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Abstract

The paper is devoted to the problem of processing the airborne electromagnetic (AEM) data
with a view to developing recommendations on parameterization of a geological medium for carry-
ing out the geometric 3D-inversion of airborne data. The study is performed with the use of finite
element 3D-modeling of transient EM fields induced by the helicopter AEM system in complex
media followed by the 3D-inversion of airborne synthesized data. The geoelectrical models chosen
for investigation are taken as typical of this class of airborne EM surveys: the rugged topography
and the conductive inhomogeneous top layer, which overlaps the low-resistive layer containing
target conductive bodies. It is shown that, if the variations of the top layer thickness do not exceed
30...35 m in performing 3D-inversion, as a minimum, at its first stage, the top layer can be recov-
ered as equivalent with constant (but recovered) thickness, i.e. when the top layer is parameterized
in the inverse problem, in the vector of the unknowns we can include only lateral borders of
3D-inhomogeneities, their conductivity, and layer thickness described by one parameter. It is also
shown that, if, in the medium under study, the variations of the top layer thickness are more signif-
icant, its bottom border should be recovered in more detail, because otherwise the target objects
located in the second layer with the responses of about 15...20 % of the measured signals can be
missed, while, in the case of recovering the top layer parameters more accurately, these target ob-
jects can be discovered quite confidently.

Keywords: airborne electromagnetic survey, numerical 3D-modeling, geometric 3D-inver-
sion, electromagnetic field, sounding in time domain, topography, equivalent solutions, inverse prob-
lems
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INTRODUCTION

Nowadays, the airborne electrical survey is widely used for geophysical in-
vestigations of large remote areas with the purpose of finding the solid mineral de-
posits and ground waters, performing engineering surveys, etc. The sounding is
carried out with the use of airborne electromagnetic systems in which, as a rule, the
electromagnetic field source and receiver are moved using the helicopter, and elec-
tromagnetic responses are studied in time domain after turning-off the current in
the source [1, 2, 6]. The important place in implementing these technologies is tak-
en by data processing, the quality of which, in fact, determines the effectiveness of
airborne electromagnetic investigation as a whole.

However, the practice of airborne electromagnetic survey is that the investi-
gated media, besides target objects (as a rule, local conductive bodies of small siz-
es, including Kimberlite pipes, subvertical objects, which are typical of ore depos-
its, etc.), contain the geological objects-noises in the top layers overlapping the
layers with target objects. These media are also characterized by elevations in the
Earth surface relief and depths of subhorizontal borders between the layers of a
geological medium. The response of target objects in the measured signal is mixed
with the response of objects-noises. This has led to meaninglessness of applications
of widely used local 1D-inversions and to skipping target objects and/or finding
erroneous ones.

In that regard, many scientific works in this direction are related with improv-
ing the numerical methods and corresponding software implementing 3-D inver-
sion of airborne electromagnetic data [5, 6, 10, 11, 14, 18, 19], which are based on
highly accurate multidimensional numerical modeling and solving multidimen-
sional inverse problems (3D-inversions).

The most common approaches to performing 3D-inversions are the approach-
es based on dividing the investigated volume into small cells in which the values of
conductivity are determined (for example, [5, 6, 10, 18, 19]). However, the worka-
bility of these approaches is, as a rule, suggested with the use of synthetic data ob-
tained for quite simple geoelectrical 3D-models that cannot guarantee the obtaining
of acceptable results in practice when the geoelectrical structure of the investigated
medium is more complex. Moreover, these approaches require a very fine tuning
and highly depend on the user qualification that complicates the processing of big
arrays of practical data.

Therefore, nowadays the alternative approach to 3D-inversions a geometric
3D-inversion (it is named also as “parametric” [7, 8] or “block inversion” [3, 16])
is developed. This approach is based on joint recovery of the shape of structural
parts of the geoelectrical model and their physical properties [9, 11, 12].

One of the main questions in developing the geometric 3D-inversion algo-
rithm is parameterization of the unknown geoelectrical model of a geological me-
dium. On the one hand, the number of unknown parameters should be quite suffi-
cient for representing the shape of all structural geoelectrical model parts, which
give a significant response in the measured signal, but on the other hand, it is im-
portant to minimize the number of these parameters with a purpose, firstly, to re-
duce the computational costs, and secondly, to reduce the number of equivalent
solutions and provide more stable convergence of solving the nonlinear inverse
problem.
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In this paper, using the geometric 3D-inversion [9, 11, 12] algorithm, we pre-
sented the results of investigation concerning possible equivalent solutions in pro-
cessing the data of airborne electrical survey. These results make it possible to
formulate recommendations to constructing the initial models (parameterization) of
a geological medium for performing the geometric 3D-inversions.

1. PROBLEM DEFINITION

A common cause of finding the equivalent solutions of inverse electrical sur-
vey problems is the fact that the change of conductivity and corresponding change
of the thickness of the geoelectrical model structural parts (the subhorizontal bor-
ders of geological layers and 3D-inhomogeneities included in them) give close re-
sponses in the measured signal.

Note that in ground and marine technologies of electrical survey, which are
applied in oil and gas prospecting, the subhorizontal borders of a geological medi-
um are quite often defined using the seismic data.

However, as a rule, seismic prospecting is not included into the series of
works relating to airborne electrical survey, therefore, the subhorizontal borders of
a geological medium are unknown as well as the conductivity distribution and lat-
eral borders of 3D-inhomogeneities. At the same time, the geological media in
which the airborne electrical survey is carried out can be considered as three-
layered media (that follows from their responses in measured signals). In these sit-
uations, the top layer is conductive and contains lateral 3D-inhomogeneities,
which are, in fact, the preventing factors (the so-called geological objects-noises).
The second layer is, as a rule, quite homogeneous, low-conductive and contains
target objects. The third layer can also be inhomogeneous, but it has a depth such
that the signals registered in the receivers are influenced either by overall layer
conductivity or sufficiently big geoelectrical inhomogeneities in this layer.

Therefore, in spite of the fact that the target is the second layer, it is almost
impossible to recover its structure (i.e. location, shape, and conductivity of target
objects) without recovering the structure of the top layer (true or even its equiva-
lent). In this relation, the following question appears: is it sufficient (for determin-
ing the responses of target objects in the measured signals) to conduct a search for
the lateral distribution of conductivity in the top layer of constant (equivalent)
thickness, thereby significant reducing the number of unknown parameters (and,
correspondingly, run time of 3D-inversion), or is it necessary to search simultane-
ously for the conductivity distribution in the top layer and its thickness changing on
the area.

We perform these studies in the following way. Using the 3D-modeling of
airborne electrical survey, we obtain “experimental” (synthetic) data for a typical
(to a sufficiently wide class of the airborne electrical survey problems) geoelectri-
cal model the top layer of which has a varied thickness. Then, using the geometric
3D-inversion of these “experimental” data, we search for an equivalent (in the
sense of response in the measured signal) model of conductivity distribution in the
top layer with a constant depth. Obtaining the equivalent model as a result of the
inversion allows us to recommend the use only lateral borders of 3D-inhomo-
geneities, their conductivity, and layer thickness described by a single parameter
for parameterization of the top layer in the inversion of the practical data.
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2. MATHEMATICAL MODELS
2.1. FORWARD PROBLEM SOLUTION

In order to calculate the electromagnetic field induced and received by the in-
duction loops of the airborne system in time domain, we use the vector finite ele-
ment method with edge basis functions on 3D-hexahedral non-conforming meshes
with “hanging” nodes [4, 5, 17, 20, 22, 23]. The description of the electromagnetic

field requires the use of the vector-potential A , which relates with the electrical

. A . -

field and magnetic induction by the ratios E=—-— and B=V x A. In its turn, the
ot

functions A, E, and B appear as A=A? +As, E=E” +E*, and B=B” +B*,

respectively, where the functions A?, E?, and B? describe the field in a homo-

geneous non-conductive medium and can be calculated either analytically or nu-
merically by means of solution of the corresponding axisymmetrical problem (for

example, [13]). The function E? is fully determined by changing the current in the
, OAP
transmitter and calculated as ——.
ot
The electromagnetic field in three dimensional computational domain € can
be found from the solution of vector differential equation
xS
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where the vector-potential A’ relates with the three dimensional components of
OA’

ot
B* =V xA®. On the remote boundaries dQ of three dimensional computational

electric and magnetic fields E' and B’ by the ratios E°=-— and

domain €, the zero tangential components of A’ are set:
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where 1 is the vector normal to the boundary 0Q .
The equivalent variational formulation for Eq. (1) has a form:
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where \if(x, ¥,z) is a test vector function.

AS

Time discretization of is performed with the use of three-point implicit

ot
scheme [20, 22].
Finite element approximation of variational Eq. (3) is performed on the hexahe-
dral non-conforming meshes. The algorithm of these meshes generation, the methods
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of calculating the local matrices as well as the algorithm of constructing the conform-
ing basis on the non-conforming meshes are presented in papers [17, 22].

The reduction of computational costs with keeping the accuracy of numerical
solutions is achieved due to grouping the sub-problems each of which corresponds
to one position of the source in space and one time instance, and using the direct
solvers (for example, PARDISO [15]) of the finite element system of linear alge-
braic equations (SLAE).

The groups of sub-problems are formed such that the SLAE matrix, which is
obtained as a result of space and time discretization, is the same for all sub-
problems. This allows us to perform the matrix factorization only once for all sub-
problems of a group, and in order to obtain the solution of each sub-problem, the
solution of two SLAE with triangle matrices needs to be carried out. For grouping
in space, the finite element mesh is generated such that to provide the required so-
lution accuracy for all source positions in a group (see, for example, the papers [5,
10, 17, 20]).

2.2. INVERSE PROBLEM SOLUTION

The inverse problem solution is based on the use of the geometric 3-D inver-
sion [9, 11, 12, 14, 21].

Taking into account the specifics of the airborne survey, we use the geoelec-
trical model parameterization where it is represented by a set of subhorizontal lay-
ers each of which is divided into the block rows elongated essentially along the
flight lines. For example, if we assume that the flight lines are oriented (mainly)
along the x-coordinate, that unknown parameters can be x-coordinates of borders
of blocks, y -coordinates of the block rows as well as values of conductivity inside
each block.

The components of the vector of parameters, which describe the geoelectrical
model, are found by minimizing the following functional

K L ) M —
(D(x(b) = z Z(milsgil (b)) + Z Ay (bm _bm) — min, (4)
i=11=1 m=l1 m

where K is the number of transmitter-receiver positions, L is the number of time
channels, d¢;;(b) is the difference of theoretical €; and measured &; values of
signals in the i-th receiver at the /-th time channel, M is the number of unknown

parameters, b,, is the value of the m-th parameter at previous iteration.

m

The values of the weight functions ®;; are chosen equal to 1/&; . If &; is
lower than some tolerable limit €; defined by the level of a measurement error for
each specific airborne system, then the value of the weight function is taken equal
to 1/€; . The regularization parameters o, are chosen adaptively during the in-
verse problem solution. The regularization component with parameters o,, pro-

vides the search for the parameter within tolerable limits of values thereby keeping
the geometry of the structural part of the geological model and providing physical
values of their conductivity.
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Representing the values dg;; (b) as two summands of Taylor series in the vi-

cinity of the parameter values b at the previous iteration, we obtain

. M ,
8€;;(b)~8€;(b)+ Y. 90&y) Ab,,, (5)
m=1 by |y_p
where Ab,, =b,, —b,, . In order to calculate the derivatives oeir) , we solve the
ob,,
following vector differential equation:
1 _ X Slm -
— VxVx AW 4" =(c"™ -o)E, (6)

Mo

for the increment 0b,, of each component of the vector of parameters.
In Eq. (6), the field E is the result of the forward problem solution described
in Section 2.1 for values of parameters b,, =b,, obtained at the previous iteration

and defining the current distribution o(x,y,z). The value of the function

" (x,y,z) differ from the values of the function o(x,,z) only in the places
where the conductivity is changed due to the increment of the parameter b,, in

0b,, . The variational formulation and finite element approximation for Eq. (6) are
constructed as well as for Eq. (1).

Using the values A" (x,y,z,t), we define the values of the derivatives of er-
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m m
is the receiver moment).

Substituting ratio (5) in (4), we obtain

~ K L _ M ‘
q)a(b):ZZ{wi{ésﬂ(b)Jr 0(3€;7)

i=11=1 m=1 0b,,

The minimization of (7) results in SLAE in the form

(G+Q)Ab=f, (8)

where the components of the matrix G and right hand side vector f are calculated
with the use of the ratios

Z z 2 8(5811) 6(6811) Z Z 118 i (b) 8(8811)

i=ll=l ~ 0b,  0Oby i=1l=1 ob,,

ps=1.M. (9
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In SLAE (8), the matrix o 1is a diagonal matrix with elements o,, on the

main diagonal. The algorithm of the adaptive choice of coefficients a,, at each
iteration of the nonlinear inversion is presented in [9].

2.3. PRINCIPALS OF PARALLEL IMPLEMENTATION

We propose the parallel implementation of the inverse problem solution using
the multicore PC connected by the local net (further, we call these PCs as computa-
tional nodes).

As mentioned above, all positions of the airborne system are divided into
groups which contain up to 100 positions depending on the distance between the
adjacent positions on the flight lines and the distance between them. The calcula-
tion for each group is carried out on a computational node.

In order to allocate the problems to a computational node, we have developed
a control program, which sends data to computational nodes, controls the obtaining
of results and the connection with the corresponding computational node. If any
computational node is disconnected for a long time, or the numerical procedure is
aborted due to any reason (for example, turning-off the PC or starting some other
task requiring high computational resources), the control program restarts the cal-
culation for the corresponding group on the other computational node. Thus, the
developed control program provides fault tolerance of the system for parallelizing
the inverse problem solution.

At each computational node simultaneously with the forward problem solution
for the geoelectrical model, which is obtained at the current iteration of nonlinear
inversion, the fields of the impact of geoelectrical model parameters are calculated
for the next iteration of nonlinear inversion because their calculation requires the
values of the electric field density in the volume of the recovered medium. The cal-
culation of the fields of the impact of geoelectrical model parameters is carried out
with parallelization on the cores of the corresponding computational node.

The developed approaches to the solution of forward and inverse problems in
combination with the control program enable us to use heterogeneous computa-
tional systems consisting of the independent standard PCs which are easily re-
placed even during the inversion fulfillment.

3. NUMERICAL EXPERIMENTS

In order to perform the numerical experiments, we use three geoelectrical
models. The first two models represent the layered medium with the topography in
which the elevations reach 60 m for the lateral displacement of 600m. In these
models the layer thickness varies from 49 m to 12 m, and, in the third model, this
thickness varies from 64 m to 3 m. The first geoelectrical model does not contain
lateral 3D-inhomogeneities, and the second and third models include two quite
large parts with 3D-inhomogeneities of low resistivity.

Using the numerical schemes of 3D-modeling, which are described in sec-
tion 2.1, for these three geoelectrical models, the airborne electrical survey data
have been synthesized along 10 flight lines (profiles). The total number of airborne
system positions on all flight lines is 1311. Further, we call these data “practical”.
For each airborne system position, the data are synthesized at 23 time channels in
the time range of 1 pus to 1 ms.
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Fig. 1 shows the sections of the geoelectrical model 1 along four flight lines
(flight lines are shown by light points and denoted as P1...P10). We can see the
changes of the top layer thickness both along and across the flight lines.

For the data, which are synthesized for model 1, the 3D-inversion is per-
formed. The unknown parameters are the top layer thickness in the condition that it
is constant and the corresponding conductivity distribution, which suggests the
equivalence of inhomogeneous layer of the constant thickness and true homogene-
ous layer with varying thickness. In the top layer of the initial (for 3D-inversion)
model, the block structure containing 7x7 blocks (7 rows with 7 blocks in each
row) is set. The vector of unknown parameters includes the x-coordinates of the
blocks (the x-coordinates of the adjacent blocks are set by a single parameter), y-
coordinates of the block rows (y-coordinates of the adjacent rows are also set by a
single parameter), the conductivities inside each block, and layer thickness.
The total number of parameters, which are used for recovering the geoelectrical
model, is 117.

Fig. 1. The section of the geoelectrical model 1 along flight lines P10 (a), P8 (), P6 (c),
and P4 (d)

During the 3D-inversion six iterations were performed, after that the value of
the residual functional

KL X
@ (b) =2 > (w;de;(b))", (10)

i=11=1
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became equal to 0.0198, and the values of the parameters did not significantly
change (for the initial model, the residual functional is equal to 0.191). Fig. 2
shows the geoelectrical model obtained after the sixth iteration. The comparison of
Figs. 1 and 2 shows that, in general, the obtained value of layer resistivity is about
50 Om: most of the blocks, which are deformed as a result of 3D-inversion, have
the resistivity in the range of 45 to 65 Qm which corresponds to the layer resistivi-
ty in the “true” model. As expected, the most distortion of the conductivity is seen
for the blocks which are located in the vicinities of the maximal thickening and
thinning of the layer in the “true” model. In these places of the equivalent model,
which is obtained as a result of 3D-inversion with the constant thickness of the lay-
er (this thickness has been obtained equal to 32.34 m), the values of the block resis-
tivity reach 30 and 150 Qm, respectively.

Fig. 2. The geoelectrical model obtained
after the sixth iteration of 3D-inversion

The degree of the equivalence of the geoelectrical model with the constant
layer thickness, which is obtained as a result of 3D-inversion, and the “true” model
can be estimated using the curves of signals along the flight lines at different time
channels. Figs. 3a-c show these curves obtained for the recovered model (further,
we call the corresponding curves theoretical) and for the “true” model (“practical”
data) at five characteristic time channels. Besides, in these figures, light solid lines
show the curves which are calculated for the model with the constant thickness of
the top curved (according to the relief) layer equal to 32.34 m (i.e. with the thick-
ness taken from the recovered model) and with the top layer resistivity taken from
the “true” model.

As is seen from the results shown in Fig. 3, the deviations of the “practical”
and theoretical data do not exceed 5 per cent while the deviations of signals, which
are calculated for the models with varied and constant thickness of the curved top
layer, are significant. This is say to that, for processing practical airborne electrical
survey data, these models are equivalent.

Fig. 4 shows the sections of the geoelectrical model 2 the top layer of which
(unlike model 1) includes 3D-inhomogeneities with lowered resistivity. The recov-
ered model is shown in Fig. 4. As is seen from the results, the deformed blocks of
the recovered model, which are displaced to subdomains corresponding to 3D-in-
homogeneities locations in the “true” model 2, have lower (relative to the layer)
resistivity. However, the resistivity of the blocks, which are positioned in the zone
of the layer thickening in the “true” model, has been obtained lower than in the
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“true” model (the group of inhomogeneities located on the left part near flight
line P4). The resistivity of the blocks, which are positioned in the zone of the layer
thinning, has been obtained somewhat high (the group of inhomogeneities located
on the right part near flight line P4). During the 3D-inversion nine iterations were
performed, after that the value of the residual functional (10) became equal to
0.0347 (for the initial model, this value is equal to 0.221), and the parameters of the
model at last two iterations did not change significantly. The thickness of the
equivalent top layer has been obtained equal to 31.76 m.
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Fig. 3. The theoretical data (dark solid lines) for the model obtained at the sixth itera-
tion, the “practical” data (black points), and the data calculated for the model with the
constant thickness of the top curved (according to relief) layer equal to 32.34 m and
with the top layer resistivity taken from the “true” model (light solid lines). The data
are shown at five time channels along flight lines P4, P6, and P8 (Figs. a, b, c, respec-
tively). The deviations of theoretical data (the recovered model) and “practical” data
(the “true” model) at five time channels along flight lines P4, P6, and P8 (Figs. d, e, f,
respectively)

Fig. 6 shows the curves, which are obtained for the recovered and “true”
models, and their deviations. It can be noted, that, in this case, the deviations in-
creases, especially at early times (the time channel # = 0.087 ms) and reach 7...8 %.
Nevertheless, for processing the practical airborne data, these models can be rec-
ognized as equivalent as well as in the case of model 1.
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Fig. 4. The sections of the geoelectrical model 2 along flight lines P10 (a), P8 (b),
P6 (¢), and P4 (d)

Fig. 5. The geoelectrical model obtained after the ninth
iteration of 3D-inversion

Fig. 7 shows the sections of the geoelectrical model 3 the top layer of which
(as well as in model 2) contains lateral 3D-inhomogeneities with lower resistivity,
but in this model, the changes of the top layer thickness reach about 60 m, the re-
covered model is shown in Fig. 8. Fig. 9 shows the curves, which are obtained for
the recovered and “true” models, and their deviations.
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Fig. 6. The theoretical data (dark solid lines) for the model obtained at the ninth iter-
ation, the “practical” data (black points), and the data calculated for the model with
the constant thickness of the top curved (according to the relief) layer equal to 31.76
m and with inhomogeneities taken from the “true” model 2 (light solid lines). The
data are shown at five time channels along flight lines P4, P6, and P8 (Figs. a, b, c,
respectively). The deviations of theoretical data (the recovered model) and “practi-
cal” data (the “true” model) at five time channels along flight lines P4, P6, and P8
(Figs. d, e, f, respectively)

During the 3D-inversion eight iterations were performed, after that the value
of the residual functional (10) became equal to 0.0466 (for the initial model, this
value is equal to 0.354), and the parameters of the model at last two iterations did
not change significantly. The thickness of the top layer was obtained equal
to 45.33 m.

As is seen from the results, the deviations of the curves, which are obtained
for the recovered and “true” models, reach 10...12 per cent, and the recovered
model cannot be admitted as equivalent because, in this case, we can skip the target
objects, which are located in the second layer and have the responses about
15...20 per cent in the measured signals, while these objects can be reliably dis-
covered if the top layer is recovered more accurately.
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Fig. 7. The sections of the geoelectrical model 3 along flight lines P10 (a), P8 (b),
P6 (¢), and P4 (d)

Fig. 8. The geoelectrical model obtained after the eight
iteration of the 3D-inversion
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Fig. 9. The theoretical data (dark solid lines) for the model obtained at the eighth itera-
tion, the “practical” data (black points), and the data calculated for the model with the
constant thickness of the top curved (according to relief) layer equal to 45.33 m and
with inhomogeneities taken from the “true” model 3 (light solid lines). The data are
shown at five time channels along flight lines P4, P6, and P8 (Figs. a, b, ¢, respective-
ly). The deviations of theoretical data (the recovered model) and “practical” data (the
“true” model) at five time channels along flight lines P4, P6, and P8 (Figs. d, e, f,
respectively)

CONCLUSIONS

On the basis of the 3D-modeling results, we can make conclusions about the
parameterization of geoelectrical models for performing 3D-inversion of the air-
borne data in the conditions typical of the airborne electrical survey: in geological
media with the topography and conductive laterally inhomogeneous top layer

(which is, actually, the noise factor) overlapping the low conductive layer with tar-
get conductive bodies.
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In the case, if the changes of the top layer thickness do not exceed 30...35 m,
at least at the first stage of 3D-inversion, it can be found as equivalent with a con-
stant (but recovered) thickness almost without losing the quality of detecting the
target objects. Thus, for parameterization of the top layer, the vector of unknown
parameters can include only the lateral borders of 3D-inhomogeneities, their con-
ductivities, and layer thickness represented by a single parameter.

If the changes of the top layer thickness are more significant in the investigat-
ed area, the shape of the bottom border of this layer should be determined during
the 3D-inversion. In this case, it can be parameterized with the use of increments of
the z-coordinates of some control points of the spline representing this border
thereby more reliably discovering the target objects in the second layer.
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