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Subsalt imaging in Northern Germany using multiphysics
(magnetotellurics, gravity, and seismic)

Christian H. Henke1, Markus Krieger2, Kurt Strack3, and Andrea Zerilli4

Abstract

Imaging subsalt is still a challenging task in oil and gas exploration. We have used magnetotellurics (MT) to
improve the integration of seismic and gravity data to image the Wedehof salt dome, Northern Germany. High-
resolution natural field source broadband MT data were acquired and enhanced the definition of the top and
overhanging salt structures in addition to the description of the salt dome root. Salt boundaries show strong
resistivity contrasts with the surrounding sediments and thus represent a good target for electromagnetic mea-
surements, especially for mapping the top salt horizon. Using broadband array data acquisition and advanced
processing techniques, difficulties with cultural noise sources could be solved. With integrated 3D gravity mod-
eling focusing on the salt dome’s flanks at intermediate depths, an improved model could be achieved. The
revised salt geometries provided sound input to a seismic reprocessing and led to an improved imaging of
the subsalt areas proven by subsequent exploration drilling. The integrated interpretation of MT, gravity,
and seismics combines the strengths of the different physics, thus increasing the imaging reliability and reducing
exploration drilling risks. In this case, we used a conservative workflow that includes a survey feasibility study
with field noise evaluation and careful acquisition parameter testing at the beginning of the survey. Only with
this could we overcome the cultural noise issues associated with the survey area being near large cities and their
associated electromagnetic noise.

Introduction
Complex subsalt imaging is still one of the remaining

difficulties in hydrocarbon exploration (Rowan et al.,
2001). Extensive improvements have been made to
tackle this problem with seismic new acquisition designs
such as wide and full azimuth, long offsets, broadband
acquisition, and advanced depth imaging such as reverse
time migration and full-waveform inversion (e.g., Jones
and Davidson, 2014; Warner and Guasch, 2016). How-
ever, not every subsalt problem has been solved, and
many challenges remain. In areas where salt structures
are extremely complex, project costs may still be pro-
hibitively expensive, seismic signal-to-noise ratio may
still be limited and therefore complicate subsalt imaging.
For electromagnetics, salt is almost transparent because
it is electrically isotropic and the salt-to-host rock boun-
daries are a perfect target with their high resistivity con-
trast (salt is usually several hundred-ohm-m resistivity
and the surrounding sediments between 1 to 10 ohm-m).

Located among many others, at the southern edge of
the South Permian Basin in Lower Saxony, Germany,
the salt dome Wedehof has been the subject of an in-

tense geophysical search for hydrocarbon structures
and related exploration drilling. Historically, the main
object has been the search for hydrocarbons in the
overhang regions and in the higher flanks of the struc-
ture. At later exploration periods, 3D seismic has been
applied to obtain data in the deeper flanks and their
downward extension into the Triassic series. The large
uncertainty in the top salt imaging translates directly
into large uncertainties (imaging, depth conversion)
at base salt levels. The Wedehof High Resolution Mag-
netoTelluric (HRMT) project was designed to improve
top salt interpretation and subsequently enhance seis-
mic depth imaging of base salt and subsalt structures
through an integrated geophysical approach. Figure 1
shows the location map of the survey.

We anticipated severe electromagnetic noise prob-
lems due to the proximity of big cities (Bremen, Hanno-
ver, and Hamburg), airports, and electric trains; thus,
we first carried out a feasibility study including 2D
numerical modeling and detailed site inspection as
well as locating a remote site for remote reference
operation.
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The survey area is located in a densely populated
area with a lot of villages, fields, and highways. The data
base included relatively sparse onshore 3D seismic with
a low fold, receiver/shot line spacing of 400 m, and a
maximum offset of 4000 m.

The prestack depth migration gave initially only lim-
ited improvements of the seismic quality. Figure 2
shows the seismic section for the salt dome (Buehne-
mann et al., 2002). The structural interpretation of the
target area in the bottom of the figure is only weakly

Figure 1. Location map of the MT survey in Northern Germany.

Figure 2. Seismic section through the Wedehof salt dome (2000 processing) prior to the integration of MT data, located parallel to
MT line 4 (marked in red in Figure 3). Exploration target in the Rotliegend Formation marked.

2 Interpretation / November 2020

1



Seite: 2
Nummer: 1 Verfasser: kurtstrack Thema: Cross-Out Datum: 28.05.2020 18:33:58 



supported by the data. The top salt structures cannot be
resolved with the seismic data. This caused us to use
detailed gravity and HRMT jointly, shown in Figure 3,
to drive the integration and to provide a more reliable
structural interpretation. For the HRMT, the site spac-
ing was 50 m on the cross lines (mandatory minimum
lines 1 and 2 in Figure 3) and 100 m on the fill-in lines
(contingency — remaining lines). The gravity and seis-
mic existed initially, but it was thought that another
method that could look below the salt using different
physics was needed.

A Rotliegend gas discovery has been made close to
the Wedehof salt dome in 1994 on the basis of 2D seis-
mic and 3D seismic acquired in 1993. Since then, vari-
ous 3D seismic reprocessing campaigns took place that
resulted only in minor subsalt imaging improvements.
The diffuse seismic image in Figure 2 at
shallow depth is caused by suberosion
of the salt diapir from Quaternary glacial
deposits and Tertiary morphology (Si-
rocko et al., 2002). In a previous study,
gravity data, which were acquired con-
current to the seismic surveys, could
not define the shallow salt boundaries
sufficiently. Thus, we used electromag-
netics to better define the top of salt
and potentially improve also the base of
salt image jointly with gravity. Due to
the dense industrialization in the area,
we anticipated increased electromag-
netic noise and first carried out a 2D
feasibility study including survey area
inspection to map electromagnetic
noise sources. In addition, near-surface
static effects caused by the above-men-
tioned suberosion were anticipated as
problematic. A possible solution to this
were high-frequency magnetotelluric
(MT) measurements (audio magnetotel-
lurics — AMT), continuous electric
dipole measurements, or using loop
source time domain electromagnetics
for static shift correction. Based on the
2D modeling results from the feasibility
study, we selected the following ap-
proach: First, we verified the salt struc-
ture image using the MT/AMT data in the
feasibility study. This gave us the confi-
dence that the data would be sufficient
to resolve the target. The remaining un-
known was the actual noise, and for that
we reserved to use continuous electric
fields that were also measured (and re-
served for corrections in postprocess-
ing). After the initial parameter testing,
we were satisfied with the quality of
the MT/AMT approach and the continu-
ous electric field postprocessing wasn’t
used. All sites were recorded/processed

using a faraway remote reference site near Essen
(Oldenburg).

Figure 3 shows the gravity and HRMT data base. On
the mandatory lines, the site spacing is 50 m; on the
other lines, it is 100 m. In hindsight, we realized that
most likely this dense spacing was the most important
contributor to the success of the survey.

Methodology and workflow
We selected MT as the method of choice as the result

of the feasibility study and did not have to add other
survey methods. Techniques such as controlled-source
electromagnetics (CSEM) may have better coupling to
the subsurface, but their cost, availability, and effort
make these only a second choice.

Figure 3. Overview of the gravity and MT database, the survey site, and its sur-
roundings. The bold dashed outlines in cyan roughly delineate the known salt
domes, based on previous studies, with Wedehof in the center, the finer lines
indicate deeper salt uplifts; the dashed blue rectangle represents the gravity out-
put area (16 km by 12 km), shown in Figure 7 (reference gravity and attribute
map); orange crosses are gravity stations (with nominal spacing of approximately
375 m); MT profiles 1–8 are displayed in gray, except line 4 in red, shown in Fig-
ure 9 (resistivity image) and in Figures 2 and 11 (seismic images); the dotted pink
crossline locates the 2D profile shown in Figure 6 (model for the MT feasibility
study); yellow dots are exploration wells (some with their paths) existing previous
to this study, the red well was drilled afterward, the green dots are shallow wells
used for top salt verification.
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The MT method uses the electromagnetic source in
the earth’s ionosphere, and for higher frequencies it
uses thunderstorms in the middle atmosphere. Because
the location of the signal source is not known, it uses
the ratio of electric and magnetic fields to cancel the
need for the source location. Thus, it is called a passive
electromagnetic method, whereas CSEM are active
methods.

Figure 4 shows a generic field layout of the MT equip-
ment as an array system over a salt dome as applied for
the survey carried out in 2002. Usually anMT site consists
of three magnetic and two electric field components, ac-
quired in the x, y, z directions to give a tensor measure-
ment. They represent the secondary response of the
subsurface caused by the electromagnetic wave reaching
the earth from the atmosphere/ionosphere (indicated by
the red wave-train in the figure). The secondary fields are

generated by the resistivity contrast of adjacent strata —

in this figure, around the salt dome. These are converted
to directionally independent apparent resistivities that re-
present the subsurface resistivity structure as a function
of frequency (Vozoff, 1991; Chave and Jones, 2012; Naidu,
2012). If the apparent resistivity of the two perpendicular
directions is the same, the subsurface is horizontally
layered.

Typically, only the x, y components are used with the
vertical component of the magnetic field giving some
3D indicator. If the ratios are different, we see a 2D
structure such as a depth-dependent salt dome boun-
dary. The lower the frequency, the deeper the penetrat-
ing signal. Each receiver site can have subacquisition
controllers to get denser spacing. In addition to acquir-
ing the data at a receiver site we also used a distant re-
mote reference site. The assumption is that this site gets

cleaner data and that the signals are cor-
related and the noise is not. Thus, we
can derive algorithms to remove the
noise (Clarke et al., 1983).

Another potential pitfall with MT
worth mentioning are static effects that
are caused by variable grounding resis-
tance on the electrode side (Andrieux
and Wightman, 1984; Sternberg et al.,
1988; Cummings and Mackie, 2010).
There are multiple ways to address this.
We choose between time-domain EM,
continuous electric fields, and high-fre-
quency MT as an additional measure-
ment. The latter was selected given that
we anticipated careful parameter testing
at the beginning of the survey.

Because central Europe has electric
trains and a high population density,
we anticipated significant cultural noise.
We carried out a feasibility study that in-
cluded resistivity model derivation from
a priori information, 2D modeling, and
detailed site inspection focusing on
mapping cultural noise sources.

The results of the study delivered the
specifications for the survey tender. The
feasibility workflow is shown in Figure 5.
Whereas the initial goal was to map the
top of the salt dome due to its unclear
definition from the seismic data, it be-
came clear after talking to geologists and
asset managers that the base of the shape
of the salt root was also important and
getting an image of the salt overhang
was a hoped-for benefit. Because no re-
sistivity data from logs were available,
we used regional geologic studies done
by the Geological Survey (Hoffmann
et al., 2005) to get an idea about the re-
sistivities. Unfortunately, available vin-
tage data in the upper 5 km were too

Figure 4. Setup of the array MT system. Today, the acquisition is typically done
with wireless nodes.

Figure 5. Workflow of the subsalt imaging MT feasibility study leading to survey
design.
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noisy to derive a resistivity strata correlation. We thus
used previously interpreted gravity models to get the
approximate salt-sediment boundaries confirmed with
the geologist and correlated this to the formation, and
then we used analogues from other resistivity measure-
ments in the basin to get a resistivity model of the salt
dome. We then calculated the 2D MT response and car-
ried out some test inversions on the modeled data. Once
we were confident that we could define the salt bounda-
ries, a minimum survey plan was derived, and a contin-
gency plan was included in case the survey went well.
Together with site inspection and mapping the locations
of potential electromagnetic noise sources, the survey
lines were defined.

Figure 6a shows some results of the feasibility study.
Every 50 m, we placed a receiver site on the profile and
calculated the synthetic response. Based on the known
density for the formations, the resistivities were
blocked in larger intervals, and then the synthetics were
generated. To gain a quantitative understanding on how
the method would be effective in determining the depth
to the top of salt, we computed several variations of the
Wedehof salt model for various depths to salt. The two
data examples (Figure 6) illustrate the top of salt at
approximately 2000 and 400 m, respectively. The syn-
thetics represent different MT quantities. The results
for the TE (transverse electric) mode (electric currents
flowing along the strike) and TM (transverse magnetic)
mode (currents flowing across the
strike) are presented in the figures (TE,
red dots; TM, blue dots) along with the
invariant (average of TM and TE, pink
line). Model responses were computed
for an array of measurements with 50 m
dipole spacing (continuous). We can see
a clear shift of the curve increase in the
period to the shorter period at the right-
hand example, which is interpreted as
more resistive salt at a shallower depth.
The variations of the apparent resistivity
curves indicate a significantly variable
salt-sediment boundary. All of the model
plots show easily detected variations in
the computed apparent resistivities.

The data were recorded following
acquisition strategies developed and veri-
fied during the test phase to cover a fre-
quency range from 9600 Hz to 1000 sec
(0.001 Hz). To cover this range, six differ-
ent sampling rates (in different bands)
were applied and then combined: 48,
9600, 4000, 1000, 500, and 25 Hz. Each
band was usually acquired for a period
long enough to produce, after stack, a
good signal-to-noise ratio and therefore
high-quality data. The acquisition strat-
egy evolved out of the acquisition tests
performed and was instrumental in im-
proving the data quality significantly.

The issues in this survey were near-surface static effects,
and special procedures were developed for the electrode
planting and recording with a very dense electrode
spread (50 and 100 m). Because of the dense spacing,
we called this survey type HRMT. As mentioned above,
we decided on this methodology for static correction be-
cause it improves the data quality.

Usually a few seconds of acquisition are enough to
stack good data for the frequency range covered by
the first three bands. More critical here was the acquis-
ition at the lowest frequencies for approximately 15 h.
The length of the acquisition period for this band was
based on the required depth of investigation and the fea-
sibility study.

Based on the experience during earlier MT measure-
ments carried out in northwest Germany, it was decided
to install the remote reference site near the town of Es-
sen (Oldenburg). The selection of this site, approxi-
mately 100 km away from the survey area, was based
on the area’s lack of electric railroads, major pipelines,
and power lines and the results of previous measure-
ments carried out by the University of Muenster. In ad-
dition, the area is characterized geologically by a thick
very low resistivity section, which serves to attenuate
noise. The robust processing method proposed by Zerilli
et al. (1997) was used to improve the data quality and
greatly reduce the effects of noise bias. This scheme
is a combination of use of the far fixed remote reference

Figure 6. Previous model used for theMT feasibility study and two examples with
significant results. (a) Two examples of the feasibility data used to design the sur-
vey. Displayed are apparent resistivities as a function of the period with the increas-
ing period representing an increase at depth. Model results demonstrate that the
MT method is highly sensitive to the resistivity contrasts of the salt body and the
surrounding sediments, in particular at the top of the salt-sediment boundary.
(b) Existing model to 4.5 km depth, based on an earlier seismic-gravity interpre-
tation, with the top of the salt body indicated at a depth of approximately 400 m.
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tested to be free of regional correlated noise sources
and a selection of subsets of data based on coherence,
followed by filtering using a reweighted least median
of squares for the magnetic data and a recurrent neural
network approach for the electric data.

Seismic imaging with prestack depth migration
(PSDM) over the Wedehof salt dome before the co-
operative workflow provided a high-resolution image
of the sedimentary sequence but poor imaging of the salt
structure preventing the focusing of the Rotliegend For-
mation target in the image (Figure 2).

The gravity data, obtained from exploration ground
surveys covering the area seamlessly with a nominal
grid distance of approximately 375 m (Figure 3), were

terrain and Bouguer corrected and then selectively fil-
tered to illuminate different parts of the subsurface vol-
ume (Henke and Krieger, 2000). In Figure 7a, we have
the processed gravity data band-passed for wavelengths
from 0.3 to 50 km as an appropriate reference field for
3D gravity modeling down to a depth of approximately
6 km. Superimposed are the MT sites and the salt out-
lines based on previous studies. The right map is the
second vertical derivative (SVD) of the gravity data;
it helps to delineate the salt dome top lateral boundary,
approximately at the zero-contour line outside of the
orange-colored elliptic high. However, due to the weak
gravity response from shallow depths caused by locally
limited density contrasts, the HRMT results are expected

to support the upper salt geometries sig-
nificantly. Having thus a better control of
the shallow part of the model, gravity
could in turn improve the salt root defi-
nition, where the salt-sediment density
contrasts are typically high.

Results
Data processing began at the field of-

fice as soon as the survey and remote
reference data were returned from the
field. Much of the data, in particular
that acquired near the beginning of
the survey, was later reprocessed, as
the processing sequence evolved during
the course of the survey and was opti-
mized for the specific objectives of the
project. Evaluation of the data for valid-
ity and quality was done concurrent to
field acquisition. The parameter testing
took much longer than anticipated, but
once production started the acquisition
process went fast and approximately
360 sites were acquired in two months.
The profiles across the salt dome con-
firmed the feasibility results and the salt
dome could be seen in the processed
data — as predicted. The MT data were
processed and inverted using a 2D inver-
sion algorithm (and checked with a 3D
inversion algorithm). These sections
were then compiled and integrated with
the gravity and seismic data. This inte-
gration process took several weeks.

Joint interpretation with the new
HRMT data including further constraints
from seismic, geology, and well data re-
vealed that the annular relative gravity
maximum in Figure 7 is caused by the
combined effects of the steeply uplifted
sedimentary sections below the salt over-
hang and the slightly positive density
contrast of the shallowest part of the
salt, including variable fractions of high-
density anhydrite caprock. It further

Figure 7. Gravity data maps (the output area), with the MT sites superimposed:
(a) processed Bouguer reference gravity field (excluding wavelengths <0.3 and
>50 km) and (b) the SVD of the gravity field, as an example for an attribute map
supporting the qualitative interpretation, in this case focusing on the edges of the
salt dome. Additional map features are explained in Figure 3.
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indicates that the previous salt boundaries need to be
partly reinterpreted.

Figure 8 represents two different snapshots of the in-
tegration effort including gravity, MT, and seismics ob-
tained from the 3D visualization. The left view shows
a resistivity section of HRMT profile 4 combined with
the SVD of the gravity field, superimposed on the seismic
and horizon data. It shows that the HRMT clearly defined
the top of the salt. Where the gravity SVD zero line (in
white) coincided with a resistivity con-
trast in the MT, we interpreted the lateral
salt boundary, which is a correction to
what we obtained from previous single-
method interpretations. When we display
the data in a more transparent mode with
the seismic, an additional unit below the
salt will become visible (as discussed be-
low). On the right figure, the salt struc-
tures and the seismic data are more
emphasized (now viewed from the north-
west), whereas the transparent reference
Bouguer field is displayed together with
the MT resistivity image of the well-re-
solved part. These snapshots roughly in-
dicate how the integrated interpretation
of multiphysics data greatly improves
the salt dome imaging.

In Figure 9 we analyze the sensitivity
of the MT data focusing on the deep sec-
tion (the low frequencies). We know from
the inversion that they are not well-re-
solved. In the image, which shows the
2D section of line 4, we see a smooth tran-
sition in resistivities between the salt root
and the Permian sediments. This can be
easily explained using a log from a similar
well shown on the right of the figure. It
shows the log section and core photo-
graphs through the Rotliegend-Zechstein
transitional succession in well North Sea
C1 (after Legler et al., 2005); flooding sur-
faces (the base of the laminated horizon
or the base of the limestone) in core
photos are marked by arrows. The shale
laminations typical for this type of trans-
gression/regression environment are
visual in the gamma-ray log. The shale
laminations reduce the MT response
and increase the electrical anisotropy,
but you still have a bulk density contrast;
however, the base of the salt dome can
still be resolved in the MT data.

Figure 10 shows a significantly
improved definition of the complex
geometry of the Wedehof salt structure
produced by the cooperative multiphy-
sics interpretation workflow in which
the ambiguity and/or lack of information
of any single geophysical data set are re-

solved or mitigated. This was achieved by combining dif-
ferent data set modalities that either measure
complementary properties of the region of interest
(ROI) being investigated or by illuminating the ROI dif-
ferently than previous studies based on seismic alone.
Using a combined approach, the thickness and shape
of the caprock and the top of salt can be well-deter-
mined. The dome extends more to the north than previ-
ously assumed and has steep flanks and overhangs.

Figure 8. Snapshots of the data integration of gravity, MT, and seismic obtained
from the 3D visualization: (a) HRMT sections (profile 4 visible; for the color bar
see Figure 9) combined with the SVD of the Bouguer gravity field (the zero line in
white, blue negative, red positive values), superimposed on the PSDM processed
seismic data and two sedimentary horizons (view from the southeast) and
(b) PSDM processed seismic section through the Wedehof salt dome (salt in cyan,
caprock in red) and its deeper salt uplift, displayed with the reference Bouguer
gravity field (transparent; for the color bar see Figure 7a) and the well-resolved
part of the MT resistivity image of profile 4 (view from the northwest).
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Moreover, the updated salt model reveals
major improvements of the base of salt
and subsalt geometries.

In a subsequent seismic reprocessing,
the velocity model building was founded
on the new integrated salt geometry in-
terpretation. Utilizing this workflow, sig-
nificant imaging improvements of the
subsalt target areas could be achieved
(Figure 11).

Future improvement
Although this pioneering survey was

carried out over several years ago, most
of its methodology and workflow still ap-
plies. Today’s broadbandMT hardware is
more efficient, and so is data processing
and inversion including 3D inversion as a
standard tool. To improve the feasibility
study, nowadays we acquire noise data in
the field area to verify the prediction on a
real target parameter resolution and to
demonstrate the information content fo-
cusing below the receiver.

To improve the resolution, one would
follow up with a CSEM survey because
it has larger coupling to the resistivity of
the subsurface. In fact, new focusing
methods (Paembonan et al., 2017) for
CSEM could very well revolutionize the
EM capabilities.

Because today’s acquisition hardware
allows us to get reliable data, wewill now
be able to focus more on the information
value and risks associated with its
reliability after interpretation. This will
tie the geophysical measurements more
directly to the commercial value of a
prospect.

Ambiguity is usually addressed
through more awareness from case stud-
ies illustrating the value of integrating
new data acquisition technologies such
as gravity gradiometry, high-resolution
magnetics, CSEM, sparse seismic nodes,
deep borehole tools, surface-to-borehole
EM measurements, and advanced simul-
taneous joint inversion (SJI) in which
two or more geophysical data sets are in-
verted simultaneously, usually using all
available geologic constraints.

The Wedehof multiphysics data set is
still unique, within Wintershall Dea and
within the industry. This should be
taken advantage of. It is recommended
that the data set be used to thoroughly
test the relationships between different
physical properties that must be man-
aged during multigeophysics analysis

Figure 10. Wedehof salt dome geometry from the cooperative multiphysics in-
terpretation workflow (light blue) compared to the previous model (pink, shown
in Figure 6).

Figure 11. Seismic section parallel to MT line 4 (marked red in Figure 3)
through the Wedehof salt dome after reprocessing using the MT and gravity re-
sults; with projected location of the new gas discovery well.

Figure 9. Resistivity image section derived from MT measurements on line 4
including the deep part of the section that is only partially resolved in the inver-
sion. On the right is the lithology and gamma ray log explaining that the low
resistivity contrast is caused by cyclic layering with shales in the Zechstein unit
(after Legler et al., 2005).
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and further develop new cooperative and SJI (Fig-
ure 12). Furthermore, it will be helpful to determine
if the geophysics, petrophysics, and geologic con-
straints used for this project could be improved upon
or if a more efficient approach is feasible or could be
developed.

Conclusion
This case history is one of few where high density MT

measurements were carried out and the survey plan-
ning included a complete presurvey feasibility study.
The parameter testing took almost two weeks, and once
the feasibility results were confirmed, data acquisition
yielded high-resolution results.

For the definition of the salt dome geometry, it was
paramount to integrate the MT, gravity, and seismic be-
cause each method saw only part of the formation
boundaries. The salt dome surface lateral extents were
derived from gravity and MT, whereas the salt over-
hangs and the salt flank-sediment boundary are based
mainly on MT. Gravity contributed to the salt root def-
inition, and the smooth resistivity transition indicated
laminated salt or sediments below.

The updated model, combining the strengths of dif-
ferent physics, served as input to a new seismic depth
migration cycle, produced a greatly improved image of
subsalt proven by subsequent drilling.

Although, since then, numerous case studies in di-
verse geologic environments have demonstrated added
value, the concept of integrated imaging is still under-
valued in the geophysical community and in the oil and
gas industry as a whole.
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