see Fig. 7). The logging data shows that there is a distinct increase in P-wave
velocities and resistvities3 across the sediment-basalt interface. At the potential base of the
basalts at 3719 m a decay in velocities, resistivities and densities is observed. However at larger
depths of ≈ 3950 m the values of all physical parameters rise again.
In Figure 8 the relative behavior of the physical parameters obtained from these logging data
are illustrated by means of cross-plots. Obviously there is a clear general positive correlation
of between seismic P-wave velocity and resistivity and P-wave velocity and bulk density. Such
positive velocity-density correlations are common for many subsurface conditions (see e.g. [8,
22, 30, 39]) and positive velocity-resistivity correlations are reported e.g. by Dell’Aversana,
2

Statoil personnel mentioned to us that the base basalt is reached at a depth of 3745 m below sealevel.
No density data were available above the basalt. However, it can be assumed that the densities of the basalt
are significantly higher than the densities of the shallow sediments.
3
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Figure 6: Map showing the Faroe-Shetland Basin - structural elements such as the pre-Cenozoic
fault pattern. The basalt-covered area is plotted in purple colors. Figure is taken from Gallagher
and Dromgoole, 2007 (see [15]).

2001,(see [11]) at thrust belts and Jegen et al., 2009, (see [22]) in sub-basalt studies. Jegen et
al. explain the positive correlation of vp and ρr for basalts as follow: Electrical conduction is
mainly caused by fluids in the rocks. An increase of the pore space and the associated larger
interconnection of pores is, accordingly, responsible for an increase in conductivity (decrease in
resistivity). At the same time seismic p-wave velocity is typically reduced with such an increase
of the pore space.
In this study we use these logging data to estimate parameter relationships for our joint
inversions. For this purpose we performed curve fitting in a least-square sense and determined
the following two analytic expressions as relationships between the physical properties:
Fitted Velocity[m/s] - Resistivity[Ωm] relationship:
log10 ρr = 7.876 · 10−8 · (vp )2 − 0.1512
Fitted Velocity[m/s] - Density[g/cm3 ] relationship:
ρd = 0.0001737 · vp + 1.868
We emphasize that the use of functionals to describe rock properties is a rather strong
simplification of the real rock property relationships and under certain conditions such assumptions are not suited for joint inversions at all (e.g. velocity-density behaviour of salt). In the
following we list a number of uncertainties that are associated with the use of our functional
to link the methods in the joint inversions:
• For some geologic structures (see e.g. depth range from 2850 - 3150 m in Figs. 7 and
8a-b) the rock property behaviors are not correctly represented by the functionals. One
16
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Figure 7: Comparison of the logging data from the BRUGDAN borehole (location of the
borehole is shown in Figs. 9 and 19) and the joint inversion results along the profile Flare 6.
Blues lines show the measured borehole logs and red lines show the same logs after determining
the mean for a moving window (window length = 100 m). Yellow dots indicate the physical
properties obtained from the joint inversion along the borehole drilling. Horizontal grey dashed
lines indicate the top basalt and base basalt like proposed by Schuler et al., 2003 (see [40]).

reason can be that settings (e.g. rock types) change in way that not the pore spacing,
but other effects dominating the relative behavior between the physical properties.
• Up-scaling effects can results in parameter relationships determined from borehole logs
that are not well-suited for the joint inversions. In this specific study we observe for
the basaltic sequence large variations of seismic velocities, resistivities and densities with
short wavelengths4 (see Fig. 7). Such small-scaled variations are not resolvable by the
inversions and even cell sizes we use for the different inversions are too coarse to represent
these variations. Accordingly some kind of averaging is required such that the physical
properties are associated with the correct scale. For this purpose we have calculated the
mean values of the physical parameters for depth intervals of 100 m (see red lines in
Fig. 7).
If we plot the mean values of the physical properties against each other we observe that
our parameter relationships are still good representations (see Fig. 8c-d). This indicates
that the relationships remain adequate after up-scaling and we use them in the joint
inversions without any modifications.
4

According to Planke et al., 2000 [34], the main reason for these short-wavelength variations is that the
physical properties of the top, the base and the internal structure of an individual basalt flow are very different
and, accordingly, a stack of many flows of few meters thickness leads to the observed scatter in the logging data.
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Figure 8: a) and b): Cross plots of the logging data from the borehole BRUGDAN. Colorcoding of the dots is associated with the actual depths. The black lines show the parameter
relationships that are used for all here presented joint inversions. These relationships are
determined by a fitting of the logging data. c) and d): The mean values of the physical
properties are calculated for 100 meter intervals and afterwards the mean values are presented
in the same cross plots as for a) and b).

• Anisotropy effects can be significant for the basalt sequence (pers. comm. with Bernd
Lahmeyer from Statoil). However, until now our joint inversion programs can only invert
for isotropic rock properties.
• The assumption of the bulk density is that the pore space is dry. However, in our inversions the total density is considered that includes also the density of the (potential) pore
fluid. Accordingly, there is a slight systematic error if we determine the vp -ρd parameter
relationship.
Despite these uncertainties we will see in the following sections that the final results from
joint inversions with parameter relationships are significantly closer to plausible subsurface
conditions than the results from the individual inversions. In this context it is important to
mention that the 2-D code JINV2D is able to "recognize" if the chosen parameter relations is
not adequately describing the true rock property behaviors for all structures. In this case there
is likely no solution with low data misfits for all methods for the corresponding petrophysical
joint inversion. Accordingly, the strength of the petrophysical coupling will be reduced by the
adaptive scheme as long as all data sets have an acceptable data misfit (see section 2.1.4). This
18

means that the algorithm "evaluates" to which extent the made assumptions are in agreement
with the measured data.
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4

Separate inversions and joint inversions applied to the
data from License L006

In the following we present the results from the separate and the joint inversions. We start
with the results we obtained with the program JINV2D described in section 4.1. Because
JINV2D is a two-dimensional program, we only perform inversions along the different wideangle seismic lines and only consider data from or nearby the chosen lines. We focus in this
section mainly on the results from inversions along the profile Flare 6, as the BRUGDAN well
is located in the center of this line and this line crosses large parts of the 3-D reflection seismic
survey (see Fig. 4). Accordingly, a direct comparison of our joint inversion results with other
information is possible. In the subsequent section 4.2 we present the results obtained with the
three-dimensional inversion scheme JIF3D. It turned out that the complete region of License
L006 was too large to run a 3-D joint inversion (using all data and choosing acceptable small
grid cells) in an acceptable time. Particularly the MT inversion would then require for a single
forward modelling up to a day and the complete joint inversion would take several months on
a CPU with 8 parallel threads. Therefore we applied the 3-D inversion only to the northern
half of License L006, which is still a relatively large area and it is still computational intensive
to perform the inversions. To compare the results from the two schemes JINV2D and JIF3D,
we applied JIF3D moreover to the same data set along the profile Flare 6, as we already used
for JINV2D.
For almost all joint inversions tests we use petrophysical relationships that are derived
from the logging data of the BRUGDAN well (see section 3.2). Such a strong link significantly
improves the resolution of the inversions, however, at the same time introduces errors in regions
where this assumption is largely invalid. To evaluate the validity of the assumption, joint
inversion results are compared directly with the borehole data in the sections 4.1 and 4.2.
Moreover, we compare our final joint inversion models with the reflection seismic data to check
the plausibility of our results (in section 4.1). For the 3-D inversions we go another step ahead
and directly incorporate reflection seismic information into the joint inversion scheme. The
regularization (smoothing) strength in the joint inversion is lowered where the locations of the
top and the base basalt are determined from wide angle reflection seismic data.

4.1
4.1.1

2-D inversions using JINV2D
2-D inversion results along the seismic profile Flare 6

For the 2-D inversions with JINV2D along the profile Flare 6, only MT stations and gravity
measuring points are considered that are located on or close to the seismic profile. In Figure 9
the locations of the different data used for these inversions are shown on a map and in table 4.1.1
sizes of the individual data sets are summarized. Some of the used MT stations lie up to 7 km
aside from the profile. To perform the 2-D inversions it is necessary to project the locations of
these MT stations onto the section on which the seismic profile Flare 6 is located. Because of
these offsets from the 2-D section the MT data do only approximately represent the resistivity
structure along the profile, which may introduce some inaccuracies into the inversion results.
Another disadvantage of the survey design is that the MT stations and gravity stations are
not equally distributed along the Flare 6 profile (see Figs. 9 and 10). So, no MT stations are
located in the eastern part of the section, but the western part is not covered by the gravity
survey. We will see that this field setup is not optimal for a joint inversion.
For all 2-D inversions tests with JINV2D, we employ all the special features described in
the section about the inversion scheme. We use the adaption of the coupling strengths that is
described in section 2.1.4. In addition to the petrophysical coupling also structural coupling is
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Figure 9: Map of the investigation area. Only data that are considered for the 2-D inversion
along the profile Flare 6 are shown here.

considered in these joint inversions by using the structural cross-coupling strategy proposed by
Günther&Rücker (see section 2.1.5). Finally, the regularization strength is changing (decaying)
with the number of iterations using the cooling scheme proposed from Leliévre et al. [23]. The
individual parameters used for adaptive coupling and structural cross-coupling are listed in
table 4.1.1.
The inversion models consists of 340 x 71 cells having sizes of 500 m and 100 m in horizontal
and vertical direction, respectively, and the maximum depth in the parameters models is 7.1
km. For the petrophysically coupled joint inversion with JINV2D, different initial models do
not need to be linked by the considered parameter relationships5 . Accordingly, the choice of
the initial model is rather flexible. We choose an initial velocity model, where the velocities
are constantly increasing with depth from 1500 m/s at the seafloor to 5500 m/s at the bottom
of the model. The initial density and initial resistivity models also have increasing physical
5

The way parameter relationships are implemented in JIF3D requires that the different physical models are
linked by the considered relationships during the complete inversion process.
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parameter values with depths, however below a depth of 5000 m a constant low-density and
low-resistivity layer with 2.5 g/cm3 and 6 Ωm is added. The reason for having low resistivities
at larger depths is to increase the sensitivities for the MT in the deeper part of the model and
hence to avoid that this part of the model remains mostly unchanged by the inversion.
The results from the separate and the joint inversions are shown in the first and second row
of Figure 10, respectively. The separate inversion results are not consistent with each other
and do not agree with the geological knowledge from this area. The seismic tomography has
only ray coverage in the upper sediments and along the top of basalt. Below the top of basalt
the seismic tomography provides no information at all (see also the third row of Fig.10). The
MT inversion generates two high-resistive anomalies in a depths ranges from 2000 to 6000 m.
Although these anomalies very likely originate from the high resistivity basalt, they are blurry
and partly not connected. At the eastern part of the section the inversion has little resolution
due to the lack of MT stations and no high-resistivity anomaly is created there. The gravity
inversion has not the resolution power to resolve any of the structures at all and the high-density
anomaly in the western part is a remainder of the initial model.

Figure 10: Final results from the individual inversions (first row) and from the joint inversion
(second row) using the data along the profile Flare 6. The third row shows the accumulated
sensitivities (coverage) obtained for the final joint inversion results. White triangles indicate
the locations of the MT stations (after projecting them onto a plane on the Flare 6 profile).

The results from the joint inversions are much more consistent (see second row of Fig. 10)
and can be brought in accordance with existing background knowledge. Quasi-horizontal highvelocity, high-resistivity and high-density anomalies are present in a depth range of 2000 to
4000 m. The shape and thickness of these elongated anomalies are very similar to the basalt
models obtained from different wide angle seismic studies (see e.g. [14, 41, 44]) and the physical
properties below and above these anomalies can then be considered as indications for sediments.
Although these results appear to be very promising on a first glance, we should 1) evaluate
the resolution power of the joint inversion and 2) check if the data misfits of this model are
acceptable, before we interpret the anomalies.
As a rough measure for the resolution we plot the coverage (sum of the unsigned sensitiv22

ities) of the individual methods from the final joint inversion results in Figure 10 (third row).
Considering the coverage of all three methods the upper sediments and the top of basalt are
well resolved. Below the basalt only MT and gravity provide information and MT is the method
that is known to have the higher resolution power. Because coverage from the MT has relatively
high values below the basalt if MT stations are present in the vicinity, it is likely that structures
are to some extent resolvable in these regions. However, deeper regions with some distance from
the MT stations (e.g. the eastern part of the section) should not be interpreted, because the
gravity does not have the resolution power on its own to resolve detailed structures. To investigate the resolution more precisely one could use either measures that are directly based on
the model resolution matrix (see e.g. [25]) or could use global inversion schemes (see Outlook)
to investigate the ambiguity of the joint inversion results. This is planned in the future.
Adequate estimates of the data errors are very important to obtain reliable inversion results.
This is particularly true for joint inversions because the final result is only a possible solution if
the data misfits of all considered methods are acceptably low at the same time. In the adaptive
joint inversion scheme used here, the adjustment of the coupling strength is stopped if the
data error is reached for the corresponding methods (see section 2.1.4). This means the error
estimates also define largely the strength of the coupling between the methods.
In the first report (see [20]) we described how we determine reliable error estimates from
gravity and seismic data. The errors from both the final individual and joint inversions results
are in the range of these error estimates (see Figs.11 and 12) and, accordingly, the obtained
physical models describe the associated data. To evaluate the errors from the MT turned out
to be more difficult. Because we received the MT raw data not in a form such that we could
reprocess them (see first report [20]), we used instead error estimates that AOA Geophysics
Inc. provided based on their processing. The quality of their estimates are hard too evaluate
for us, leading to some uncertainty when the inversions reach the data error estimate for MT.
Another problem is that stations located away from the line are projected onto the 2-D section.
Impedance curves of neighboring stations in the section do not necessary fit together, because
the station locations have distances of up to 15 km and it is accordingly not possible to reach
a low data misfit for all stations at the same time. Finally, 2-D inversions are not able to
assign effects from three-dimensional resistivity structures in the subsurface which may prohibit
to reach low misfits. Dimensionality analysis (and also the results from the subsequent 3-D
inversions; see section 2.2), however, suggests that most structures are one or two-dimensional
and that this profile is oriented vertical to the strike direction of the most pronounced 2-D
structures. The last two points are not a concern any more, when we perform the 3-D inversions
in the next section 2.2.
For the joint inversions results presented in Figure 10, a RMS value of 1.15 · 10−4 Ω has
been considered as data error that is slightly higher than the one of AOA Geophysics Inc..
In Figure 13 the apparent resistivities of the observed and calculated data are plotted for all
frequencies and stations. It can be observed that both the single and the joint inversion recover
the general trends, but slightly underestimate high resistivities at low frequencies (< 0.025 Hz).
We repeated the joint inversion with a smaller error estimate for the MT of 0.8 · 10−4 Ω and the
resistivity image from the final results are shown in Figure 14b. The top of the high resistivity
anomaly is very similar, however, the base of this anomaly extends towards large depths. This
demonstrates that joint inversion results are very sensitive to correct error estimates for the
data and that the thickness of the base basalt can only be roughly determined. This should be
kept in mind in the following interpretation of the joint inversion results along the Flare 6 line.
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Figure 11: All first arrival times used for inversions along the Flare 6 profile are plotted with
increasing offsets. Blue and red dots indicate observed and calculated traveltime picks, respectively. (Traveltimes are reduced with a velocity of 5000 m/s; such velocity is common for
basaltic rocks.)

4.1.2

2-D inversion results along the seismic profile GFA 207

We now present the single and joint inversion for another 2-D profile. In this case we consider
all data along the seismic profile GFA 207 that is oriented mostly north-south (see Fig.16).
In this case 22 MT stations - more than for the Flare 6 profile - are located close to the line.
These stations are quite equally distributed along the considered part of the GFA 207 profile
such that the MT sensitivities cover the complete 2-D model (see Fig. 17; Row 3). In contrast
gravity measurements are only present in a very small region of the profile (see Fig. 17; Row 2).
This means that the joint inversion is mainly driven by seismic and MT data. The used settings
are similar to the ones for the inversions along the Flare 6 line (see table 4.1.1). Because the
considered segment is significantly longer for this profile, we choose larger cell sizes to keep the
computing times acceptably small.
The single and joint inversion results are shown in the first two rows of Figure 17 (a single
gravity inversion is not performed because too few data were available to obtain reliable results).
The seismic has ray coverage in the upper sediments and along the top of basalt and, hence,
can only accurately determine the location of the top basalt. The resistivity image obtained
from single MT inversion appears to be more consistent than for the one from the Flare 6 line.
A continuous lateral high resistive anomaly is present along most of the 2-D section. Only in
the southern part the anomaly disappears indicating that the basalt thins out in this region
as proposed by White et al. (see [44] and Figure 5). However, the upper boundaries of the
high resistivity and high velocity anomaly coincide only roughly - particularly in the south. In
contrast, the upper boundaries are much more consistent for the joint inversion. In addition,
the anomaly is generally thinner which is more in agreement with other studies. Only directly
north of the BRUGDAN borehole the anomaly is thicker. We will discuss the meaning of the
thickening of the anomaly later in the sections 4.1.3 and 4.2.2.
The data misfits of the seismic are slightly higher for the joint inversion than for the single
seismic inversion. The main reason is that significantly coarser cells sizes are used for the joint
inversion such that not the same data error minimum could be reached. Data misfits for the
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Figure 12: Z-component of the gravity field is shown for all stations that are used for the
inversions along the Flare 6 profile. Blue and red dots indicate observed and calculated gravity
attractions. The histograms show the distribution of the data errors obtained in the single
gravity inversion and joint inversion.

MT inversion and the joint inversion are similar and in the range of the assumed data errors
indicating that the joint inversion results are a solution that explains the data.
4.1.3

Comparison of joint inversion results with information from reflection seismics and boreholes

In the following we compare joint inversion results with borehole data as a function of depth
and 3-D reflection seismic data. Both data sets are independent pieces of information since they
were not incorporated in the joint inversion algorithm (note that the joint inversion incorporates
the parameter relationship between resistivity, velocity and density derived from the borehole,
but not any information about the variation of the parameters with depth). In the previous
section, we have seen that the resolution of joint inversions is better than for the individual
inversions, but results are still ambiguous. This should be kept in mind in the discussion.
If we compare the results from the geophysical logs of the BRUGDAN borehole with the
physical parameters, which were determined from the joint inversion along the borehole, it can
be observed that the general trends of the logging data and the joint inversion data are in good
agreement for velocities, resistivities and densities (see Figs.7 and 18). Parameters from the
joint inversion are very similar to the values from the logs after performing average filtering
(length of the window for averaging is 100 m). On the other hand short-wavelength undulations
(λ < 200 − 300m) in the logging data cannot be identified in the joint inversion results. The
reasons for this are 1) the limited resolution of the joint inversion and 2) deviations of the real
rock property relationships from the considered parameter relationships for some of the depth
intervals (see Fig.8).
To compare the joint inversion results with the 3-D reflection seismic data, a depth-to-time
conversion has to be done for the joint inversion images because the z-axis of the reflection
seismic data set is expressed in two-way-traveltimes. We used the velocities obtained from the
joint inversion to perform this conversion. In Figure 19 the converted resistivity image (from
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Figure 13: Apparent resistivities are plotted for all frequencies and stations that are used for
the inversions along the Flare 6 profile. The stations are sorted such that the westernmost and
easternmost station is located to the left and right, respectively. The upper panel shows the
collected data. The middle and lower panel show the calculated data from the single and joint
inversion, respectively.

Figure 10) overlies a cross-section from the 3-D seismic data set that is extracted along the Flare
6 profile. It can be seen in this figure that the top basalt reflection coincides precisely with the
upper border of the high-resistivity anomaly from the joint inversion. The base of the basalt is
more difficult to identify from the seismic data, because no continuous reflection with a negative
seismic impedance contrast can be observed as it would be expected for an interface between
basaltic and sedimentary rocks. Instead a pattern of discontinuous reflections is present at
TWTs of about 2.2 to 3.0 s. Referring to Planke et al. (see [34]) such a pattern can be caused
by the following factors. 1) Explosive interaction of wet sediments and magma forms chaotic
volcanic-sedimentary complexes at the base of the basalt sequence and 2) the Inner Flows, the
facies unit that forms the deepest part of the basaltic sequence (see section 3.1), consists of a
mixture of massive and fragmented basalt and volcaniclastic rocks. The BRUGDAN borehole
was drilled through the base basalt at a depths of 3719 m and, hence, supports that this pattern
is associated with the bottom of the basalt.
If we compare the high-resistivity anomaly with this reflection pattern (see Fig. 19), it can be
observed that the lower boundary of the anomaly mostly coincides with these reflection pattern.
Only directly west of the BRUGDAN borehole the anomaly extends towards larger times than
the reflection pattern. In a similar way, the high-resistive anomaly from the profile GFA 207

26

Figure 14: Comparison of the joint inversion results along the profile Flare 6 with two different
error estimates for the MT measurements. In a) the resistivity model from the joint inversion
of Fig. 10 are shown once again (with a different color table). In b) the resistivity model is
shown for another joint inversion trial run, where a lower value is assumed for the data error of
the MT. White triangles indicate the locations of the MT stations and white lines sketch the
position of the BRUGDAN well.

extends towards significantly larger depths north of the BRUGDAN well. The reason for the
thickening of the high-resistive anomalies is not clear by considering the 2-D joint inversion
results from the Flare 6 and GFA 207 profiles only. Possible explanations are that either 1) the
thickness of the basalt increases towards larger depths than proposed by seismic information or
2) another high-resistive body is present underneath the basalt sequence and due to the limited
resolution the two anomalies merge. The results from the 3-D inversions that we will present
later in section 4.2.2 indeed suggest that the package of low-resistive sediments are rather thin
at this location and a high-resistive structure (e.g. an uplifted block of the pre-rifted basement
as mentioned in [15]) is located directly below these sediments.
In this context it should be mentioned that there are no high-resistive anomalies at the
bottom of the 2-D joint inversion models that could be directly associated with the pre-rifted
basement (see Figs. 10 and 17). However, in other studies that use wide angle seismic data
(see [14,41]) a pre-rifted basement is reliably determined (see also Fig. 20). This indicates that
the 2-D joint inversions have not enough resolution power to image high-resistive bodies at such
large depths. In an other joint inversion study we performed along the Flare10 profile north of
this investigation the basement was to some extent resolvable. However, in this earlier study
impedances with lower frequencies were available for the MT, which may indicate that in this
study MT data does not contain sufficient low frequency information.
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Figure 15: Apparent resistivities are plotted for all frequencies and stations that are used for
the inversions along the Flare 6 profile. Here, the calculated data belongs to the final joint
inversion results shown in Figure 14b.
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Area
Data input:
Seismic tomography:
- Nr. of picks
- Type of data
- Offset range
Magnetotelluric:
- Nr. of stations
- Type of data

Flare 6

GFA 207

≈ 50, 000
First onsets
0.2 - 18 km

≈ 60, 000
First onsets
0.2 - 11.4 km

12
Impedances of
TE and TM mode
- Frequency range
0.006 - 0.15 Hz
7 - 12
- Nr. of frequencies per station
Gravity:
- Nr. of locations
425
z-component
- Type of data
of gravity field
Model parameters:
- Nr. of cells:
- Cell sizes:

Parameter for coupling
and regularisation:
Coupling:
- Adaptive

Regularisation:
- Structural cross-coupling

- Flexible

340 x 71
500 x 100 m
(smaller cells for
seismic inversion)

22
Impedances of
TE and TM mode
0.01 - 0.15 Hz
7 - 14
118
z-component
of gravity field

400 x 36
1000 x 200 m
(smaller cells for
seismic inversion)

Yes
- L = 3 (Nr. of previous iterations
considered for adaption)
- D = 0.7 (Rate of adaption)
Yes
α = 0.1 (see section 2.1.5)
β = 1.0
Yes (using cooling scheme of [23])

Table 3: Parameters and settings used for the 2-D joint inversion along the wide angle seismic
lines Flare 6 and GFA 207 with the program JINV2D.
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Figure 16: Map of the investigation area. Only data that are considered for the 2-D inversion
along the profile GFA 207 are shown here.
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Figure 17: Final results from the individual inversions (first row) and from the joint inversion
(second row) using the data along the profile GFA 207. (Because gravity data are only present
in a small part, we consider a single gravity inversion not as meaningful. Therefore we have not
performed a gravity inversion.) The third row show the accumulated sensitivities (coverage)
obtained for the final joint inversion results. White triangles and white lines indicate the
locations of the MT stations and the BRUGDAN borehole (after projecting them onto a plane
on the GFA 207 profile).

Velocity - Resistivity

Velocity - Density

a)

b)

Figure 18: a) and b): Cross plots of the physical parameters from the final joint inversion
results shown in Figure 10. The black lines show the parameter relationships that are used for
the joint inversion.
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Figure 19: Comparison of 3-D reflection seismic data and the joint inversion results along
the profile Flare 6. Top: A cross-section in WNW-SES direction is extracted from the 3-D
reflection seismic data set (see Fig. 9) and the resistivity distributions from the joint inversion
is superimposed. Because of the lack of proper velocity information the z-axis of the seismic
is expressed in time. The resistivity model is converted from depth to time by using the
velocity model from the joint inversion. The grey triangles indicate the locations of the used
MT stations (after projecting them onto the plane of the seismic cross-section). Based on the
combined interpretation of the borehole data and reflection seismic and joint inversion results
the base basalt is approximated (see the white dashed line). White arrows mark a second
pattern of discontinuous reflections. Bottom: To the left a part of the seismic section is shown
in more detail and to the right logging results from the BRUGDAN borehole are plotted. Note
that the base basalt has not a clear negative seismic impedance contrast like one would expect
for a boundary between basaltic and sedimentary rocks.
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Figure 20: a) Reflection seismic section from the Flare 2 profile published by Spitzer et al.
(see [41]). b) Locations of Flare 2 and Flare 6 profiles are plotted together with basalt thickness
proposed by White et al. (see [44]). The black rectangle indicates the location of the 3-D
reflection seismic survey.
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4.2

3-D inversions using JIF3D

The scheme JIF3D is used for the 3-D inversions. It is one of very few programs that is
able to perform a three-dimensional joint inversion for this combination of methods and, accordingly, offers the great opportunity to test joint inversion techniques on real large-scaled
three-dimensional data sets like this one. However, a critical issue in this program is that all
terms from the different methods and models are combined in one objective function such that
the different terms have to be balanced relative to each other. To find a proper balancing
between the data terms is very crucial, because an inadequate weighting would cause that one
method dominates the joint inversion process while the other methods do not proper converge
and do not reach low data misfits. There are a few schemes suggested in the literature that
automatically weight the different data terms relative to each other (see e.g. [1, 9]). However,
we are not sure if these automatic weighting schemes will guarantee an adequate balancing for
all kinds of combinations of methods and subsurface conditions. Therefore the weights of the
different data terms and the regularization term are chosen here manually at the beginning of
an joint inversion run. If it turns out that one of the methods does not properly converge the
weights are readjusted and the inversion is restarted (or continued) with the modified balancing. Because the weights are typically re-adjusted several times and because the used BFGS
solver has a relatively slow convergence behavior, a complete joint inversion process typically
requires some hundreds of iterations and it may need some weeks up to a few months to obtain
the final result.
Another problem is associated with the use of two-dimensional seismic lines and with the
partly uneven spatial distribution of MT and gravity measurements. Apart from the seismic
lines and in areas with small MT station coverage the resolution is typically significantly lower
than in other parts of the model which are better covered by data. To avoid that the resulting
model gets very patchy, we therefore used for all presented 3-D inversions typically a factor of
≈ 200 higher regularization (smoothing) in horizontal directions than in the vertical direction).
The type of data used for the 3-D inversions differs slightly from the ones used for the 2-D
inversions: 1) the complete impedance tensor is used as MT data input, 2) the MT input data
is limited to 5 frequencies to keep the runtime of the algorithm acceptably fast and 3) not the
z-component of the gravity field but the FTG components are considered as data input (see
also table 4.2.1).
For the 3-D MT inversion and the 3-D joint inversion tests artifacts in the electromagnetic
field components are generated by undulation of the bathymetry at the model boundaries.
To reduce the signal distortions from these artifacts at the MT station locations down to a
negligible level, the size of the original model is extended in each lateral direction by about 10
km.
The way petrophysical coupling is implemented in the joint inversion scheme JIF3D demands, that the physical parameters of the starting models are everywhere linked by the considered parameter relationships. Other requirements are that 1) the initial velocity model has
to increase with depths at least in some intervals to guarantee that seismic rays between all shot
and receiver points exist and 2) the initial resistivity model should everywhere be conductive
such that the MT is sensitive to all parts of the model. Based on these requirements we used
for the petrophysical linked joint inversions initial models in which velocities, resistivities and
densities increase with depths in the upper 3000 m and below this depth the resistivity is set
to 4Ωm6 .
6

The starting models we used for the individual inversions and the structural joint inversions are partly
different to the here described initial models.
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4.2.1

3-D inversion results for a data set along the seismic profile Flare 6

We apply this 3-D inversion scheme first on the same data set along the Flare 6 line as we used
for the 2-D inversions with JINV2D (see section 4.1.1). However, in this case, MT data from
different stations are not projected onto the seismic line, but are considered at their true station
locations in a 3-D grid (see table 4.2.1). The lateral sizes of the inversion cells are in the same
range as for the 2-D inversion, but the cell sizes in z-direction are coarser (∆z = 400 m). In
this way run times remain relatively small because the calculation time increases approximately
with the square of the number of cells in z-direction.

Area
Data input:
Seismic tomography:
- Nr. of seismic lines
- Nr. of picks
- Type of data
- Offset range
Magnetotelluric:
- Nr. of stations
- Type of data
- Frequency range
- Nr. of frequencies per station
Gravity:
- Nr. of locations
- Type of data

Model parameters:
- Nr. of cells:
joint and MT inversions
seismic and gravity inversions
- Cell sizes:
joint and MT inversions
seismic and grav. inversions

Flare 6

Northern part
of License L006

1
≈ 50, 000
First onsets
0.2 - 18 km

6
≈ 195, 000
First onsets
0.2 - 20 km

12
Impedance tensor
elements
0.005 - 0.15 Hz
5

26
Impedance tensor
elements
0.005 - 0.15 Hz
5

5079
z-component of
gravity field and
gradient tensor

6437
z-component of
gravity field and
gradient tensor

66 x 83 x 21
80 x 114 x 21

78 x 78 x 21
103 x 103 x 21

800 x 800 x 400 m
400 x 400 x 400 m

800 x 800 x 400 m
400 x 400 x 400 m

Table 4: Parameters and settings used for the 3-D joint inversion along the wide angle seismic
line Flare 6 and for the northern area of License L006 with the program JIF3D.
Figures 21 and 22 show the results from the individual seismic, gravity and MT inversions
together with seismic ray coverage and the positions of the MT and gravity measurements. (The
associated data misfits for the different inversions are given in table 4.2.1.) As we have already
observed for the 2-D inversions in section 4.1, it is obvious that none of the methods is able to
resolve the basalt sequence and structures underneath by its own. For example, the high-density
anomaly from the gravity inversion is located at too shallow depths to adequately describe the
basaltic sequence and the shape of the high-resistive anomaly from the MT inversion does not
fit to the mostly horizontal layering of the basaltic sequence. In contrast, the joint inversion
results (see Fig. 23) are very similar to the results from the corresponding 2-D joint inversion
results presented in section 4.1.1 (see Fig. 10). The high-resistivity (high-velocity) anomaly is
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mostly horizontal and has thicknesses that vary between ≈ 1 − 2.5 km (see Figs.23 and 25).

Seismic:
MT:
Gravity (FTG): 0.80

Single inversion

petrophysical
joint inversion

2.45
6.64
1.21

2.64
6.51

Table 5: Error weighted RMS data misfits obtained from the 3-D single inversions and 3-D
joint inversion for the data sets along the seismic profile Flare 6. An error of 20 ms is assumed
for the seismic picks. For the MT error estimates determined from AOA Geophysics Inc. are
used. Errors used for the gravity inversions are presented in the first report (see [20]).
To be able to compare the anomaly with reflection seismic information, we determine depth
estimates for the top and base basalt from a pattern of 2-D wide angle seismic profiles7 . Not
only the upper boundary of the high-resistivity anomaly fits very well with the top basalt
estimate, but also the lower boundary coincides with the base basalt estimate in many regions
(see Figs.24-26). However, in the eastern part the anomaly is probably too thin. This can be
explained by the low resolution due to the lack of MT stations in this area. In the central
part immediately west of the BRUGDAN borehole the anomaly extends to larger depths than
the base basalt estimate derived from seismic information (see Fig.26). This observation is in
agreement with the joint inversion results from the 2-D joint inversions along the Flare 6 line.
Also for the 2-D inversion a thickening of the anomaly is obtained at the same location (see
e.g. Fig. 19). The reason for this anomaly will become clear later when we perform the 3-D
joint inversion for the complete northern part of License L006. If we consider the variation
of the resistivity at the location of the BRUGDAN borehole (see Fig.27), we can see similar
trends for the 2-D and 3-D joint inversion results. However, the absolute resistivity values from
the 3-D inversion fit slightly worse to the borehole logging data than the values from the 2-D
inversion. This may indicate that the structures in the 3-D inversion are less well resolved due
to the significant larger numbers of unknowns (inversion cells).
Results from an joint inversion with a structural coupling
All joint inversions we have presented until now had a petrophysical coupling. An other
option would be to couple the parameter models by enforcing structural similarities. The
structural cross-gradient approach (see section 2.2) has demonstrated in several applications
(see e.g. [12,16,24]) that it can significantly improve inversion results, if methods with relatively
high resolution power are combined. However, if the methods involved have lower resolution
or the data coverage is limited, enhancements by this type of coupling are often insignificant
(see [23]). We apply the cross-gradient approach to the 3-D data set along the Flare 6 profile
and we observe only minor differences to the results from the individual inversions (see Fig. 28).
From these results we conclude that such a structural coupling is too weak for our data sets
and combination of methods. We therefore do not apply this technique to any of the other data
sets.

7

Statoil provided us reflections picks from a large number of 2-D seismic profiles that are associated with the
top and base basalt. Because these picks were given in time, we used the velocity cube from the 3-D reflection
seismic to perform a time-to-depth conversion. Afterwards, we performed triangulations of the converted picks
to receive 3-D surfaces that correspond to the top and base basalt interfaces, respectively. These interfaces are
precise in the vicinity of the 3-D seismic survey, but more inaccurate in the other areas.
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Figure 21: Final results from a 3-D single seismic inversion (with JIF3D.) Only picked first
arrival times from the seismic profile Flare 6 are used in the inversion. In a) and b) a crosssection along the seismic profile is shown with and without seismic rays, respectively. In c)
the red rectangle indicates the area that is considered in the inversion. Arrows in a) and b)
highlight the location of the BRUGDAN well (denoted by the star in c)).
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Figure 22: In a) and b) final results from a 3-D single gravity and MT inversion (with JIF3D)
are shown, respectively. Only data points which are located close to the seismic profile Flare
6 are considered in the inversion. For gravity inversion both the gravity field and the tensor
gradient components are used as data input. Only high density anomalies are plotted in a)
and the white circles indicate the locations of the gravity measurements. For MT inversion
the complete impedance tensor is used for all stations and a number of frequencies. Only high
resistivity anomalies are plotted in b) and the red circles denote the positions of the considered
MT stations. In c) the red rectangle indicates the area that is considered in the inversion.
Arrows in a) and b) highlight the location of the BRUGDAN well (denoted by the star in c)).
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Figure 23: Final results from a petrophysical joint inversion of seismic, gravity and MT data
(with JIF3D). Only data points that are located along or closeby the seismic profile Flare 6
are considered in the inversions. Gravity data comprises both the gravity field and the tensor
gradient components. All tensor elements of the impedance tensor are used for the MT data
input. In a) a cross-section along the seismic profile is shown. White and red circles indicate
the locations of gravity and MT measurements, respectively. In b) regions in the model with
high-resistivity values are plotted. In c) the red rectangle indicates the area that is considered
in the inversion. Arrows in a) and b) highlight the location of the BRUGDAN well (denoted
by the star in c)).
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Figure 24: The same joint inversion results as shown in Figure 23 is plotted together with
layers obtained from wide angle reflection seismic data. In a) and b) the reflectors associated
with base basalt and with the top basalt are plotted together with the high-resistivity anomaly
(ρr > 10Ωm) from the joint inversion. Arrows highlight the location of the BRUGDAN well.
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Figure 25: The 3-D joint inversion results shown in Fig. 23b are presented here from two
different perspectives. Only high-resistivity values are plotted (ρr > 10Ωm). The arrow marks
the location of the BRUGDAN borehole.
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Figure 26: The 3-D joint inversion results are shown from the same perspective as in Fig. 25.
However, in this figure two reflectors are added that were estimated form wide-angle seismic lines
and are associated with the top and base basalt. The yellow arrow indicates a region, where the
high-resistivity anomaly extends below the base basalt estimate. The reddish-brownish arrow
marks the location of the BRUGDAN borehole.
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Figure 27: Resistivity variations along the BRUGDAN borehole determined with the 2-D joint
inversion scheme JINV2D (green stars) and with the 3-D joint inversion JIF3D (red stars).
Data along the seismic profile Flare 6 are used for both joint inversion tests. The blue line
shows the resistivities obtained from borehole logging. (A moving average filter with a filter
length of 100 m is applied to the logging data).

Figure 28: Example for a structural joint inversion of seismic and MT data where cross-gradients
are used as coupling constraints. For this test we used the 3-D joint inversion scheme JIF3D
and we considered data that are located nearby the seismic profile Flare 6. The cross-sections
presented here are extracted from the 3-D parameter models along the seismic profile Flare 6.
(a) and (c): Results from a single seismic and single MT inversion, respectively. (The starting
model used here differs from the one that is used for the inversion results shown in Figure 30.
The obtained seismic velocity images are therefore different). (b) and (d): The corresponding
results from the structural joint inversion.
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4.2.2

3-D inversion results for a data set that covers the northern part of the
License L006

In the last step we apply the 3-D joint inversion to the complete northern part of License L006.
This data set can be considered as truly three-dimensional, because it consists of a pattern
of 6 crossing seismic profiles and comprises a number of relatively uniformly distributed MT
stations (see Fig. 29). Only the gravity survey does not cover the whole region, but only the
eastern part. Cell sizes and other parameters used in the inversions are similar to ones of the
previous model along the Flare 6 profile (see section 4.2.1) and are listed in table 4.2.1.
Results from the individual inversions are shown in Figures 30 and 31. The seismic first
arrival time tomography resolves only the velocity structures above and along the top basalt.
(The low velocities at a depths below 2000-3000 m are related to the starting model and are
not an indication for sub-basalt sediments.) The MT inversion creates a thick elliptically highresistive anomaly that is elongated in a NE-SW direction which may indicate the presence
of two-dimensional anomalous body in this region. The gravity inversion generates a thick
high-density anomaly in the vicinity of the BRUGDAN borehole. The high-density anomaly is
located in the same region where high resistivities are present and it seems that both methods
are sensitive to the same structure. However, the shapes of the two anomalies differ to a
large extent and it is difficult to estimate the exact position and shape of the structure by a
combination of the individual inversions. In addition there is no clear indication for a mostly
horizontal basaltic sequence in any of the inversion results.
Single
Joint inversion of
inversion seismic and MT
Seismic: 4.37
MT:
5.66
Gravity: 0.99

7.01
7.27
-

Joint inversion of
seismic, MT
and gravity
6.89
7.32
1.04

Table 6: Error weighted RMS data misfits obtained from the 3-D joint inversions for the data
sets from the northern part of the License L006. An error of 20 ms is assumed for the seismic
picks. For the MT error estimates determined from AOA Geophysics Inc. are used. Errors
used for the gravity inversions are presented in the first report (see [20]).
While performing joint inversion tests of seismic, MT and gravity, we realized that it is
challenging to adequately balance all terms of the objective function in a way that low data
misfits are obtained for all methods. We therefore decided to combine in a first step only
seismic and MT in the petrophysical joint inversion. The obtained results from this joint
inversion test (see Fig. 32) are more complex than the ones obtained from the joint inversion
tests along the seismic profiles Flare 6 and the GFA 207. Here two different anomalies can be
observed. One shallow planar and quasi horizontal high-resistivity (high-velocity) anomaly is
located in a depth range of 2000-3500 m across the complete region that is resolved neither
by the individual seismic inversion nor by the individual MT inversion. In addition, a deeper
high-resistivity (high-velocity) anomaly is present in the central part of the investigated area. It
has a two-dimensional character with a strike oriented in NE-SW direction. The two anomalies
are located very close to each other and if a lower resistivity threshold of 10 Ωm is considered,
they merge and appear as one anomaly (see Fig. 33). For a higher resistivity threshold of 25
Ωm, however, the two anomalies (see letters A and B in the Figs. 33 and 34) are only connected
to each other at the vicinity of the BRUGDAN borehole.
Comparison with the top and base basalt estimates from the seismic reflection data suggests
that the upper anomaly is associated with the basalt sequence. The lower anomaly, however,
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Figure 29: Map of the investigation area. The red rectangle outlines the region that is considered
in the 3-D joint inversion. Only data that are used in this inversion are shown here.

seems to be related to another structure below the basalt. The upper boundary of the lower
anomaly coincides mostly with the base basalt estimate (see Figs. 33-35 and Fig. 36). This
suggests that a high-resistive structure exists which top is located not far below the base of
the basaltic sequence. This interpretation is in general agreement with the borehole results.
Below the base basalt only a thin layer of about 200 m with lower resistivities, velocities and
densities is determined from the logging measurements (see Fig. 7), but at larger depths (>
3900 m) the physical parameters rise again. In this context we remark that the resistivity
minimum of the joint inversion along the borehole is located at slightly shallower depths than
the sub-basalt sediments (see Figure 36). This indicate that the joint inversion is able to
resolve general structures, but results may be inaccurate in some details, as can be expected
for relatively low resolution methods. Another observation is that the lower anomaly is present
in a region where the surface of base basalt estimate arches upward and the strike directions
of the anomaly and the arching are oriented both in NE-SW direction (see Figs. 33 and 35).
This indicates that the anomaly is oriented in direction of the regional trends and comparison
of the map of Gallagher and Dromgoole, 2007, (see [15] and Fig. 6) and Figure 37 suggests
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that it is most likely generated by the uplift of the NE-SW striking East Faroe High. If we
compare these results with the previous 2-D and 3-D joint inversion results along the Flare 6
profile, it becomes clear that thickening of the high-resistive anomalies close to the borehole
observed in the earlier tests (see e.g. Figs. 10, 19, 25 and 26) is also associated with uplifting of
basements structures. However, in this earlier tests too little information was used to generate
two separate anomalies.
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Figure 30: In a) and b) final results from a 3-D seismic first arrival time tomography and a
single 3-D MT inversion (with JIF3D) are shown, respectively. Parts of seismic profiles and MT
stations located in the northern part of the License L006 (see c) are considered in the inversions.
The white lines sketch the locations of the wide angle seismic profiles. For MT inversion only
regions with higher resistivities with ρr > 10Ωm are plotted here. Arrows highlight the location
of the BRUGDAN well.
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Figure 31: a) Results from a single 3-D FTG gravity inversion (with JIF3D) are shown. Only
high densities with ρd > 2.2 g/cm3 are plotted here. The red line (and the arrows) indicate
the location of the BRUGDAN well and the white lines sketch the locations of the wide angle
seismic profiles. In b) also the measuring positions are added as white circles to the inversion
results. In c) the dashed line encompasses the area that is considered in the inversion.
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Figure 32: Final results from a petrophysical 3-D joint inversion of seismic first arrival time
tomography and MT (with JIF3D) are shown. Parts of seismic profiles and MT stations that
are located in the northern part of the License L006 (see c) are considered in the inversion.
The white lines sketch the locations of the wide angle seismic profiles and the red circles the
locations of MT stations. In a) cross-sections from the 3-D data cube show the seismic velocities
along the considered seismic profiles. In b) higher resistivities with ρr > 10Ωm are plotted.
Arrows highlight the location of the BRUGDAN well.
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Figure 33: 3-D joint inversion results of seismic first arrival time tomography and MT (see
Fig.32) are shown from a different perspective. Top and base basalt estimates from wide-angle
seismic investigations in a) are plotted together high resistivities of > 10Ωm and > 25Ωm in b)
and c), respectively. The letter A and B highlight two anomalies that can be associated with
the basalt sequence and a high-resistive structure below the basalt.
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Figure 34: The same information as in Figure 33 are shown from a different perspective.
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Figure 35: The same information as in the Figure 33 and 34 are shown from a different per-
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Figure 36: Resistivity variations along the BRUGDAN borehole determined with the 3-D joint
inversion scheme JIF3D. Data from the northern part of the License L006 is used for the joint
inversion tests. The red line shows results from a petrophysical joint inversions of seismic,
MT and gravity data, but the black and blue lines show the results from joint inversions of
seismic and MT data. For the blue line no regularisation (smoothing) is performed along the
two interfaces that are estimated as the top and base basalt from wide angle seismic data. The
green line indicates the resistivities obtained from borehole logging. (A moving average filter
with a filter length of 100 m is applied to the logging data). The dashed grey lines indicate
the depths of the top and base basalt and the letters A and B are associated with the two high
resistivity anomalies (see e.g. Fig.33).
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Figure 37: a) Map showing the location of the high-resistivity anomaly (ρr > 25 Ωm) that
is determined by the joint inversion below the basalt (z > 3000 m) with red-brownish color.
b) The gravity field and two components of the FTG tensor from the 3-D gravity data set.
Note that the location of the high-resistivity anomaly corresponds to areas with high gravity
attractions (see red arrows).
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Incorporating seismic information in the joint inversion
In a next step we incorporate information from reflection seismic data into the joint inversion scheme. To do this we choose the simple and straight-forward strategy to deactivate the
regularization (smoothing) along surfaces that are associated with top and base basalt. The
used surfaces are estimated from wide-angle seismic data and are already introduced in section 4.2.1. Comparison of the joint inversion results with and without adding this a priori
information (compare Figs. 32 and 38 and see Fig. 39) indicates that the changes are relatively
minor. The main difference is that larger parameter contrasts at the interface between the
upper sediments and the top of basalt are observed when seismic information is used (see also
Fig. 36). The data misfits for both seismic and MT data is moreover slightly reduced. On the
other hand, no obvious improvement is obtained along the base basalt surface. One possible
reason for this is that the resolution in this depth range is already relatively low and therefore
a parameter contrast is not enforced along a surface if the regularisation strength is reduced.
A second reason is that the border of the high-resistivity anomaly is located in many regions at
more shallow depths than the surface from the base basalt estimate (see Fig. 39). Accordingly,
the border of the anomaly are not sharpened if the regularization is reduced along this surface.
In future we plan to add more types of geophysical data (e.g. reflection onsets from seismics;
see Outlook) to the joint inversion to better determine the location of the base basalt. We
believe this will to a large extent solve these remaining problems.
Petrophysical 3-D joint inversion of seismic, MT and FTG gravity data
In a last step also the FTG gravity data are added to the petrophysical joint inversion. It
is relatively challenging to find a proper weighting such that the data misfits of all methods
are converging if so many different methods are involved. After several tests we obtain joint
inversion results with similarly low data misfits as for the joint inversion of seismic and MT (see
table 4.2.2). Also most parts of this final model are similar to the ones of the joint inversion
of MT and seismic. So again a southwest-northeast striking high-resistivity anomaly can be
observed (see Figs. 40-42) below a quasi-horizontal anomaly that can be associated with the
basalt. The main differences are present in the south-eastern part of the investigated area,
where lower physical parameters are observed below the anomaly associated with the basaltic
sequence than for the joint inversion of MT and seismic (compare Figs. 32a and 41). This
part is not-well covered by MT stations and the gravity is the method that has likely the most
resolution power here. The map from Gallagher and Droomgole [15] (see Fig. 6) shows here with
the Guðrun Basin a structural low of the pre-rifted basement and the low physical properties
may indicate a thicker package of sub-basalt sediments. Furthermore, the gap between the two
anomalies (see A and B in Fig. 42, last panel) is less obvious. The reason for this difference is
not totally clear for us yet.
Finally, we observe some stronger variations of the physical parameters along the borders
of the FTG-survey. This behavior is observed also in a much larger degree in the results
from the single gravity inversion (see Fig. 31) and we believe that these variations are not
associated with real structures, but with the rapid changes of the FTG sensitivities at the
borders. Unfortunately, also the BRUGDAN borehole is located close to the border of the
FTG survey such that joint inversion results do not fit as good to the borehole data like the
ones from the joint inversion that uses only seismic and MT data (see Fig.36). In future we
will also add the z-component of the gravity field and we believe that this will solve to a large
extent this problem, because the sensitivities change more smoothly across the borders of the
gravity survey.
Because it has been a time consuming procedure to find an adequate relative scaling for
so many terms in the objective function, we want to investigate strategies to automatize the
scaling in the future. We hope that this will facilitate the weighting procedure and accelerate
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the overall inversion process.
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Figure 38: 3-D joint inversion results of seismic first arrival time tomography and MT are
shown. The same information as in the Figure 32 are presented, but for the results shown
here, no regularization (smoothing) is applied along the top and base basalt interfaces that are
estimated from seismic information.
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Figure 39: Joint inversion results are shown along the GFA 207 profile. In b) results are presented, where no regularization (smoothing) is applied along the top and base basalt interfaces
that are estimated from seismic information (see also Fig. 38). As comparison results are shown
in a), where the smoothing is not reduced (see also Fig. 32. In c) and d) the interfaces of the
top basalt and base basalt estimates are plotted to the results of b), respectively.
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Figure 40: Final results from a petrophysical 3-D joint inversion of seismic first arrival time
tomography, MT and gravity (with JIF3D) are shown. Segments of seismic profiles, MT stations
and FTG measurements that are located in the northern part of the License L006 (see c) are
considered in the inversion. The white lines sketch the locations of the wide angle seismic
profiles and the red circles the locations of MT stations. In a) and b) higher resistivities with
ρr > 10Ωm are plotted. The locations of the gravity measuring locations are furthermore shown
in b). Arrows highlight the location of the BRUGDAN well.
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Figure 41: Final results from a petrophysical 3-D joint inversion of seismic first arrival time
tomography, MT and gravity (with JIF3D) are shown. Segments of seismic profiles, MT stations
and FTG measurements that are located in the northern part of the License L006 (see b) are
considered in the inversion. In a) cross-sections from the 3-D data cube show the seismic
velocities along the considered seismic profiles. The white lines sketch the locations of the wide
angle seismic profiles and the red circles the locations of MT stations. Arrows highlight the
location of the BRUGDAN well.
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Figure 42: 3-D joint inversion results of seismic first arrival time tomography, MT and gravity
(see Fig.40) are shown from a different perspective. Top and base basalt estimates from wideangle seismic investigations in a) are plotted together high resistivities of > 10Ωm and > 25Ωm
in b) and c), respectively. The letter A and B highlight two anomalies that can be associated
with the basalt sequence and a high-resistive structure below the basalt.
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5

Conclusions and Outlook

All joint inversion tests demonstrate that it is possible to obtain more consistent results with
joint inversions than with the individual inversions with the same or only slightly higher data
misfits. Main features such as the shape of the basaltic sequence are more realistically represented by the joint inversion strategies than by individual inversions. The joint inversion results
are moreover generally consistent with results from boreholes and 3-D reflection seismic and
it is relatively easy to incorporate additional a priori information, for example reflectors from
seismic data. All these results suggest that joint inversion strategies of seismic, MT and gravity
data can be generally considered as an interesting and promising tool for sub-basalt imaging
and determination of suitable borehole locations.
However, the quality of the joint inversion results are largely dependent on many factors.
The type of coupling (structural or petrophysical), the dimensionality (2-D or 3-D), the setup
of the inversion problem (consider one objective function for all data sets or separate objective
functions for different data sets), the type of data (e.g. including FTG gravity data), the total
number of measurements and the survey design all affect the final results. It turns out that the
following factors have been particularly relevant in this study:
• Structural coupling is not adequate, as the relatively weak coupling does not significantly improve the results. In contrast joint inversion results with stronger petrophysical
coupling result in significant improvements compared to the results of the individual
inversions.
• It was only possible to image the uplifted pre-rifted basement below the basalt with the
3-D petrophysical joint inversion, where all available data from the northern part of the
License L006 are used. In this case even the strike of the structure could be reliably
determined. In the other 2-D and 3-D inversion tests this structure is only visible by a
thickening of the high-resistivity anomaly that is associated with the basaltic sequence.
• The top basalt boundary is precisely determined from all joint inversions. The obtained
base basalt boundary estimated from both 2-D and 3-D joint inversion results along the
seismic Flare 6 profile fits well to estimates from borehole and reflection seismic data.
However, due to the limited resolution in this depth range, the lower boundary of the
high-resistive anomaly varies strongly if the assumed data error is changed for the MT.
For the 3-D inversion of the northern part of License L006 the thickness of the basalt
seems, moreover, to be underestimated for large parts.
• It is easier to obtain low data misfits for all data sets if the joint inversion problem is split
into separate objective functions for the different methods.
The data we obtained for our joint inversions were collected at the beginning of this century
and the field surveys were not adjusted for joint strategies. Our studies demonstrate that also
for such non-optimal survey design joint inversion provides better results than the individual
inversions and we believe it can often make sense to perform joint inversion on "old" data sets.
On the other hand, it is very likely that the results would be even better, if joint inversion
aspects are taken into account in the field survey planning. We list here a few suggestions what
can be changed in future in data acquisition and the data management:
• The complete area of investigation should be equally covered by data from all methods
used in inversion. This means for 3-D studies that everywhere in the investigation area
MT and gravity measurements should be performed. The seismic setup should include
rays that do not run along the collected seismic profiles. Such crossing rays could be
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obtained by e.g. deploying OBS-stations. For 2-D investigations MT stations should
be placed with equal distances directly on the seismic profile. In the same way gravity
measurements should be performed along the complete seismic line.
• Different geophysical data should be stored in the same or linked data bases such that
these data sets can be gathered easily.
• Precise error estimates are essential to get reliable joint inversion results. Therefore, it
would be favourable that persons performing the joint inversion have access to the raw
data such that they can reprocess the data and, hence, determine adequate data errors
themselves.
We think also a number of technical modification are useful in our schemes. In the following
we describe some changes which should be done in the future:
• More information has to be used in the joint inversion schemes to reliably resolve the
deeper structures such as the sub-basalt sediments and the pre-rifted basement. In this
context it is particulary important that each individual method is sensitive to all parts
of the considered subsurface model, because only in this case structurally coupled joint
inversion techniques make really sense and can improve the overall results. We consider
only reflection seismic arrivals as seismic data whose rays cover only the upper sediments
and the top of the basalt. Therefore, we plan to implement also reflection arrivals into
seismic tomography. Another option to add further seismic information would be the
implementation of CRS-stacking [13] or stereo-tomography [7]. Recently, EMGS demonstrated that a combination of MT and CSEM data has the potential to resolve sub-basalt
structures (see resistivity image of a sub-basalt study on their webpage: www.emgs.com).
We consider it therefore as an interesting option to add also CSEM to our joint inversion
schemes.
• In future we want to modify our petrophysical joint inversion schemes in a way that their
assumptions are more generally valid. A number of interesting ideas are suggested in the
recent years that may help to reach this goal and could be implemented. Some authors
have developed joint inversion schemes, where the parameter relationships are flexible and
are adjusted during the inversion process (see e.g. [23, 30]). Other approaches consider
uncertainties of the parameter relationship in its joint inversion scheme [10] or directly
invert for reservoir parameters like porosity and saturation. In the latter type of joint
inversion empirical relationships like Archie’s and Gassmann’s equations are employed to
transfer the physical parameters to reservoir parameters (see e.g. [17]). Finally, use of
cluster information instead of using parameter relationships is another interesting strategy
proposed different authors (see e.g. [23, 32, 42]).
• Another way to account for the uncertainties introduced by the parameter relationships
is to investigate the model space around the final model obtained by the joint inversion.
Global inversion schemes are typically used for this. In this context we have already built
up a cooperation with Richard W. Hobbs, Alan W. Roberts and Michael Goldstein from
Durham University, UK. They use a novel and very efficient global inversion scheme that
is based on the use of so-called emulators (see [37]). In future we want to use their method
to investigate the reliability of the results from our non-linear joint inversion schemes.
• Particulary for the MT, but also for the gravity, boundary effects and the background
model can have strong affects onto the data responses. We think it is important to use
for these numerical issues the best possible solutions to minimize artifacts. Therefore, we
want to spend some research on this topics.
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