Slopes of an airborne electromagnetic resistivity model interpolated
jointly with borehole data for 3D geological modelling
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ABSTRACT

We investigate a novel way to introduce resistivity models deriving from airborne
electromagnetic surveys into regional geological modelling. Standard geometrical ge-
ological modelling can be strengthened using geophysical data. Here, we propose to
extract information contained in a resistivity model in the form of local slopes that
constrain the modelling of geological interfaces. The proposed method is illustrated on
an airborne electromagnetic survey conducted in the region of Courtenay in France.
First, a resistivity contrast corresponding to the clay/chalk interface was interpreted
confronting the electromagnetic soundings to boreholes. Slopes were then sampled
on this geophysical model and jointly interpolated with the clay/chalk interface docu-
mented in boreholes using an implicit 3D potential-field method. In order to evaluate
this new joint geophysical-geological model, its accuracy was compared with that
of both pure geological and pure geophysical models for various borehole configu-
rations. The proposed joint modelling yields the most accurate clay/chalk interface
whatever the number and location of boreholes taken into account for modelling
and validation. Compared with standard geological modelling, the approach intro-
duces in between boreholes geometrical information derived from geophysical results.
Compared with conventional resistivity interpretation of the geophysical model, it re-
duces drift effects and honours the boreholes. The method therefore improves what
is commonly obtained with geological or geophysical data separately, making it very
attractive for robust 3D geological modelling of the subsurface.
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1 INTRODUCTION

Three-dimensional (3D) geological modelling, often used in
the oil industry, is increasingly being adapted in various
domains (Chilés et al. 2004). It is a useful tool to quan-
titatively represent the extension of geological structures
(Turner 2006). It commonly results from the interpolation
of the information available in boreholes, cross-sections,
and/or geological maps (Kaufmann and Martin 2008). Recent
geostatistical developments have benefitted from geological
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modelling since orientation and dip of geological formations
observed in the field can now be considered to constrain 3D
geometries using the potential-field method (Lajaunie, Cour-
rioux and Manuel 1997; Chilés et al. 2004; Calcagno et al.
2008). However, often, geological data are scarce and scat-
tered, inducing large uncertainties on 3D geological models.
Geophysics is a good candidate to complement geological data
at depth since it provides supplementary information to sur-
ficial data. In previous studies, with the use of seismic data or
the inversion of gravity, magnetic data have been proved to be
useful to reduce uncertainty at depth and thus to define more



robust geological models (e.g., Martelet et al. 2004; Guillen
et al. 2008). Airborne electromagnetic (AEM) data also can
constrain the geology in the subsurface: it provides large-scale
detailed resistivity mapping of the subsurface (D’Ozouville
et al. 2008; Viezzoli et al. 2010). The resistivity variations can
be directly used in a 3D geological modelling (Jorgensen et al.
2010; Hayer et al. 2015; Sapia et al. 2015). However, resistiv-
ity models deriving from AEM data suffer from uncertainties
for depth positioning of geological interfaces, inherent to the
sensitivity of the method and equivalence issues. Thus, we
propose an alternative method to complement geological data
with AEM data conversely. This method consists in jointly in-
terpolating boreholes* geological constraints and information
of local slopes derived from the AEM resistivity model using
the potential-field method.

The proposed method is illustrated with an AEM sur-
vey conducted near Courtenay, France, in February 2009
by SkyTEM ApS. The survey, requested by the Bureau de
Recherche Géologique et Miniére (French geological survey),
covers 11.2 km x 16.5 km (Fig. 1). Being designed for geolog-
ical and hydrogeological purposes, it provides a semi-detailed
electromagnetic (EM) coverage of the studied area. The sur-
vey was flown in the north—south direction with 400 m line
spacing. The spacing between each EM sounding along flight
lines was around 30 m; this represents approximately 12000
EM soundings all over the area.

The studied area is located within the Paris Basin. Its
morphology is that of a Cretaceous chalk plateau overlain
by about 15 m of weathering clays with flints, together with
local thin Quaternary deposits (Fig. 1). The geology is al-
most layered. However, accurate knowledge of the depth of
the clay/chalk interface over the area is missing, both for hy-
drogeological (i.e., karstic terrain) and industrial (i.e., clay
thickness) needs. Courtenay area is well documented with
129 boreholes (Fig. 1) gathered in the Banque de Données
du Sous-Sol. These boreholes document the clay/chalk inter-
face; they were drilled for water purposes or as part of seismic
studies (Courtenay area is also an oil field) to characterise the
low-velocity zone.

The aim of our work was to propose and evaluate a
novel method combining geological information from bore-
holes with the resistivity model from an AEM survey in order
to enhance the geological modelling. First, we interpreted, in
each AEM sounding, the resistivity contrast corresponding
to the clay/chalk interface to derive a geophysical model of
this geological interface. In parallel, we modelled this geo-
logical interface by traditional interpolation of the borehole

data. Then, we achieved a joint interpolation combining the

borehole data and trends deriving from the resistivity model.
For this purpose, we sampled the slopes of the geophysical
model that we previously derived, and we combined these
slopes with the borehole data using the potential-field method.
The accuracy of this joint model is compared with that of
the pure geological and pure geophysical models for differ-
ent sets of boreholes. Statistical evaluation of the new joint
geophysical-geological model is discussed.

2 HELIBORNE TIME-DOMAIN
ELECTROMAGNETIC DATA

The SkyTEM is a helicopter-borne time-domain electromag-
netic system (Serensen and Auken 2004; Auken et al. 2009)
initially developed for hydrogeophysical and environmen-
tal investigations by the HydroGeophysics Group at Aarhus
University, Denmark. SkyTEM system operates in a dual-
transmitter mode. The low moment provides early time data
for shallow imaging, whereas the high moment allows mea-
suring later time data for deeper penetration. In Courtenay
survey, the low moment had a magnetic moment of approxi-
mately 3760 Am? with time gates from about 11 to 115 us and
the high moment had a magnetic moment of approximately
140000 Am? with time gates from 73 us to 9 ms. For a given
magnetic moment and noise level, the depth of investigation
(DOI) varies depending on the subsurface conductivity and
the bandwidth used (Spies 1989). In the context of our study,
the maximal DOI is about 150 m. This allowed investigating
the top layers of the chalk underneath a clayish conductive
cover (<50 Qm; Reninger ef al. 2014).

Navigation data as GPS position, altitude, and tilts of
the transmitter loop were processed using filters described by
Auken et al. (2009). As part of an environmental study in an
anthropised area, particular attention was paid to properly
remove noise from the data. Airborne electromagnetic (AEM)
data were processed with a singular value decomposition fil-
ter (Reninger et al. 2011), refined through a manual check, in
order to remove natural and cultural noises. This was needed
to ensure optimal quality data, as small variations in the re-
sponse were expected (Serensen and Auken 2004). Data were
then inverted using the laterally constrained inversion (LCI)
algorithm (Auken and Christiansen 2004; Auken et al. 2005).
The LCI is a pseudo-2D inversion scheme; vertical and lat-
eral (along the flight line) constraints are applied on 1D earth
models divided into 7 layers, each being defined by a thickness
and a resistivity. In addition, the altitude of the transmitter is
also inverted. Results were first obtained with a smooth inver-

sion (19 layers for each 1D model) in order to pre-evaluate the



Figure 1 Simplified geological map of the study area (mod-
ified from Pomerol, 1988). Flight lines are displayed in
gray and boreholes are indicated by black triangles. The
black rectangle in the insert map locates the study area, in
France.
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resistivity distribution and adapt the number of layers to the
study area. In the following, the study is based on a five-layer
inversion, which better discriminates geological interfaces and
resistivity contrasts than a smooth inversion (Fig. 2). The DOI
was also determined as part of the five-layer inversion (Chris-
tiansen and Auken 2012). DOI evaluates the reliable range of
depths for each 1D inverted resistivity model. Depths exceed-
ing the DOI were therefore removed from the AEM inversion
results.

3 IMPLEMENTED METHODOLOGY

The clay/chalk interface is well contrasted in the resistivity
model (clays are c.a. 20 Qm in average and chalk is c.a.
100 Qm in average; see Fig. 2). We were consequently able

to interpret an appropriate resistivity contrast correspond-
ing to the geophysical clay—chalk interface comparing the
airborne electromagnetic (AEM) resistivity model and bore-
holes (Reninger et al. 2014). The altitude of this contrast
was then extracted from each electromagnetic (EM) sound-
ing and mapped throughout the area using a minimum cur-
vature interpolation (Figs. 3 and 4). This surface, correspond-
ing to a geophysical approximation of the geological in-
terface, is called “geophysical model” in the remainder of
the text.

Since the geophysical model derives from an inversion,
it suffers from uncertainties and possible drifts. However, we
postulate that its local variations realistically feature the actual
variations of depth of the clay/chalk interface. We therefore
investigate an original joint processing of the boreholes and
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Figure 2 5 layer resistivity soundings along a flight line; a fading was applied on results below the depth of investigation. Boreholes located
within a distance of 50 m of the profile are also displayed: Quaternary deposits in gray, clays in white and chalk in black. Vertical exaggeration

is 2.

EM information in a single combined 3D geological interpo-
lation: in this method, slopes of the geophysical model serve
as trends guiding the interpolation of the geological interface
constrained at the boreholes. This interpolation uses the 3D
implicit potential-field method of Lajaunie et al. (1997); its
geostatistical fundamentals are further developed by Chilés
et al. (2004). This modelling method was originally devel-
oped to interpolate, in the 3D space, borehole information
together with structural orientation data measured in the field

to derive 3D geological interfaces. In our approach, instead of
field structural data, the slopes of the geophysical model are
used as orientation data as input for the modelling.

Slopes of the geophysical model were calculated accord-
ing to Burrough and McDonnell (1998), with each slope be-
ing defined by its orientation and dip. The computation time
of the geological modelling is highly affected by the number
of input data. We thus sampled the slopes of the geophys-
ical model in order to reproduce its geometry as accurately
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Figure 3 Sampling of the slopes of the geophysical top of the chalk. Black points and black lines, with lengths proportional to the dip, represent

respectively the location and the dip/orientation of the sampled slopes.
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Figure 4 Modelling of the clay/chalk interface over Courtenay area with a set of boreholes with 90 % of constraining boreholes; (a) geophysical
model, (b) geological model, (c) geophysical-geological model. Constraining boreholes are indicated by black dots.

as possible but with limited number of slopes. The sampling
searched for intervals of distance in which the orientations and
dips do not vary significantly and calculated average values
within each interval. The geophysical model was described
with 2391 slopes, corresponding to a computation time of
the geological model of about 40 minutes on a standard PC.
Figure 3 displays the sampled slopes superimposed on the
geophysical model. The main trends are well sampled; tests
were made with more slopes without significant changes in
the results presented in the following. Slopes were then in-
troduced, as orientation data, in the geological modelling:
we computed a combined geophysical-geological geometry
of the clay/chalk interface by jointly interpolating the geo-
logical contact documented in boreholes with the geophysical
slopes using the implicit 3D potential-field method introduced
earlier.

4 EVALUATION OF THE JOINT
MODELLING

In order to evaluate the performance of the proposed joint

modelling, we compared three different ways to model the

clay/chalk interface over the study area:

® a pure geophysical model, defined by a resistivity contrast
that matches the clay/chalk limit documented in boreholes;

® a pure geological model, obtained by interpolation of the
clay/chalk interface in the boreholes, as well as the outcrops
of this contact mainly along the two E-W valleys, to the
north and south of the study area;
® ajoint geophysical-geological model, obtained by the joint
interpolation of the clay/chalk interface in the boreholes,
together with the slopes of the geophysical model, using
the implicit 3D potential-field method.
The accuracy of each of the three obtained models was eval-
uated as follows. We considered several sets of boreholes
as input for the geological and geophysical-geological mod-
elling. Each set contained all 129 boreholes referenced in the
area, randomly split into two subsets: constraining and val-
idation boreholes. Constraining boreholes are the boreholes
taken into account in the modelling, and validation boreholes
are those used to evaluate the models (and therefore left out
during the modelling). Then, we computed a geological and
a joint model for each set of boreholes. It must be noted
that the geophysical model, which we define as a resistivity
contrast, remains the same throughout the experiment. For
each set of boreholes, the geophysical model and the associ-
ated geological and joint models were then compared with
the actual clay/chalk interface documented at the validation
and constraining boreholes. For each model, the maximum
and minimum of the absolute values of the observed errors
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Figure 5 Average errors of the geological (crosses), geophysical (squares) and joint (dots) models for the five sets of boreholes considered; (a) at

the validation boreholes, (b) at the constraining boreholes.

between the modelled and the actual clay/chalk interface and
their average, median, and standard deviation were consid-
ered as accuracy indicators. However, preliminary analysis
revealed that these indicators display almost the same trends;
hence, for simplicity, we present only the absolute average
error of each model.

Since the number of boreholes is a key parameter in tra-
ditional geological modelling, we first considered a test with
10% of validation and 90% of constraining boreholes. Five
different sets of boreholes were considered.

Figure 4 presents the three models for one set of
boreholes. Obviously, the geological model (Fig. 4b) is the
smoothest. It only maps large wavelength variations of the
clay/chalk interface, except where the interface intersects
the topography, mainly along the two E-W valleys (to the
north and south of the study area): along these valleys,
the resolution of the geological model directly derives from
the resolution of the digital elevation model used. In compar-
ison, the joint model (Fig. 4c) is much more detailed, looking
like the pure geophysical model (Fig. 4a) but with less very

local variations. The average errors for each of the three
models at both the validation and the constraining boreholes
for the five sets are plotted in Fig. 5.

At the constraining boreholes (Fig. 5b), the accuracy in-
dicators provide information on the intrinsic accuracy of the
models. On the one hand, for the geophysical model, this
highlights its average accuracy over the study area; on the
other hand, for the geological and joint models, this depends
directly on the considered nugget effect when interpolating.
For the geological model, the nugget accounts for the uncer-
tainty in the borehole description: depths of geological inter-
faces documented in boreholes suffer from several uncertain-
ties related to the drilling process and operator interpretation.
Moreover, borehole data reflect very local information, and
the clay/chalk interface can vary abruptly under the effect
of dissolution processes (e.g., Quesnel 1997). For the joint
model, the nugget accounts for the uncertainty on the geo-
physical slopes in addition to the uncertainty in the borehole
description. In Fig. 5b, the pure geological (crosses) and geo-
physical (squares) models are unsurprisingly the most and the
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Figure 6 Cross-section displaying the geological (in green), geophysical (in blue) and joint (in red) models for (a) 3 and (b) 1 constraining
boreholes within the profile. Constraining boreholes are indicated by a C. Boreholes within a distance of 100 m of the profile are displayed; clays
are represented in white in boreholes and chalk in black. Short black lines and black dots on the red model display respectively the geophysical
slopes oriented along and sub-perpendicular to the profile within a distance of 100 m.

less accurate, respectively. Although constrained at the bore-
holes, the joint modelling (dots) came out more accurate than
the geophysical model but does not reach the level of accu-
racy of the geological model. As the two constraining data
(boreholes and geophysical slopes) are of different nature and
provide information at different scales, they do not perfectly

match and therefore were given a slightly higher nugget.

At the validation boreholes (Fig. 5a), the accuracy indica-
tors provide information on the predictivity of the models. In
Fig. 5a, we observe large variations of the average error from
one set of boreholes to another since this indicator is calcu-
lated on 13 data only (i.e., 10% of the total). The predictivity
of the pure geophysical model (squares) is better than that

of the pure geological one (crosses). Besides being the least
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Figure 8 Modelling of the clay/chalk interface over Courtenay area with 10 % constraining boreholes; (a) geophysical model, (b) geological
model, (c) geophysical-geological model. Constraining boreholes are indicated by black dots.

accurate at validation boreholes, the accuracy of the geolog-
ical model appears to vary greatly over the area (i.e., it is
highly dependent on the considered dataset) despite the use
of a substantial number of boreholes (i.e., 116). Taking into
account geophysical results in the modelling in order to model
the clay/chalk interface over the area already proves to be jus-
tified at that early stage. Thus, the predictivity of the joint
model (dots) is better than that of the geological model and
varies less over the area. It is, on average, close to that of
the geophysical model and better in some cases (the first and
third sets of boreholes in Fig. 5a). As the average error is cal-
culated at 13 validation boreholes only, this result highlights
the ability of the joint modelling to locally improve the accu-
racy of the modelled clay/chalk interface, as compared with
the geophysical data.

This first test shows that the joint modelling appears to be
the best solution to model the geological interface. Indeed, the
proposed method combines the advantages of both the pure
geophysical and geological models. We illustrate in Fig. 6a the
behaviour of each interpolation along one profile. Boreholes
located within a distance of 100 m of the profile are also
displayed (constraining boreholes are marked by a C). On
the one hand, the geological model (green curve) has a com-
pletely different geometry from the geophysical (blue curve)

and joint (red curve) models and does not properly predict
the altitude of the clay/chalk interface at validation boreholes
(without C). On the other hand, the geophysical-geological
model, through the adjustment of the geophysical model on
constraining boreholes, looks qualitatively like the geophysi-
cal model but is closer to the clay/chalk interface documented
in boreholes.

These results show the contribution of the joint mod-
elling in comparison with common geophysical and geolog-
ical models. However, there are two limitations to the pre-
vious analysis. First, it was achieved with more than 100
constraining boreholes, which is substantial in comparison
with others geo-environmental studies, and second, the model
predictivity was evaluated with 13 validation boreholes only.
We thus investigated the influence of decreasing the num-
ber of constraining boreholes: 90%, 70%, 50%, 30%, and
10% of constraining boreholes were considered successively.
Accordingly, models were evaluated with increasingly more
validation boreholes. Figure 7 displays the calculated average
error of each of the three models at the validation boreholes
for the five tested percentages of boreholes. In order to reduce
possible low sampling instabilities, for 90% and 70%, the
estimator was averaged from five and two sets of boreholes,
respectively.
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Figure 9 Difference in altitude between two joint models computed
with 90 and 10 % of constraining boreholes. Constraining boreholes
location appears as black dots and circles for respectively 90 and
10 %.

Atvalidation boreholes, the average error is the lowest for
the joint modelling whatever the number and location of con-
straining boreholes (Fig. 7). Figure 8 displays the clay/chalk
interface mapped by the three models for 10% of constraining
boreholes.

As expected, with few constraining boreholes, the geo-
logical model comes out smoother (Fig. 8b) and with a large
error in comparison with the geometry of the clay/chalk inter-
face as documented in boreholes (Fig. 7). In contrast, the joint
modelling keeps a good level of detail, close to the geophysical
model. Even with less constraining boreholes, the geometry of
the joint model (see the red curve in Fig. 6b) remains closer to
the actual clay/chalk interface documented in validation bore-
holes, though less accurate than when using more constraining
boreholes (Fig. 6a). The joint modelling is therefore much less
dependent on the number and the location of boreholes taken
into account in the modelling than the pure geological mod-
elling. However, the more constraining boreholes we have,
the more accurately we can locally adjust the model.

Figure 9 presents the altitude difference between two

joint models computed with 90% and 10% of constraining

boreholes. The difference between the two models, while small
in average (i.e., between +2 and -2 m), can locally increase,
where constraining boreholes have been taken into account
only in one of the two models.

We computed models from five new sets of boreholes
with 10% of constraining boreholes (i.e., 90% of validation
boreholes). As the joint modelling is slightly dependent on the
number of constraining boreholes (the model being still reli-
able with few boreholes), this allowed evaluating the accuracy
of the joint model at more validation boreholes and so getting
a better evaluation of the predictivity of the joint model over
the study area for various borehole locations. The calculated
average errors of each of the three models at the validation
boreholes for the five sets of boreholes are plotted in Fig. 10.

At the validation boreholes, we see that the joint
model is close to the geophysical model but is again the
most accurate model whatever the location of validation
and constraining boreholes considered. This accuracy im-
provement in comparison to the geophysical model can be
explained by the ability of the joint modelling to locally
better predict the altitude of the clay/chalk interface (Fig.
5), the joint modelling being efficiently adjusted by only
few boreholes. Based on these results, we calculated the
median of the error absolute values, in percentage, of each
joint model at the 90% validation boreholes. The joint
modelling allows predicting the clay/chalk interface over
the entire area (11.2 km x 16.5 km) with an average error
of 25% (i.e., at 15 m depth, we have an error of 3.75 m).
This result must be interpreted with regard to both the size
of the area and the noise inherent to the use of borehole data
(drilling processes, operator’s interpretation, and interface
roughness). Moreover, this result has been obtained with
10% of constraining boreholes only (i.e., 13 boreholes only);
we expect that the more boreholes we take into account in the
modelling, the more the joint model is accurate (Figs. 6 and 9).

Then, we looked at the errors as a function of depth of
the clay/chalk interface. Figure 11 displays variations of the
observed errors with depth at validation boreholes for both the
joint and geophysical models for a set of boreholes with 90%
of validation boreholes. This result was obtained calculating
the median of the absolute values of the errors contained in
an interval of 10 m moving every 5 m.

With only 10% of constraining boreholes, the error of
the geological model is large (Fig. 10); therefore, we do not
display it in Fig. 11. For shallow depths, the accuracy of the
joint and geophysical models decreases. Several causes might

explain it. For instance, in addition to the resolution limit of
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modelling seems to balance this effect: it tends to decrease
uncertainties and possible drifts of the geophysical model.

5 DISCUSSION AND CONCLUSION

The proposed geological joint modelling utilises regional-scale
subsurface investigation by high-resolution airborne time-
domain electromagnetic (EM) surveys. It results in a detailed
mapping of geological interfaces. In all tested configurations,
it improves what is obtained by pure geological or geophys-
ical modelling. Introduction of geophysical slopes between
the boreholes locally controls the interface and allows im-
proved prediction of the clay/chalk interface over the study
area. It therefore combines the advantages of geological and
geophysical modelling. It also tends to decrease uncertain-
ties and possible drifts inherent to the geophysical results.
All these aspects make the method very attractive in environ-
mental studies where highly accurate geological models are
needed. Still, some specific technical aspects and perspectives
are discussed hereafter.

We used a standard minimum curvature method to in-
terpolate the clay/chalk interface interpreted at each 1D lay-
ered resistivity model in order to test the direct contribution
of slopes in the geological modelling. A more sophisticated
interpolation technique such as kriging was also tested but
did not significantly modify the results. However, the krig-
ing technique might be more efficient in the case of a more
complicated geology.

Moreover, 2391 slopes were used in this study in order to
keep a reasonable computation time (40 minutes). Tests were
also performed with 3892 slopes for a computation time of
5 hours. We observed no significant improvement in predic-
tivity and higher interferences between slopes and borehole
data at a constraining point. Therefore, it seems important
to achieve an appropriate sampling of the geophysical slopes,
keeping as few slopes as possible.

We showed that the joint modelling is much less depen-
dent on the number of constraining boreholes than the ge-
ological modelling. The method could then be particularly
adapted in areas with few boreholes. In a geological context
such as Courtenay, the resistivity is well contrasted (Reninger
et al. 2014) and the geophysical model is rather readily in-
terpretable. In more complicated contexts, where it might
be difficult to interpret resistivity contrasts, we are confident
that it would be possible to generalise this method extracting
ad hoc slopes from the resistivity model to calculate the joint
model. This perspective of generalisation of the method still

has to be evaluated in detail.

Finally, our modelling method is also an alternative to
the joint inversion of EM and borehole data. In this alter-
native approach, the use of geological information is more
delicate (can introduce instabilities) and is hardly achievable
when boreholes are far from EM survey lines. Moreover, the
effect of constraining boreholes is generally very local. For the
purpose of deriving directly geological interfaces from EM
surveys, our integrated approach is easier as all boreholes can
be integrated and associated together with a standard robust
geophysical inversion; the boreholes optimise the modelled ge-
ological interfaces locally and on intermediate to long ranges.
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