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Application of geophysical techniques to
support geological mapping projects

Beatriz Benjumea!”, Anna Gabas', Albert Macau', Sara Figueras' and Fabian Bellmunt! show
how the integration of geophysical datasets may improve geological mapping projects.

etter and more detailed information on the bedrock

and near-surface geology is needed to assist geologi-

cal risk assessments, efficient use of water resources

or management of rapidly growing regions. Since
2007, the Cartographic and Geological Institute of Catalonia
(ICGC) has developed a geological mapping programme,
which includes information related to hydrogeology, urban
geology or geological risks among others. Within this frame-
work, geophysical techniques make an important contribution
refining geological mapping by adding subsoil information
to traditional geological data. In this work, we present two
studies carried out by ICGC in order to map bedrock geom-
etry or to characterize near-surface sediments in areas with
scarce borehole information. The first example of this support
focuses on the combination of passive and active geophysical
techniques in order to image the Quaternary/Neogene bound-
ary, the bedrock top and to locate faults or the geological
map of the Girona urban area (NE of Spain). The second
case study shows the potential of reprocessing vintage seismic
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oil datasets to increase knowledge of the near-surface geo-
logical structure in a Neogene Basin located north of Girona
(Emporda Basin). The reprocessed seismic reflection image of
the first km depth has been interpreted using the refraction
velocity model and passive seismic information as constraints.
The main objectives are to recover bedrock geometry and
structure as well as fault imaging, which are critical for geo-
logical mapping projects. The common pattern of the meth-
odologies applied to each case is the integration of different
geophysical datasets and the use of both active and passive
techniques.

Case 1 — Girona urban geological map

The geophysical survey was designed for two different tar-
gets: Quaternary/Neogene contact (shallow study) and bed-
rock geometry (deep study) in the surroundings of Girona
city (Figure 1). Geologically, the studied area is located at the
most northern part of the ‘La Selva’ basin that was related
to the opening of the SW Mediterranean Sea during the

Figure 1 Map of the study area (Girona case study)
and location of geophysical profiles and MT,
CSAMT and H/V stations. UTM coordinates ED50
Zone 31.
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Figure 2 a) Electrical resistivity model from ERT with isovelocity contours (from SRT) superimposed in white dashed lines (every 500 m/s) for Salt-1 profile.
b) Shear-wave velocity models from surface analysis corresponding to a shot gather of Salt-1 profile. Misfit error is colour coded.c) and d) same as a) and b)

respectively for Salt-3 profile.

Neogene. In this area, the basin is infilled by Neogene and
Quaternary unconsolidated detrital sediments derived from
the erosion of the surrounding reliefs. The deposits overlay
a complex basement composed by Paleozoic metamorphic
and igneous rocks; and Paleogene sedimentary rocks (IGC,
1997-2009).

The methodology included the combination of seismic
refraction (SRT) and electrical resistivity tomography (ERT)
supported by shear-wave velocity for the shallow study.
Three collocated ERT and SRT profiles have been car-
ried out to test the suitability of the combination of both
techniques to distinguish between Quaternary and Neogene
sediments in this area. On the other hand, the integration
of active (control source audiomagnetotellurics method-
CSAMT) and passive techniques (H/V microtremor method
and Magnetotellurics -MT method) were used to image
the basin and to distinguish between bedrock lithologies
in the deep study. From these geophysical methods, the
analysis of the H/V spectral ratio of microtremors is a
technique borrowed from earthquake engineering that has
been applied to geophysical exploration studies in the last few
years (e.g. Ibs-von Seht and Wohlenberg 1999; Delgado et al.,
2000; Benjumea et al., 2011). Using the microtremor measure-
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ment at a single three component seismic station provides the
soil fundamental frequency than can be related to bedrock
depth through Vs information or empirical relationships as we
will discuss in the two case studies shown in this paper.

Shallow study — Combination of electrical resistivity
tomography and seismic methods

Seismic datasets were acquired using 48 10 Hz vertical
geophones linearly spaced every 2.5 m. Eleven shot posi-
tions were distributed along the geophone array. The seismic
velocity model was obtained using refraction tomography.
The surface waves of seismic records corresponding to shots
located out of the array have been analysed in order to
obtain a 1D shear-wave velocity model. This information can
constrain the interpretation of the P-wave velocity models.
ERT data were acquired with 72 electrodes using 5 and 3 m
electrode spacing depending on the profile. Datasets with
both Wenner-Schlumberger and dipole-dipole array configu-
rations were acquired.

Figure 2 shows the comparison between the results
obtained for Salt-1 and Salt-3 profiles. Electrical resistivity is
shown in a colour coded graphic overlapped with isoveloc-
ity contours from the seismic model. Different electrical
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characteristics can be observed in these two profiles. The
Salt-1 profile shows a sharp electrical resistivity contrast
at around 6 m from values higher than 600 ohm'm to
60-80 ohm-'m (Figure 2a). Figure 2c shows three layers
in Salt-3 profile: two medium resistive zones separated
by a more conductive one. Regarding the P-wave velocity
information, slow velocity materials (<1500 m/s) appears
to be thicker in Salt-3 (10-12 m depth) than in Salt-1
(around 6 m). As a first approach, the high resistivity values
and the low P-wave velocities of Salt-1 can be assigned to
Quaternary sediments. However, the change at 6 m depth
in both seismic and electrical resistivity values could also
be related to a water saturation increase causing a decrease
of electrical resistivity and a change of P-wave velocity to
approx. 1500 m/s. To discern the origin of the sharp contrast,
we retrieved shear-wave velocity from surface wave analysis.
The shear-wave velocity model shown in Figure 2b depicts
a significant change (2 to 2.5 of velocity contrast) at 6 m
approximately. Since shear-wave velocity is not affected
by the degree of water saturation, this sharp Vs increment
confirms that both resistivity and P-wave velocity models
contrasting at that depth correspond to a lithological change
interpreted as the Quaternary-Neogene boundary (gravels
over lutites according to the resistivity values). The use of
shear-wave velocity information also constrained the inter-
pretation of the Salt-3 profile. In this case, the change from
conductive to medium resistive zone at around 12 m depth
coincides with a change of P-wave velocities that increase to
values higher than 1500 m/s (Figure 2c). The main change
in the Vs profile is located at around 12 m depth interpreted
as the Quaternary-Neogene boundary (Figure 2d). In this
profile, Quaternary sediments are related to a sandy over a
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clayey layer considering the resistivity values. Neogene mate-
rial is interpreted as lutites like in the Salt-1 profile.

Deep study — Combination of CSAMT-MT method with
H/V microtremor technique

The second study in this area was focused in imaging the
bottom of Neogene sediments. In this case, electrical resistiv-
ity models were obtained combining active (control source
audiomagnetotellurics method) and passive measurements
(magnetotellurics method). In order to obtain another con-
straint from the sediment/bedrock contact, H/V measure-
ments were performed.

A total of 87 seismic noise stations were distributed along
three profiles in the study area (Figure 1). These datasets
were acquired using a six-channel Cityshark datalogger and
2 Lennartz 0.2 Hz LE-3D 3C sensors. The CSAMT and MT
data acquisition was performed at 21 stations along two pro-
files (Figure 1). MT stations consisted of ADUO7 (Metronix)
system (128-4096 Hz). The Geometrics Stratagem EH4
system with an artificial EM signal (10-92000 Hz) was used
for CSAMT method. We will focus on one of the profiles that
cross the study area from SW to NE.

Figure 3 shows the resistivity model for Transversal South
profile obtained from a combination of CSAMT and MT
data. This model exhibits three distinct zones. A near-surface
conductive layer (1-100 Q-m) is presented in the whole profile
with a variable depth from surface at the SW end up to a
maximum of 450 m at the middle of the profile. This zone
has been interpreted as Neogene materials (clays, sands and
gravel levels). Some isolated resistive bodies (400-600 Q-m)
within this layer mark the presence of the sandy-gravel
zones. The second distinct zone is characterized by resistivity
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Figure 3 Two-dimensional CSAMT and MT resistivity model along the Transversal South survey line. Black dots mark bedrock depth obtained from fH/V-depth
empirical relationship (Ibs-Von Seht and Wolhenberg S/R, 1999). Modified from Gabas et al., 2014.
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values ranging between 100 and 400 Q-m located at the NE
part of the model below 500 m depth. This middle resistive
structure corresponds to Paleogene materials consisting of
sandstones, marls, conglomerates and lutites. Finally, a zone
characterized by resistive materials (600-1000 Q-m) can
be found close to the surface in the SW part of the model,
reaching a depth of 1000 m at around 3000 m distance.
These high resistivity values can be interpreted as Paleozoic
granitic materials. Hence, in this SW end of the profile, the
sharp electrical change between the first layer and this very
resistive zone has been interpreted as the Neogene sediments-
Paleozoic bedrock contact and has been clearly imaged with
the resistivity model itself. In addition, lateral changes of the
electrical resistivity model help to define the signature of
faults not observable from the surface. However, at the NE
part of the profile, the vertical electrical changes are smoother
and the delineation of bedrock top is difficult using only the
resistivity model because of the similar electrical character-
istics of Neogene-Paleogene materials. We have included the
results from the H/V microtremor measurements to solve
the uncertainties. In this study area, the contact between
overburden (Neogene) and bedrock (Paleogene or Paleozoic)
has been considered as the cause of the soil resonance owing
to significant contrast of seismic properties between them.
The black dots shown in Figure 3 mark the bedrock depth
obtained from the fundamental frequency values. In this
case, an empirical relationship proposed by Ibs-Von Seht and
Wolhenberg (1999) has been used. Although this relationship
was obtained from measurements in the western Lower Rhine
Embayment (Germany), array measurements in Girona area

confirmed the validity of this relationship in the study area
(Gabas et al., 2014). These bedrock depth values are coherent
with the electrical resistivity changes at the SW end of the

profile and help to define the bottom of the Neogene Basin at
the NE sector where sediments are in contact with Paleogene
rocks with a similar electrical signature.

Case 2 — Geological map of the Emporda Basin
The Emporda Basin is located between the Pyrenees, the
Catalan Coastal Range (CCR) and the Mediterranean Sea
(Figure 4). Its formation and structure is relatively complex
and is due to extensional movements within the Alpine
orogeny, ranging from the Oligocene to the present. A fault
system NW-SE is the determinant of the horsts and grabens
structure of the basin (Fleta et al., 1991). The basin is filled
by Miocene and Pliocene continental and marine deposits.
The Pliocene sequence unconformably overlies the Miocene
deposits. These Neogene materials lay upon bedrock which
is composed of Palaeozoic metamorphic and plutonic rocks,
Mesozoic limestones and Paleogene rocks.

This basin was the target of several oil companies during
the 1980s and from that time, several seismic reflection
datasets are available. The objective of those 2D seismic
lines was to image deep geological structures for exploration
purposes. In this paper, we present the result of reprocessing
one of these lines focusing on the near-surface to image the
Neogene basin structure and to characterize different bedrock
units. The dataset used in this study was part of the S29 line
that was acquired with only 48 channels leading to a low-fold
dataset. The seismic data was reprocessed using a reflec-
tion processing flow that included: first break picking and
removal, maximum offset of 750 m, reducing trace length to
1.5 s, refraction statics, band-pass filtering (10-90 Hz), spec-
tral whitening to reduce surface wave noise, velocity analysis,
NMO-Stack and F-X Deconvolution. Migration tests did not
improve the final image owing to low signal-to-noise ratio.

Figure 4 Orthophoto map of the study area.
Orange line shows the location of seismic profile
included in this studly.
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Figure 5 a) Seismic stacked section provided by a processing company (cour-
tesy of CEPSA) b) Stacked section resulting from reprocessing summarized in
the text.

This processing flow was focused on near-surface imaging as
can be seen in the comparison between the original processing
and this new one (Figure 5). In spite of the low-fold image,
several reflections can be observed in the new stack that
were not imaged with the original processing. In order to
constrain the interpretation of this image, two other sources
of information were used. First, a P-wave velocity model
was obtained from seismic refraction tomography using first
arrival travel times. Second, new seismic noise measurements
were carried out with a 3C component sensor to obtain a set
of soil fundamental frequencies. Forty one seismic stations
were distributed along the location of the vintage seismic line.

In this case, the assessment of the bedrock depth from
the soil fundamental frequencies was done using a local
empirical relationship calculated by ICGC at three Neogene
basins in north-east Spain. The relationship is the result of
fitting bedrock depth estimated from shear-wave velocity
profiles from array measurements and the corresponding
H/V frequency (Gabas et al., 2016).

Figure 6b shows the P-wave velocity model obtained
from seismic refraction tomography. We have included a sec-
tor of the 1:50.000 geological map in Figure 6a to help with
interpretation. Several faults were inferred from geological
information and are plotted as a discontinuous line. P-wave
velocity values range from 1000 to more than 5000 m/s.
The high-velocity distribution reflects the bedrock geometry,
shallow bedrock is identified in the NE sector of the profile
and the maximum depth is detected at around 8000 m
distance. The strong lateral contrast observed between 4500
and 5500 m distance would correspond to the fault indicated
in the geological map. Delineation of the Neogene base with
the tomographic model is not straightforward owing to the
smooth character of the tomograms. The use of the velocity
gradient can help to divide the velocity model into sediments
and rock domains. We have chosen the isovelocity contours
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that lie in the velocity range corresponding to the maximum
velocity gradient as indicators of the basin base (3500
to 4000 m/s). Figure 6¢c shows these isovelocity contours
superimposed to the reflection stacked section (dashed
orange lines) after transforming the velocity model from
depth to two-way traveltime. In addition, bedrock location
from H/V measurements in ms has been calculated using
the velocity model. The result is also shown in Figure 6c¢ as
yellow diamonds. By comparing the stacked section with
both isovelocity contours and H/V results we observe a good
agreement between these markers and a dipping reflection
to the NE of the line between 6500 to 12.000 m distance.
This is interpreted as the Neogene base (Figure 6d). Hence,
the reflective zone above this base could be related to the
Pliocene Base. The transparent zone in the north-east part
of the line would correspond to the Paleozoic bedrock,
which is confirmed by the high-velocity values in the
tomogram. Below the dipping reflector, several structures can
be observed that may correspond to Mesozoic limestones.
Different reflection character reveals a lithological change
in bedrock along the profile that would not be possible to
assess with the other methods.

Conclusions

The two case studies presented in this paper highlight the
potential of combining different geophysical datasets to pro-
vide new insights into the geological interpretation especially
since borehole information is scarce. In both cases, the meth-
odology including both active and passive techniques has been
designed according to the investigation depth and the previ-
ous available datasets. Regarding the second case study, this
paper reinforces the importance of reprocessing vintage data
to retrieve new information at a different scale to the original.

In the shallow study carried out in the Girona area, a
combination of electrical resistivity and seismic tomography
is suited to identifying interesting contacts for urban geo-
logical mapping such as the Quaternary base. However, the
use of surface waves for Vs retrieval as a byproduct of the
seismic refraction survey helps to discern if the P-wave or
electrical resistivity changes can be related with a lithological
contact or the presence of fluid.

The two Neogene basins have been the subject of deeper
studies within the geological mapping project. In the Girona
basin, the electrical resistivity model from CSAMT and MT
techniques images faults and changes in bedrock lithology. In
the case where the electrical signature of sediments and rock
is different, the model provides the contact between Neogene
sediments and Paleozoic rock. However, if the sediments
overlie Paleogene rock, the similar resistivity values preclude
delineation of the basin base. H/V measurements help to
divide the geophysical model into sedimentary and bedrock
subdomains based on the strong acoustic impedance contrast
between them. Finally, the second Neogene basin has been
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Figure 6 a) Sector of the geological map of the
Emporda Basin corresponding to the location of
the S29 seismic profile (www.icgc.cat). b) P-wave
velocity model obtained from seismic refraction
tomography. Black diamonds indicate the bedrock
depth provided by the H/V technique. c) Seismic
stacked section. Dashed orange lines correspond
to 3500 to 4000 m/s isovelocity contours from b).
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Yellow diamonds are the H/V result shown in b)
converted to twt in ms. d) Interpretation of the
seismic stacked section generated from the synthe-
sis of the results from seismic refraction, reflection
and H/V methods.
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studied by reprocessing seismic vintage datasets. In spite of
low-fold and data acquisition parameters designed for deeper
studies, a processing flow focused on the near-surface is suit-
able for highlighting reflections otherwise hidden in the origi-
nal processing. To complement the structural pattern deduced
from the reflection image, refraction tomograms — another
byproduct from the reprocessing — and new H/V measure-
ments have been used. These complementary datasets help to
distinguish which reflection corresponds to the Neogene base.
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