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ABSTRACT. Eighty-eight broadband (0.001-1000 sec) magnetotelluric (MT) soundings have been made along a 500 km profile crossing the Parecis Basin (Mato
Grosso State and Rondonia State, Brazil) in a direction almost perpendicular to the main geological lineaments. The two-dimensional inversion (2-D) of MT data
(constrained by well-log resistivity data) allowed to estimate the distribution of the conductivity. For the inversion procedure, the impedance tensors were rotated by an
angle of 130° (4= 10°) (~ E-W) measured clockwise from the geographic north according to the dominant geological trend estimated of the Parecis Basin. Accurate
interpretation of MT data requires understanding the dimensionality and directionality conditions that must be satisfied by the properties of the impedance tensor. However,
due to the usual presence of shallow, small-scale galvanic bodies which distort the responses, the regional scale structures can be masked. In order to verify if an average
geoelectric strike can be compatible with the basin’s geological strike, a procedure of decomposition of MT impedance tensor for a set of 36 MT soundings along the
profile was applied. The results show the angular distribution of the geoelectric strike. The observed departures from an average angle value are explained both in terms
of geotectonic structures of the Parecis Basin and of their influences in the geoelectric anisotropy. From a three-dimensional model of the basement topography based
on downward continuation of gravity field constrained by spectral estimates of depth to magnetic sources, it is shown that the most regular strike angle distributions
correspond to the deepest sedimentary structures: Caiabis, Pimenta Bueno and Golorado grabens. In the interface regions, we expect anisotropy distorting strongly the
regional impedance tensor.

Keywords: magnetotelluric method, basin, geoelectric directionality.

RESUMO. Oitenta e oito sondagens magnetoteltricas de banda larga (0,001-1000 s) foram realizadas ao longo de um perfil de 500 km cruzando a Bacia de Parecis
(Mato Grosso e Ronddnia) em uma direcdo quase perpendicular aos principais lineamentos geoldgicos. A inversao em duas dimensdes (2-D) dos dados MT (vinculada
aos dados de resistividade do pogo) permitiu imagear a distribuigdo da condutividade. Para o procedimento de inversdo, os tensores de impedancia foram girados de
um angulo de 130° (& 10°) (~ E-W) de acordo com a direcdo estimada do lineamento geoldgico dominante da Bacia dos Parecis. Uma interpretagdo adequada dos
dados MT requer a compreensao das condicdes de dimensionalidade e direcionalidade que devem ser satisfeitas pelas propriedades do tensor de impedancia. Contudo,
devido a presenga de heterogeneidades galvanicas rasas que distorcem as respostas, as estruturas em escala regional podem ser mascaradas. A fim de verificar se 0
Strike geoelétrico é compativel com a escolha prévia do si7ke geoldgico, aplicou-se um procedimento de decomposicdo do tensor impedancia MT para um conjunto
de 36 sondagens MT no perfil. Os resultados mostram a distribuigdo dos &ngulos de si7ke geolelétrico. Os desvios observados de um valor médio do angulo sdo
investigados em termos de estruturas geotectdnicas da Bacia dos Parecis e suas influéncias nas anisotropias geoelétricas. De um modelo tridimensional da topografia
do embasamento baseado na continuagdo para baixo do campo de gravidade vinculado por estimativas espectrais de profundidade por fontes magnéticas, mostra-se
que as distribuigdes mais regulares do angulo de si7ke correspondem as estruturas mais profundas: grabens de Caiabis, Pimenta Bueno e Colorado. Nas regioes de
interface, espera-se anisotropia distorcendo o tensor de impedéncia regional.
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INTRODUCTION

The Parecis Basin, an intracratonic basin of Brazil, is located
in the Central-West Region of Brazil covering an area of about
500,000 km?. It begins southeast of the Ronddnia State and
crosses the Mato Grosso State to its limits with the Goias State.
Itis located between the Solimdes and Parand basins. The Parecis
and Parand basins are part of the set of Brazilian Paleozoic basins
related to the sub-Andean depression (Fig. 1).

The Parecis Basin has accumulated nearly 6000 m of sedi-
ments of the Paleozoic, Mesozoic and Cenozoic. The sediments
are dominantly siliciclastic rocks, including Cretaceous volcanics
— flows and dikes. It occupies the southwestern sector of the
Amazonian Craton between the mobile belts of Rondonia and
Guaporé. It is limited respectively by the Alto Xingu and Rio
Guaporé arcs (Fig. 2). Amazonian Craton rocks constitute the
basement of the basin comprising metamorphic, metasedimen-
tary and intrusive rocks.

The Parecis Basin is almost entirely covered by airborne
(magnetics and gravity) and terrestrial (gravity) geophysical sur-
veys. We performed a magnetotelluric (MT) sounding profile
crossing the basininan ~ N12°E direction. It was assumed a 2-D
dimensionality condition with a geoelectric strike of 130° (4= 10°)
measured clockwise from the geographic north (E20°S-40°S di-
rection range) suggested by the central part of the map from the
vertical derivative of the magnetic anomaly (Fig. 3) and the tec-
tonic model obtained by Braga & Siqueira (1995) from the data
inversion of gravity (Fig. 4). Afterwards, the use of this geoelec-
tric strike was checked by the decomposition of tensor MT data.

The 2-D inversion of the MT profile was performed using a
routine developed by Rodi & Mackie (2001). The routine finds
regularized solutions to the two-dimensional inverse problem for
MT data using the method of nonlinear conjugate gradients. The
forward model simulations were computed using finite differ-
ence equations generated by network analogs to Maxwell’s equa-
tions. The algorithm inverts a user-defined 2-D mesh of resistiv-
ity blocks, extending laterally and downwards beyond the central
detailed zone, and incorporating topography (Fig. 5).

This inversion procedure was constrained by using well-
logging resistivity data (exploratory well 2-SM-1-MT, Fig. 2).

METHOD

The magnetotelluric (MT) method uses natural EM fields mea-
sured at the Earth’s surface to estimate the subsurface electrical
resistivity. Amplitude, phase and directional relations between the
electric field E and the magnetic field H intensities are connected

by the 2 x 2 response impedance tensor Z
E=Z-H

and Z is obtained by robust estimation from the recorded time
series of E and H in the Fourier domain:

(Z(@) = ((E@H@"))(H@H@) ™) (1)

where T is the Hermitian transpose and the quantities in brackets
are cross-powers and auto-powers of E and H. A 2-D dimen-
sionality condition (i.e. the existence of a geoelectric strike) is
described by the rotation relations for the impedance tensor

Zobs(60) = R(60)ZapR" (6y)
_ [cosBy —sinby 0 Zy
~ \sinfy cosby Zye 0O 2)

y cosfy sinby

—sinfy cos by
where Zy,s is the observed impedance at the sounding station,
R is a rotation tensor and Z,p is the impedance rotated to the

strike direction 8y measured from the geographic north. The cor-
responding field rotations are given by

TE mode

E.(60) = ZyH, (©),
: Y=y (3)

Ey(0) = ZyHx(9), TMmode

The strike direction 8o can be found by differentiating Z with
respect to @ in order to give an angle 8, which maximizes or
minimizes |Zy, (60)|* + |Z (60)|* for all frequencies giving
(Vozoff, 1991):

[(Zxx - Zyy) (ny + Zyx)*+
(Zxx - Zyy)*(ny + Zyx)]

(4)
|Zxx - Zyy|2 - |ny + Zyx|2

46y = arctan

This leaves four possible solutions or two strike directions
with a 7r /2 ambiguity which can be solved from independent in-
formation (vertical magnetic data — tipper strike) or from geologic
insights. The tipper is a MT quantity which depends on the ver-
tical component of the magnetic intensity H,. This component
is ~ 0 except near lateral conductivity changes (2-D situations).
The tipper T gives a relationship between H, + and the horizontal
magnetic components: H, = TxHyx + TyHy. Fora 2-D struc-
ture with strike in the x’ direction, in those coordinates, the tipper
T reduces to H, = TyHy, (4a). This x” direction corresponds
to the tipper strike angle (Vozoff, 1991).
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Figure 1 - Paleozoic basins of Brazil and their relations with the Andean region (Siqueira, 1989).

CORRECTION OF STATIC SHIFT

Static shift can be caused by conductivity discontinuities which
brings about local distortion of the amplitudes of electric fields.
This effect causes impedance magnitudes to be enhanced or di-
minished by scaling factors. The presence of static shift is re-
alized in data whose apparent resistivities are shifted relative to
each other; but impedance phases remain together. Static shift is
a galvanic effect which produces a constant vertical displacement
among the apparent resistivity curves regardless of frequency
(Fig. 6). They are more frequent in highly resistive environments.
Where small-scale conductivity heterogeneities have an effect on
electric fields. This type of distortion can lead to a misinterpreta-
tion of the depths associated with resistivities.

The static shift was corrected by using TDEM (Time Do-
main Electromagnetic — Transient) resistivity measurements. The

Brazilian Journal of Geophysics, Vol. 30(1), 2012

TDEM measurement was a tool used for static shift correction ac-
cording to the methodology suggested by Sternberg et al. (1988).
It corrects the displacement of the curves of apparent resistivity
MT data by basing the curves of apparent resistivity data TDEM
(Figs. 7and 8).

DECOMPOSITION OF MT IMPEDANCE TENSOR

2-D conductive structure has an impedance tensor described by
Equation (2). However, small local inhomogeneities will produce
a galvanic distortion independent of the frequency of the regional
telluric currents. The observed impedance tensor can be decom-
posed following the Groom & Bailey (1989) factorization. In this
case, the observed impedance tensor is written as

Zons = RCZ,pRT (5)
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Figure 2 — Geological map of the Parecis Basin (Siqueira, 1989).
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Figure 3 — Map of the vertical derivative of the magnetic anomaly in the Parecis Basin. This technique gives information about the magnetic lineaments.

where R is a rotation matrix and C is a real telluric distortion
tensor which is itself the product of three tensors

C=gTSA

(6)

g is a scaling factor (“site gain”), T, S and A are called /st
Shearand anisolropy, respectively. The factor g and anisotropy

A form together the indeterminable part of C which is absorbed
into the regional impedance, Zregionat = gAZop. The fwist
tensor, T, and the s/ear tensor, S, are the determinable
parts of C. T rotates clockwise the electric field produced
by SAZ,p through the st angle arctan(z) and S devel-
0ps anisotropy on an axis which bisects the regional induction
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Figure 4 — Three-dimensional modeling of the geometry of the Parecis Basin obtained through gravimetric data (Braga & Siqueira, 1995).
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Figure 5 — 2-D inversion of MT data of the Parecis Basin profile (constrained by well-log resistivity data) performed using a routine developed by Rodi & Mackie
(2001). Inversion allows to estimate the distribution of conductivity.
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Figure 6 — Vertical displacement among the curves of apparent resistivity regardless of frequency in MT sounding with static shift
(MT station 02mt12).
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Figure 7 — TDEM resistivity measurement: a tool for static shift correction. The TDEM method is not affected by distortions, because
it uses magnetic fields to study geoelectric properties.
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Figure 8 — Static shift correction (MT station 02mt12). Curves MT must be moved vertically to coincide with TDEM ones.

principal axes, rotating a vector by the sAgar angle, arctan(e).
The observed impedance expressed with the Groom-Bailey fac-
torization becomes (Groom & Bailey, 1989):

Zobs (6o) = RTSZregionalRT
_[cos@ —sin6 l—te e—t
" \sind® cosé e+t 1+te (7

y 0 4 cosf  sinf
—-B 0 —sinf cosf

The necessity of the four independent parameters in the dis-
tortion tensor factorization is illustrated in Figure 9 (Groom &
Bailey, 1989), which shows a scenario where the MT data are
collected at the centre of an elliptical highly conductive surface
region, encompassed by an insulating substratum in a moder-
ately conductive region. This highly conductive surface region
causes the telluric currents to be twisted to its local strike. This
clockwise rotation of the telluric vectors is contained in the twist
tensor, T. There is also splitting of the principal impedances
with different stretching factors. This anisotropic effect is con-
tained in the anisotropy tensor, A. Meanwhile, the shear tensor,
S, stretches and deflects the principal axes so that they no longer
lie orthogonal to each other. Whereas A does not change the di-
rections of the telluric vectors lying along either of the principal

Brazilian Journal of Geophysics, Vol. 30(1), 2012

axes, S generates the maximum angular deflection along these
principal axes.

DETERMINATION OF THE STRIKE ANGLE

Following the above procedures, we obtained frequency inde-
pendent estimates of the /mwist, shear and regional skike for
a set of 36 soundings stations from the MT profile using the
Strike 4.1 program of McNeice & Jones (2001). These estimates
can be found over a sufficiently wide band of frequencies. This
is done by constraining iteratively the /wist, shear and strike
in order to find a frequency band where the misfit error is ac-
ceptable. We apply a four-steps procedure: i) an unconstrained
decomposition whose distortion parameters were allowed to
vary freely (—45° < shear < 45°), (—60° < /wist < 60°) and
(—360° < strike < 360°); ii) we constrain the /st angle to its
median value for a representative frequency range and we re-
peat the decomposition procedure; iii) the /wist constrained data
show generally an improved stability in shear, then we constrain
the s/ear angle to its median value over a representative frequency
range and repeat the decomposition procedure; iv) if the wist
and s/ear constrained data result in a stability in s#7ke angle
over a representative period range, we constrain the s#74e angle
to its median value and we repeat the decomposition procedure,
to obtain, finally, individual s#74e angles for each MT station. An
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Figure 9 — (a) A scenario in which MT data are collected at the centre of a conductive swamp (black) that is encompassed by a moder-
ately conductive region (grey), and an insulator (white). B; denotes the local strike of the swamp, which ‘twists’ the telluric currents. The
anomalous environment also imposes shear and anisotropy effects on the data; (b) Distortion of a set of unit vectors by /wist T, shear
S, and anisolropy A, operators, which are parameterized in terms of the real values ¢, e and s, respectively (Groom & Bailey, 1989).

example plot of (a) unconstrained, (b) shear constrained, (c) twist
constrained and (d) fully constrained distortion parameters to the
sounding stations MT-22 is shown in Figure 10.

In order to verify if an average geoelectric strike can be
compatible with the basin’s geological strike, a procedure of de-
composition of MT impedance tensor (McNeice & Jones, 2001)
for a set of 36 MT soundings along the profile was applied. The
strike angles obtained by each of the MT stations can be seen in
Figure 11.

An angle distribution of geoelectric strike is shown in the
histogram of Figure 12.

DISCUSSION AND CONCLUSIONS

The determination of the regional strike in the presence of noise
and galvanic distortion can lead to instability in decomposi-
tion procedures. This occurs to the sounding stations 02mt46,
02mt61, 03mt12 and 02mt15 where the decomposition analysis
failed because the shear angles were very near to £45°. In these

cases, the decomposition models became underdetermined. In
order to recover the regional impedances, we use the strike found
in adjacent stations or other independent information (like geo-
logical strike). The inherent 7z /2 ambiguity of the strike determi-
nation (Eq. 4) was solved by using the tipper strike (Eq. 4a).

In most of the soundings, the average period range adopted
as representative of stability in the strike angle was 0.05-10 sec.
The behavior of the strike angle along the profile is not uniform
as expected.

Each vector in Figure 11 represents the direction of the local
geoelectrical strike obtained from the Groom Bailey decomposi-
tion (Strike Program, McNeice & Jones). The image of Figure 12
is a histogram which shows statistically the predominant direc-
tions. The results show that the distribution of the strike angles is
not uniform as expected, but the strike direction assumed 2 prior
is compatible with the mean strike angle directions. These direc-
tions are representative of the whole frequency range measured in
gach station. Further, researches could include the study of vari-
ous frequencies that probably would provide different results.

Revista Brasileira de Geoffsica, Vol. 30(1), 2012
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Figure 10b — Plot of shear constrained distortion parameters of the impedance tensor to the sounding station MT-22.
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Figure 10d — Plot of fully constrained distortion parameters of the impedance tensor to the sounding station MT-22.

Revista Brasileira de Geoffsica, Vol. 30(1), 2012



SANTOS HS & FLEXOR JM 91

*  MT stations of Parecis Basin MT profile

-104

used for strike estimation

% g
— strike direction %o, /
aa’?r
%, Py S
. ,'; .
12+ 0‘3)’ (" \
0&" %4& -—- N
Gy,
0% Gz »
& ‘?) o\ ~
134 7 ~ =
2-SM-1-MT Z72 ~ ~ E
';.:_- ~
i ‘ “
a5 “
00 "“5'\
)
N == == == Average Regional Magnetic Trend E40 S

-15

T T T T T T T T T T T T 1 1 1
-56.5 -56.4 -56.3 -56.2 -56.1 -56.0 -55.9 -55.8 -55.7 -55.6 -55.5 -55.4 -55.3 -55.2 -55.1

Figure 11 — Geoelectric strike directions (arrows) estimated at selected sounding stations of the Parecis Basin MT profile.

| 553 strike angle frequency |

Frequency

N

0

E40° - 50°S

E S

L e e e S S SRR L B e e e Sy S
0 10 20 30 40 50 60 70 80 90 100110120130140150160170180

Strike angle (degrees from N)

Figure 12 — Histogram of the estimated geoelectric strike angles with an angular predominance around 130° and 140°.

The geological strike direction assumed in the 2-D inversion,
before the decomposition of the MT impedance tensor is com-
patible with the mean calculated strike directions (Fig. 6). This
can be observed in the central part of the map from the verti-
cal derivative of the magnetic anomaly (Fig. 3) and the tectonic

Brazilian Journal of Geophysics, Vol. 30(1), 2012

model obtained by the inversion of gravity data (Braga & Siqueira,
1995) (Fig. 4). Our knowledge of the tectonic features of the
Parecis Basin comes from a three-dimensional model of the
basement topography based on downward continuation of grav-
ity field constrained by spectral estimates of depth to magnetic
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Figure 13 — 3-D gravity modeling of the basement topography beneath the Parecis Basin and the main tectonic features (Braga & Siqueira, 1995). The MT profile

across the basin and the exploratory well 2-SM-1-MT are shown.

sources (Braga & Siqueira, 1995). The variations observed of the
geoelectric strike angle value can be related to the geotectonic
structures of the Parecis Basin and their influences in the geo-
electric anisotropy. We can suppose that the most regular strike
angles distribution correspond to the deepest sedimentary struc-
tures: Caiabis, Pimenta Bueno and Colorado grabens (Fig. 13). In
the interface regions we can expect a geoelectric anisotropy which
distorts the regional impedance tensor.
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